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High thiophillicicity of the Au-nanoparticle (Au NP) surface leads to covalent attachment of 

D-penicillamine molecules to Au NPs to form biocompatible D-penicillamine conjugated Au 

NPs. The latter are highly water-dispersible, exhibit no cytotoxicity, and can readily penetrate 

the cell membrane to target intracellular free copper ions for selective copper detoxification in 

the presence of the other divalent essential metal ions including Zn(II), Fe(II), Mn(II), Ca(II), 

and Mg(II), thus opening up a new avenue for improving the efficacy and pharmacokinetics of 

D-penicillamine, an important clinical drug currently used to treat the copper overload-related 

diseases and disorders. 

 

 

 

Introduction  

Copper is an essential trace element that serves as a catalytic and 

structural cofactor for many proteins and enzymes in all living 

organisms.1-3 However, when it is unbound to proteins or enzymes, 

the free copper ion can exhibit deleterious effects due to its ability to 

trigger Fenton-like reactions that produce hydroxyl radicals to cause 

oxidative damage of proteins, lipids, and nucleic acids.4-5 Under 

normal conditions, copper is sequestered and tightly regulated at 

every stage of its uptake, transport, delivery and excretion in cells to 

achieve copper homeostasis in order to prevent oxidative stress.2 

Deficiencies in maintaining copper homeostasis are linked to a 

number of human diseases or disorders including Menkes disease,6 

Wilson’s diseases,7 familial amyotrophic lateral sclerosis,8 to name 

but a few. An imbalance of copper metabolism is also implicated in 

Alzheimer’s disease, Parkinson’s disease and prion diseases.9-10 

Despite the recent significant progress made in understanding the 

intracellular trafficking of copper, there is still a limited number of 

clinical drugs available in the form of chelation therapy to treat the 

diseases and disorders associated with copper overload.11-13 This 

situation is particularly manifesting for Wilson’s disease (WD), also 

known as hepatolenticular degeneration. WD is a recessive genetic 

disorder characterized by excess copper accumulation in the liver and 

other vital organs.14 In 1951, the British anti-Lewisite (BAL) was 

introduced as the first clinical drug for WD.15 This chelating agent 

had been initially developed in World War II (WWII) as an antidote 

to the chemical warfare agent Lewisite and was later adopted for use 

in detoxifying heavy metal poisoning by arsenic, gold, antimony, 

lead or mercury (see Scheme 1).16 Because of some serious side 

effects including nephrotoxicity and hypertension of BAL, D-

Penicillamine (D-PEN; i.e. (2S)-2-amino-3-methyl-3-sulfanyl-

butanoic acid; see Scheme 1), a metabolite of penicillin was 

introduced in 1956 as a better clinical drug for WD.17 In 1982, 

triethylenetetraamine (trientine; see Scheme 1), a less effective 

copper chelating agent than D-PEN, was introduced as another 

clinical drug for WD, mainly for the patients who showed 

intolerance to D-PEN.18 Currently, the clinical use of 

triethylenetetramine is limited in the USA because such application 

has not been approved for the European market. In 1997, the US 

Food and Drug Administration (FDA) approved the use of zinc 

acetate as a clinical drug for WD.19 Unlike other three clinical drugs 

for WD, this compound is not a chelating agent, but zinc ions from 

the drug can stimulate the production of metallothionein in gut cells, 

which in turn binds copper ions to inhibit their absorption and 

transport to the liver. It has been shown that zinc acetate is only 

effective as a maintenance therapy for WD.20 Recently, 

tetrathiomolybdate (TTM; see Scheme 1) was introduced as an 

investigational drug for WD.21 Research has shown that TTM forms a 

non-bioabsorbable form of ternary complexes with copper and food 

proteins in the gastrointestinal tract to block the intestinal absorption 

of copper from the diet, thus creating a negative copper balance in 

the body.22 Among all these drugs for WD, D-PEN has the highest 

efficacy, and hence is currently the most widely used drug for WD 

across the world.23 However, the side effects of D-PEN are 

numerous, and several of these are severe. They include bone 

marrow and immune suppression, skin rash, mouth ulcers, nausea, 

and deterioration of various neurological functions.24 The latter side 

effect is believed to be caused by the ability of D-PEN to mobilize 

copper ions that are stored in the body tissues and reroute them into 

circulation, thus increasing the concentrations of copper in the 

brain.25 It has been estimated that about half of the WD patients 

treated with D-PEN would show neurologic deterioration, and a 

quarter of such patients would suffer irreversible neurologic damage 

for use of D-PEN.26 All of these side effects are attributable to the 

fact that this drug is delivered systemically with no organ-specificity, 

hence causing a variety of side-effects due to the systemic toxicity of 
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the drug. Furthermore, all the above-mentioned small molecule-

based drugs are unable to penetrate cells to target intracellular free 

copper ions for detoxification.7,13 

 

 

We27-28 and the others29-30 have recently begun to develop cell-

membrane permeable chelating agents that have potential to 

become organ-specific with use of suitable targeting molecules 

as the next-generation copper detoxifying drugs for treating 

WD and other copper-overload related diseases and disorders 

such as angiogenesis in metastatic cancer, fibrosis, 

inflammation, and autoimmune diseases (e.g. rheumatoid 

arthritis).31 In this article, we report our work on the 

development of a novel delivering system based on gold 

nanoparticles (Au NPs) for D-PEN that can remove excess free 

copper ions from the cell. Au NPs were chosen as the carrier 

for cellular delivery of D-PEN due to their unique properties 

including surface thiophillicity for covalent conjugation of the 

chelating agent, the high surface-area to volume ratio for 

carrying a high payload, and multivalent surface architecture 

for potential incorporation of multiple therapeutic agents and 

targeting molecules on the same surfaces.32-34  We prepared the 

D-PEN-conjugated Au NPs of the average size at 16±2 nm with 

superb water dispersability, and examined the kinetics and 

selectivity of copper binding of such NPs in aqueous solution. 

We also studied the cellular uptake, cytotoxicity and 

intracellular copper removal by these NPs to demonstrate their 

potential as a novel cell-penetrable copper detoxifying agent. 

Previously D-PEN-capped Au NPs were prepared and 

temperature-dependent reversible structural changes of such 

NPs were studied using the infrared spectroscopic method.35 

However, no attempt of using such Au NPs to deliver D-PEN 

as a drug has been made so far. To the best of our knowledge, 

the current work is the first example to show that D-PEN Au 

NPs can be used as a novel biocompatible intracellular copper-

detoxifying drug. 

 

Results and discussion 

Preparation and Characterization of Core-Shell Au@D-PEN NPs. 
The preparation of Au@D-PEN NPs was achieved through the 

double-displacement reaction between the surface-anchored citrate 

and free D-penicillamine molecules. The citrate-coated Au NPs were 

synthesized in aqueous solution using sodium citrate as the reducing 

agent as well as the capping ligand in the modified Turkevich 

method (for details see the Experimental). The as-synthesized 

citrate-coated Au NPs were first dialyzed in distilled water using 

regenerated cellulose tubular membrane (MWCO = 12000-14000) 

for 24 hours to remove the unbound sodium citrate before they were 

treated with D-penicillamine in aqueous solution for 24 hours. 

During this time, a small aliquot of NP dispersion was periodically 

taken out from the dialysis bag, diluted with equal amount of acetone 

and centrifuged to separate the NPs. Fourier transform infrared 

(FTIR) spectroscopy was used to analyze the reaction product in 

order to ensure that the ligand displacement had been completed. 

Finally, the NPs were dialyzed again for 24 hours to remove the 

unbound D-PEN molecules. As shown in Fig. S1, the FTIR spectra 

indicate that the final product is D-PEN coated and citrate free. By 

careful examining the FTIR data, we notice that the peaks around ~ 

2586.4 cm-1, attributable to the stretching νs(S-H) vibrations of the 

thiol group found in the free D-PEN ligand, have completely 

disappeared in the Au@D-PEN NPs, indicating that D-PEN 

molecules are covalently bound to the Au surfaces via the S atom. 

Additionally, substantial shifts in the vibrational modes and the 

reduction in the number of peaks for both amine and carboxylate 

groups were found in the Au@D-PEN NPs as compared to those in 

the free D-PEN ligand, suggesting that both amine and carboxylate 

groups also interact with the Au surface (see Fig. S1 in the ESI). 

Similar changes of the IR spectroscopic features were previously 

observed in the D-PEN molecules adsorbed on the bulk Au 

surface.36 The observed covalent bonding of D-PEN molecules to the 

Au surface is fully consistent with the well-established thiophillic 

nature of Au NP surfaces, and also attests to the existence of the 

robust coating layers of D-PEN molecules on the Au NPs as the 

prolonged dialysis against distilled water did not cause any loss of 

D-PEN molecules from the Au@D-PEN NPs. We have also found 

that such NPs are highly water-dispersible with the highest amount 

of D-PEN Au NPs that can be dispersed in distilled water to be 4.5 

mg/mL as determined by quantitative disposability measurements.  

 

 

The transmission electron microscopic (TEM) studies revealed that 

both the citrate-coated Au NPs and the Au@D-PEN NPs are 

approximately spherical in shape. However, a careful comparison of 

their size and particle size distribution shows that there is a 

statistically significant change in the size and particle size 

distribution after the ligand displacement reaction. The average size 

of Au NPs, obtained by measuring and averaging the size of 86 NPs, 

is 20 ± 4 nm, while the particle size distribution is near Gaussian. 

The average size of the Au@D-PEN NPs, obtained by measuring 

and averaging 91 NPs, is 16 ±2 nm, while the particle size 

Fig. 1 TEM images of as-prepared Au NPs (upper left) and Au@D-

PEN NPs (lower left) and the histograms of the particle size 

distribution for NPs corresponding to each panel on the right 

Scheme 1 Molecular structures of the clinical and investigational drugs 

based on copper chelation for WD 
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distribution is asymmetric with a negatively skewed tail (see Fig. 1). 

Such changes are caused by a process known as the “digestive 

ripening”, first observed by Klabunde and co-workers in the Au NP-

alkanethiol system.37 The energy-dispersive X-ray spectroscopy 

(EDS) analysis of individual Au@D-PEN NPs showed the presence 

of S, C and N in addition to Au, confirming that D-PEN molecules 

exist as a shell on the Au core rather than being present as a separate 

phase in the material (see Fig. S2 of the ESI). Interestingly, we also 

observed a slight blue shift in the localized surface plasmon 

resonance (LSPR) of the Au@D-PEN NPs in comparison to the 

citrate-coated AuNPs, which is consistent with the decrease in the 

average particle size from Au NPs to Au@D-PEN NPs as shown in 

Fig. 2. Additionally, results from thermogravimetric analysis (TGA) 

of Au@D-PEN NPs showed a total weight loss of 60%, attributable 

to the decomposition of D-PEN molecules attached to the Au NPs, 

when the sample was heated to 600 °C in air (see Fig. S3 of the 

ESI). 

 

 

Kinetics and Selectivity of Copper Binding by Au@D-PEN NPs in 
Aqueous Solution. We determined the kinetics and selectivity of 

copper binding by Au@D-PEN NPs based on the distribution of the 

metal ions between the solid and liquid phase. First, the kinetics of 

copper binding was evaluated by monitoring the removal of Cu2+ 

ions from aqueous solution by Au@D-PEN NPs over a time period 

of 8 hours. The NPs were sealed in a dialysis bag which was then 

immersed in an aqueous solution containing the Cu2+ ions. The 

decrease of copper concentration in the aqueous solution was 

measured by elemental analysis using atomic absorption (AA) 

spectrometry. The results indicate that the copper binding reaction 

follows a pseudo first order law up to the time point of 54 min with a 

rate constant k1 = 7.0×10-5 s-1or the half- life of t1/2 = 164 min as 

shown in Fig. 3 (see the ESI for detailed analysis of the kinetic data 

and thhe presentation of the results in Fig S4). These binding 

measurements suggest that our NPs are kinetically suitable for 

removing intracellular copper ions. In the meantime, when the 

content of the dialysis bag was examined by TEM at the end of the 

copper removal reaction, we found that some D-PEN molecules 

were detached from the Au surface to form a different type of 

particulate matter as revealed by the TEM images. The latter is 

poorly formed and appears as some kind of smudge under the TEM 

with a much-decreased Au content and an increased Cu content, 

which suggests that D-PEN molecules are now detached from the Au 

surface to form separated NPs (see Figs S5 and S6 of the ESI). It 

should be noted that the intracellular copper predominantly exists as 

Cu(I) because Cu(II) is reduced by various metalloreductases before 

transported into the cell by the copper transport protein (Ctr1).38 

Since Cu(II) is invariably reduced to Cu(I) upon binding to D-PEN, 

we could use Cu(II) in place of Cu(I) in these and all of our 

subsequent studies involving copper in aqueous solution.39-40  

To evaluate the selectivity of Au@D-PEN NPs toward Cu2+ ions in 

the presence of the other biologically essential divalent metal ions 

including Mg2+, Ca2+, Fe2+, Mn2+ and Zn2+, we investigated the 

competition of Au@D-PEN NPs for binding different ions in 

aqueous solution.  The competitive binding studies were performed 

by soaking the dialysis bag with 10 mL Au@D-PEN NPs (3 mM) in 

a solution  containing Cu2+, Mg2+, Ca2+, Fe2+, Zn2+ and Mn2+  ions 

each at the 50 ppm level. After 24 hours of incubation, an aliquot of 

solution was taken out, diluted with 2% HNO3 acid and analysed by 

AA to determine the concentration for each metal ion. Fig. 4 clearly 

shows that Au@D-PEN NPs are most selective toward the Cu2+ ion 

in the presence of all the other tested divalent metal ions. These 

results suggest that a proper therapeutic window should exist for 

selectively removing the Cu2+ ion while maintaining the homeostasis 

of all the other biologically essential divalent metal ions when 

Au@D-PEN NPs are used as a drug for cellular copper 

detoxification.  

 

Fig. 2 UV-vis spectra of Au NPs and Au@D-PEN NPs. 
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Fig. 3 Kinetics of copper removal from the aqueous solution by 

Au@D-PEN NPs. The inset shows the curve-fitting plot of a pseudo

first order law. 

Fig. 4 Selectivity of several biologically essential divalent metal 

ions by Au@D-PEN NPs in aqueous solution. 
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Cellular Uptake Studies and Cytotoxicity Assay of Au@D-PEN 

NPs. We studied cellular uptake of Au@D-PEN NPs in HeLa cells 

using the fluorescent confocal microscopic imaging technique. As 

Au@D-PEN NPs themselves are non-fluorescent, 5-

carboxyfluorescein dye (CbF) was covalently anchored onto the 

Au@D-PEN NP surfaces (see the Experimental for details and Fig. 

S7). It should be noted that the CbF dye molecule itself is membrane 

impermeable due to its high anionic negative charge and poor water 

solubility.41 For live cell imaging, the cells were first incubated with 

DMEM media containing the fluorescence dye-conjugated Au@D-

PEN NPs for 4 hours and then washed three times with PBS buffer. 

Finally, Hoechst dye was introduced to stain the nuclei before the 

imaging studies. The living cells were imaged under a laser scanning 

confocal microscope without fixation. Fig. 5 shows the 

representative confocal fluorescent images of HeLa cells treated with 

the dye-conjugated Au@D-PEN NPs vs. the control cells. As can be 

seen from the confocal images, strong and uniform green 

fluorescence signals attributable to the surface-conjugated CbF dye 

are present in the perinuclear region but not in the nucleus of the 

cell, indicating an untargeted cytoplasmic distribution of NPs. 

Furthermore, no specific binding was found to any small organelle in 

the region, which is consistent with cellular uptake via endocytosis. 

These results suggest that Au@D-PEN NPs possess the ability to 

penetrate the cell membrane, which provides an important pre-

requisite for developing them as a potential cellular copper 

detoxifying agent (vide infra).  

 

To assess the cytotoxicity, we performed cell viability assays in 

HeLa cells using the MTT method. The cells were incubated 

for 24 h at 37 °C under 5% CO2 with varying concentrations of 

Au@D-PEN NPs suspended in Dulbecco’s modified eagle 

medium (DMEM). Each experiment was triplicated and 

averaged. The percentage cell survival values were calculated 

in reference to the control cells. Fig. 6 shows the viability of 

HeLa cells treated with Au@D-PEN NPs at various 

concentrations. The results showed that more than 80% of the 

cells were viable even after incubation with the NPs at the 

concentration of 88 µM for 24 hrs, and more than 89% of the 

cells were viable after incubation with the NPs at 52 µM for 24 

hrs. If the cell viability curve is converted to a plot using the 

concentration of D-PEN, the concentration of NPs=88 µM 

corresponds to the concentration of D-PEN = 1,000 µM, and 

the concentration of NPs= 52 µM corresponds to the 

concentration of D-PEN=600 µM (see Fig. S8). Therefore, we 

conclude that these NPs exhibit no cytotoxic effect in the 

typical therapeutic concentration required for cellular 

detoxification, i.e. about 500 µM of D-PEN on Au NPs (see the 

Experimental for details). 

 

 

Studies of Intracellular Coper Removal Using Au@D-PEN NPs. 
To evaluate the ability of Au@D-PEN NPs to remove intracellular 

copper ions, we deliberately induced the elevated copper level inside 

the HeLa cells by incubating the cells with the medium 

supplemented with CuCl2 (250µM) for 12 hrs. After such incubation, 

the cells remained healthy and thriving. We then incubated the 

copper-elevated HeLa cells with Au@D-PEN NPs for 4 hrs followed 

by washing the cells three times with PBS and further incubating 

them with fresh culture medium. The HeLa cells in each flask were 

harvested, washed with fresh medium and lysed using concentrated 

nitric acid at different time intervals. The intracellular copper 

concentrations were determined for the cell lysates as a function of 

time by AA. The results were normalized by taking the copper 

concentration divided by the number of cells to determine the 

intracellular copper content per cell. As can be seen from the results 

given in Fig. 7, the cells treated with Au@D-PEN NPs showed a 

substantial decrease in the cellular copper level. Specifically, the 

intracellular concentration of copper dropped from the highly 

elevated level of 1040±15 fg/cell to 516±10 fg/per cell after the first 

4 hours of incubation, and then to 285±29 fg/cell after 6 hours of 

incubation in the NP-treated cells, indicating that intracellular copper 

was restored to a level close to the normal endogenous copper 

concentration of 263±13fg/cell in the control cells. In contrast, the 

cellular copper content of the control cells with the elevated copper 

level that were not treated with Au@D-PEN NPs showed a slight 

decrease to 870±40 fg/cell after 8 hours of incubation with medium 

only, probably due to automatic effusion of copper ions from the 

cells. In a separated study, we incubated the copper-elevated cells 

with Au@D-PEN NPs in comparison with free D-PEN molecules, 

and analysed the change of copper concentrations in the culture 

medium in the intervals of 2, 4, 6 and 8 hour-incubation. At each 

Fig. 5 Confocal microscopic images of HeLa cells: (upper left) 

bright-field image of cells incubated with dye-conjugated NPs for 4 

h; (upper middle) fluorescence image of cells incubated with 

Hoechst dye (nucleus stain); (upper right) fluorescence image of 

cells incubated with dye-conjugated NPs for 4 h; (lower left) bright-

field image of the untreated cells as the control; (lower middle) 

fluorescence image of untreated cells incubated with Hoechst dye; 

and (lower right) fluorescence image of untreated cells. 

Fig .6 Effect of Au@D-PEN NPs on viability of HeLa cells after 

24 hours of incubation 
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time point, there is a statistically significant difference in the percent 

copper removal from the cells between the two copper-depleting 

drugs. For instance, after 8 hours of incubation with D-PEN 

molecules, only 67% of copper is removed from the cells compared 

to 100% of copper that can be removed by Au@D-PEN NPs. Please 

note that automatic effusion of copper ions from the cells after 8-

hour incubation contributes to high as 20% of copper removal from 

the cells (see Fig. 9). These observations are consistent with the 

notion that as a free ligand, D-PEN is not cell-permeable because it 

exists in the zwitterion form with an extremely high hydrophilicity, 

but the complexation of copper ions by D-PEN in the outside culture 

medium can create a concentration gradient to facilitate the 

automatic effusion of copper ions from the cells.42 We noticed that 

the cells remained alive and viable during the entire duration of all 

our copper detoxifying studies (i.e. 8 hours). It is tempting to 

conjecture that Au@D-PEN NPs show potential to be developed as 

an organ-specific drug if coupled with a suitable targeting agent. In 

contrast, the current systemic delivery of D-PEN with poor organ-

specificity might be the cause of many undesirable side effects. 

 

 
 

Conclusions 
 

D-penicillamine has been in clinical use for treating WD and 

copper-overload related diseases and disorders for over 5 

decades. Currently, it is still the treatment of choice for such 

illness, and will probably remain so in the foreseeable future. 

Consequently, D-penicillamine has been designated by the 

World Health Organization (WHO) as an essential medicine 

necessary in a basic health system. However, as a non-cell 

penetrable small molecule, the efficacy of D-penicillamine is 

far from optimal, while the side effects caused by the use of 

this drug are numerous and severe. The synthesis and 

characterization of D-penicillamine NPs reported in this 

article opens up a new avenue to affect the pharmacokinetics 

as well as pharmacodynamics of this important clinical drug 

for improving its efficacy and lowering or even eliminating 

its undesirable side effects. Work is under way in this lab to 

test the efficacy of in vivo copper removal and safety profile 

of Au@D-PEN NPs in small animals. 

 

Experimental 

Reagents. All chemicals and reagents were purchased from Sigma-

Aldrich and used as received without further purification unless 

otherwise noted. 

Synthesis of Au@D-PEN NPs. The citrate-coated Au NPs were 

synthesized using the modified Turkevich method. In the typical 

synthesis, an aqueous solution of HAuCl4 (0.25 mM, 100 mL) was 

first heated to boiling point under rigorous stirring, and a small 

amount of sodium citrate in distilled water (1%, 5 mL) was added to 

the HAuCl4 solution. This solution turned from pale yellow to wine 

red in within a minute to signify the formation of AuNPs. The 

reaction was boiled with stirring for 30 min before it was cooled to 

room temperature. The as-synthesized Au NP solution was placed in 

a dialysis bag made of regenerated cellulose tubular membrane 

(MWCO=12000-14000) and dialyzed in distilled water for two days 

to remove the excess of sodium citrate. The purified citrate-coated 

Au NPs solution (100 mL) was allowed to react with D-

penicillamine (0.075 g) for 24 hours. The resulting solution was 

dialyzed again in distilled water for two days to remove excess D-

Penicillamine. The solid product was obtained by lyophilization. 

TEM Imaging and EDX Measurements. The samples were first 

suspended in water, and then placed as droplets onto a carbon-coated 

copper TEM grid (400-mesh). Specimens were allowed to air-dry 

and analyzed at 200 KV using a FEI Tecnai F20 transmission 

electron microscope (TEM) equipped with a field emission gun. The 

energy dispersive X-ray spectroscopy (EDX) results were obtained 

with the integrated scanning TEM (STEM) unit and attached EDAX 

spectrometer. The spatial resolution is <1 nm through the acquisition 

of high resolution (~0.2 nm) high-angle angular dark field (HAADF) 

images, which is sensitive to atomic number (Z) contrast.  

Thermogravimetric Analysis of Au@D-PEN NPs. The 

thermogravimetric analysis was conducted on a TA instrument 2950 

high-resolution thermogravimetric analyzer from 30° to 800° in air. 

Studies of Copper-Binding Kinetics, Selectivity and Capacity of 
Au@D-PEN NPs. Kinetic studies of copper binding were carried out 

in aqueous solution. Specifically, 10 mL of NPs (3 mM) were sealed 

in a dialysis bag (MWCO = 3,500), which was brought in contact 

with a CuCl2 solution (25 mL) having the initial concentration at ~50 

ppm level. The Cu2+ concentrations of the solution outside the 

dialysis bag were periodically analyzed by AA. Selectivity studies 

were performed by soaking another dialysis bag containing 10 mL of 

NPs (3 mM) in a solution containing the magnesium, calcium, iron 

(II), manganese (II), zinc and copper (I) ions. The concentration of 

each metal ion in the solution was ~50 mg/L. After 24 h, an aliquot 

of solution was taken out and diluted with 2% HNO3 acid and 

analyzed 

for each 

metal ion 

by AA.  

Cell 

viability 

of 

Au@D-

PEN 

nanopart

icles. 

Cytotoxi

city 

studies 

were 

performe

d using 

an MTT 

viability assay. HeLa cells were seeded in a 96-well plate at a 

density of 2 × 104 cells per well with the DMEM low-glucose 

medium and incubated for 24 hrs at 37 °C in an atmosphere of 5% 

CO2 and 95% air allowing cells to attach to the surface. Cells in each 

well were then treated with 100 µL of fresh medium containing 

varying concentrations of the nanoparticles and then incubated for 

24 hrs. Control wells contained the same medium without 

nanoparticles. After 24 hours incubation period, the cells were 

Fig. 7 Kinetics of copper removal from HeLa cells.

Fig. 8 Comparison of copper removal from HeLa cells by 

Au@D-PEN NPs vs. free D-PEN.
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incubated with fresh DMEM media containing MTT reagent 10 µL, 

1% (w/v) for 4 hours. After the MTT solution was removed, the 

precipitated violet crystals were dissolved in 100 µL of detergent. 

The absorbance was measured at 560 and 630 nm using a microplate 

reader. The assay results were presented as the percentage of viable 

cells. 

Conjugation of fluorescence dye molecules to the surfaces of 

Au@D-PEN NPs.  To prepare dye-conjugated Au@D-PEN NPs, 

500 µL of 0.25 mM ethylenediamine solution was added to a 10.0-

mL of Au@D-PEN NP solution (~ 250 µM) under vigorous stirring. 

The resulting mixture was continuously stirred for 12 hours. The 

product was purified by dialysis to remove unreacted ethylene 

diamine molecules. Next, 10 mL of nanoparticle solution obtained 

from previous step was reacted with carboxyfluorescene dye (3 mg) 

in the presence of the coupling agent 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC; 1.8 mg) for 24 hrs. To 

remove the unconjugated dye molecules, the resulting product was 

dialyzed against distilled water for two days and analyzed by 

fluorescence spectroscopy to confirm that the dye molecules are 

covalently bound to Au NPs. 

Studies of Cellular Uptake of the Dye-Conjugated Au@D-PEN 

NPs. An 8-well plate was seeded with HeLa cells at a density of 

approximately 2×104 cells per well and incubated for 24 hrs 

allowing the cells attachment to the surface. The cells were then 

exposed to fluorescence dye-conjugated Au@D-PEN NPs for 4 hrs 

of incubation and washed thoroughly several times with PBS buffer. 

Hoechst nuclear staining dye was then introduced to stain the nuclei 

before the living cells were imaged under a confocal microscope. 

Cellular Copper Detoxification by Au@D-PEN NPs. First, the 

elevated copper level in HeLa cells was induced by incubating the 

cells with DMEM medium supplemented with 250 µM of copper (II) 

solution for 12 hours. The cells were washed three times with PBS 

and then incubated with the culture medium containing the NPs at 43 

µM of Au concentration or 500 µM of D-PEN concentration for 4 

hours at 37 °C. After 4 hours incubation period, the cells were 

washed three times with PBS to remove the non-internalized NPs 

and further incubated with fresh culture medium for another 4, 6 and 

8 hours. The cells grown in separate flasks were then trypsinized, 

centrifuged, re-suspended in PBS, and counted using a 

hemocytometer for 4, 6 and 8 hours respectively. The cells were then 

collected by centrifugation and lysed with 0.50 mL of concentrated 

nitric acid. The cell lysates were diluted to 5.00 mL with deionized 

water and filtered though a 200 µm filter. The copper contents in cell 

lysates were analyzed by AA.  
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