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Figure 1. Cu distribution in a cell in the central nervous system. Cu (green balls) enters cells via Cu 

transport protein-1 (CTR1) and is then distributed by Cu chaperones. Cu efflux is mediated by 

ATP7A. Figure adapted from literature.[3] 
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Figure 2. Schematic diagram of the endothelial cells that form the blood-brain barrier (BBB) and 

their association with the perivascular endfeet of astrocytes. (a)-(e) are pathways for molecular 

traffic across the BBB. Figure reprinted from literature.[4] 
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Figure 3. Chemical structures of Cu chelators used for the treatment of neurodegenerative diseases. 

(a) D-penicillamine, (b) triethylene tetramine (Trientine), (c) ammonium tetrathiomolybdate (TM), (d) 

histidine, (e) dopamine (L-DOPA), and (f) tetrabenazine. 
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Figure 4. Amyloidogenic processing of the amyloid precursor protein (APP) to β-amyloid peptide 

(Aβ). Figure adapted from literature.[80] 
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Figure 5. Clioquinol (CQ), PBT2, and Cu-bis(thiosemicarbazone) (gtsm) complex as treatment for 

AD. 
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Figure 6. Schematic illustration of biodistribution of intravenously injected nanoparticles showing 

drug delivery systems (DDS) uptake by the reticuloendothelial system (RES), and nanoparticles 

excretion by the kidney. Figure adapted from literature.[100] 

 

 

 

Figure 7. Schematic illustration of different macromolecular structures: dendrons, perfect 

dendrimers, and hyperbranched polymers.  
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Figure 8. Two principle synthetic methods for constructing dendrimers: (a) the divergent method, in 

which the synthesis begins from a polyfunctional core and continues radially outwards, (b) the 

convergent method in which the synthesis begins in the periphery of the final macromolecule and 

proceeds inwards. 
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Figure 9. Structures of dendrimers used for delivery in cancer therapies. (1) poly(amidoamine), (2) 

melamine-based dendrimer, (3) poly(propylene imine), and (4) dendrimer based on glycerol and 

succinic acid with a poly(ethylene glycol) (PEG) core. Figure adapted from literature.[120] 
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Figure 10. Chemical structures of hyperbranched poly(ethylene imine) (PEI) and hyperbranchend 

polyglycerol (hPG). 

Figure 11. General structures of a core-shell (left) and a core-multishell architecture (right). 
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Figure 12. Comparison of unimolecular, concentration-independent transport into cells by core-

shell architecture (left) and supramolecular transport of self-assembled amphiphiles, which breaks 

down after dilution. Reprinted with permission from [152]. Copyright 2012 American Chemical 

Society.  
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Figure 13. Comparison of liposomal structure (above) and core-multishell architecture (below). Both 

with polar core, nonpolar inner shell and hydrophilic periphery. Figure reprinted from literature.[153] 
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Figure 14. Structure of the core-multishell (CMS) nanocarrier PEI-alkyl-PEG (left). Above the critical 

aggregate concentration, CMS nanocarrier forms aggregates (right), which can transport polar and 

nonpolar guest molecules. Figure reprinted from literature.[153] 
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Figure 15. Different mechanisms for stimuli-responsive release of active agents from nanocarriers: 

(a) supramolecular complexes and (b) scaffolds with cleavable linkers for the drug conjugation. 

Figure reprinted from literature.[161] 
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Figure 16. Examples for pH-responsive bonds. Figure adapted from literature.[161] 
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Figure 17. Photo-crosslinkable pH-responsive degradable block copolymer micelles. (i) Paclitaxel 

(PTX)-laden micelles (ii) were crosslinked by UV irradiation. (iii) Crosslinked PTX-laden nanoparticles 

showed extracellular stability and release of the drug under mild acidic conditions. Figure reprinted 

from literature.[167] 
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Figure 18. Protein encapsulation by nanoprecipitation by bioorthogonal crosslinking of 

hyperbranched polyglycerols (hPG) and a pH-dependent degradation of the hPG nanogel with 

release of the protein. Figure adapted from literature.[168] 
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Figure 19. Bovine serum albumin (BSA) forms complexes with Zn ions whereupon mitoxantrone 

(MX) can coordinate to Zn. The resulting BSA-Zn-MX aggregate disassembles at low pH. Figure 

reprinted from literature.[173]  
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Figure 20. Chemical structure of tannic acid as building block for micro- and nanocarriers. 
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Figure 21. pH-Dependent coordination of catecholic moieties to iron(III) (left) to form films and 

capsules (right) on different substrates, for example, polystyrene. Figure reprinted from 

literature.[177]  
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Figure 22. Structural arrangement of Cu complexes. Cu(I) complexes with four ligands possess a 

tetrahedral geometry, while Cu(II) complexes with four to six ligands have square planar, trigonal 

bipyramidal, and octahedral geometries. 
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Figure 23. Some examples for polydentate amino ligands. (a) Tetramethylethylene diamine as 

bidentate ligand, (b) 2-((2-phenyl-2-(pyridin-2-yl)hydrazono)-methyl)pyridine,  (c) N-((1H-

imidazole-2-yl)methyl)-2-(pyridin-2-yl)ethanamine and (d) N,N-bis(pyridin-2-

ylmethyl)benzothiazol-2-amine as tridentate ligands and (e) 1,2-bis(6-methyl-2-pyridinyl)ethane as 

tetradentate ligand. (f) Cyclen, (g) cyclam, and (h) 1,4-bis(pyridinylmethyl)-1,4,7- triazacyclononane 

represent macrocyclic amino ligands. 
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Figure 24. Schematic illustration of core-multishell nanocarriers with hyperbranched core. 

Nanocarriers are able to transport Cu ions and release them intracellularly. 
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ABSTRACT  

Copper (Cu) is a cofactor of various metalloenzymes and has a role in neurodegenerative diseases 

with disturbed Cu homeostasis, e.g., in Alzheimer’s disease (AD) and Menkes disease. To address 

Cu imbalances, we synthesized two different dendritic nanoparticles (NP) for the transport of 

Cuions across the blood-brain barrier (BBB). The synthesized NPs show low toxicity and high 

water solubility and can stabilize high amounts of Cu. The Cu-laden NPs crossed cellular 

membranes and increased the cellular Cu level. A human brain microvascular endothelial cell 

(HBMEC) model was established to investigate the permeability of the NPs through the BBB. By 

comparing the permeability×surface area product (PSe) of reference substances with those of NPs, 

we observed that NPs crossed the BBB model two times more effectively than 14C-sucrose and 

sodium fluorescein (NaFl) and up to 60 times better than Evans Blue labeled albumin (EBA). Our 

results clearly indicate that NPs cross the BBB model effectively. Furthermore, Cu was shielded 

by the NPs, which decreased the Cu toxicity. The novel design of the core-shell NP enabled the 

complexation of Cu in the outer shell and therefore facilitated the pH-dependent release of Cu in 

contrast to core-multishell NPs, where the Cu ions are encapsulated in the core. This allows a 

release of Cu into the cytoplasm. In addition, by using a cellular detection system based on a metal 

response element with green fluorescent protein (MRE-GFP), we demonstrated that Cu could also 

be released intracellularly from NPs and is accessible for biological processes. Our results indicate 

that NPs are potential candidates to rebalance metal-ion homeostasis in disease conditions 

affecting brain and neuronal systems.  

KEYWORDS: core-shell nanoparticles, Cu ion transport, Alzheimer’s disease, blood-brain 

barrier, dendritic polyglycerol 
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INTRODUCTION 

Copper (Cu) is an essential element that is needed for various biological functions and its levels 

are tightly regulated in a systemic environment. In addition, Cu is a cofactor of many important 

metabolic enzymes and has a role in such essential cellular processes as neuronal activity and 

signal transduction. The main Cu uptake into eukaryotic cells is mediated by channel-like high-

affinity copper transport protein-1 (Ctr1) and partially mediated through low-affinity transport 

mechanisms.1 External Cu(I) transported by Ctr1 is then delivered to Cu chaperones. Cu delivery 

to the Cu/Zn SOD1 requires the Cu chaperone of Cu/Zn superoxide dismutase-1 (CCS), the Cu 

chaperone Cox17 binds up to four Cu(I) ions and functions in the Cu delivery pathway to 

cytochrome oxidase2 and Cu(I) is transferred from the surface of Atox1 to a metal binding domain 

in the N-terminus of ATPases ATP7A and ATP7B.3 Mutations in ATP7A or ATP7B cause Menkes 

or Wilson disease. In Wilson disease, a dysfunction of the Cu transport gene ATP7B causes a Cu 

accumulation in liver, brain, and even eyes. Oral application of Cu-chelating compounds could 

restore copper homeostasis in many Wilson-disease-patients.4 The Menkes disease is characterized 

by a genetically defective ATP7A, which leads to an intestinal Cu accumulation and a severe Cu 

deficiency in peripheral tissues including the brain.5 The disturbed Cu homeostasis with low Cu 

levels in the brain and decreased activities of Cu-dependent enzymes lead to the typical clinical 

hallmarks.4 Menkes disease is a rare disorder seen in childhood that results in progressive 

neurodegeneration. Cu-histidine is used as a treatment and neurodegeneration can be prevented if 

treatment starts before two months of age.6 

 In AD, an aberrant Cu homeostasis has been associated with the disease.7 Key proteins in AD, 

such as the amyloid precursor protein (APP),8 the β amyloid peptide (Aβ),9 which is derived from 
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APP as a result of proteolytic cleavage by β-site amyloid precursor protein cleaving enzyme-1 

(BACE1)10-11 and presenilin γ-secretase,12 have been identified as metalloproteins. 

APP can act as a Cu transporter13-14 because the ectodomain of APP contains a Cu-binding site 

where Cu(II) binds to and is reduced to Cu(I).8,15 Furthermore, Cu ions can induce oligomerization 

of the BACE1 transmembrane sequence, which might influence substrate recognition and 

activity.11 An imbalanced Cu-homeostasis is a problem in all of these disease conditions. In the 

case of AD, for example, a dietary oral treatment of AD patients with Cu-orotate had neither a 

detrimental nor a beneficial effect on AD development in a clinical phase II trial.16 However, levels 

of soluble Aβ42, which is used as a biomarker in cerebrospinal fluid (CSF), were slightly higher 

in treated patients indicating a slower aggregation process than normally observed. It might be 

possible to improve this beneficial effect with better Cu-transport across the blood-brain barrier 

(BBB) to provide sufficient amounts bioavailable Cu to the neuronal cells. Transporting Cu across 

the BBB is most challenging when Cu-deficiency disorders are treated dietarily. Such compounds, 

however, could be used to achieve efficient transport by controlling an active or carrier-mediated 

passive mechanism and the supply of small molecules and electrolytes to and from the CNS to 

systemic circulation. Another challenge is the transport into the cells and intracellular release of 

Cu(II) ions.  

To this end, a suitable carrier system is needed, which can encapsulate Cu(II) ions with 

substantial stability to ensure the systemic transport of the metal ions in vivo. In addition, the 

structural design of such carriers should not only facilitate the BBB traffic of the encapsulated 

Cu(II) but also its release within neuronal cells of the brain, where Cu(II) is needed for biological 

processes. Different Cu chelating molecules like Clioquinol (CQ) have been studied as a potential 

therapeutic agent. CQ facilitated the transport of extracellular Cu across cell membranes and 
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changed soluble Aβ and copper levels in cells and brain tissue,13,19 but severe side effects excluded 

CQ from therapeutic applications.20 Thus, the use of nanometer-sized transporters based on Cu-

complexing macromolecules are beneficial, because they can be tailored to optimize their 

properties such as hydrodynamic size, surface charges, and conductive transport to the area of 

intended application.21 A substantial number of drug delivery systems have been developed to 

bypass the BBB, among which nanoparticle-based systems seem to be most efficient.22 Due to the 

substantial loading capacities of the nanocarriers, a high local concentration of the drug can be 

achieved in specific tissues. There is a scarcity of literature on the transport of metal ions by 

nanocarriers, and their ability to cross the BBB has largely been overlooked.23-24 

Herein we report on dendritic core-single shell (CS-NP) and core-multishell nanoparticles 

(CMS-NP) based on hyperbranched polymers and compare them head-to-head for their chemical, 

biochemical, and Cu-stabilizing properties relating to the nanoparticle architectures. The transport 

of Cu into cells, the pH-triggered release of Cu ions from the nanoparticle, and the cytotoxicity 

and penetration of the nanoparticles in a BBB model are reported. 

 

EXPERIMENTAL SECTION 

Materials and Methods  

1H NMR and 13C NMR spectra were recorded on ECX 400 (400 MHz for 1H and 100 MHz for 

13C). Calibration was performed using the chloroform peak at 7.26 ppm for 1H and 77.0 ppm for 

13C. IR spectra of neat samples were recorded on a Nicolet Avatar 320 FT-IR spectrometer 

(Thermo Fisher Scientific, Dreieich, Germany). UV/Vis spectra were recorded with Scinco S-3150 

(range: 190-1100 nm, resolution 1024 points) in fast mode. Calibration was performed at 360.85 

and 453.55 nm with holmium oxide glass. The spectra were recorded at r.t. and were evaluated 
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with Labpro® Plus from Scinco Co., Ltd, Microsoft® Excel 2000, and Origin® 7.0 from Origin 

Lab Corporation. Microcal VP-ITC microcalorimeter (MicroCal, LLC, Northampton, MA) was 

used to carry out the calorimetric experiments. Dynamic light scattering (DLS) measurements and 

Zeta potential were conducted using a Zetasizer Nano-ZS (Malvern Instruments, Ltd, UK) with 

integrated 4 mW He-Ne laser, λ = 633 nm. For Zeta potential measurements, doppler anemometry 

technique was used whereby electric field was applied across the sample solution. All 

measurements were carried out at 25 °C using folded capillary cells (DTS 1060). The polymer 

concentration was 5 mg mL-1. Dialysis was performed with Dialysis tubing benzoylated 10 FT 

from Sigma-Aldrich (molecular weight cut-off 2000 g mol-1). TLC was performed on Merck 

aluminum sheets with silica (corn size 60) and fluorescence marker (F254). All reagents and 

solvents were purchased from Acros, Fluka or Sigma Aldrich and used as received. 

 

Synthesis 

CS-NP: N1,N1,N2-trimethylethane-1,2-diamine modified dPG (100%): 

In a sealed tube, O-tosylpolyglycerol (0.5 g, 3.28 mmol OTs group, 1.0 equiv.) was dissolved in 

7 mL of p.a. DMF. N1,N1,N2-trimethylethane-1,2-diamine (1.675 g, 16.4 mmol, 5.0 equiv., 

2.1 mL) was added slowly at r.t. and the resulting solution was heated at 120 °C for 4 days. At the 

end of the reaction, the tube was cooled to r.t. and DMF was removed by cryo-distillation. The 

residue was dissolved in CHCl3 and extracted three times with sat. Na2CO3 solution. The combined 

organic phase was washed three times with water, dried over MgSO4, concentrated in vacuo, and 

dialyzed in MeOH for 48 h to give the brown hard paste-like product. Yield: 72% ; Conversion: 

quant.; 1H NMR (500 MHz, CD3OD): δ (ppm) = 4.41-3.41 (dPG-groups), 3.42-2.98 (-CHOH-

CH2-N-CH2-), 2.72-2.49 (-CH2-N-CH3), 2.42-2.10 (bs, -N-CH3); 
13C NMR: (D2O): δ (ppm) = 80.1 
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- 66.3 (dPG-backbone), 56.6-53.3 (-CH2-CH2), 45.3-40.2 (-N-(CH3)2); IR (KBr) ῡ = 2887, 1687, 

1598, 1441, 1387, 1298, 1234 cm-1. Mw = 22 kDa (calculated by NMR), DLS: d = 4 ± 2 nm, Zeta 

Potential (in PBS, pH 7.4): +18.2 mV. 

 

UV/VIS analysis 

To assess the maximum metal cargo capacity of the polymers, an aqueous solution of the 

nanotransporter was mixed with a solution of CuSO4 to yield a distinct molar [Cu(II):NP] ratio 

within the range of 0-100. The solutions were incubated for 24 h to reach equilibrium before 

absorbance at the Cu binding band was monitored at specified wavelengths 

Release study was performed with Cu loaded NP (Cu:CS-NP = 60:1 and Cu:CMS-NP = 40:1) 

in Na acetate solution (100 mM) with pH values from 7 to 3 (acidified with hydrochloric acid). 

Particular pH-dependent absorption of the Cu:NP complexes was monitored. 

 

Isothermal titration calorimetry 

The experimental parameters for titration experiments were number of injections 34, cell 

temperature 30 °C, stirring speed 290 rpm, cell volume 1.43 mL, injection volume 8 µl, injection 

duration 16 sec, spacing 300 sec, filter speed 2 sec, and reference power 10 µcal sec-1. NP 

concentration (cell): 0.5 µM, Cu concentration (syringe): 0.5 mM. 

 

Determination of imported Cu ions by ICP-MS measurements  

According to UV/Vis and ITC data, stock solutions of Cu preloaded NPs with a 1:40 (for Cu:CMS-

NP) and 1:60 (for Cu:CS-NP) stoichiometry, respectively, using CuCl2 as the Cu source, were 

prepared in MilliQ-water. In general, SH-SY5Y (human neuroblastoma) cells were cultivated at 
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37 °C in 5% CO2 atmosphere and 95% air moisture and the following medium was used: 

DMEM/MAM’s F12, 10% FCS, 1x non-essential amino acids, 2 mM L-glutamine, 100 U/mL 

penicillin, and 100 µg/mL streptomycin. After seeding the cells in 10-cm plates with 

3*105 cells/mL SH-SY5Y cells were grown for at least 24 h. For Cu import analysis SH-SY5Y 

cells were incubated for 5 h with varying Cu:NPs concentrations. After washing with PBS-EDTA 

the cells were scraped from the cell plates and a 200-µl sample solution was analyzed per ICP-MS 

using a Finnigan Element2 Shield Torch system instrument (Thermo Fisher Scientific) as 

described before.25 Data were normalized by the amount of cells.  

 

Determination of the cellular uptake of NPs by confocal laser-scanning microscopy (CLSM) 

Cellular uptake of dye-labeled CS-NP was monitored by confocal laser scanning microscopy 

(CLSM). For uptake studies 1*105 cells/mL SH-SY5Y cells were seeded per well of a 24-well 

plate, in which one glass cover slide was inserted before. Cells were grown as described above for 

24 h. After incubation with FITC dye-labeled CS-NP in varying concentrations, cells were washed 

three times with PBS-EDTA and fixed with DAPI-methanol (1 µg/mL) and Atto Phalloidin 647 

in PBS (0.165 µM) for 30 min. The cells were imaged on a dried cover slip that was fixed with 

Fluoromount-G (SouthernBiotech) using a confocal laser scan Leica TSC SP8 microscope. 

 

Analysis of Cu accessibility using the MRE-GFP detection system 

The MRE-GFP (metal responsive elements with green fluorescent protein) detection system was 

kindly provided by O. Georgiev and W. Schaffner. HEK 293 (human embryonic kidney-293) cells 

were transient transfected with pMRE-GFP and cultivated at 37 °C in 5% CO2 atmosphere and 

95% air moisture with the following medium: DMEM high glucose, 10% FCS, 2 mM L-glutamine, 
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1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin. After addition of the 

Cu:NP complexes in varying concentrations followed by 5 h incubation, the cells were lysed in 

25 mM Tris-phosphate, pH 7.8, 2 mM dithiothreitol, 10% glycerol, and 1% Triton X-100 

[modified as 26]. The cells were incubated for 30 min at 4 °C on a distributing jigger and 

centrifuged for 10 min at 10,000 rpm and 4 °C. The supernatant was measured at 485/535 nm 

(extinction/emission) for GFP fluorescence. Data were normalized to an untreated control.  

 

Transport studies using an HBMEC model of the blood-brain barrier 

We used an in vitro model of the BBB based on the HBMEC cell line. Cells were developed and 

provided by Prof. K. S. Kim. To create the stable cell line HBMEC, originally primary endothelial 

cells of human brains were isolated and transfected with SV40-LT (simian virus 40 large T 

antigen).27-28 The cells were used up to passage 30 and showed characteristics typical of blood-

brain endothelial cells.27 Cells were cultivated at 37 °C in 5% CO2 atmosphere and 95% air 

moisture and the following media was used: RPMI 1640, 10% (v/v) FCS (fetal calf serum), 10% 

NU-Serum (BD, Germany), 1x non-essential amino acids, 2 mM L-glutamine, 1 mM sodium-

pyruvat, 1x vitamine, 100 U/mL penicillin und 100 µg/mL streptomycin. 

For permeability experiments specified transwell systems (Corning, USA) with luminal 

chambers (0.5 mL) and abluminal chambers (1.5 mL) separated with a membrane (pores of 3 µm) 

were used. The membranes were preincubated with Collagen IV/Fibronectin solution (Sigma-

Aldrich, Germany). HBMECs were plated to a density of 2 * 105 cells/mL and grown for four 

more days. Before adding the Cu:NP solution the TEER value was determined (Millipore, USA). 

After 20, 40, and 60 minutes of incubation the abluminal wells were replaced by fresh wells to 

imitate cerebral flow. Afterwards the TEER was measured again. Cell-free wells were used as 
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controls. The fractions were analyzed for their Cu content via ICP-MS measurements. Transport 

analyses were performed in OptiMEM. The permeability × surface area product (PSe) of the 

substances was calculated as described before.29 

 

Statistics 

For statistical analysis GraphPad Prism Software was used. First the standard error of the mean 

(SEM) was calculated. As a normality test the Shapiro Wilk test was used. According to the 

existence of normal distribution one-way Anova or Kruskal-Wallis tests were performed. 

Dunnett’s or Dunn’s multiple comparison test functions were used as a post-hoc test. 

 

RESULTS AND DISCUSSION 

 

Synthesis of Nanocarriers 

The aim of this study was (i) to develop novel nanocarriers based on polymeric core-shell 

nanoparticles and (ii) to test for transport of Cu(II) ions into different cells including a BBB model 

to address Cu deficiencies and to recover Cu homeostasis. The intracellular release was analyzed 

as a function of pH. Since oligoamines are known to form strong complexes with Cu(II), we 

focused on dendritic poly(ethylene imine) (PEI) and diamino-functionalized dendritic 

polyglycerol (dPG) to fabricate Cu-encapsulating constructs. Both of the dendritic polymers used 

in this study have already been reported for the synthesis of cores for biocompatible CMS,30-31 

e.g., for the stabilization of metal-NPs, dyes, and drugs.32-35 The presence of a large number of 

modifiable functional groups,30 facile synthesis,36 low cytotoxicity, high biocompatibility,37 and 
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substantial cargo-loading capacities34 predicted dendritic PEI and dPG based CMS systems as 

ideal candidates to facilitate the transport of metal-ions across cell membranes.  

In this paper, we compared two design architectures: a CS-NP and a CMS-NP. CS-NP is 

composed of a dPG core (Mw = 10 kDa) coupled to a single shell of trimethylethylene diamine 

(TMEDA) (Figure S1). Since amines can be toxic in high concentrations, the ligands were bound 

to a nontoxic dPG core to increase the biocompatibility of the nanocarrier. Due to protonation of 

amines in aqueous solution, the NPs complied with the requirements to enter cells by adsorptive 

endocytosis.  

CMS-NP (Figure 1A) is composed of a dendritic poly(ethylene imine) (PEI) core (Mw = 5 kDa) 

attached to linear amphiphilic building blocks comprised of C18-alkyl diacids which in turn is 

connected to monomethyl poly(ethylene glycol) (mPEG) chain (Mw = 550 Da). The double-shell 

concept was introduced to mask the amino ligands and increase the biocompatibility. The degree 

of functionalization of the PEI core was maintained within the range of 40 – 45% according to a 

previously reported procedure.36 These particles had a molecular weight of ~20 kDa and a 

hydrodynamic diameter of 5 nm as determined by 1H-NMR and dynamic light scattering (DLS), 

respectively. 

For the synthesis of TMEDA-functionalized CS-NPs the dPG cores were reacted with tosyl 

chloride in pyridine to convert the hydroxyl group to a highly efficient tosyl leaving group (see 

Figures 1B and S1). 1H-NMR-analysis of CS-NP was performed to investigate the degree of 

functionalization. After substitution of tosyl group with TMEDA, the complete absence of 

aromatic signals and appearance of signals due to TMEDA alkyl functionalities within the dPG 

backbone indicated the successful completion of the reaction. The molecular weight calculated 
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from 1H-NMR for this system was ~22 kDa and dynamic light scattering (DLS) measurements of 

the resulting CS-NPs showed a hydrodynamic diameter was in the order of 4 nm.  

 

 

Figure 1. Structures and Cu(II) complexation of the different NP architectures. (A) CMS-NP 

complexes Cu(II) inside the PEI core, (B) CS-NP stabilizes Cu(II) ions in its amino ligand shell.  

 

Although CMS-NP were able to import Cu into eukaryotic cells,23 the structural effects, the 

potential of these constructs to cross the BBB and the cellular accessibility of the introduced Cu 

had never been addressed before. In spite of the low LD50 value of CMS-NPs, the intrinsic toxicity 

associated with a PEI core of such particles may lead to side effects in in vivo situations.38 We 

therefore wanted to develop more biocompatible core-shell NP systems based on a dPG core. In 

contrast to PEI, the dPG core which is composed of an all polyether backbone is non-toxic and 

non-immunogenic.35,38-40 Since bare dPG has a very low Cu-complexing property, we attached 
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TMEDA, a strong Cu-binding ligand, to the primary and secondary hydroxyl groups of the dPG. 

The amino ligands enabled dPG to stabilize Cu ions in the same manner as PEI stabilizes metal 

ions (Fig. 1) but with a significantly four times lower cytotoxicity. Furthermore, the complexation 

in the outer shell of the CS-NP should facilitate the intracellular Cu release. Thus, Cu should be 

more accessible for intracellular processes when released from CS-NP. In contrast, CMS-NP 

contains the Cu-binding amines in the core of the macromolecular scaffold (see Fig. 1), which 

could hinder the release of Cu.  

 

Cu loading capacity and enthalpies of Cu-NP complexes 

Encapsulation of a sufficient amount of Cu is an essential prerequisite for Cu-NP complexes to 

achieve significant biological effects. Thus, both CS- and CMS-NPs were analyzed for their 

spontaneous encapsulation property towards Cu ions. The maximum loading capacity of the 

individual NP was investigated by spectroscopic and microcalorimetric titration of the NPs with 

CuSO4 as an initial test. Spectroscopically, in the absence of a polymer with complexation 

capabilities, Cu(II) primarily exists as [Cu(H2O)6]
2+ in aqueous solutions, which gives rise to a 

broad, weak absorption band at 810 nm associated with a d-d transition (ε ~ 10). In the presence 

of Cu-encapsulating groups as polyethylene imine (in CMS-NP) or TMEDA (in CS-NP), λmax for 

the Cu(II) d-d transition is shifted to 600-650 nm with another strong ligand-to-metal-charge-

transfer (LMCT) transition band appearing in the 280-300 nm region. With a higher ratio of Cu(II) 

to polymer, the spectrum shows a tendency to shift towards the longer wavelength. This change in 

UV/Vis spectrum allows one to follow the Cu(II) ion binding with different nanoparticle systems 

containing Cu-encapsulating properties. In this experiment, the absorbance at λmax = 630 nm 

increased with increasing Cu:NP ratio until a critical value is reached, above which the absorbance 
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only increased slowly (Figure 2A). An UV/Vis spectroscopic experiment revealed that the highest 

number of 40 Cu ions were encapsulated by the CMS-NP23 while the CS-NP accommodated 60 Cu 

ions. 

The discrepancy in Cu loading stoichiometry between CMS- and CS-NP is most likely due to 

the presence of the polyamine core in CMS-NP, which stabilizes most of the Cu ions in a more 

sterically challenging environment compared to CS-NPs, because of the presence of C18-alkyl and 

mPEG functionalization. CS-NPs, on the other hand, are more easily accessible for incoming 

Cu(II) ions since the ions are bound to the outermost TMEDA shell with relative ease (Figure 1). 

This observation was further supported by the fact that the loading capacity of TMEDA 

functionalized dPG core towards Cu is linearly dependent on the degree of core-functionalization 

with the amine moiety (data not shown). We postulate that the higher loading capacity for CS-NP 

compared to CMS-NPs is mostly because the Cu ions can easily access the amine-dense area 

within the nanoparticle interior. 

The Cu-encapsulation stoichiometry of CS-NP (Cu:CS-NP = 60:1) is much higher compared to 

currently used monomeric Cu-chelators such as CQ or glyoxalbis(N-(4)-methylthiosemi-

carbazonate) (gtsm), which exhibit stoichiometry of 1:2 for Cu:CQ or 1:1 for Cu(II):gtsm.18,41 

Using polymer-based Cu-complexing agents like for CMS- or CS-NPs it is possible to transport 

higher amounts of Cu ions and to increase the local concentration of Cu(II) in the targeted regions 

and reduce off-target deposition. All effects are beneficial for increasing the therapeutic efficacy. 

The energetics of complexation is of critical importance for the development of metal ion 

delivery systems since it influences the in vivo stability of the complex in fluctuating conditions 

before it reaches the target tissue. The Cu:NPs need to be engineered so that the complexes are 

stable enough to transport Cu through the blood without premature Cu-release, and at the same 
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time, only carry the guest ion under controlled conditions within the cellular microenvironment. 

To this end, the thermodynamics and stoichiometry of this complexation was investigated and 

isothermal titration calorimetry (ITC) experiments42 were carried out between the nanoparticles 

and the metal ion. In the enthalpogram (Figure 2B, inset) of the titration of Cu(II) to individual NP 

in water strong interactions were observed as indicated by the strong heat flow signal (µcal sec-1) 

from the baseline. The resulting binding isotherm (Figure 2B, 2C) is hyperbolic in nature with a 

strong initial exothermic interaction between Cu and NP that shows a plateau indicating the 

saturation of the Cu-binding to the NP architecture. ITC experiment revealed that CS-NPs 

encapsulated Cu(II) with a heat of binding of ΔH ~ -3 kcal mol-1 (Figure 2B). For CMS-NP, ΔH 

was found to be -7 kcal mol-1 (Figure 2C). 

 

 

Figure 2. Complexation of Cu(II) ions by NPs. (A) UV/Vis measurements monitored the 

absorbance maximum of the Cu binding band at 630 nm during a titration of CuSO4 solution into 

NP solution to determine the maximum loading. Absorbance maximum reached saturation at 60 

Cu ions per CS-NP and 40 Cu ions for CMS-NP. (B+C) Binding isotherm of Cu:CS-NP (B) and 

Cu:CMS-NP (C) interaction obtained by ITC measurements. (B) Binding enthalpy for CS-NP was 

found to be -3 kcal mole-1. (C) Binding enthalpy for CMS-NP was found to be -7 kcal mol-1. Raw 

ITC data (insets of B and C) shows a strong exothermic interaction between Cu(II) and CS-NP. 
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As evident from Figure 2B, CS-NP spontaneously encapsulates Cu ions with ΔH ~ 3 kcal mol-1. 

The heat of complex stabilization for CS-NP was less than for CMS-NP (ΔH ~ 7 kcal mol-1) which 

indicated a relatively stronger (two-fold) interaction between the Cu and CMS-NP systems 

(Figure 2C). For both of the NPs, the enthalpogram shows that the association between the metal 

ion and polymer is enthalpy-driven with a decrease in entropy which essentially involves the 

restriction of mobility of Cu(II) ion within the complexation network. The strong release of 

exothermic energy is an inherent characteristic of electrostatic interaction. The fact that the Cu(II) 

ion is encapsulated in CMS-NP with higher stability should also be reflected in the pH-responsive 

release profile of Cu from both the NPs.  

 

 

Cytotoxicity 

The nanocarriers were designed to shield the Cu from its environment hence avoiding cytotoxicity. 

To study the influence of the nanocarriers on the toxicity of Cu, MTT assays in SH-SY5Y cells 

have been performed with Cu loaded nanocarriers. Free Cu ions are toxic to SY5Y cells at 10 µM 

(LD50), whereas other cell lines are more resistant.23 When Cu was stabilized in CS-NP the 

cytotoxicity of Cu decreased tremendously to a LD50 value of 600 µM. Cu/CMS-NP exhibited a 

LD50 value of 120 µM with respect to Cu (Figure 3). The unloaded NPs showed a similar toxicity 

respectively with a LD50 value of 3 µM for CMS-NP and 10 µM for CS-NP (data not shown). 

Cu/CS-NP is therefore less toxic and likely more appropriate for in vivo studies than Cu/CMS-

NP. Since both nanocarriers showed decreased cytotoxicity compared to free Cu, the carriers 

successfully shielded the ion from the environment. In comparison with CS-NP, the increased 

cytotoxicity of CMS-NP can be more attributed to the PEI-core of the carrier scaffold than to 
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bound Cu. It must be noted that a daily intake of 60 mg Cu would lead to severe liver cirrhosis,43 

which further illustrates the importance of shielding and the transport of controlled amounts. 

 

Figure 3. LD50 values of Cu:NPs to SH-SY5Y cells.  

 

Uptake and increase of cellular Cu level 

Neuroblastoma SH-SY5Y cells were treated with fluorescent dye-conjugated CS-NPs and their 

intracellular colocalization was investigated by confocal laser-scanning microscopy (CLSM). 

Confocal scanning revealed that FITC-tagged CS-NP system (red), which was detected in the 

subcellular compartments (Figure 4A) except the nucleus (Figure 4B). Furthermore, confocal z-

stack analysis proved that NPs were not located within the nucleus (data not shown). The potential 

uptake mechanism of CMS-NPs was described earlier.23 
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For further analysis of intracellular Cu, SH-SY5Y cells were incubated with increasing 

concentrations of both Cu:NP complexes. Inductively coupled Plasma Mass Spectrometry (ICP-

MS) measurements of cellular Cu revealed an increase of the intracellular Cu in a concentration-

dependent manner for both NPs (Figures 4C, 4D). The untreated control unraveled an amount of 

intracellular Cu of 20 fg Cu/cell. This Cu level was increased by up to 10 times (about 200 fg 

Cu/cell), when the cells were incubated with Cu:CMS-NPs containing 40 µM Cu (Cu:CMS-NP 

40:1) (Figure 4C). A higher Cu level could be reached with a treatment of 100 µM Cu (Cu:CS-NP 

60:1), which resulted in 500 fg Cu/cell, which is 25 times more than the Cu content of the control 

(Figure 4D). CS-NP could be loaded with a higher amount of Cu as it is less toxic than the CMS-

NP counterpart at the same NP concentration. Thus, a higher level of the intracellular Cu content 

could be reached with Cu:CS-NP due to the fact that more Cu was taken up by the cells in the 

particle-encapsulated form although a cytotoxic effect was not observed due to the chelation by 

CS-NP. The comparison of both carriers loaded with 10 µM Cu revealed, furthermore, that the 

uptake of CS-NP must be faster than of CMS-NP. While CS-NP transported 50 fg Cu into a cell, 

CMS-NP failed to show significant transport activity at this concentration. Our previous study 

revealed a cellular increase of Cu as a result of Cu:CMS-NP treatment in yeast cells.23 

Subsequently we have been able to prove that the Cu import also occurred in eukaryotic SH-SY5Y 

cells although the import of Cu was less than with Cu:CS-NP. Furthermore, compared to simple 

chelators transporting Cu, substantially higher Cu concentrations could be brought into the cells 

with CMS-NPs or CS-NPs. For example, Cu(II)-gtsm complexes were used with a concentration 

of 25 µM for SH-SY5Y cells,18 which is at least four times lower than that of the amount of Cu 

used with Cu:CS-NP complexes. 
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Figure 4. Cellular import of CS-NP and cellular increase of the Cu level of SH-SY5Y after Cu:NP 

treatment. Incubation of CS-NP with SH-SY5Y cells for 30 min revealed a cellular uptake CS-

NP-FITC (A+B). Magnification 63x, scale bar in all images 10 µm. Incubation of SH-SY5Y cells 

for 5 h with varying Cu:NP concentrations yielded a concentration-dependent increase of the 

cellular Cu level quantified via ICP-MS measurements (C+D). Statistics: one-way ANOVA, 

Dunnett’s multiple comparison test, *p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 4. 

 

Previous and current experiments have indicated that several mechanisms can play a role for the 

uptake of CMS- and CS-NP systems. While CMS-NPs undergo an active, clathrin-mediated 

transport,23 no active transport mechanism was evident for CS-NPs. In experiments where 

endocytosis was inhibited by inhibitors or temperature, an uptake of Cu by Cu:CS-NP was still 

observed (Figure S3). Since both NPs were similar in size and in diameter, the difference in the 

uptake processes can be attributed instead to the difference in their chemical composition. It is 

most likely that CS-NPs’ uptake is mediated, to a large extent, by a non-specific diffusion-like 

mechanism, i.e., possibly a passive transport enabled by exposed tertiary amines and subsequent 

positive surface charge of the NPs (Figures S1 and S2). Therefore, it can be expected that CS-NP 

uptake is not limited compared to CMS-NPs, since there is no energy required.  
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Cu release and intracellular accessibility of imported Cu 

Normally, Cu is bound to proteins and amino acids and free Cu in a single cell is in the order of 

10-9 atoms which is extremely minuscule, because free Cu is toxic to the cells.44 Furthermore, cells 

avoid excess Cu by a tightly regulated homeostasis including a secretion mechanism. Thus, the 

primary challenges for our approach is to bypass the cellular control mechanisms by minimizing 

the premature release and access to excretion systems. 

In order to use Cu loaded NPs for therapeutic applications, the influence of the cellular 

microenvironment, especially the effect of different pH values on the stability of Cu:NP 

complexes, was investigated as a controllable system. To this end, nanoparticles with maximum 

Cu:NP ratio were incubated in acetate-buffered solution of different pH (3.0 – 7.0) and the 

absorption intensity of the Cu-complex with polymer structure at 650 nm (for CMS-NPs) and 

700 nm (for CS-NPs) were systematically measured by UV/Vis spectrophotometry. A reduction 

in the maximum intensity at these wavelengths indicated a reduced amount of Cu:NP complexes 

present in the solution due to the release of the free Cu ions from the complex. As illustrated in 

Figure 5A, CS-NP showed a more gradual dependence of Cu-release with changing pH values, 

while CMS-NPs remained stable throughout the entire pH range tested. The two analyzed NPs 

differ in their chemical structure and therefore also in their Cu complexation stability. CMS-NPs 

have the capacity to bind Cu at the core, whereas the primary location of Cu for CS-NPs is in the 

shell (Figure 1). These different modes of binding are responsible for the difference observed in 

the release profiles. The encapsulation of the Cu inside the core of CMS-NP, along with its alkyl 

and mPEG shells, seems to protect Cu from release. Subsequently, CMS-NP, which encapsulated 

Cu at the expense of more enthalpic energy, is mostly unresponsive to pH-change in the 

environment and only releases the metal ion at pH ≤ 3. In contrast, CS-NP rapidly responds to 
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mildly acidic conditions at pH 5 since Cu(II) is bound to the ion complexing shell which is 

sterically more accessible to protonation of the amines resulting in acid-sensitive destabilization 

of the Cu-complexing domain. Assuming a lower pH in an Alzheimer patient’s brain due to 

hyperperfusion,45 an in vivo release of the Cu cargo from CS-NPs is expected. Furthermore, cell 

compartments as lysosomes or late endosomes exhibit lower pH values (~pH 4.5-5).46 To this end, 

CS-NP should be more suitable to enhance a targeted Cu release in the cytoplasm of cells at pH 5.  

To investigate the accessibility of Cu ions imported into cells by NPs, we adopted a MRE-GFP-

detection system (metal response element with green fluorescent protein, developed and kindly 

provided by O. Georgiev and W. Schaffner). The principle of the MRE-GFP-detection system 

involves an indirect signal cascade, in which Cu ions replace Zinc (Zn) ions of metallothionein 

(MT). This leads to a binding of the released Zn ions to metal-responsive transcription factor-1 

(MTF-1) followed by the activation of the MREs which are connected to GFP expression 

(Figure 5B).47-48 To activate the GFP-expression via this indirect cascade the Cu ions have to be 

accessible as free Cu ions. Therefore increased GFP-expression in the cell-lines as a result of Cu 

loaded NP treatment clearly involves the release of Cu ions in their bioavailable form within the 

cytosol.  
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Figure 5. Release and accessibility of Cu ions. (A) pH-dependent release of Cu(II) from CMS-NP 

and CS-NP. Measurements of maximum absorption band of the Cu:NP complexes in 100 mM Na 

acetate with pH values ranging from 7 to 3. CS-NP released Cu already under mild acidic 

conditions at pH of 5, while Cu:CMS-NP complex disassembled at pH 3, reflecting the release of 

Cu under more acidic conditions. (B) Schematic illustration of the principle of the MRE-GFP-

detection system. Increased cellular Cu levels led to a replacement of Zn ions bound to MT. 

Released Zn ions bonded to MTF-1 and trigger activation of MREs combined with gfp-expression. 

MRE-GFP system was used as a reporter in cells. The observed increase in GFP fluorescence 

indicates the release and accessibility of Cu ions. (C, D) Cu accessibility determined by this 

system. HEK 293 transient transfected with MRE-GFP were incubated for 5 h with Cu:CMS-NP 
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(C) and Cu:CS-NP (D). Quantitative fluorescence measurements of cell lysates at 485/535 nm 

showed a concentration-dependent increase of GFP fluorescence equally with the increase of Cu 

accessibility. Statistics: Kruskal-Wallis test (C, D), Dunn’s multiple comparison test, *p < 0.01, 

***p < 0.001, n  ≥ 4 (A,D), n ≥ 6 (C). 

 

To assess the amount of accessible Cu within intracellular environment, HEK 293 cells 

transfected with MRE-GFP construct were treated with both variants of Cu loaded NPs. A 

concentration-dependent increase of GFP-fluorescence was observed due to an increase of released 

Cu. Incubation of 40 µM Cu (Cu:CMS-NP 40:1) led to an increase of 40% in GFP fluorescence 

while incubation of 60 µM Cu (Cu:CS-NP 60:1) resulted in an fluorescence increase of 60% 

(Figures 5C and 5D). Treatment of empty NP did not show any significant difference in Cu levels 

compared to untreated control (data not shown).  

The results indicated an intracellular Cu release and accessibility from the NPs and therefore the 

in vivo potential of these nanocarriers. Due to the lower toxicity, CS-NPs can be applied in higher 

concentrations and then release more accessible Cu than CMS-NPs. The fact that CS-NPs can also 

complex more Cu ions which are readily available for intracellular processing suggests that this 

nanocarrier design is a more suitable therapeutic candidate than their CMS-NP counterpart. It is 

equally important to note that the accessibility of both NPs was in the same range, when the same 

amount of Cu was incubated (see Figures 5C and 5D) even though the pH-dependent Cu release 

from CMS-NP requires slightly more acidic conditions.  

The increased Cu accessibility after Cu:NP treatment is in line with the findings of a previous 

study, where it was shown that Cu loaded nanocarrier including CMS-NP led to enhanced SOD1 

activity, which could then function as a reliable marker for bioavailable cellular Cu in yeast cells.23 



24 

 

Since our analyses were done in a eukaryotic SH-SY5Y cell line, we additionally were able to 

prove that these nanocarriers worked efficiently in higher developed cells.  

Furthermore, SOD1 activity was restored after oral treatment with Cu sulfate in an AD mouse 

model. Not only did the treated AD mice have a restored Cu level, but also lower endogenous CNS 

Aβ levels and reduced Aβ plaques.49 Since our NPs were able to transport high amounts of bound 

Cu and could thus increase the local concentration of Cu on a cellular level, they are promising 

candidates for further in vivo investigations. 

 

Permeability of NPs through the blood-brain barrier using a HBMEC-model 

Targeting the brain or the CNS is a major challenge for designing therapeutics addressing neuronal 

pathology. Only 5% of the drugs listed in the Comprehensive Medicinal Chemistry database target 

the CNS.50 Therefore, the transport of Cu ions over the BBB is a critical issue for our therapeutic 

approach.  

To analyze the permeability of NPs through the tightly closed BBB, we established an in vitro 

model using a human brain microvascular endothelial cell line (HBMEC, provided by K.S. Kim). 

A two-chamber transwell system was separated by a membrane as barrier on which HBMEC were 

cultured (Figure 6A). After adding Cu:NP-complexes, the amount of complex passing this barrier 

was determined by quantifying the amount of Cu after specific time intervals using ICP-MS. Time 

points were used to calculate the ability of permeation as PSe (permeability × surface area product) 

which had been previously used.29 

At first, the density of the HBMEC barrier was tested by determining the PSe of frequently used 

and established marker substances. PSe values were respectively calculated to be 61, 1720, and 

1488 *10-6 cm min-1 for Evans Blue labeled albumin (EBA), 14C-sucrose and sodium fluorescein 
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(NaFl), which is in accordance with previously published data (Table 1).29,51-56 In addition, an 

immunofluorescence analysis of the tight junction protein ZO1 confirmed that the tight junctions 

had correctly assembled (data not shown). Through this standardized HBMEC model, Cu loaded 

CS-NPs showed a PSe value of 3600 ± 487 *10-6 cm min-1, while a PSe value of 

3584 ± 695 *10-6 cm min-1 was determined for the Cu loaded CMS-NP system. The results show 

that the PSe of both NPs did not significantly differ (see Figure 6B) which means they should both 

be able to cross the BBB. A comparison of the NPs with the marker substances showed that the 

PSe of both NPs was twice as high as for 14C-sucrose and NaFl and up to 60 times higher than for 

EBA (see Figure 6B). Since high PSe values are related to elevated permeability, we could prove 

that both NPs can cross the in vitro model of the BBB with substantial speed compared to the 

reference substances investigated.  
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Table 1. PSe values for EBA, 14C-sucrose, and NaFl in the used HBMEC-model compared to 

various BBB-models in published data. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substance  PSe 

(10-6 cm min-

1) 

Cell line Reference 

CS-NP 3600 HBMEC present study 

CMS-NP 3584 HBMEC present study 

EBA 61 HBMEC present study 

 20 BMEC/MBGC 56
 

 113 CEC/C6 glyoma 

cells 

29
 

14C-sucrose 1720 

1602 

620 

HBMEC 

HPBEC 

PBEC/CRA 

present study 

51 

55 

NaFl 1488 

1812 

3200 

HBMEC present study 

CEC/C6 glyoma 

cells 

29
 

  HCEC 53
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Figure 6. HBMEC in vitro model of the BBB. (A) Scheme of the HBMEC in vitro model. Cells 

were grown on the filter insert. Compounds added to the upper (luminal) compartment were 

determined after 20, 40, and 60 min in the lower (abluminal) compartment. (B) Comparison of the 

permeability (PSe values in 10-6 cm min-1) of the test compounds EBA, 14C-sucrose, and NaFl with 

both NPs. Both NPs showed a PSe around 3600 * 10-6 cm min-1, which is about two-fold higher 

than with 14C-sucrose (1720±168 * 10-6 cm min-1) and NaFl (1488±146 * 10-6 cm min-1) and 60 

times higher than EBA (61±2 * 10-6 cm min-1). Hence, both NPs were able to cross the in vitro 

BBB model. Statistics: Kruskal-Wallis test, Dunn’s multiple comparison test, n ≥ 6.  

 

PSe values are known for various substances in other BBB models. For example, they were 

13782 * 10-6 cm min-1 and 17358 * 10-6 cm min-1 for caffeine and nicotine.52 A PSe of 540 * 10-

6 cm min-1 was determined for acetylsalicylic acid.52 Morphine, which crosses easily, showed a 

PSe of around 1500 * 10-6 cm min-1 in in vitro models of the BBB.52,55 The ability of CS- and 

CMS-NPs to cross the BBB model is lower than that of caffeine or nicotine. However, compared 

to morphine or acetylsalicylic acid, the ability of NPs to permeate the BBB was two or six times 

higher. Morphine and acetylsalicylic acid are known to be active substances in the brain. 
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Furthermore, less than 4% of orally applied acetylsalicylic acid is available in plasma and reaches 

the brain. However, this low concentration is still potent enough to be active in the brain.57 

Therefore it is perceivable that the CS- and CMS-NPs will most likely be able to show a suitable 

effect in the brain in an in vivo model. 

Interestingly, with respect to the PSe values, no significant difference occurred between the two 

NPs. Since they were similar in size, it is likely that both could be transported via identical 

transport routes through the BBB. Size is a problem in BBB permeability because most molecules 

with Mw bigger 400 Da cannot pass the BBB. However, a transfer of large hydrophilic molecules 

like CMS-NP and CS-NP is possible by receptor-mediated or adsorptive-mediated transcytosis.58 

Another factor that influences permeability is charge. A study comparing positively-charged with 

negatively-charged tripalmitin nanoparticles showed that those with cationic character had an up 

to 14 times increased ability to cross the BBB.22,59-60 The surface charge of empty and Cu loaded 

CS-NP analyzed by zeta potential measurements showed that empty CS-NPs were positively 

charged (+18.2 mV) and that Cu loading decreased the surface charge of these particles to 

+12.1 mV (see Figure S2). Although the addition of Cu up to Cu:CS-NP ratios of 120 further 

decreased the surface charge, it did remain well above neutrality. This positive surface charge of 

the NPs most likely compensates the molecular weight restriction and thus allow the NPs to pass 

the BBB.  

 

 

CONCLUSION 

We reported and compared the design and the synthesis of novel dendritic polymer-based CS-NPs 

in comparison to multishell nanoparticles (CMS-NPs). As both types of nanocarriers were found 
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to bind significant amounts of Cu ions and release them under endosomal pH condition, this 

approach could very well be therapeutically relevant for addressing Cu imbalances. The chemical 

structure of the Cu complexing NPs were found to play a pivotal role in the ‘load and release’ 

characteristics of the NPs. In CS-NP, the Cu-chelating moieties are in the outer shell and Cu is 

easily encapsulated, which facilitates a release of Cu at moderately lower pH values than in CMS-

NP, which requires unphysiological pH-values. Moreover, CS-NP is less toxic than CMS-NP and 

can shield Cu from its biological environment to decrease the intrinsic toxicity exerted by free Cu 

ions. Both NPs were shown to increase the intracellular Cu levels in neuroblastoma cells at 

nontoxic NP concentrations. When stabilized in NPs, Cu is less toxic than free Cu ions. 

Furthermore, it was established with a cellular BBB model that NPs can transport Cu ions across 

the BBB in a HBMEC model. The permeation of NPs was up to 60 times higher than that of 

reference substances. These results indicate that CS- and CMS-NPs can be potentially used in vivo 

to increase the Cu levels, e.g., in the brain. CS-NPs seem to be more suitable for the treatment of 

Cu deficiency disorders because of their lower toxicity, higher Cu loading, and release under 

mildly acidic conditions of pH 5 indicating a better bioavailability of Cu for enzymes in the 

cytoplasm and thereby the accessibility for cellular processes. 
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SUPPORTING EXPERIMENTAL SECTION 

 

Synthesis of CS-NP:N,N,N’-trimethylethane-1,2-diamine modified dPG (100%): 

In a sealed tube, O-tosylpolyglycerol (0.5 g, 3.28 mmol OTs group, 1.0 equiv.) was dissolved 

in 7 mL of p.a. DMF. N,N,N’-trimethylethane-1,2-diamine (1.675 g, 16.4 mmol, 5.0 equiv., 

2.1 mL) was added slowly at r.t. and the resulting solution was heated at 120 °C for 4 days. At 

the end of the reaction, the tube was cooled to r.t. and DMF was removed by cryo-distillation. 

The residue was dissolved in CHCl3 and extracted three times with sat. Na2CO3 solution. The 

combined organic phase was washed three times with water, dried over MgSO4, concentrated 

in vacuo, and dialyzed in MeOH for 48 h to give the brown hard paste-like product. Yield: 72% 

; Conversion: quant.; 1H NMR (500 MHz, CD3OD): δ (ppm) = 4.41-3.41 (dPG-groups), 3.42-

2.98 (-CHOH-CH2-N-CH2-), 2.72-2.49 (-CH2-N-CH3), 2.42-2.10 (bs, -N-CH3); 
13C NMR: 

(D2O): δ (ppm) = 80.1 - 66.3 (dPG-backbone), 56.6-53.3 (-CH2-CH2), 45.3-40.2 (-N-(CH3)2); 

IR (KBr) ῡ = 2887, 1687, 1598, 1441, 1387, 1298, 1234 cm-1. Mw = 22 kDa (calculated by 

NMR), DLS: d = 4 ± 2 nm, Zeta Potential (in PBS, pH 7.4): +18.2 mV. 

 

 

 

 

 

 

 

 

 

 

 



 

S3 
 

SUPPORTING FIGURES 

 

 

 

Figure S1. Synthesis of CS-NP. i) 0.7 equiv. TsCl, pyridine, ii) 5 equiv. TMEDA, DMF, 

120 °C, 4 d.  

 

 

 

Figure S2. Cellular uptake studies of Cu:CS-NP analyzed by ICP-MS. Neither inhibitors, 

which are known to block endocytosis, nor low temperature (16 °C and 4 °C) could inhibit the 

Cu transport of Cu:CS-NP into the cell. Statistics: one-way ANOVA, Dunnett’s multiple 

comparison test, n ≥ 3.  
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Figure S3. Change in Zeta potential with increasing concentration of Cu(II) ions in the presence 

of CS-NP. Measurements were performed in 0.01 M PBS at pH 7.4 with 5 mg/mL NP. To 

assess the effect of Cu(II) on surface charge of NPs, the NPs were loaded with maximum 

stoichiometric amount of Cu (evaluated from ITC and UV-Vis titration). After incubation, free 

Cu was removed from the polymer encapsulated species by dialysis. The retentate solution was 

freeze-dried and subsequently redissolved in a specific volume of PBS of pH 6.5.  
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Biocompatible, Hyperbranched Nanocarriers for 

the Transport and Release of Copper Ions 

S. Nowag a, C. Frangvilleb, G. Multhaupc, J.-D. Martyb, C. Mingotaudb, R. Haag a,* 

Core-shell and core-multishell nanocarriers were designed to 

transport copper ions into cells. Herein, we present their 

synthesis and physicochemical characterization and 

demonstrate the high influence of their architectures on the 

loading and release of copper. Their low toxicity may open a 

new way to balance the Cu-homeostasis in neurodegenerative 

diseases. 

Copper (Cu) is an important biological cofactor for a number of 

metalloenzymes and plays a key role in many neurodegenerative 

diseases,1 e.g., Alzheimer’s disease (AD) and Parkinson’s 

disease. Particularly in the case of AD, a disturbed homeostasis 

of Cu leads to a Cu deficiency in the central nervous system 

(CNS). Exogenous supply of Cu to brain or CNS is one of the 

many therapeutic approaches for addressing such deficiency 

symptoms.2 For such a purpose, copper supply needs to bypass 

the blood-brain barrier (BBB), which remains an unsolved 

problem. Additionally, hyperperfusion in AD brain leads to 

decreased pH and inflammatory processes in the CNS.3 All the 

previous information shepherds the design of smart nanocarriers 

capable of performing Cu pH-triggered delivery across the BBB 

(see Scheme 1). Hyperbranched polymers are promising 

representatives of size controllable nanoscaffolds for transport 

and drug delivery.4-7 In previous works, hyperbranched 

poly(ethylene imine) (PEI) has been used to develop Cu- 

a Institut für Chemie und Biochemie, Organische Chemie, Freie 
Universität Berlin, Takustr. 3, 14195 Berlin, GERMANY.  
b Laboratoire des Interactions Moléculaires et Réactivités Chimiques et 
Photochimiques, Université de Toulouse, CNRS UMR 5623, 31062 
Toulouse Cedex 09, FRANCE. 
c Department of Pharmacology and Therapeutics, McGill University, 3655 
Promenade Sir-William-Osler, Montréal, QC H3G 1Y6, CANADA. 
Electronic Supplementary Information (ESI) available: Experimental 
section, Cu and Zn loading capacity, pH-triggered Cu release, Colloidal 
behavior in water, Metal ion competition. See DOI: 10.1039/c000000x/ 

encapsulating nanocarriers.8 However, the poor biocompatibility 

due to the presence of large number of amine groups within the 

PEI limited the applications of such systems. 

To enhance biocompatibility, new core-multishell nanocarriers 

with lower toxicity are required, e.g., functionalized, 

hyperbranched polyglycerol (hPG). As a macromolecule, hPG 

possesses a highly branched globular, dendritic structure of a 

stable polyether scaffold and can be synthesized in a one-step 

process.9 It exhibits similar properties to the well-used and FDA-

approved poly(ethylene glycol) (PEG), as it is non-toxic, 

biocompatible, and not recognized by the immune system.10 

Furthermore, a modification of hPG is facile due to its large 

number of peripheral hydroxyl groups. These functionalized 

hPG can therefore be tailored to required properties such as size, 

charge, or molecular weight, respectively.5, 11-15 By the 

attachment of shells, specialized architectures can be designed 

for a wide variety of applications.16-20 

Herein, we present the synthesis and properties of different 

modified hPG to develop biocompatible Cu–nanocarriers as 

potential candidates in therapy of Cu deficiency disorders. An 

hPG with a molecular weight of 10 kDa was selected for the core 

in order to get nanocarriers of few tenths of nanometers. Cu-

binding ligands to be attached on hPG cores were then reviewed 

to fit in our specifications. One example for Cu-binding ligands 

are triazacyclononanes, because they are known to form very 

strong complexes with Cu which are irreversible under 



physiological conditions.21 Clearly, copper-release into CNS 

acidic conditions requires a weaker ligand for a pH-triggered 

release of Cu. Tri- or dimethylethylene diamine moieties 

(TMEDA or DMEDA, respectively) have been chosen as 

suitable candidates.22 They form square planar bidentate Cu-

complexes with moderate interactions, which enable pH-

dependent Cu release. Furthermore, in order to increase 

biocompatibility, to enhance the retention time within blood 

circulation, or to hide the Cu from the environment, attachment 

of poly(ethylene glycol) chains (PEG) in the outer sphere is 

required (see Scheme 1). Two kinds of attachments were chosen 

to investigate the influence of structural design of nanocarriers 

on Cu-loading and release, as well as their biocompatibility. 

Thus, hydrophilic PEG chains were bound to amine building 

blocks leading to a core-multishell structure (CMS) or directly 

to the hPG core for a core-random shell architecture (CRS) (see 

Scheme 2). Finally, hPG fully modified by TMEDA (CS 

structure in Scheme 2) was used as a reference system.23 

 

For the CMS synthesis, boc-protected DMEDA was first reacted 

with hPG to cover 70% of the hydroxyl groups of hPG’s surface. 

After deprotection, PEG1000-OMs chains were attached to the 

amino ligands. For the CRS, reaction of hPG with TMEDA was 

controlled to yield a degree of functionalization on hPG’s surface 

of 70% (similar to that of CMS). The remaining mesylates were 

then substituted by azides, which could be used in a click 

reaction to attach propargylated PEG5000 (see characterization of 

CMS and CRS in ESI).  

UV/Vis spectroscopic experiments were then carried out to 

determine the maximum Cu-loading capacity of the nanocarrier 

in water. A stock solution of the polymer was mixed with an 

increasing amount of Cu(II) to achieve different Cu:polymer 

molar ratios. Regardless of the polymer structure, an increase of 

the absorbance at 580 nm was observed and should be related to 

the d-d transition of copper ions complexed by amine functions 

(see Figure S1 in ESI). This demonstrated the complexation of 

Cu inside the nanocarriers. Above a certain concentration of 

copper, the absorbance at 580 nm became constant and a new 

band around 800 nm related to aqueous copper ions grew in size. 

This behavior is evidence for the saturation of nanocarriers and 

that the later added copper ions remained free in solution. The 

plot of the absorbance at 580 nm for increasing Cu:polymer ratio 

reveals that the CMS structure can load more copper ions than 

the CRS polymer (see Figure 1a). The close fit of these curves 

(see ESI) leads to a more quantitative evaluation of this 

maximum loading (see Table 1).  

To check this loading capacity, we developed a second method 

based on centrifugal filtration of the metal ion/polymer solution. 

Titration of the metal ion was performed on the filtrate using a 

well known spectroscopic method based on Zincon indicator (see 

Figure S2 in ESI).24 As seen in Figure 1b, CS system retains 

copper ions until a maximum loading of approx. 30. This is quite 

comparable with the direct evaluation by UV/Vis spectroscopy. 

Assuming a binding site of two ligands per copper, one can 

estimate the maximum theoretical number of sites per polymer 

and therefore the percentage of active sites. As seen in Table 1, 

similar values were found for CS and CMS structures. On the 

contrary, the architecture of the CRS polymer is less favorable 

for the complexation of Cu metal ions, which can be related to 

higher steric hindrance due to the attachment of PEG-chains 

between TMEDA-ligand units as well as aggregation of CRS. 

The binding kinetic was fast and equilibrium was reached only 

after few minutes (see Figure S1 in ESI). All these results 

indicated a behavior highly related to the architecture of the 

nanocarrier. 

After addition of copper ions into a polymer solution, reaching 

the equilibrium was a slower process for CRS than CMS or CS 

(see Table 1). This may be partially due to the PEG layer (larger 

in CRS than in CMS), which should have decreased the 

accessibility of ions toward the ligand shell. 

The ability for such structures to interact with other ions may be 

providential for the delivery of copper in a controlled manner. 

To evaluate such possibility, a large excess of different ions (Ca, 

Mg, Mn, Co, Zn, Ni) was added to Cu-loaded nanocarriers 

solutions (see Figure S6 in ESI). None of the metal ions were 

able to displace copper ions from the hyperranched structures. 
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Table 1. Properties of the CS, CMS and CRS structures. 

a. Determined by UV-visible spectroscopy (see text). b. Ratio between 

the experimental loading capacity and the maximum theoretical number 

of sites per polymer estimated as half the number of ligand ethylene 
diamine per polymer. c. Determined by UV-visible spectroscopy (see 

ESI). d. Hydrodynamic radius (nanocarriers/Cu-loaded nanocarriers) 

determined by DLS with an analysis in number from 80 µM nanocarrier 
solutions. e. Aggregation. f. Determined on human neuroblastoma cell 

line SH-SY5Y. 

Moreover, no direct complexation could be evidenced for zinc 

ions, another ion of interest in the case of AD,25 as shown in 

Figure 1b. Thus, the obtained nanocarriers were of special 

interest for the specific complexation and delivery of copper. 

Blood clearance for molecules below 60 kDa and 6 nm is fast, 

while bigger particles remain longer in the blood.26, 27 However, 

particles bigger than 200 nm are likely renal excreted.28 Since 

size also has a big impact on permeability of the BBB of 

substances,29-31 size of empty and Cu-loaded nanocarriers were 

investigated by dynamic light scattering (see Figure S4 in ESI). 

Empty nanocarriers in solution as unimer were found to have a 

hydrodynamic diameter close to 10 nm (see Table 1). When 

CMS was only in the form of unimer, CS and CRS nanocarriers 

were more or less present as polydisperse aggregates in solutions 

(Rh above 100 nm). When Cu was stabilized inside nanocarriers, 

a significant decrease of the aggregation and a slight change in 

the size of the unimer was observed. Thus, the nanocarriers 

presented here having molecular weights above 80 kDa and 

diameters d ≥ 8 nm are in the right range for application as a 

delivery system. However, the permeation through the BBB 

might be critical, since it has been postulated that most molecules 

bigger 400 Da are not able to pass the BBB.29 On the other hand, 

it was observed that the ability to cross the BBB is much higher 

for NPs with cationic character.30-32 Due to this, zeta potentials 

of empty and Cu-loaded nanocarriers were studied at pH values 

ranging from 7 to 3 in buffer solution. At pH 7, zeta potential of 

empty CS was found at 30 mV ± 9 mV. As expected, grafting of 

PEG chains induced a significant decrease of zeta potential that 

remained slightly positive for both CRS (+13.9 ± 0.8 mV) and 

CMS (+9.2 ± 1.0 mV) (see Figure S5 in ESI). Partial protonation 

of amine groups may have been responsible for this observation. 

Therefore, the highest zeta potentials were measured at pH 3 due 

to the increase of protonation level at lower pH. Interestingly, the 

surface charge at all the pH values did not significantly evolve 

when Cu ions were stabilized inside the nanocarriers. Therefore, 

these positively charged nanocarriers have a high potential to 

cross the BBB. 

To prove whether nanocarriers were able to release copper ions 

at low pH, UV/Vis spectroscopy experiments were performed. 

Cu-loaded nanocarriers were transferred in Britton Robinson 

universal buffer aliquots with pH-values from 8 to 2 and 

absorbance was monitored (see Figure S3 in ESI). Figure 2 

shows the percentage of Cu-release as a function of pH. As a 

result, Figure 2 shows that CRS nanocarriers continuously 

released Cu with decreasing pH. This profile of release 

highlights the weakness of these nanocarriers due to the random 

architecture as above discussed and might be too prompt, since 

the release already started at pH 7. For an application in 

biological systems a controlled release is therefore not possible 

presumably due to Cu leakage before the required target was 

reached. On the other hand, Cu-complexes integrity in CS and 

CMS structures remained until lower pH values. This indicates a 

stronger Cu binding in this architecture which makes it a good 

candidate for carrying its entire load to the target, after which a 

sharp and fast Cu release could occur according to Figure 2 and 

kinetics data (see Figure S3 in ESI).  

 

Toxicity of Cu-loaded and empty nanocarriers in human 

neuroblastoma (SH-SY5Y) cells was then investigated by MTT 

assay (see experimental procedures in ESI). IC50 value of CRS 

was found to be 22.4 g/L, which was much higher and therefore 

less toxic than CMS (IC50 ca. 415 mg/L). It is known that long 

PEG-chains lead to higher biocompatibility.33 Hence, we assume 

that CRS with longer mPEG-chains shows less toxicity than 

CMS, i.e., shielding of the amino ligands by mPEG-chains 

determines the toxicity of the cargo in living cells. Both 

nanocarriers in the present study were less toxic than the 

previously described PEI-based CMS8 which supported our 

earlier assumption that hPG-based nanocarrier has a higher 

compatibility than nanocarriers with a PEI core. Investigation on 

the toxicity of Cu-loaded nanocarriers showed the same result for 

CMS as for empty particles regarding the nanocarrier 

concentration (IC50 [Cu:CMS = 15:1] = 415 mg/L). In contrast, 

the cytotoxicity of Cu-loaded CRS increased to IC50 [Cu:CRS = 

5:1] = 2.9 g/L in comparison to unloaded CRS. Regarding the Cu 

concentration, however, Cu-loaded CMS was in the same range 

as Cu:CRS in terms of cytotoxicity (see Table 1). Both 

nanocarriers could reduce the toxicity of Cu by factor 7.8 The 
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compatibility at high loading is especially of importance for in 

vivo applications when a high local concentration of Cu is 

required. According to these results, it seems that CMS is a better 

candidate for treatment of Cu deficiency disorders. 

Conclusions 

By designing new core-shell polymeric structures, we were able 

to obtain nanocarriers that had a high binding affinity for copper 

ions and were able to release these ions at low pH. We 

demonstrate that the exact architecture of the core-shell system 

is a paramount parameter to control the maximum loading, the 

strength of complexation, and the release profile of copper into 

the solution. The CMS structure proves to be the most promising 

structure for Cu complexation and release. The CMS structure 

will now be studied to estimate their transport through the BBB 

and tested in vivo for the release of copper. 
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A. Experimental 
 

A.1. General. 1H NMR and 13C NMR spectra were recorded on a Jeol ECX 400 apparatus (400 MHz for 1H 

and 100 MHz for 13C). Calibration was performed using the chloroform peak at 7.26 ppm for 1H and 77.0 ppm 

for 13C. IR spectra of neat samples were recorded on a Nicolet Avatar 320 FT-IR spectrometer (Thermo Fisher 

Scientific, Dreieich, Germany). Dialysis was performed with Dialysis tubing benzoylated 10 FT from Sigma-

aldrich (molecular weight cut-off 2000 g mol-1). Ultrafiltration was performed with a 300 mL solvent-resistant 

stirred cell with regenerated cellulose membranes (molecular weight cut-off 5000 or 10000 g mol-1), both 

from Millipore. TLC was performed on Merck aluminium sheets with silica (corn size 60) and fluorescence 

marker (F254). Flash column chromatography was performed on Merck silica (corn size 60). CuSO4 was 

purchased from Acros Organics Co. Ltd. and ZnSO4, MgSO4, MnSO4, CaSO4, CoSO4, NiSO4, Zincon 

monosodium salt (2-Carboxy-2′-hydroxy-5′-sulfoformazyl-benzene monosodium salt) were purchased from 

Sigma Aldrich Co. Ltd. at highest purity available (≥99%) and used as received. All reagents and solvents 

were purchased from Acros, Fluka or Aldrich and used as received. Hyperbranched PG was synthesized 

according to literature.1 

Water was purified through a filter and ion exchange resin using a Purite device (resistivity 18.2 MΩ·cm). 

 

A.2. Synthesis 

hPG10k-(DMEDA)0.7 

The synthesis of boc-DMEDA was described elsewhere.2 In a sealed tube, PG10k-OMs (1.8 g, 13.5 mmol/g, 

24.3 mmol OMs groups) was dissolved in 5 ml DMF and 3.46 g boc-N,N’-dimethylethylene diamine (18.23 

mmol, 0.75 equiv.) was added and heated to 120°C for 3 days. After removal of the solvent the crude product 

was dialyzed in methanol. hPG10k-(boc-DMEDA)0.7 was dissolved in DMF:TFA (4:1) and stirred for 3 h. The 

solvent was evaporated yielding 0.96 g of the slightly yellow product, which was used without further 

purification.  

1H-NMR (CDCl3, 400 MHz): δ = 4.18-3.21 (PG-groups), 3.20-3.14 (-N-CH2-), 3.10-2.87 (-N-CH2-), 2.67-

2.37 (-N-CH3) ppm. 

CMS: hPG10k-(DMEDA-PEG1000)0.7 

hPG10k-(DMEDA)0.7 (0.96 g, 1 equiv.) was dissolved in DMF. NEt3 (2.1 equiv.) was added and stirred for 1 h. 

mPEG1000-OMs (1.1 equiv.) was added and stirred at room temperature for 5 days. Dialysis of the crude 

product in methanol yielded 2.3 g hPG10k-(DMEDA-PEG1000)0.7. For the physical-chemical characterization, a 

mean molar mass of 83 kDa was used (deduced from 1H-NMR). 

1H-NMR (CDCl3, 400 MHz): δ = 3.67-3.51 (m, PEG and PG), 3.48-3.42 (m, -N-CH2-) ppm. 

IR: ῦ = 3424, 3015, 2873, 2490, 2337, 2320, 1682, 1558, 1540, 1465, 1419, 1342, 1279, 1199, 1172, 1107, 

962, 839, 799, 775, 719 cm-1. 

hPG10k-(TMEDA)0.7 

In a sealed tube, PG10k-OMs (0.5 g, 6.75 mmol OMs groups) was dissolved in 5 ml DMF and N,N,N’-

trimethylethylene diamine (517 mg, 5.06 mmol, 0.75 equiv.) was added and heated to 120°C for 3 days. After 

removal of the solvent the crude product was dialyzed in methanol to yield 320 mg of the brown hard paste-

like product. 

1H-NMR (CDCl3, 400 MHz): δ = 4.41-3.41 (PG groups), 3.40-2.98 (-CH(OH)-CH2-NMe-CH2-) 2.87-2.57 (m, 

PG groups), 2.63-2.48 (m, -N-CH2-), 2.42-2.10 (-N-CH3) ppm. 
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hPG10k-(TMEDA)0.7(N3)0.3 

hPG-(TMEDA)0.7 (320 mg, 4.05 mmol OMs groups) was dissolved in DMF. After addition of NaN3 (1.32 g, 

20.25 mmol, 5 equiv. regarding OMs groups), the suspension is heated for 3 days to 60°C. After cooling, the 

precipitate is filtered off and the filtrate was concentrated. The residue was dialyzed in methanol to yield 235 

mg product. 

1H-NMR (CDCl3, 400 MHz): δ = 4.41-3.41 (PG groups), 3.40-2.98 (-CH(OH)-CH2-NMe-CH2-) 3.87-2.57 (m, 

PG groups), 2.63-2.48 (m, -N-CH2-), 2.42-2.10 (-N-CH3) ppm. 

CRS: hPG10k-(TMEDA)0.7(Triazol-mPEG5000)0.3 

DIPEA (30 mol% per triple bond) was added to 1.0 equiv. of mPEG5000-acetylene and 1.1 equiv. of PG-

(TMEDA)0.7-(N3)0.3 per triple bond dissolved in THF (PEG5000 was used to compensate that only 30% of the 

hPG surface can be modified, instead of 70% in case of CMS) . After the mixture had been stirred for 5 min, 

30 mol% per triple bond of sodium ascorbate was added, followed by 10 mol% of CuSO4·5H2O per triple 

bond. (A stock solution of sodium ascorbate and CuSO4·5H2O in water was prepared in concentration 100 

mg/mL). THF/H2O ratio was 1/1 (v/v). The heterogeneous mixture was stirred vigorously for 5.5 days. The 

precipitate was removed by centrifugation for 2 h at 11,000 rpm. The product was ultrafiltrated in H2O/MeOH 

= 1:1 + TFA at pH 3 (MWCO = 10000 g mol-1). Afterwards, the product was ultrafiltrated in H2O/MeOH with 

NaOH (pH 10, MWCO 5000 g mol-1). For the physical-chemical characterization, a mean molar mass of 224 

kDa was used (deduced from 1H-NMR). 

1H-NMR (CDCl3, 400 MHz): δ = 4.20-3.35 (PG groups), 3.01-2.95 (-CH(OH)-CH2-NMe-CH2-) 2.89-2.77 (m, 

PG groups), 2.75-2.41 (m, -N-CH2-), 2.22-2.08 (-N-CH3) ppm. 

IR: ῦ = 2946, 2880, 2740, 2694, 1960, 1466, 1455, 1360, 1340, 1279, 1240, 1145, 1097, 958, 948, 840 cm-1. 

Table 1. Summary of physico-chemical properties of CS, CMS, CRS. 

 CS CMS CRS 

Mw (g/mol) 22,000 83,000 224,000 

Grafting ratio  70% 49% 49% 

No. of theoretical 

complexation sites 
47 33 33 

 

A.3. Cu-loading by UV/Vis spectroscopy. UV/Vis spectra were recorded with Scinco S-3150 (range: 

190-1100 nm, resolution 1024 points) in fast mode. Calibration was performed at 360.85 and 453.55 nm with 

holmium oxide glass. The spectra were recorded at room temperature. To assess the maximum metal cargo 

capacity of the polymers, a solution of the nanocarriers (80 µM) in water were prepared in 2 mL. Successive 

micro-additions (0.5 - 2 µL) of concentrated CuSO4 solutions (0.4 M and 2 M) were added every 6 min to 

yield a distinct Cu/nanocarriers molar ratio within the range of 0-125. Absorbance versus the molar 

Cu/nanocarriers molar ratio was then fitted by a simple model based on the hypothesis that each polymer 

contains N complexing sites and that the binding constant of Cu(II) is the same for each site, whatever the 

number of loaded sites may be. 

A.4. Cu-loading kinetics by UV/Vis spectroscopy. Cu-loading kinetic was monitored by UV/Vis 

spectroscopy by adding 4 µL of CuSO4 (2 M) into a 2 mL solution of nanocarriers (80 µM) (Cu/nanocarriers 

ratio = 50:1). Measurements were performed at room temperature. The variation of DO with time was 

 (given in Table 1). 

A.5. Zincon titration procedure. Solutions of nanocarriers (6.2 µM) with increasing amount of Zn(II) 

or Cu(II) were prepared (M(II)/nanocarriers ratio from 0 to 150 :1) into 2mL. These samples were then 

filtrated with centrifugal filters (molecular weight cut-off 3000 g mol-1) (Ultracel®-3K - Millipore Ireland 

Ltd). 160 µL of filtrate were mixed with 30 µL Zincon (2.8 mM) and completed at 2 mL with B.R. buffer 



S5 
 

pH 9. The analyzis was performed by UV-Vis spectroscopy to assess free metal ions concentrations. 

(Calibration curves perform with Zincon (42 µM) and concentrations of Cu(II) and Zn(II) from 0 to 40 µM). 

A.6. pH-triggered release study. Solutions of Cu-loaded nanocarriers were prepared with 

Cu/nanocarriers ratio = 50:1 by adding an appropriate amount of a CuSO4 stock solution (2 M) to a solution of 

nanocarriers (80 µM) dissolved in water. Then supplemental non-loaded Cu was removed through dialysis 

(molecular weight cut-off 2000 g mol-1) in water. The dialyzed product was then dried under vacuum 

conditions and redissolved into 7 aliquots of 80 µM (pH 2 to 8) in Britton-Robinson Buffer (40 mM H3BO4, 

40 mM H3PO4, 40 mM CH3COOH) with 100 mM NaCl. The solutions were incubated for 2 h at 37°C and 

UV/Vis spectroscopy measurements were also performed at 37 °C. 

A.7. pH-triggered release kinetic. Cu pH-triggered release kinetic was monitored by UV/Vis 

spectroscopy by adding 10 µL of HCl (2 M) into a 2 mL solution of nanocarriers (80 µM) (Cu/nanocarriers 

ratio = 50:1). Measurements were performed at 37 °C. 

A.8. DLS and Zeta potential Dynamic light scattering (DLS) measurements and Zeta potential were 

conducted using a Zetasizer Nano-ZS (Malvern Instruments, Ltd, UK) with integrated 4 mW He-Ne laser, λ = 

633 nm. Nanocarriers were investigated with and without pre-incubation with CuSO4 (Cu/nanocarriers ratio = 

50:1). The polymer concentration was 80 µM and samples were all filtered with a 20 nm filter unit except for 

CRS, filtered at 400 nm for aggregates reasons. The correlation function was analyzed via the general purpose 

method (NNLS) to obtain the distribution of diffusion coefficients of the solutes. The apparent equivalent 

hydrodynamic diameter (d) was then determined using the Stokes–Einstein equation. Mean diameter values 

were obtained from three different runs of the number plot. Standard deviations were evaluated from diameter 

distribution. For Zeta potential measurements, Doppler anemometry technique was used whereby electric field 

was applied across the sample solution. All measurements were carried out at 25 °C using folded capillary 

cells (DTS 1060).  

A.9. Metal ions competition 
Solutions of Cu-loaded nanocarriers were prepared with Cu/CS ratio = 20:1 by adding an appropriate amount 

of a CuSO4 stock solution (2 M) to a solution of CS (6.2µM) dissolved in water. Then competitor metal ions 

(Mg, Ca, Mn, Co, Ni, Zn) were added such as M(II)/CS ratio = 100:1 and let to incubate during 24 h at 37 °C. 

UV-Vis measurements were performed at 37 °C. 

A.10. Biological studies 
Cell Culture. A human neuroblastoma SH-SY5Y cell line were cultured as described previously 

(www.lgcpromochem-atcc.com). Cells at a density of 60,000 cells/well in 96-well plates were used at the time 

of the experiment. Stock solutions of nanoparticles with Cu were prepared in Milli-Q water by thorough 

mixing. 

For toxicity assays, SH-SY5Y-cells were incubated for 24 h with different concentrations of Cu-saturated and 

unloaded nanoparticles ranging from 6 nM to 100 µM. 

 

MTT Assays. MTT assays were purchased from Promega (Mannheim, Germany) and performed in 96-well 

plates. This assay is based on tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) that is taken up into cells and reduced to yield a purple formazan product, which is largely 

impermeable to cell membranes, thus resulting in its accumulation within healthy cells. The number of cells 

was normalized, and cells were cultured in 96-well plates, incubated for 48 h, and washed three times in 1x 

PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4) followed by treatment with 

OptiMEM medium (Invitrogen) supplemented with individual carrier in the absence (control) or presence of 

Cu for 24 h. The volume of tissue culture medium in each well was 100 μL, to which 20 μL of CellTiter 96 

AQueous One Solution Reagent was added. Plates were incubated for 3 h at 37°C in a humidified, 5% CO2 

atmosphere. Then the absorbance was measured at 570 nm. 
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A.11. Fit equations 
UV-Vis Cu-loading. For a system V + M  VM (K), with V: vacant site in nanocarriers, M: free metal 

ion and VM: complex nanocarriers-Metal. We assumed the two following hypothesis: all the complexation 

sites are equivalents and the adsorption of a metal ion does not modify the further complexation constants.  

After resolution of this system, we found 𝛼 =
𝜌+𝛾−√(𝜌+𝛾)2−4𝜌

2
  

where 𝑂𝐷𝐶𝑢𝑏𝑖𝑛𝑑 =  𝛼𝑂𝐷∞; n the number of vacant sites in a nanocarrier; ρ =
[M]0

n.[CS]0
 ; α =

[VM]

[V]0
 ; β =

[VM]

[M]0
 ; 𝛾 = 1 +

1

𝐾[𝑉]0
 ; 

𝛼

𝛽
= ρ.  

 

Back titration Cufree concentration. 

The back titration fit calculation is based on same hypothesizes than above and calculated as below: [𝑀] =

𝑛. [𝐶𝑆]0(𝜌 − 𝛼) with 𝛼 =
𝜌+𝛾−√(𝜌+𝛾)2−4𝜌

2
. 

Intake and outtake kinetics. 

Intake and Outtake kinetics are based on simple exponential fits (𝐴 + 𝐵. (1 − 𝑒−𝐶(𝑥−𝑥0)) and 

𝐴 + 𝐵. (𝑒−𝐶(𝑥−𝑥0)) , respt.) with 𝜏 =
−ln (0.37)

𝐶
 and 𝑥0  the delay after which Cu is injected 

(10sec.)  

(1) 
 

(2) 
 

(3) 
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B. Results and discussion 

B.1. Cu and Zn loading capacity 
 

UV-Vis spectroscopy was used to assess the loading capacity of CS, CMS, and CRS towards Cu ions (Figure 

S1 a-f). For each nanocarrier (80 µM), increasing amount of Cu was added in order to reach the maximum 

Cu-loading observed through the absorbance of Cu binding band. Absorbance at 580 nm was then plotted as a 

function of Cu:nanocarrier molar ratio and Cu capacity loading was determined using a fit calculation. 

Binding kinetics was also investigated by observing the absorbance of Cu-binding band at 580 nm by UV/Vis 

time-dependently (Figure S1 g-i). All those measurements were performed in water at room temperature. 

Figure S1. UV/Vis of Cu loading capacities and loading kinetics of CS, CMS, and CRS. 

a. 

 

d. 

 

g. 

 
 

b. 

 

e. 

 

h. 

 
c. 

 

f. 

 

i. 

 

Figure S1. UV/Vis spectra of titration of a. CS, b. CMS, c. CRS with CuSO4; respective absorbance at 580 nm over 

Cu/nanocarrier molar ratio for d. CS, e. CMS, f. CRS; Cu intake kinetic at 580nm of g. CS, h. CMS, i. CRS nanocarriers 

concentration 80µM at room temperature. 

As a result for Cu-loading capacity, CS is able to carry 22 ± 4 Cu which correspond to 46% active sites (47 

theoretical complexation sites for CS) (Figure S1 d). CMS possess a similar behavior by carrying around 14 ± 

3 Cu, corresponding to 42% of active sites over 33 theoretical complexation sites (Figure S1 e). CRS appears 

to be less effective than the other structures by carrying 5 ± 2 Cu (15% of actives sites over the 33 theoretical 

complexation sites) (Figure S1 f).  

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

500 550 600 650 700 750 800 850

0

1.25

2.5

3.75

5

7.5

10

12.5

15

17.5

20

25

30

40

50

60

75

100

125

A
b

s
o

rb
a
n

c
e

wavelength

0

0,05

0,1

0,15

0,2

0,25

0 20 40 60 80 100 120

abs(580nm)

A
b

s
o

rb
a
n

c
e

Molar ratio

y = m1/2/m2*(m0+m2*m3-sqrt((...

ErrorValue

0,00255770,23986m1 

0,7530319,474m2 

0,0217781,1098m3 

NA0,00029104Chisq

NA0,99895R

0

0,05

0,1

0,15

0,2

0,25

0 20 40 60 80 100 120

intake abs(580nm)

A
b

s
o

rb
a
n

c
e

time (s)

y = m4+((abs(m1*(1-exp(m2*(m...

ErrorValue

0,000313780,221m1 

0,00190740,25681m2 

0,02322611,074m3 

0,000303440,001686m4 

NA0,017441Chisq

NA0,99838R

0

0,04

0,08

0,12

0,16

0,2

500 550 600 650 700 750 800 850

0

1.25

2.5

3.75

5

10

15

20

25

30

35

40

45

50

75

100

125

A
b

s
o

rb
a

n
c

e

wavelength

0

0,05

0,1

0,15

0,2

0 20 40 60 80 100 120

abs(580nm)

A
b

s
o

rb
a

n
c

e

Molar ratio

y = m1/2/m2*(m0+m2*m3-sqrt((...

ErrorValue

0,00286670,19253m1 

1,062713,846m2 

0,0447661,151m3 

NA0,00024348Chisq

NA0,99847R

0,05

0,1

0,15

0,2

0,25

0,3

0 100 200 300 400 500 600

intake abs(580nm)

A
b

s
o

rb
a

n
c

e

time (s)

y = m4+((abs(m1*(1-exp(m2*(m...

ErrorValue

1853,70,24387m1 

0,000406350,02219m2 

3,4256e+5-2,1871m3 

1853,70,054055m4 

NA0,011404Chisq

NA0,98236R

0

0,02

0,04

0,06

0,08

0,1

500 550 600 650 700 750 800 850

0

1.25

2.5

3.75

5

10

15

20

25

30

35

40

45

50

75

100

125

A
b

s
o

rb
a
n

c
e

wavelength

0

0,004

0,008

0,012

0,016

0,02

0 20 40 60 80 100 120

abs(580nm)

A
b

s
o

rb
a
n

c
e

Molar ratio

y = m1/2/m2*(m0+m2*m3-sqrt((...

ErrorValue

0,000326640,01803m1 

0,689694,1706m2 

0,0678231,082m3 

NA9,6882e-6Chisq

NA0,98909R

0

0,005

0,01

0,015

0,02

0,025

0,03

0 200 400 600 800 1000 1200

intake abs(580nm)

A
b

s
o

rb
a
n

c
e

time (s)



S8 
 

0

20

40

60

80

100

0 20 40 60 80 100

0 20 40 60 80 100

Zn
2+

Cu
2+

y = -2,7286 + 1x   R= 0,99845 

[M
2
+

fr
e

e
]/

[C
S

]

[M
2+

]/[CS]

[Cu2+]/[NanoCarrier]

y = m2*(m0/m2-1/2/m2*(m0+m2*...

ErrorValue

0,451893,0662m2 

NA34,511Chisq

NA0,99899R

y = m2*(m0/m2-1/2/m2*(m0+m2*...

ErrorValue

0,9006430,356m2 

NA90,821Chisq

NA0,99757R

0

0,2

0,4

0,6

0,8

1

0 1 10
-5

2 10
-5

3 10
-5

4 10
-5

0 1 10
-5

2 10
-5

3 10
-5

4 10
-5

Zn
2+

Cu
2+

y = 0,029811 + 21768x   R= 0,99899 

y = 0,036928 + 19376x   R= 0,99841 

A
b

s
o

rb
a
n

c
e

[M
2+

]

[Zn2+]

Concerning the kinetics properties, absorbance was plotted over time and the resulting fitting equation offered 

τ = 4 s for CS, τ = 43 s for CMS and τ = 141 s for CRS (Figure S1 g-i) representing the time after which 63% 

of the plateau value is reached.  

 

In order to check those last Cu-loading capacity results, we performed a back titration based on a centrifugal 

filtration of the metal ion/polymer solution followed by metallic indicator analysis. As Zinc complexes are 

colorless (d10 element) and as Zincon (our metallic indicator) is well employed for Cu and Zn determination, 

we took benefit of this back titration to also assess Zn-loading capacity of CS nanocarriers. Thus Zincon 

procedure3 was used as followed: solutions of nanocarriers incubated with increasing amount of metal ions 

were filtered to remove loaded nanocarriers using centrifugal filtration device (cut off 3 kDa). Then free metal 

ions concentration containing in the filtrate was determined through Zincon indicator.  

Figure S2. Zincon procedure 
a. 

 

c. 
 

b. 

 

d. 
 

Figure S2. a. calibration spectra of Zincon-Cu, b. calibration spectra of Zincon-Zn, c. calibration curve for Zincon-Cu and 

Zincon-Zn, d. free Zn and Cu ions as a function of Cu/Zn:CS molar ratio (concentration determined through Zincon 

indicator). CS concentration 62 µM, room temperature.  

Zincon-Cu and Zincon-Zn calibration curves were performed (Figure S2 a-c). Then free metal ions 

concentration were plotted as a function of overall metal ions:nanocarrier molar ratio. As a result, free Cu ions 

appeared for Cu/CS molar ratio equals 30 evidencing the saturation of CS towards Cu-loading. This result 

coincides with the former result received with the direct UV-Vis analysis. Moreover, free zinc ions increase 

linearly as a function of overall Zn ions added which indicates the inability of CS towards Zn-loading. CRS 

and CMS structures have shown similar behavior towards the complexation with Zn2+ and Cu2+.  

B.2. pH-triggered Cu release 

pH-triggered release of Cu was also evidenced by UV-Vis spectroscopy (Figure S3 a-f). Solutions of 

nanocarriers with excess of Cu were dialyzed to remove free Cu ions, then dry under high vacuum and 

redispersed in aliquots of Britton Robinson buffers at pH 8, 7, 6, 5, 4, 3, 2. The sample was left to equilibrium 

for 2 hours at 37°C and then analyzed by UV-Vis at 37 °C. Release kinetics was also investigated by 
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observing the absorbance of Cu-binding band after addition of HCl at 580 nm by UV/Vis time-dependently 

(Figure S3 g-i). 

Figure S3. UV/Vis and ITC analysis of Cu loading capacities and pH triggered release of CS. 
a. 

 

d. 

 

g. 

 
b. 

 

e. 

 

h. 

 
c. 

 

f. 

 

i. 

 
Figure S3. UV/Vis spectra of a. CS, b. CMS, c. CRS (80 µM) with CuSO4, dialyzed, dried and redispersed in Britton Robinson 

Buffers pH 8, 7, 6, 5, 4, 3, and 2 and 0.1 M NaCl at 37°C; respective absorbance at 580 nm for d. CS, e. CMS, f. CRS; Cu 

outtake kinetic at 580 nm of g. CS, h. CMS, i. CRS (80 µM) in water at 37°C. 

pH-triggered release evidenced a similar behavior of CS and CMS (Figure S3 a, b) with a retention of Cu until 

pH5 followed by a sharp release for lower pH values. CRS structure possesses a weaker release profile by 

starting releasing Cu from pH7 (Figure S3 c). Release kinetics equation offered τ = 4 s for CS, τ = 8 s for 

CMS and τ = 9 s for CRS (Figure S3 g-i) representing the time after which 63% of the plateau value is 

reached. The time t = 5*τ depicts the time after which the equilibrium is reached. Already after t = 19 s the Cu 

pH-release was finished in case of CS, t = 37 s for CMS and t= 47 s for CRS. 

 

B.3. Colloidal behavior in water solution 

DLS and zeta potential measurements were performed to assess the size and the interfacial electric potential of 

the empty and Cu-loaded nanocarriers. 
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Figure S4. DLS measurements of CS, CMS and CRS. 
a. 

 

d. 

 

g. 

 
b. 

 

e. 

 

h. 

 
c. 

 

f. 

 

i. 

 
Figure S4. Correlogram of a. CS, b. CMS, c. CRS; size(%intensity) of d. CS, e. CMS, f. CRS; size(%number) of g. CS, h. CMS, 

i. CRS _ nanocarriers (80 µM) at room temperature, all samples filtered at 20 nm except CRS, filtered at 400 nm.  
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Figure S5. DLS and zeta potential measurements summary of CS, CMS and CRS. 
a. 

 

b. 

 
Figure S5. a. DLS and b. zeta potential measurements summary of CS, CMS, CRS at pH 7. 

As a result, empty CS and CMS nanocarriers were found in solution as unimer with a hydrodynamic diameter 

close to 12 ± 1 nm and 8 ± 1 nm respectively (negligible amounts (<1% in number) of aggregates for CS) 

(Figure S4). However, CRS nanocarriers were mainly present as polydisperse aggregates in solutions (Rh 

above 100 nm). When Cu was stabilized inside the nanocarriers, a significant decrease of Rh was observed 

and Rh values were found around 6 ± 1 nm.  

At pH 7, zeta potential of empty CS was found at 30 ± 9 mV. As expected, grafting of PEG chains 

induces a significant decrease of zeta potential that remains slightly positive for both CRS 

(+13.9 ± 0.8 mV) and CMS (+9.2 ± 1.0 mV). Partial protonation of amine groups may be responsible 

for this observation. Therefore, highest zeta potentials were measured at pH 3 due to the increase of 

protonation level at lower pH. 
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B.4. Metal ions competition 

Finally, to evaluate the ability for such structures to interact with other ions, Cu-loaded CS nanocarriers were 

studied in the presence of competitor ions. To perform this study, excess of different metal ions (Mg, Ca, Mn, 

Co, Ni, Zn) were separately incubated with Cu-loaded CS nanocarriers during 1 day at 37 °C. UV-Vis 

measurements were monitored before and after the addition at 37 °C. 

Figure S6. UV/Vis metal ions competition. 
a. 

 

b. 

 

c. 

 
d. 

 

e. 

 

f. 

 
Figure S6. UV-Vis spectra of CS such as Cu:CS (20 : 1) , Metal ions:CS (100:1) Metal ions : a. Mg, b. Ca, c. Mn, d. Co, e. Ni, f. 

Zn. CS concentration (62 µM), incubation with competitor ions during 24 h at 37 °C. 

 

As a result, none of the metal ions are able to displace copper ions from CS dendritic structure. Similar results 

were observed in the case of CMS and CRS. 
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