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Abstract: 

Copper-thiolate self-assembly nanostructures are unique class of nanomaterials because of 

their interesting properties such as hierarchical structures, luminescence, and large nonlinear 

optical efficiency. Herein, we synthesized bio-molecules cysteine (Cys) and glutathione (GSH) 

capped sub-100 nanometer self-assembly nanoparticles (Cu-Cys-GSH NPs) with red 

fluorescence. The as-synthesized NPs show high emission enhancement in presence of ethanol, 

caused by the aggregation-induced emission (AIE). We correlated the structure and optical 

properties of Cu-Cys-GSH NPs by measuring the mass, morphology and surface charge as well 

as their two-photon excited fluorescence cross-section (𝜎2𝑃𝐸𝑃𝐿), two-photon absorption cross-

section (𝜎𝑇𝑃𝐴) and first hyperpolarizability (β) of Cu-Cys-GSH NPs in water and water-ethanol 

using near-infrared (NIR) wavelength. We found high β value as (77±10) ×10-28 esu (in water) 

compared to the reference medium water.  The estimated value of 𝜎2𝑃𝐸𝑃𝐿 and 𝜎𝑇𝑃𝐴 are found 

to be 13±2 GM and 1.4±0.2×104 GM, respectively. We hope our investigations of linear and 

nonlinear optical properties of copper-thiolate self-assemblies in water and its solvent induced 

aggregates will open up new possibilities in designing self-assembled systems for many 

applications including sensing, drug delivery and catalysis.  
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Introduction 

Supramolecular nano-assemblies exclusively formed from ligand-protected noble 

metals (NMs) are attracting much attention due to their unique properties arising from their 

well-organized structure.1, 2 Specific organization in polymeric chains are particularly rich 

when ligands possess a thiol (-S-H ) group inducing various interactions: metal-sulfur 

coordination, metallophilic interactions between NM atoms as well as interactions at the 

ligands interface: H-bonding, electrostatic and hydrophobic interactions. The –S-H-containing 

amino acids and peptides such as cysteine (Cys), homocysteine (Hcys), and glutathione (GSH) 

are good candidates to produce hybrid noble metal-based materials with well-organized 

structures and rich optical properties, in particular strong chiroptical properties due to the chiral 

nature of biomolecules. For instance, the hierarchical assembly structure of Au-cysteine (Au-

Cys) particles has recently attracted attention because of their surprising chiroptical properties, 

chemical properties, even higher complexity than biological counterparts.3 The hierarchy 

emerges from the subnanometric -Au-S- chains, and the intertwined inter- or intra-chain -Au-

Au- aurophilic interactions connecting different chains to form structures with greater 

complexity.4  Antoine and collaborators reported unique formation of helices leading to strong 

circular dichroism of Au(I)-Cys driven by the hierarchical structure formed from 

supramolecular self-assembly.5, 6 They  also explored the interplay of electrostatic interactions 

between cysteine ligands and aurophilic attraction in the polymeric backbone of Au(I)-Cys.6 

Incorporation of foreign metals in such nanomaterials enhances several of their properties such 

as  nonlinear optical and chiroptical properties.7 In particular, silver-doping was used as a 

strategy to enhance the optical properties of helical gold-cysteine supramolecular assemblies.5 

In addition to Au(I)-Cys systems, it is expected that the M(I)-SR coordination polymers 

(M = Cu, Ag, or Au) could in general function as spectral sensing ensembles for extended 

applications. Chiroptical activity of silver−cysteine (Ag(I)-Cys), associated with formation of 

polymeric species, has been studied in the perspective of development of new sensing 

systems.8, 9 Copper forms a rich variety of compounds, usually with oxidation states +1 and +2, 

which are called cuprous and cupric, respectively. In the cuprous form, a copper thiolate 

lamellar coordination polymer, [Cu(p-SPhCO2Me)]n has been described featuring an 

unprecedented photoluminescence10 useful for thermochromic luminescence.11 Yin et al. have 

synthesized a highly luminescent Cu(I)-GSH complex which shows intense red fluorescence 

owing to ligand to metal charge transfer between GSH and copper.12 In addition Zheng and 



4 
 

coworkers demonstrated the successful syntheses of homochiral Cu(I) coordination polymers 

with a unique double-stranded helical building block from achiral precursors via symmetry-

breaking crystallization.13 The cupric form of copper has also a rich interaction with cysteine 

containing biomolecules. It  was found that Cu(II) complexed with cysteine formed cage-like 

clusters.14 Ma et al. synthesized copper-cysteine mercaptide nanoparticles (Cu-Cys NPs) via a 

facile coordination process between copper Cu(II) ions and the sulfhydryl groups of L-cysteine 

in an alkaline solution.15 Indeed, in the alkaline aqueous solution, L-cysteine first coordinated 

with Cu(II) to generate Cys-Cu-Cys mercaptide molecules through Cu−S coordination. With 

increasing concentration, the water-insoluble Cys-Cu-Cys molecules gradually self-assemble 

and form sub-100 nm Cu-Cys NPs (see scheme 1). 

 

Scheme 1. Schematic representation of Cu-Cys self-assembled nanoparticles synthesis. 

Such sub-100 nm Cu-Cys NPs are non-luminescent and were used for in situ glutathione-

activated and H2O2-reinforced chemodynamic therapy for drug-resistant breast cancer.15 

Tuning optical properties in particular photoluminescence (PL) can be obtained by the 

regulation of noncovalent interaction inside nanostructures. A first strategy consists in playing 

with solvent polarity. Previous studies revealed that weakly polar solvent could strengthen the 

intermolecular interaction between AIE-type NCs, leading to aggregation and improving 

fluorescence.16 Tuning silver-based nanoclusters emission from orange to blue was obtained 

by  the regulation of solvent-induced noncovalent interactions inside nanostructures.17 On the 

other hand, ligand strategy could strikingly improve the  PL properties by introducing a capping 

layer, restricting  the  intramolecular vibration and rotation of  the components of the non-

luminescent particles. Such a strategy was nicely demonstrated to enhance the luminescence, 
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both in the linear18, 19 and nonlinear optical20 regimes of 6-aza-2-thiothymine-stabilized AuNPs 

(ATT-AuNPs) by introducing L-arginine into the capping layer. 

In this work, starting with sub-100 nm Cu-Cys NPs, we further explore the ligand and 

solvent strategy to enhance their optical properties. Particularly, we determined the absolute 

value of the first hyperpolarizability (β) of as-synthesized nano-assembly by the hyper-

Rayleigh scattering (HRS) technique and achieved a high value of β= (77±10) × 10-28 esu using 

800 nm laser excitation. A transition from non-luminescent to weakly luminescent 

nanoparticles is observed by adding glutathione as additional capping layer (Cu-Cys-GSH 

NPs). A strong enhancement of luminescence of Cu-Cys-GSH NPs is observed by using water-

ethanol mixture with volume fraction of ethanol 40%. The solvent effect on chiroptical and 

nonlinear optical properties is also studied. We were also able to measure the two-photon 

excited PL of Cu-Cys-GSH NPs in water-ethanol mixture because of the strong fluorescence 

enhancement. 

EXPERIMENTAL SECTION 

Materials: All the chemicals are commercially available and were used without further 

purifications.  Copper nitrate trihydrate [Cu(NO3)2.3H2O] and sodium hydroxide (NaOH) were 

purchased from Sigma Aldrich. L-Cysteine was purchased from Acros Organics. L-glutathione 

(GSH) reduced was procured from Carl Roth. Ethanol and Methanol were purchased from 

VWR Chemicals and Honeywell, respectively. Ultrapure Milli-Q water (resistivity 18.2 MΩ) 

was used for all of the experiments. 

Synthesis of Self-Assembled Copper Cysteine Nanoparticles (Cu-Cys NP): We have 

synthesized self-assembled Cu-Cys NPs following an earlier reported protocol with some 

modification.15 By using a molar ratio of 2:1 cysteine: Cu2+ as initial precursor, the Cu2+ is not 

completely reacted with cysteine ligands. Therefore, we decided to decrease the molar ratio of 

cysteine: Cu2+. Typically, 60.5 mg (0.5 mmol) L-cysteine was dissolved in 5 mL water and 

then 400 µL of NaOH (80 mg/mL) was added into the cysteine solution. In another beaker, 241 

mg (1 mmol) Cu(NO3)2.3H2O was dissolved in 10 mL water. Then, cysteine solution was added 

into Cu-solution dropwise and the reaction was continued for at least 30 minutes. The final pH 

of the solution was in the range of 6.60-6.80. The greyish black colored Cu-Cys NPs were 

formed and washed by multiple centrifugations.  

Purification of Cu-Cys NPs: The as-synthesized Cu-Cys NPs were centrifuged at 6000 rpm 

(FCR~3180) for 10 minutes. Cu-Cys NPs were precipitated and re-dissolved in water and the 
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centrifugation process was repeated at least two more times. Then the Cu-Cys NPs were 

washed with a water-methanol (50:50) mixture. During the centrifugation process, all the 

unreacted impurities (excess Cu2+, unreacted cysteine and salts) were removed. Then the 

prepared Cu-Cys NPs were air dried for further use. The dried Cu-Cys NPs were dissolved in 

20 mL water for further use (the typical concentration was~8 mg/mL).  

Reaction of Copper-Cysteine NPs with Glutathione: The luminescent Cu-Cys-GSH nano-

assemblies were synthesized by the reaction between GSH and Cu-Cys NPs. In a typical 

reaction, 2 mL Cu-Cys NPs added in 10 mL water and the 1 mL of GSH ligands (30.7 mg/mL) 

solution added in to it. The reaction was stirred for 30 minutes and the color changed to light 

yellow (scheme in Figure S1). The nano-assemblies were purified by centrifugation at 15000 

rpm for 30 minutes. All the larger NPs, unreacted species were precipitated and discarded. The 

supernatant solution containing the luminescent Cu-Cys-GSH nano-assemblies was stored at 

4°C and then again, we found that larger particles had precipitated. After 24 hours in the 

solution container, the supernatant was separated by micropipette and used for further 

investigation.  

Instrumentation:  

UV-Vis absorption spectra were recorded with an AvaSpec2048FT spectrophotometer, the 

sample illuminated with continuous spectrum of halogen lamp coupled with AvaLight DH-S 

deuterium lamp and the transmitted light was collected and analyzed with the 

spectrophotometer. PL spectra were recorded using a Horiba Jobin Yvon Fluoromax 4 

spectrophotometer and the data were collected with FluorEssence software. PL quantum yield 

(PLQY) was calculated by relative method using the reference dye Coumarin 485 with the 

following equation: 

 𝑄𝑌𝑠 = (
𝐹𝑠 

𝐹𝑟
×

𝐴𝑟

𝐴𝑠
×

𝜂𝑠
2

𝜂𝑟
2) × 𝑄𝑌𝑟                                                                                                         (1) 

Fs and Fr are the integrated fluorescence emission of the sample and the reference, respectively, 

As and Ar are the absorbance at the excitation wavelength of the sample and the reference. QYs 

and QYr (Coumarin 485, 19%) are the quantum yields of the sample and the reference, 

respectively. Fluorescence lifetime were measured using a custom made set up.21 Circular 

dichroism was recorded by JASCO J815 CD spectropolarimeter.  

Morphological studies were performed using transmission electron microscopy (TEM, 

JEOL-JEM-F2100) at an operating voltage of 200 kV. TEM samples were prepared by drop- 
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casting solutions onto carbon-coated gold grids. X-ray photoelectron spectroscopy (XPS) 

(Omicron Nanotechnology instrument) study was carried out to determine the binding energy. 

Hydrodynamic radius and zeta potential were measure by dynamic light scattering (DLS) using 

a Malvern Zetasizer Nano ZS. Charge detection mass spectrometry (CDMS) measurements 

were carried out using a home-built instrument with an electrospray ionization (ESI) source, 

details description is given elsewhere.22  

Two-photon excited photoluminescence (2-PEPL) cross sections were measured with 

the relative method using a multiphoton confocal microscope (TE2000-U, Nikon Inc.). The 

detailed measurement procedure is described in previous paper.22 The 2PEPL cross section was 

calculated using the following equation with fluoresceine dye as reference :  

𝜎2𝑃𝐸𝑃𝐿 =
𝜂𝑟𝑒𝑓𝜎2

𝑟𝑒𝑓
𝑐𝑟𝑒𝑓

𝑐
 

𝐼

𝐼𝑟𝑒𝑓
                                                                                                                (2) 

where η is the quantum efficiency, 𝜎2 is the two-photon excited fluorescence cross section, c 

is the concentration and I is the integrated fluorescence intensity. 𝜎2 for fluorescein at 780 nm 

is 33.3 GM.23 Two-photon absorption (TPA) cross section was calculated by using the 

following equation.23  

𝜎𝑇𝑃𝐴 =
𝜎2𝑃𝐸𝑃𝐿

∅
                                                                                                                              (3) 

Where ∅ is the one-photon QY. We assume that one-photon PLQY= two-photon PLQY as 

accepted by the photochemistry community with considering Kasha’s rule and Vavilov’s 

rule.23 

The hyper HRS set up has been described elsewhere in previous work by Antoine and 

coworkers.24 The concentration of Cu-Cys-GSH NPs was calculated by extrapolation of mass 

measurements from CDMS evolution curves with different fraction of ethanol.   

RESULTS AND DISCUSSION:  

Here we present well-crystalized form Cu-Cys NPs formed from the gradually self-assembled 

water-insoluble Cys-Cu-Cys molecules (as shown in Scheme 1). The size of as-synthesized 

Cu-Cys NPs is found to be ~50 nm as shown in figure S2. Cysteine capped Cu-Cys NPs are 

non-luminescent particles, and these Cu-Cys NPs generate luminescent self-assembled NPs 

when reacts with glutathione (GSH: a tripeptide molecule consists of glycine, cysteine and 
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glutamic acid). GSH binds to the Cu-Cys NPs through the thiol end by Cu-S bond formation 

which is already well established.25   

Linear Optical Properties of Cu-Cys-GSH NPs Assembly and the Effect of Ethanol: 

The Cu-Cys NPs do not have any characteristic absorption band in the range of 300-500 nm 

(Figure S3), whereas after GSH attachment to Cu-Cys NPs i.e., in Cu-Cys-GSH NPs a very 

weak shoulder is found around 335 nm (black line, Figure 1A). The excitation spectrum (blue 

line) shows a maximum in good agreement with the shoulder presented in absorption profile. 

The photoemission of Cu-Cys-GSH NPs exhibits a maximum at 623 nm when excited at 380 

nm. Moreover, we recorded the excitation dependence over 340-450 nm wavelength range, we 

did not notice any change in the emission maxima (Figure S4), which may suggest the origin 

of photoemission is from a single final excited state.  

 

 

 

 

 

 

 

Figure 1. (A) Absorption, emission and excitation spectra of Cu-Cys-GSH NPs, (B) Circular 

dichroism spectra of Cu-Cys-GSH NPs in water and water-ethanol (fe=40%) mixture, (C) PL 

emission enhancement of Cu-Cys-GSH NPs aggregates as a function of volume fraction of 

ethanol, the other peak at lower wavelength (425-500 nm) is basically the Raman scattering in 

fluorescence spectra that is coming from solvent (water or water-ethanol mixture). (D) PL 
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emission stability of Cu-Cys-GSH NPs aggregates with different time intervals, after (a) 30-

minutes, (b) 24 hours and (c) 6-days.  

                We studied the chiroptical properties of NPs, since both the ligands L-Cysteine and 

L-GSH are chiral ligands. We expect indeed that Cu-Cys-GSH NPs will retain some chiroptical 

properties too. The circular dichroism (CD) spectra of Cu-Cys-GSH NPs show multiple bands 

at 209, 292, 332 and 367 nm. The strong negative band at 209 nm is originated from the chiral 

center of chiral ligands. All other bands are originated due to the development of chiral self-

assembled nanostructures from Cys-GSH-Cu(I)/(II) (black line, Figure 1B), displaying 

chiroptical activities in the near-UV.26  However, we would like point out that both absorption 

and CD spectra in Ag/Au Cys NPs are drastically different as compared to those reported in 

this work for Cu-Cys-GSH NPs.5, 27 This difference may find its origin in the surface motifs 

and coordination schemes in the self-assembled NPs. Indeed, the Au/Ag-Cys interaction allows 

for beta-sheet and alpha-helix structures (since Au/Ag are in the +1-oxidation state) while such 

structures cannot be observed for Cu-Cys NPs (since the oxidation state is a mixture of +2/+1), 

see the scheme in Figure S5. 

The as-synthesized Cu-Cys-GSH NPs show very weak photoemission band peak at 623 

nm with a PLQY of 1.3±0.2×10-2 %. Then we tried to enhance the QY of these nano-assembly 

by further aggregation, which can be controlled by many factors like solvent, metal ion, 

polymer matrix, and temperature.28-30 Interestingly, we found significant enhancement in the 

luminescence intensity when we changed the solvent polarity by using the less polar ethanol, 

respective dielectric constant of water and ethanol being, 80.1 and 25.1 at room temperature. 

31 Therefore, we introduced ethanol, into the aqueous solutions of Cu-Cys-GSH NPs with 

varying volume fraction fe (where fe=Vethanol/Vethanol+Vwater) ranging from 0 to 40% and we 

observed no change in the emission maxima at 623 nm see Figure 1C. The other peak at lower 

wavelength (425-500 nm) in fluorescence spectra is the Raman scattering that comes from 

solvent (water or water-ethanol mixture). We observed PL enhancement with a PLQY of about 

9.6±1.0×10-2 %, an 8-fold enhancement in QY when fe increases from 0 to 40% see Figure S6.  

To check the stability of Cu-Cys-GSH NP, we recorded the absorption spectra of the same in 

a time interval of seven days and we did not observe any change in the absorption profile which 

suggest about its good stability (see Figure S7). Noteworthy to mention that in presence of 

ethanol, the CD signal displayed a weaker chirality for the nano-assembly see Figure 1B (red 

line). We observed that the PL stability of assembled Cu-Cys NPs aggregates in water-ethanol 

medium degrades with time. Therefore, we recorded the PL of these systems after 30 minutes, 
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24 hours and 6 days from sample preparation, see Figure 1D. As the fe increased, the PL-

stability of these aggregates decreased which may be associated with the larger nano-

aggregates formation. In addition, we recorded the absorption spectra of Cu-Cys-GSH NPs 

both in water and mix-solvent of fe 40% and observed the enhancement of absorbance which 

can be due to the formation of these larger aggregates, see Figure S8. Moreover, we also tried 

the induce aggregation using the less polar solvent methanol, see Figure S9. The as-synthesized 

NPs exhibit large Stokes shift of around 295 nm. To understand the excited state dynamics of 

the self-assembly Cu-Cys NPs in water and water-ethanol mixtures, we measured the 

fluorescence lifetime of Cu-Cys-GSH NPs in the respective solvent. The measured lifetime 

was 214±20 ns in water, which increased to 643±65 ns in presence of 40% ethanol, all the 

decay curves were fitted bi-exponentially (see Table S1). Therefore, this excited state high 

lifetime along with large Stokes shift suggests that the origin of this photoemission is associated 

with a ligand to metal charge transfer (LMCT) involving metal centered triplet states.31-33 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

Non-Linear Optical (NLO) Properties: 

We first investigated the NLO properties of Cu-Cys-GSH NPs by measuring the first 

hyperpolarizability (β) using 800 nm laser excitation. The HRS technique was employed to 

determine the β value of the self-assembly NPs.5 6The HRS signal was recorded for various 

concentrations of NPs in aqueous medium and short-range spectra were recorded in both side 

of HRS wavelength see Figures 2A-B. The estimated concentration of stock solution of self-

assembled NPs is 25 nM based on mass measurements obtained from CDMS. The estimated β 

value for 800 nm laser excitation is found to (77±10) ×10-28 esu where we used water as a 

reference, βwater= 0.087×10-30 esu. This value is similar order of magnitude as compared to 

other systems like gold-cysteine.5, 6 We also tried to measure the first hyperpolarizability of 

Cu-Cys-GSH NPs in water-ethanol mixture but observed unstable signal under laser irradiation 

thus determination of β was not possible.   

As the photoemission of assembled Cu-Cys-GSH NPs significantly increased in water-

ethanol mixture at fe=40%, we expected a similar effect for two-photon excited 

photoluminescence (2PEPL). The 2PEPL spectrum of Cu-Cys-GSH NPs in 40% ethanol 

exhibit a maximum at 623 nm when excited at 780 nm, whereas the same Cu-Cys NPs self-

assembly in water has very weak fluorescence and the 2PEPL cross-section could not be 

estimated see Figure 2C. We have carried out two-photon fluorescence measurement in 
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variable excitation power and observed slop~2 for Log (TPEF Intensity) Vs Log 

(Transmission) plot, which suggests the origin of non-linear two photon fluorescence when 

excited at 780 nm (see the Figure S10).34 In addition, we carried out HRS experiment with 

varying excitation power that demonstrated the quadratic behaviour of the process (see the 

Figure S11). The 2PEPL cross-section of Cu-Cys-GSH NPs in water-ethanol medium at 

fe=40% fraction is estimated as high as 13±2 GM, such value is in similar order of magnitude 

as compared with other reported system.5, 6 Thus, the ethanol induced aggregation has a 

tremendous impact on two-photon emission and 2PEPL cross-section.  

 

 

Figure 2. (A) HRS line intensity of Cu-Cys-GSH NPs system with different concentrations. 

(B) Plot of HRS intensity as a function of concentrations and (C) Two-photon excited 

fluorescence spectra of Cu-Cys-GSH NPs in water and ethanol-water mixture (fe=40%). 

 

Structure Optical Properties Relationship and the Effect of Ethanol: When glutathione is 

reacted with Cu-Cys NPs, polydisperse nano-assemblies in the sub 100 nm were observed (see, 

Figure 3A). Glutathione is a mild reducing agent, thus can easily react with Cys bounded Cu(II) 

which results into Cu(I) rich assembly formation as the reaction occurs [Cu(II)+GSH→ 

Cu(I)+GSSG].12, 15 Thiolated capped Cu assemblies with rich Cu(I) is known to be 

luminescent.12 The emission in Cu-Cys-GSH NPs may be associated with the LMCT from 
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GSH to Cu ions.12 However, the redox reaction with GSH occurs with Cu2+ ions in isolated 

solution. Contrary, in our case Cu (II)-ions are already bound with two Cys ligands and the 

redox properties of Cu will be affected. The main interpretation on how the structure of Cu-

Cys-GSH NPs affect the optical properties is rigidification effect. Indeed, since GSH mainly 

sticks (by covalent and by non-covalent interactions) on the surface of NPs, then a rich H-

bound network (between -NH2 and -COOH surface group) will rigidify the nano-assemblies 

render them more luminescent (see Figure S12), we have also demonstrated for many systems 

that luminescence enhancement up on rigidification in the linear optical regime can be 

translated in nonlinear optical regime.35, 36 This behaviour may take origin from the fact that 

deexcitation pathways are similar up on one and two photons excitations. Now concerning the 

huge hyperpolirizability value reported for Cu-Cys-GSH NPs, the origin is certainly due to 

supra-molecular motifs that are highly non-centro symmetric due to the presence of GSH (see 

Figure S12). Of note, the elemental analysis from EDS data shows that the S-content is 75% 

after the reaction of Cu-Cys NPs with GSH, which is in favor of an increase of thiol motifs [-

GSH-Cu-Cys-Cu-GSH-Cu-] compared to pure Cu-Cys NPs where 41% S-content is observed 

(see Table S2). 
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Figure 3.  (A) TEM image of Cu-Cys-GSH NPs, (B) estimation of mass of Cu-Cys-GSH NPs 

nano-assembly with different fractions of ethanol obtained from CDMS measurements with 

comparing DLS size, XPS spectra of (C) Cu-2p and (D) S-2p of the Cu-Cys-GSH NPs.  

In presence of ethanol, the emission enhancement can be explained by AIE which is 

quite common phenomenon for thiolate protected metal NCs/complexes.28, 29 The PL-stability 

of these aggregates depends on fe. In particular, above 40% volume fraction of ethanol, the 

colloidal stability of these aggregates is weaker. To understand this colloidal stability, we 

measured the zeta potential. For Cu-Cys-GSH NPs without any ethanol, the zeta potential is 

(+22.7 ± 2.3 mV).  The zeta potential value decreased to (+11.4 ± 2.6 mV) in case of 50% 

ethanol fraction (Figure S13). In water medium only, the Cu-Cys-GSH NPs show a good 

stability due to its high surface charge, which helps them to make a good hydration shell with 

water molecules. When we introduced less polar ethanol in aqueous solution of Cu-Cys-GSH 

NPs, then ethanol molecules penetrated into the hydration shell of NPs and destroyed the 

hydration shell that causes the charge neutralization. As a result, the NPs become less stable 

and form larger particle aggregates. Although the exact mechanism of AIE is not yet clear, 

probably the solvent-induced aggregation reduced the rational and vibrational motion of 

surface ligands Cys and GSH as a result fluorescence emission enhanced in the presence of 

ethanol.29, 31  Again we recorded the TEM image of Cu-Cys-GSH NPs in water-ethanol mixture 

with 30% ethanol fraction. It is confirmed from the TEM image that Cu-Cys-GSH NPs 

aggregated in water-ethanol mixture and formed a bulk nanostructure see Figure S14. For 

further investigation about the size evolution, we recorded the average mass and size of Cu-

Cys-GSH NPs particles as a function of ethanol using CDMS and DLS (see Figure 3B). With 

increasing volume fraction, fe from 20% to 40%, the average mass of self-assemblies increases 

from 220 MDa to 241 MDa as surface motifs aggregated and formed larger size self-

assemblies. Moreover, we found the mass distribution of these self-assemblies are quite broad 

from ~100 to ~600 MDa, see Figure S15. The growing mass in CDMS is further supported by 

the DLS size measurement where we can see that the size increases from 20 nm to 137 nm 

when the volume fraction of ethanol is increased from 20 to 40%. Moreover, we have carried 

out X-ray photon spectroscopy (XPS) investigation to understand the oxidation state of Cu in 

Cu-Cys-GSH nanoparticles. The peak at 951.1 eV and 931.4 eV are assigned as Cu 2p1/2 and 

Cu 2p3/2 respectively (Figure 3C), by comparison with the CuS spectrum.37 No satellite peak 

present corresponding to 942 eV, indicates the absence of Cu(II) in the paramagnetic chemical 

state. The binding energy difference between Cu(I) and Cu (0) oxidation state is very less 
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(about to be 0.1 eV); thus, we can’t quantify the amount of Cu(I) or Cu (0) precisely. The 

binding energy at 162.3 and 163.5 eV are assigned as S 2p3/2 and 2p1/2 for Cu-S bond which 

formed upon binding Cu with cysteine and glutathione (Figure 3D).25, 38  

CONCLUSION 

In summary, we have prepared cysteine protected supramolecular copper nanoparticles 

(Cu-Cys NPs) which is non emissive. After that, we reacted the Cu-Cys NPs with a tripeptide 

molecule glutathione which turn on the fluorescence. We have explored the first 

hyperpolarizability of these Cu based assemblies at 800 nm laser excitation where a large 

hyperpolarizability value is observed as (77±10) ×10-28 esu. The luminescence of Cu-Cys-GSH 

NPs may find its origin in the presence of Cu(I) in (-GSH-Cu-Cys-Cu-GSH-Cu-) surface motifs 

and furthermore we observed that the PL is highly influenced by the solvent polarity of the 

medium. We found PL enhancement by changing the solvent from pure water to 40% ethanol 

water-ethanol mixture. Enhancement in PL of NPs in water-ethanol mixture is also observed 

upon two photon excitations at 780 nm. The present work outlines the unique motifs observed 

in self-assembled NPs using copper as metal and Cys/GSH as surface ligands. The fact that 

copper may hold mixture of Cu(I) and Cu(0) oxidation state will lead to unique motifs and 

metal coordination with thiolates as compared to Ag/Au self-assembled NPs. Future plan may 

consist in tuning Cu(0) and Cu(I) oxidation state by rational design of thiolates and solvent.  
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