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Abstract 

 

Protein capped metal nanoclusters gained a lot of recent attention due to their wide range of applications. 

However copper nanoclusters are difficult to synthesize due to their tendency to undergo oxidation. Here 

we successfully synthesized a stable, biocompatible lysozyme protected Cu nanocluster (Lys-Cu NC) using 

an optimized green one-pot protocol under aqueous condition at room temperature. The nanocluster showed 

a strong photoluminescence intensity (λex = 365 nm, λem = 430 nm) which can be significantly and 

selectively quenched (off) by Fe2+ ions. Upon addition of NaOH the initial photoluminescence intensity can 

be recovered completely (on) thereby making the nanocluster a suitable candidate for a photo switch that 

can be reliably reused for the selective and sensitive detection of Fe2+ ions in the nanomolar (detection limit 

~2.5 nM) concentration range. The synthesized nanocluster further has been successfully used to rapidly 

estimate iron level in complex systems (such as ground water and human hemoglobin samples). The 

photoluminescence intensity of the nanocluster is also sensitive towards temperature indicating that it can 

be used as a temperature sensor in different biological systems. This biofriendly nanocluster further used 

as an excellent nanoprobe for in-vivo cell imaging studies. Thus this Lys-Cu NC can be emerged as a next 

generation novel nanoprobe for various interdisciplinary applications. 
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INTRODUCTION 

Metal nanoclusters (MNC) recently gained a lot of interest due to its wide range of applications in 

various interdisciplinary fields like optics, electronics, sensing, bio-medicine and catalysis.1–4 They are 

ultra-small nanoparticles comprising of roughly ten to hundreds of atoms, with metal core size in the range 

of Fermi-wavelength of electrons (<2 nm).2,5,6 The unique optical, electronic and chemical properties of 

metal nanoclusters compared to metal nanoparticles arise due to the presence of electronic transitions 

occurring between discrete energy levels.2,5,6 Owing to the remarkable characteristics like strong 

fluorescence, high photostability, better water solubility, low toxicity, luminescent metal nanoclusters could 

serve as next generation fluorescent nanoprobes substituting the toxic quantum dots.7,8 Incorporation of 

templates like proteins,1,3,9–14 peptides,15–19 polymers,20–25 DNA26–31 etc. could serve as stabilizing and 

reducing agents to enhance the structural stability, biocompatibility as well as photoluminescent property 

of the nanoclusters. 

Among the various templates used for the synthesis of metal nanoclusters, protein-coated metal 

nanoclusters have emerged as a potential tool for several analytical and therapeutic applications namely 

sensing of cancer biomarkers, immunoassays, neurotransmitters, pharmaceutical compounds etc.1,3,9–14 The 

presence of different amino acid residues with functional groups like -NH2, -COOH, -OH and -SH in the 

side chains promote the stabilization of nanoclusters by coordinating with the metal ions.10,32,33 The 

physicochemical properties of the protein-MNC can be tuned by varying the metal composition, size of the 

metal core, type of capping ligand, nature and concentration of reducing agents, reaction conditions 

etc.32,34,35 Gold (Au)7,11,14–16,36–43 and silver (Ag)13,44–48 nanoclusters have extensively been explored among 

the various protein-protected noble metal nanoclusters. Due to their redox properties, Au and Ag were 

relatively easier to stabilize using the protein template.10 However, in spite of being low-cost, more 

abundant and member of the same group in the periodic table, copper (Cu) NCs were less explored, mostly 

due to its low stability. Due to its high oxidation potential, copper is prone to oxidation and thus it has been 

challenging to stabilize copper NCs in aqueous medium.20,32,49 Since copper is one of the most important 

constituents of the metalloproteins and biologically important metal, it was necessary to optimize the 

synthesis of Cu-NCs.  

Recently researchers started to overcome the challenges and synthesized stable biocompatible Cu-

NCs using various functional capping agents.8,10,12,32,33,49–54 Compared to other proteins, Lysozyme (M.W. 

14.3 kDa) is less expensive, commercially available, exhibits antibacterial property, high pH stability 

(isoelectric point ~11)55,56 and strong binding affinity towards metal ions due to the presence of large 

number of (~56% of the total sequence) reactive side chains (-NH2, -OH, -SH, -COOH),57  making it a 

suitable capping agent for the synthesis of Cu NCs, but it has not been well explored.12,52,53 Changing the 
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protein scaffold and reaction conditions can change the properties and applications of the NCs 

significantly.1,20,58 Thus there are plenty of opportunities to explore the applications of the Lys-Cu NCs. 

The limited number of reports on Lys-Cu NC mostly focused on its role as an cell imaging probe, 

but the metal sensing ability still remains unexplored.12,52,53 Many metal ions in our biological system have 

been linked to a number of diseases.59–61 Thus sensitive and selective detection of biologically relevant 

metal ions at a very low concentration range (~nM range) has extremely important therapeutic 

implications.61–63 Iron is one of the most important and abundant constituent of the metalloproteins playing 

a crucial role in the enzymatic activity such as oxygen transport, electron transfer and other metabolic 

functions.63–66 Iron imbalance in the physiological system can cause serious health issues and therefore it is 

absolutely necessary to quantify iron in the biological systems to diagnose any health problem.66–68 In 

human, heme iron exists in +2 oxidation state.66,69 Hemoglobin is the most important respiratory protein 

present in the red blood cell that carries oxygen from lung to the organs and tissues and transport back CO2 

from the tissues to the lung, thereby maintain oxygen level in our body. Fe2+ plays a key role in this oxygen 

transport process.66,69 Anemia is a very common health problem caused by iron deficiency. Due to lack of 

Fe2+ ions, inadequate amount of oxygen being transported to the tissues that can make a person feel weak 

and tired.66–68 In children iron deficient anemia can affect the growth and motor development.66–68 Too much 

accumulation of iron in organs and tissues can also leads to diabetes, heart diseases, even neurodegenerative 

diseases.66–68 Consumption of water containing more than 0.3 mg/L of iron (Fe2+/Fe3+) is also considered to 

be a threat to human health.70 Thus it is utmost important to accurately quantify Fe2+ in human body as well 

as other complex systems such as ground water. 

Although, several protocols were reported for the synthesis of protein-coated Cu-NCs, majority of 

them suffered from the drawbacks such as, requirement of reducing agents, expensive biofriendly templates 

and/or harsh reaction conditions. Here, we report a green and efficient protocol for the one-pot synthesis of 

blue emitting Cu-NCs stabilized with Lys at room temperature and aqueous conditions in the absence of 

any reducing agent and characterized its spectroscopic properties. The synthesized Lys-Cu NCs showed 

photoluminescence properties with a significant quantum yield and high photostability with various 

interesting applications. The NC is biocompatible and can selectively detect Fe2+ ions in the nanomolar (as 

low as ~2.5 nM, i.e. 140 ng/L) concentration range in different complex systems. Fe2+ ions can significantly 

quench (~95%) the fluorescence signal which can be recovered completely by adding NaOH and thus the 

NC can be reused. The NC can further be used to detect Fe2+ even in complex systems such as human 

hemoglobin and different water samples. It can also be used as an excellent nanoprobe for cell-imaging. 

Upon further investigation we observed that the photoluminescence intensity is sensitive towards 

temperature and showed a systematic reversible behavior. Thus, it can also be used as a temperature sensor 
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within biological systems. Overall we present a concise study on the synthesis and application of the Lys-

Cu NCs in this report with the plausible mechanistic insight of its photophysical behaviours. 

MATERIALS AND METHODS :  

Materials 

Lysozyme from hen egg white was purchased from Sisco Research Laboratories Pvt. Ltd. (SRL). Copper 

Chloride (CuCl2.2H2O), and sodium hydroxide (NaOH) for the synthesis of Lys-Cu nanocluster (NC) were 

purchased from Nice Chemicals (NICE). To study the metal ion sensing the following salts of different 

metal ions were purchased either from SRL or, NICE: calcium chloride (CaCl2), lead nitrate [Pb(NO3)2], 

mercuric chloride (HgCl2), magnesium chloride (MgCl2), nickel sulphate (NiSO4) and zinc sulphate 

(ZnSO4), cobalt nitrate [Co(NO3)2], chromic nitrate [Cr(NO3)2], ferrous chloride (FeCl2), ferric chloride 

(FeCl3), manganese chloride (MnCl2), potassium chloride (KCl) and sodium chloride (NaCl). Zn powder 

was purchased from Nice Chemicals. Quinine hemi-sulfate dye and hemoglobin (human) lyophilized 

powder were purchased from sigma-aldrich. L-ascorbic acid was purchased from Sisco Research 

Laboratories Pvt. Ltd. (SRL). All solutions were prepared using double distilled water from Biopak Polisher 

Milli-Q water system (CDUFBI001). All the reagents were used as received without further purification.  

Synthesis of photoluminescent copper nanocluster 

Lysozyme protected Cu nanocluster (Lys-Cu NC) was prepared in a molar ratio of 1:1 under aqueous 

condition following the previously reported method with some modifications.12,53 Initially, 20 mg of 

lysozyme (10 mg/ml) was dissolved in 2 ml of Milli-Q water and 1 ml of CuCl2 was added from 1.4 mM 

stock solution. The reaction mixture was stirred at 40o C for half an hour. To this solution 100 µl of 1 M 

NaOH was added dropwise in regular intervals 

to adjust the pH ~12. Initially upon addition of 

NaOH the colour of the solution changed from 

colourless to turbid white and ultimately to 

transparent pale violet on further addition of 

NaOH. The solution kept under vigorous 

stirring at room temperature for ~ 24 h (Scheme 

1). After completion of the reaction the solution 

was centrifuged (at 14,000 x g for 5 mins) and 

the supernatant was collected and stored at 40C 

under dark condition for further use. 

Scheme 1: Schematic representation of the synthesis of 

lysozyme protected Cu nanocluster. Crystal structure of 

lysozyme is taken from ref 86 (PDB ID: 6LYZ). 

+ 

NaOH 

R.T., ~24 hr 

λem = 430nm 

λex = 365nm 

Lysozyme 

CuCl2 
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Instrumentation 

Absorbance measurements were recorded using Thermo Scientific (Evolution 201) UV-Visible 

Spectrophotometer. Steady state photoluminescence studies were performed on Perkin Elmer Fluorescence 

Spectrometer (FL 8500). The Lys-Cu nanocluster solution was excited at 365 nm and the spectra was 

scanned from 390 nm to 650 nm at a speed of 240 nm min-1 keeping the excitation and emission slits at 5 

nm. Temperature dependent emission studies were done on a Horiba Jobin Yvon Fluorolog 3-111 

instrument. For monitoring the lifetime of Lys-Cu NC, time resolved fluorescence measurements were 

carried out using a DeltaFlex Time Correlated Single Photon Counting (TCSPC) spectrometer with a hybrid 

photomultipler detector. The second harmonic output of a tunable Mai-Tai Laser was used as an excitation 

source (λex = 365 nm) with a repetition rate of 8 MHz. The full width at half-maxima (FWHM) of the 

Instrument Response Function (IRF) was 73 ps. To avoid anisotropic effects the decays were collected at 

magic angle (54.7°) with respect to vertically polarized excitation light. To characterize the size of the 

nanoclusters, Transmission Electron Microscopy (TEM) [FEI TALOS 200 (field-emission electron 

microscope)] operating at 200 kV was used. The sample was drop casted on a carbon coated copper grid. 

Centrifugation was done using a non-refrigerated centrifuge from Dinesh Scientific (Model No: DS-NRC-

473). The photoluminescence quantum yield (ϕ) of the synthesized nanocluster was measured using the 

equation:71 

𝜙𝑠 = 𝜙𝑟𝑒𝑓

𝐼𝑠

𝐼𝑟𝑒𝑓

𝐴𝑟𝑒𝑓

𝐴𝑠

𝑛𝑠
2

𝑛𝑟𝑒𝑓
2  

where, ϕ, I, A and n denote the quantum yield, integrated emission intensity, absorbance and refractive 

index of the medium respectively. The suffix ‘s’ stands for sample and ‘ref’ stands for reference. Quinine 

sulfate (ϕ = 0.546)72 was used as a reference in our study. 

Metal sensing Studies 

To study the metal ion sensing Lys-Cu nanocluster solution was incubated with desired concentration of 

different metal ions for ~3 mins prior to the measurement. To check the sensitivity of Fe2+ ion detection, 

different concentrations of Fe2+ ions (from 1 nM to 1 mM) were gradually added to the same volume of 

Lys-Cu NC and the PL intensity was measured after each addition. The limit of detection was determined 

using the formula, Limit of Detection (LOD) = 
3 𝜎

𝐾
, where σ is the standard deviation and K is the slope of 

the straight line obtained from the plot.73,74  

Cell Viability and Imaging: 
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For cell viability and imaging studies the Lys-Cu NC sample was washed thoroughly using a spin filter 

(AmiconR Ultra 10 K) to adjust the pH to 7.5. The cell viability study of the Lys-Cu nanocluster was carried 

out on 3T3 (normal mouse fibroblast) cells using MTT assay which measures cellular metabolic activity as 

an indicator of cell viability. The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) high 

glucose media (Himedia) with 10% Fetal bovine serum (FBS) (Himedia), 1% Penstrep, 0.2% of 

Amphotericin (Gibco Life Tech), 1% antibiotic at 37 0C and 5% CO2. For viability study, the cells were 

seeded in 96 well plate at 1 x 104  cells per well and allowed to adhere to the substrate with overnight 

incubation.  The cells were incubated with Lys-Cu nanocluster at variety of concentration with minimum 

of 9 μg/ml and maximum of 2.88 mg/ml for 24 hours. Post incubation 10 µl of MTT was added to each 

well with final concentration of 0.5 mg/ml. The formazan crystals formed were dissolved in DMSO and 

absorbance was recorded in a plate reader (Biotech Epoch 2NS Gen5) at 590 nm using a 620 nm reference 

filter.  For cell imaging the cells were incubated with Lys-Cu nanocluster at 20 µm concentration for 3 

hours. Imaging was done using Epifluorescence microscope (Olympus IX83) with suitable fluorescence 

filters.  

RESULTS AND DISCUSSIONS 

Lysozyme protected Cu NC shows photoluminescence properties: 

The Lys-Cu NC showed a strong photoluminescence intensity (λex = 430 nm) when excited at 365 

nm with a significant quantum yield (ϕ = 0.133) (Figure 1). Upon comparing the emission intensity with 

that of pure protein, we concluded that the luminescent 

properties are inherent characteristics of the NC 

stabilized by Lys (Figure S1). Based on the emission 

maxima, the number of metal atoms present in the NC 

can be theoretically predicted reliably using the Jellium 

Model [ENC = Ef/(N)1/3, where ENC is the emission energy 

of the NC corresponding to the emission maxima, Ef is 

the Fermi energy of the metal in bulk and N is the number 

of atoms in the NC]75,76 which matches nicely with the 

experimental data obtained from MALDI (Matrix 

Assisted Laser Desorption/Ionization) mass 

spectra.49,63,76 According to this model, emission peak 

around 430 nm for Lys-Cu NC indicates the presence of Cu14 in the NC. The ultrasmall size (average size 

~2 nm) of Lys-Cu NC is confirmed from the transmission electron microscope (TEM) image (Figure S2).  
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Figure 1. Excitation (λem = 430 nm) (−) and 

emission spectra (λex = 365 nm) (−) of Lys-Cu 

NC. 
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Initially the amino acid residues present in the protein scaffold stabilizes the Cu2+ ions via 

electrostatic interaction. At an optimum pH ~12, the amino acid residues reduce Cu2+ ions to Cu0.12,52,53 

Previous x-ray photoelectron spectroscopy (XPS) studies confirmed that Cu mostly remains as Cu0 in the 

lysozyme protected Cu nanoclusters.12,52,53 From the time resolved spectroscopic analysis, the 

photoluminescent lifetime of Cu-Lys NC was found to be 3.9 ns (Figure S3). The high photostability of 

Lys-Cu NC were confirmed by a complete retention of its photoluminescent properties for over a month 

when stored at 4oC (Figure S4). In general oxidizing agents like H2O2 can easily oxidize the protein 

protected Cu nanoclusters thereby quench the photoluminescence intensity.10,49 In the case of Lys-Cu NC, 

absolutely no quenching effect has been observed in the presence of H2O2 (Figure S5) suggesting that the 

NC is resistant towards oxidative damage. 

Selective and sensitive sensing of Fe2+: 

In this report an assay based on the quenching of 

the luminescence intensity of the Lys-Cu NC was 

developed to rapidly detect the Fe2+ ions in aqueous 

medium with high selectivity and sensitivity. Fe2+ (500 

μM) can significantly quench (~85%) the 

photoluminescence intensity of the NC (Figure 2). To 

check the selectivity of Fe2+, same concentration (500 μM) 

of a series of other metal ions were added respectively to 

the Lys-Cu NC solution. The quenching efficiency of the 

other metal ions were significantly lower than that of the 

Fe2+ ions (Figure 3) thus indicating a selective detection of 

Fe2+. Though Fe3+ ions show relatively higher quenching 

efficiency (~ 38%) compared to other metal ions, it is substantially less than that of Fe2+ ions (~ 85%) 
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Figure 3. Quenching (%) of Lys-Cu NC photoluminescence by different metal ions (500 μM). F0 and F represent 

the photoluminescence intensities in the absence and presence of metal ions respectively.  
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(Figure 3), not affecting the selectivity of Fe2+. In aqueous solution, Fe2+ readily oxidizes to Fe3+ making it 

challenging to differentiate Fe2+ from Fe3+ and selectively detect only Fe2+. Using Lys-Cu NC we could 

overcome this challenge by differentiating Fe2+ from Fe3+ and selectively detecting Fe2+ only in aqueous 

solution.  

Quenching of fluorescence intensity by metal ions mainly occur due to the photoinduced 

electron/charge transfer transition between the fluorophore and the metal ions.45,63,71,77 However, it is 

extremely difficult to identify the direction of the electron transfer process.45,63,71,77 This quenching process 

can either be static or, dynamic in nature.45,63,71,77 The synthesized NC was extremely resistant towards 

oxidation (Figure S5) clearly showing its inability to transfer an electron to the metal ions. On the other 

hand Fe2+ (d6) ions have a very strong tendency to oxidize by giving up one electron easily to attain a more 

stable [Fe3+(d5)] electronic configuration. Based on this we can predict that the electron transfer is occurring 

from Fe2+ to the nanocluster.  

To test the sensitivity, different concentrations of Fe2+ ions (1 nM to 1 mM) were added gradually 

to the Lys-Cu NC solution. As a result the PL intensity gradually decreased with increasing Fe2+ 

concentration (Figure S6). At around 1 mM Fe2+ the PL intensity is quenched by ~95% (Figure S6). To 

confirm that the quenching of the PL intensity is due to the interaction between Cu NC & Fe2+ ions and not 

due to the interaction between the 

protein & metal ions, same 

concentrations of Fe2+ ions were 

added to an aquoeus solution of 

Lysozyme (~ 0.7 mM). Lysozyme 

exhibits a very weak emission 

intensity when excited at 365 nm. 

Upon addition of 1mM Fe2+, no 

significant quenching of the 

fluorescence intensity of the protein 

was observed confirming an 

interaction between the Fe2+ and the 

Cu NC (Figure S7). Hence it could 

be concluded that Cu NC are solely 

responsible for the metal sensing 

activity. The limit of detection 

(LOD) for Fe2+ ions was calculated 

to be 2.5 nM (i.e. ~ 140 ng/L). Thus 

Figure 4: Stern-Volmer plot corresponding to the quenching of Lys-Cu 

NC photoluminescence intensity by gradual addition of Fe2+ ions. The black 

line represents linear fit. Inset captures the initial part (up to 10 nM Fe2+) of 

the plot. 
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the so-synthesized nanocluster can be applied for the selective and ultra-sensitive detection of Fe2+ in the 

nano-molar concentration range.  

The Stern-Volmer plot (F0/F vs concentration of the quencher (Fe2+), where F0 and F are the 

photoluminescence intensities in the absence and presence of quencher respectively) showed a two step 

quenching process (deviate from the typical linear Stern-Volmer plot with one slope) indicating a more 

complex quenching process involving different kinetics which depends upon the concentration of the 

quencher (Figure 4). Initially the photoluminescence intensity changed very rapidly up to ~10 nM with a 

Stern-Volmer constant (KSV) of ~6.6×106 M-1. After 10 nM, the quenching process slowed down and can 

be fitted with a different straight line (Slope ~ 6.4×103 M-1, intercept ~1.06). Most commonly Stern -Volmer 

plot deviates from linearity with an upward curvature due to the presence of both static and dynamic 

quenching mechanism.71,78 Pure dynamic/collisional quenching can also lead to a non-linear Stern-Volmer 

plot but with downward curvature in some extreme/rare cases if some fluorophores are less accessible than 

others.79,80 For this later case a modified Stern-Volmer plot [F0/(F0 – F) vs 1/[Q]] should results in a linear 

plot71,80 which could not be seen in the present case (Figure S8). In our case we could see a very interesting 

sharp transition at ~10 nM which has not been seen earlier.45,63,81 The initial high slope indicating the 

existence of static quenching as the kinetics can not be explained with diffusion controlled quenching 

only.80 Involvment of static quenching is further confirmed by lifetime measurements. In static quenching 

a complex is formed at the ground state between the fluorophore and the quencher which does not affect 

the lifetime of the system.63,71,82 On the other hand no such complex is formed for the dynamic/collisional 

quenching which results in a significant quenching of the lifetime of the fluorophore.63,71,77,82 The lifetime 

of the Lys-Cu NC did not change upon addition of Fe2+ ions (Figure S9), clearly suggesting that the 

quenching process is purely static in nature. The difference in the slope may be attributed to the difference 

in availability of the binding sites on the surface of the nanocluster. Initially at a very low Fe2+ concentration 

(~10 nM) the ions can easily bind to the surface of the nanocluster leading to a complex formation followed 

by a very fast static quenching. Above ~10 nM the complex formation slows down (may be due to some 

steric hindrance between the scaffold surface and the metal ions) leading to a slower quenching process. 

Overall the quenching process for this system is extremely complex and further study is required to 

elucidate the exact mechanistic details.  

When aqueous solution of Fe2+/Fe3+ ions are treated with NaOH, corresponding hydroxide salts 

precipitate out from the solution.83 Using this technique we removed the Fe2+ ions from the Lys-Cu NC 

solution and check its reusability. The quenched Lys-Cu NC in the presence of 1 mM Fe2+ was treated with 

1M NaOH (~100 μL) and the precipitate was separated from the supernatant using centrifugation. 

Remarkably, the supernatant containing the Lys-Cu NC showed high photoluminescence intensity with 

~100% recovery of the initial intensity (Figure S10). The initial PL intensity can be retained even after at 
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least 4 quenching cycles (Figure S10). Thus 

Lys-Cu NC can be reliably used as a robust 

reusable photo switch to turn on/off the metal 

sensor using NaOH/Fe2+ respectively 

(Scheme 2). 

 

Quantification of Fe2+ in complex 

systems using Lys-Cu NC: 

We extended our sensing studies to check the 

applicability of the Lys-Cu NC as a Fe2+ 

sensor in real complex samples. We 

investigated the level of Fe2+ in water samples collected from different practical sources. We treated the 

water samples with Zn powder to convert the oxidized Fe3+ ions (if any) to Fe2+ ions. The water sample 

collected from a nearby pond contains high level (~6.43 mg/L) of Fe2+ (Figure S11 and Table 1) which is 

higher than the acceptable level (<0.3 mg/L),70 indicates that the water is contaminated and consumption 

of this water may cause health issues. On the other hand water sample collected from the well contains ~0.3 

mg/L Fe2+ which is just around the acceptable level. Water collected from the water purifier (that uses 

reverse osmosis technique) contains very low level of iron (~0.0052 mg/L), well below the allowed range, 

thus safe to drink.  

To check the accuracy of our method, we used a sample of known concentration of Hemoglobin 

(human). Hemoglobin gets readily oxidized in air and thus mostly remains as methemoglobin. Ascorbic 

acid has been used as an effective drug to treat methemoglobinemia to convert methemoglobin (containing 

Fe3+) to hemoglobin (containing Fe2+).84,85 Thus we added ~ 500 μM (~90 μg/ml) ascorbic acid to the 

hemoglobin solution to reduce the Fe3+ (if any) to Fe2+. We added ~20 μg/ml (i.e. ~ 0.3 μM) of hemoglobin 

(human) to the Lys-Cu NC and observed ~7% quenching of the PL intensity (Figure S12) which 

corresponds to ~1.32 uM (~74 ng/ml) Fe2+ ions (estimated from the Stern-Volmer plot, Figure 4). Each 

hemoglobin molecule contains 4 Fe2+ ions and the percentage of iron in human hemoglobin is ~0.34%.86 

Thus 20 μg/ml (~ 0.3 μM) hemoglobin should contain ~ 68 ng/ml (~1.2 μM) Fe2+ ions. Thus, theoretically 

estimated value of Fe2+ (~68 ng/ml) in hemoglobin solution remarkably matched (>90%) with our 

experimentally obtained value (~74 ng/ml) (Figure S12). The results thus suggests that our method is 

extremely robust and reliable, we can use the synthesized Lys-Cu NC for the rapid and accurate 

quantification of iron in any biologically (eg. blood samples) or environmentally (water samples) relevant 

complex systems. 

 

Scheme 2: Photoluminescence intensity quenched by Fe2+ 

ions can be recovered completely by treating the sample with 

1M NaOH thus can be used as a photo switch. 

λex = 365nm λex = 365nm 

Fe2+ 

NaOH 

ON OFF 



11 
 

 

 

 

 

 

 

 

Temperature Dependent Photoluminescence Property of the NC:  

Another interesting application of the Lys-Cu NC is temperature sensing. The photoluminescence intensity 

of the Lys-Cu NC is extremely sensitive towards temperature, hence can be used as an temperature sensor 

for different biological systems. With gradual increase in temperature (from 20 0C to 60 0C) the PL intensity 

of the Lys-Cu NC decreases while in the reverse process (from 60 0C to 20 0C) the intensity gradually 

Water Source Amount of Fe2+ (mg/L) 

Pond 6.43 ± 1.6 

Well 0.3 ± 0.1 

Water Purifier 0.0052 ± 0.0004 

Figure 5 Variation in photoluminescence intensity with temperature a) ascending from 20-60 0C and b) 

descending from 60-20 0C c) Plot of PL Intensity of Cu-Lys NC as a function of temperature shows reversibility. 
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Table 1: Level of iron in different water samples. 

 

Water Source Amount of Fe2+ (mg/L) 

Pond 6.43 ± 1.6 

Well 0.3 ± 0.1 

Water Purifier 0.0052 ± 0.0004 

 Table 1: Level of iron in different water samples. 
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increases and can be restored completely at ~20 0C (Figure 5a,b). This process is reversible and can be 

repeated for several cycles without changing its PL properties (Figure S13). Lysozyme is quite stable 

against thermal denaturation, it can exist even at 55 0C for about an hour without much denaturation, only 

above 60 0C it starts to denature completely .87,88 Thus, during the increase in temperature the protein 

scaffold partially unfolds89 exposing the NC towards the polar solvent thereby decreasing the PL intensity.10 

Opposite trend can be seen during the gradual decrease in the temperature as the protein scaffold refolds 

back to its native structure. Most interestingly this reversible process (PL intensity vs temperature plot) is 

linear in nature and occurs without any change in the PL property of the NC suggests that some contacts 

still keep the NC in its original position (without any disintegration) even at a high temperature (~60 0C) 

(Figure 5c, S14). During refolding the protein scaffold follows the same pathway (crossing the same set of 

energy barriers) restoring the same set of contacts that helps the NC recover its initial PL intensity. The 

linear dependency of the PL intensity on the temperature thus makes it a good candidate for an intracellular 

temperature sensor (nano-thermometer) for different biological systems.  

 

Lys-Cu NC: An Excellent Nanoprobe for Cell Imaging: 

The synthesized Lys-Cu NC showed excellent biocompatibility. The in-vitro toxicity study of the lysozyme 

stabilized copper nanocluster was demonstrated through MTT based cell viability assay. The viability of 

3T3 fibroblast cells after treating with the nanocluster for an incubation period of 24 hr was studied as a 

function of their concentration. The nanocluster exhibited biocompatibility over a wide range of 

concentrations (Figure 6a). More than 50% viability was observed even at a very high concentration (~720 

μg/ml) of the nanocluster, thereby confirms the non-cytotoxicity of the nanocluster indicating that the 

nanocluster is suitable for intracellular studies. Cell imaging studies using the synthesized Lys-Cu NC has 

Figure 6 a) Cell viability assay showing the cytotoxicity of the nanocluster on 3T3 fibroblast cells. The nanocluster 

is non-toxic to the cells. b) Epifluorescence microscope image of 3T3 fibroblast cells incubated with Lys-Cu NC.  
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also been explored which suggests that the nanocluster can be used as an excellent nanoprobe for cell 

imaging. 3T3 fibroblast cells were incubated with 360 μg/ml of Lys-Cu NC for 3 hrs and the images were 

captured using a fluorescence microscope (Figure 6b). The image indicated that the nanocluster was mostly 

located at the cytosolic part of the cells. Thus the lysozyme stabilized Cu-NC synthesized through the 

reported protocol can be further used as an in-vivo biomarker and thereby apply in various fields of medical 

diagnosis and therapy. 

 

CONCLUSIONS 

In summary, we have successfully developed a green protocol for one-pot synthesis of Lys-Cu NC under 

ambient condition in the absence of any toxic reducing agents. The synthesized Lys-Cu NC showed 

photoluminescence properties with high quantum yield, photostability and biocompatibility. This NC can 

be re-used for the rapid, sensitive and selective detection of Fe2+ ions in the sub nanomolar concentration 

range (~2.5 nM, i.e. 140 ng/L). Iron level in many complex system (such as ground water and hemoglobin) 

can also be estimated reliably and rapidly using this nanocluster suggesting its practical applicability as an 

iron sensor in blood and other biologically and environmentally relevant samples. The cell imaging and 

viability studies indicated that our NC is nontoxic and showed excellent biocompatibility making it an ideal 

candidate for the next-generation nano-sensor. The temperature dependent PL reversibility exhibited by the 

NC proved themselves to be a potential candidate for an in-vivo temperature sensor. Overall our concise 

results showed that these novel NCs can open up promising avenues in the interdisciplinary area of bio-

sensing, drug-delivery, diagnostic and therapeutic applications. 
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