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ABSTRACT 20 

We report a hybrid nanoassembly based on gold colloids decorated with a new thiolated 21 

amphiphilic cyclodextrin complexing dopamine (AuNPs@SC16SH/DA). The novel amphiphilic 22 

-cyclodextrin SC16SH, bearing on average one thiol group at the end of an oligoethylene glycol 23 

chain per CyD unit, was obtained in a multi-step synthesis and fully characterized by NMR 24 

spectroscopy and MALDI analysis. The AuNPs@SC16SH hybrid assembly was prepared by 25 

mixing AuNPs and SC16SH in aqueous solution and investigated by UV/Vis and TEM 26 

measurements. The AuNPs@SC16SH/DA supramolecular assembly, bearing both thiol-stabilized 27 

gold nanoparticles and the neurotransmitter dopamine, has been conceived as stimuli-responsive 28 

delivery system able to control the release of dopamine upon proper stimuli. Two redox 29 

functionalities (i.e. the Au-S bond and the redox behaviour of dopamine) have been exploited to 30 

detach SC16SH/DA complex from the AuNPs@SC16SH/DA progenitor platform, using 31 

REVISED Manuscript (text UNmarked) Click here to view linked References

https://www.editorialmanager.com/molliq/viewRCResults.aspx?pdf=1&docID=31859&rev=1&fileID=525306&msid=bcc4f1c7-b46d-479b-b058-0fc1235fe8c5
https://www.editorialmanager.com/molliq/viewRCResults.aspx?pdf=1&docID=31859&rev=1&fileID=525306&msid=bcc4f1c7-b46d-479b-b058-0fc1235fe8c5


 2 

dithiothreitol (DTT), and to detect the complex by cyclic voltammetry (CV). Following, dopamine 32 

was finally released from the SC16SH/DA assembly upon treatment with Brij® S20 and the free 33 

dopamine was monitored by CV. Overall, our hybrid nanoassemblies turned out to be able to 34 

release dopamine, upon combined action of redox and digestion agents in medium emulating 35 

biological environment. 36 

Keywords: amphiphilic cyclodextrins, nanovesicles, gold colloids, hybrid assemblies, dopamine, 37 

cyclic voltammetry 38 

 39 

1. INTRODUCTION 40 

The development of nanostructured plasmonic hybrid assemblies is a crucial step for the 41 

fabrication of technological devices with great potential in detection/diagnosis of various diseases 42 

and in delivery of bioactive compounds for therapeutic applications.1, 2 Colloidal nanoplasmonics 43 

exploit the interactions of membranes, proteins, or extracellular vesicles (EV) with gold 44 

nanoparticles based-assemblies for detection of peculiar biomarkers in biological environment.3 45 

In this direction, the design of novel nanovesicles with plasmonic outputs together with  the 46 

knowledge of their mechanical properties, assumes utmost importance for understanding their 47 

biological behaviour including cell adhesion, uptake and release of cargo,4 specially with regards 48 

to gold nanosystems that interface with neuronal biology. 49 

In the treatment of neurological disorders, such as Parkinson’s disease (PD), the restoration of 50 

adequate dopamine (DA) levels in dopaminergic cells is a great challenge.5 Deficiency of DA in 51 

the brain of PD patients can be addressed by designing delivery nanosystems loading DA, 52 

permeable to the brain blood barrier (BBB)6 and able to gradually release the neurotransmitter in 53 

neuronal cells.7 Gold nanoparticles (AuNPs) are promising nanophototherapeutic and nanoprobe 54 

tools for penetrating BBB and interacting with central nervous system.8 They are prone to both 55 

delivering DA9 and monitoring DA release by intracellular AuNPs plasmonic band changes.10 56 

Cyclodextrins (CyDs) are nano-macrocyclic oligosaccharides able to complex various drugs, 57 

favouring their entrapment and delivery through modulation of host-guest interaction.11 58 

Amphiphilic CyDs (ACyDs) are an intriguing class of macromolecular glycocarriers able to form 59 

differently-shaped bio-soft nanostructures according to the hydrophobic/hydrophylic balance and 60 
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charge of moieties grafted on CyD rims.12-14 Interestingly, ACyDs can form bilayer or multilayer 61 

vesicles as a result of self-assembly with lipids15 or upon plasmids arrangement into the layers.16-62 

18 ACyDs bearing oligoethylene glycol chain on the secondary CyD side and thioalkyl groups on 63 

primary one were widely investigated in delivery of anticancer19 and /or phototherapeutic guests20, 64 

21and as components of self- assembled- hybrids for biosensing22 or stimuli-responsive 65 

hydrogels.23 Nanovesicles of ACyD were recently proposed as cues to guide cell adhesion24 or 66 

form stable emulsions for host/guest complexation.25 Moreover various teams studied ACyDs 67 

decorating AuNPs for surface Raman scattering (SERS)26 or for photothermal therapy (PTT) 68 

applications.27- 29 CyDs can form inclusion complexes with DA30, 31 and this feature was exploited 69 

to develop platforms for DA sensing.32- 35 Along this direction, AuNPs decorated with CyDs 70 

entrapping DA were proposed for colorimetric and electrochemical biosensing.36- 38 In the field of 71 

neurological nanodelivery, CyD nanosponges were designed to control the in vitro release of more 72 

stable dopamine derivative (i.e. L-DOPA).39 In this research area, recently, some of us proved 73 

conceptually the release of DA and L-DOPA by electrical stimuli on a device built with cationic 74 

ACyDs supported on polycrystalline Au.40 One of the main biochemical features of dopaminergic 75 

neurons is the alterations of thiol-dependent redox biochemical signals, involving decreased levels 76 

of glutathione (GSH) and reductase enzymes (i.e. methionine sulfoxide reductase A, MsrA) which 77 

are able to protect proteins from oxidative stress and avoid their further aggregation in neurotoxic 78 

oligomers.41 To address the previous issues, therapeutic strategies for managing PD are aimed at 79 

enhancing functions of reductase enzymes42 which on the other hand could help in DA refilling, 80 

upon redox-stimulated release of this neurotransmitter, in analogy with pH-responsive drug release 81 

from thiolated Au nanoplatforms.43  Moreover, the design of novel plasmonic nanovescicles 82 

bearing biorelevant groups (i.e. -SH groups)44 and entrapping a neurotransmitter could play a key 83 

role in the interaction of plasmonic nanoparticles with neuronal cells. Nanostructured plasmonic 84 

hybrid assemblies can be fruitfully exploited to trigger a range of biological responses in neuronal 85 

tissues, including modulation of neuronal activity upon delivery of specific therapeutic agents, 86 

probes, or biological materials to targeted cells.45 87 

To meet these needs, here we newly report AuNPs decorated with a novel thiolated amphiphilic 88 

-cyclodextrin (SC16SH) incorporating DA (AuNPs@SC16SH/DA, Scheme 1) able to release 89 

DA upon external stimuli in aqueous buffered medium. The thiolated amphiphilic CyD SC16SH 90 

was able to build up deeply interdigitated bi- and multilayers which covered AuNPs, forming 91 
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stable hybrid nanoassemblies in aqueous medium. Hence, upon DA complexation, the two redox 92 

functionalities (i.e. the Au-S bond and the redox behaviour of dopamine) were exploited to detach 93 

and detect, by cyclic voltammetry, SC16SH/DA complex from the AuNPs@SC16SH/DA 94 

progenitor platform, and to detect the free DA finally released from the SC16SH/DA assembly.  95 

 96 

Scheme 1. Sketched view of AuNPs@SC16SH/DA nanoassemblies. 97 

2. MATERIALS AND METHODS 98 

Materials. All solvents and reagents were obtained from commercial sources and purified before 99 

use if necessary. Merck Kieselgel 60F254 plates were used for TLC, and Sephadex LH-20 for 100 

column chromatography. Hydrogen tetrachloroaurate (III) hydrate (99.9%) was supplied by Strem 101 

Chemicals. -Cyclodextrin, citric acid and dopamine hydrochloride (DA, MW= 189.64 g/mol) 102 

were purchased by Sigma Aldrich. All the solutions for spectroscopic characterization were 103 

prepared in pure microfiltered water (Galenica Senese) or in phosphate buffer at pH 7.4 and 104 

analyzed at room temperature (r.t  25°C). 105 

 106 

Synthesis.  107 
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General procedure for the synthesis of compounds 2-4. Compounds 2-4 were synthesized as 108 

previously reported, by using the Gadelle&Defaye, Ling et al. and Mazzaglia et al. procedures for 109 

2,46 3,47 and 4,48 respectively.  110 

General procedure for the synthesis of compound 5 (SC16I). Heptakis[6-deoxy-6-hexadecylthio-111 

2-oligo(ethylene glycol)]-β-cyclodextrin 4 (SC16OH) (0.5 g, 0.15 mmol) was dissolved in dry 112 

dimetylformamide (DMF) (15 mL) under inert atmosphere. Dry and recrystallized 113 

triphenylphosphine (Ph3P) (20 equiv) was added and heated at 100°C for 20 min. N-114 

iodosuccinimide (NIS) (20 equiv) was then added. The mixture was stirred at 100 °C for 24 h 115 

under nitrogen atmosphere. The mixture was allowed to cool down to r.t. and precipitated in 116 

EtOH/H2O (1:1). The resulting solid was isolated by filtration and purified by size-exclusion 117 

chromatography (Sephadex LH-20) with CHCl3/CH3OH (1:1) as eluent, to give product 5. Yield: 118 

30%. 1H NMR (500 MHz, CDCl3): δ = 0.88 (t, 21 H, CH3), 1.26 (br s, 182 H, CH2), 1.52-1.63 (m, 119 

14 H, CH2), 2.04 (br, OH), 2.51-2.65 (m, 14 H, SCH2), 2.78 (m, 2H, CH2I), 2.88-3.20 (m, 14 H, 120 

H6), 3.46-4.15 (m, ca. 82 H, H2-5 and OCH2CH2O), 5.04 (br, 7 H, H1). 13C NMR (125 MHz, 121 

CDCl3): δ = 3.00 (CH2I), 14.1 (CH3), 22.7 (CH2), 28.9 (CH2), 29.1 (CH2), 29.4 (CH2), 29.5 (CH2), 122 

29.7 [(CH2)n], 31.9 (CH2), 32.0 (CH2S), 33.7 (C6), 61.5 (CH2OH), 69.8-72.9 (C3, C5, CH2O), 123 

80.2-81.7 (C2, C4), 101.0 (C1). MALDI-TOF: Mw=3390 Da; Mn=3340 Da. At the most abundant 124 

peak, the average number of ethylene oxide units (n) resulted equal to 12.  125 

General procedure for the synthesis of compound 6 (SC16SH) and 7 (SC16S-mal). Compound 126 

5 (0.5 g, 0.14 mmol) was dissolved in dry DMF (15 mL) under nitrogen atmosphere. Thiourea (20 127 

equiv) was added and the reaction mixture was heated at 70°C for 24 h under nitrogen atmosphere. 128 

The DMF was removed under reduced pressure to give a yellow oil, which was dissolved in water 129 

(10 mL). A solution of sodium hydroxide (5 mL) was added and the mixture was gently heated at 130 

50°C under nitrogen atmosphere for 1 h. The suspension was acidified with 1 M HCl (4 mL) and 131 

stirred for 2 h. The resulted precipitated was collected by filtration and washed with H2O. The 132 

product 6 was dried in a vacuum oven. Yield: 95%. 1H NMR (500 MHz, CDCl3): δ = 0.88 (t, 21 133 

H, CH3), 1.25 (br s, 182 H, CH2), 1.45-1.67 (m, 14 H, CH2), 2.53-2.63 (m, 14 H, SCH2), 2.67 (m, 134 

2H, CH2SH), 2.90-3.07 (m, 14 H, H6), 3.35-4.10 (m, ca. 82 H, H2-5 and OCH2CH2O), 5.02 (br, 7 135 

H, H1). 13C NMR (125 MHz, CDCl3): δ = 14.1 (CH3), 22.7 (CH2), 28.5 (CH2), 29.1 (CH2), 29.4 136 

(CH2), 29.5 (CH2), 29.7 (CH2), 29.8 [(CH2)n], 31.9 (CH2S), 33.7 (C6), 39.2 (CH2SH), 61.4 137 

(CH2OH), 69.9-73.3 (C3, C5, CH2O), 79.8-81.2 (C2, C4), 101.1 (C1). MALDI-TOF: Mw=3240 138 
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Da; Mn=3170 Da. Main peaks (detected as MK+) at m/z 3055 + n *44 (range n from 4 to 18, n= 139 

sum of ethylene glycol repetitive units in the oligomers chains; at the most abundant peak, the 140 

average number of ethylene oxide units (n) resulted equal to 12).  141 

A labelling reaction was performed by reacting SC16SH (6) with maleimide in water solution 142 

for 2 h at rt under nitrogen, leading to the thiosuccinimide SC16S-mal (7). The dried sample, 143 

without purification, was analysed by MALDI-TOF: Mw=3340 Da; Mn=3270 Da. Main peaks 144 

(detected as MK+) at m/z 3152 + n*44 (range n = 5-18; at the most peak, the average number of 145 

ethylene oxide units (n) resulted equal to 12). 146 

 147 

Preparation of the supramolecular hybrid assemblies 148 

General remarks. Gold nanoparticles (AuNPs) were prepared according to a slightly modified 149 

literature procedure through chemical reduction of gold precursor by citric acid.49 Briefly, to a 150 

hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) solution ([Au3+] = [Au] = 0.15 mM) at 151 

reflux, citric acid (7.8mM) was added under stirring till color change from pale yellow to purple, 152 

indicating the formation of the metallic nanoparticles. All SC16SH nanoassemblies ([SC16SH] = 153 

50 µM) were prepared by hydration of organic film of SC16SH with ultrapure water in CH2Cl2, 154 

ultrasonication (20 min) by microtip probe (power 35%) at 4°C (UW 2070 SONOPULS, Bandelin 155 

Electronic, Berlin, Germany) and equilibration at r.t.  156 

Preparation of SC16SH/DA nanoassemblies. SC16SH/DA nanoassemblies were prepared at 1:1 157 

molar ratio ([SC16SH] = [DA] =50 µM). An amount of SC16SH stock solution in CH2Cl2 (1 158 

mg/mL) was evaporated to obtain a film which was hydrated with DA aqueous solution (2 mL, 50 159 

M). The dispersion was sonicated (20 min) by probe sonicator in an ice bath, equilibrated for 20 160 

min at r.t and utilized as prepared or by further dilution. As a comparison, SC16SH/DA assemblies 161 

at various concentration ([SC16SH] = [DA] = 1 and 10 M) were prepared. Host-guest 162 

competition experiments were carried out by addition of 1-adamantanemethylammonium chloride 163 

(100, 200 M and 1 mM) to SC16SH/DA ([SC16SH] = [DA] = 50 M) aqueous dispersion.  164 

Preparation of AuNPs@SC16SH and AuNPs@SC16SH/DA assemblies AuNPs@SC16SH and 165 

AuNPs@SC16SH/DA hybrid assemblies were prepared in aqueous solution (V = 2 mL) by mixing 166 

AuNPs (V = 1 mL, [Au] = 0.15 mM,) with an aqueous dispersion of SC16SH nanoassemblies or 167 

with preformed SC16SH@DA (see above) in order to have a final aqueous dispersion with [Au] 168 

= 75 M (  15 µg/mL) and [SC16SH] = [DA] = 1 M (SC16SH  3.4 µg/mL, DA  0.19 µg/mL).  169 
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All the assemblies were centrifuged with an Amicon® centrifugal filter (MW cut-off 3 kDa, 10 170 

min, 13800 x g) to remove eventual reactants or DA in excess and the material in the filter was 171 

resuspended in 0.1 M phosphate buffer for cyclic voltammetry (CV) measurements. 172 

DA release experiments. A 5 L aliquot of a 0.01 M stock solution of dithiothreitol (DTT) in 173 

water was added to 500 L of freshly prepared AuNPs@SC16SH/DA ([DA]= 1 µM). After 174 

shacking for 30 min, the assemblies were filtered with an Amicon® centrifugal filter (MW cut-off 175 

3000, 10 min, 13800 x g) to remove DTT in excess. The filtrate was discarded and the material in 176 

the filter was diluted again to 500 L with 0.1 M phosphate buffer pH 7.4. A portion of the sample 177 

(80 L) was then analyzed by cyclic voltammetry. To 400 L of the above dispersion, Brij® S20 178 

(4 L) was added and the sample was gently shacked for 30 minutes. Immediately after mixing, 179 

80 L of the sample were taken and filtered with an Amicon® centrifugal filter (MW cut-off 3 180 

kDa, 10 min, 13800 x g). The filtrate, containing released DA, was diluted back to 80 L with 0.1 181 

M phosphate buffer pH 7.4, analyzed by cyclic voltammetry and discarded. This process was made 182 

after 5, 10, 20 and 30 minutes of mixing. Above 30 minutes, no significant increase in the DA 183 

redox signal was observed. The percentage of released DA (DA%) (mg of released DA/mg of 184 

initial amount of DA  100) in the SC16SH/DA and AuNPs@SC16SH/DA nanoassemblies were 185 

estimated by dividing the current at 0.4 V in the filtrate after 20 minutes of Brij® S20 treatment 186 

with that of a 1 µM DA solution in 0.1 M phosphate buffer pH 7.4 after subtracting the baseline. 187 

 188 

NMR and MALDI-TOF characterization. 1H and 13C-NMR spectra were obtained on a Varian 189 

Unity Inova 500MHz spectrometer at room temperature (r.t.  25°C). The chemical shifts (δ) are 190 

expressed in ppm. gHSQCAD experiments were performed using Varian standard pulse 191 

sequences. UV/Vis spectra were collected using a Hewlett- Packard mod. 8453 diode array 192 

spectrophotometer, using quartz cells with 1 cm path length (d). The MALDI-TOF mass spectra 193 

were recorded using a Perseptive Voyager DE instrument equipped with a nitrogen laser (emission 194 

at 337 nm for 3 ns) and a flash AD converter (500 MHz) (see SI for details).50, 51  195 

 196 

Transmission electron microscopy (TEM). TEM analyses were carried out with a JEOL JEM 197 

2010 analytical electron microscope (LaB6 electron gun) operating at 200 kV and equipped with a 198 
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Gatan 794 Multi-Scan CCD camera for digital imaging. TEM samples were prepared by dispersing 199 

the sample in isopropanol solution under ultrasonic agitation and placing a drop of the solution on 200 

400 mesh holey carbon coated copper grids. AuNPs, SC16SH and AuNPs@SC16SH 201 

nanoassemblies size distribution was obtained by acquiring TEM images at low magnification 202 

randomly throughout the sample and measuring the sizes of more than 500 particles from the 203 

corresponding TEM images. 204 

 205 

Electrochemistry. Electrochemical measurements were performed on a PC controlled 206 

PGSTAT12 Autolab potentiostat (EcoChemie, The Netherlands) using carbon screen-printed 207 

electrodes (SPEs, from DropSens SL, Oviedo, Spain). These electrodes integrate a 4 mm carbon 208 

working electrode, a carbon counter electrode and an Ag/AgCl reference electrode in a ceramic 209 

support. Before use, the SPEs were pre-treated in sulfuric acid solution (1 M) with three potential 210 

cycles in the range 0-1.6 V at 50 mV/s scan rate, washed thoroughly with MilliQ water and dried 211 

with nitrogen. The solutions (~80 µL) were placed over the SPEs positioned horizontally and 212 

analyzed by cyclic voltammetry in the potential range -0.2 V to +0.6 V vs. Ag/AgCl. 213 

 214 

 215 

3. RESULTS AND DISCUSSION 216 

3.1.Synthesis and characterization of novel thiolated amphiphilic cyclodextrin (SC16SH) 217 

The novel amphiphilic -cyclodextrin SC16SH, bearing prevalently one thiol group at the end 218 

of an oligoethylene glycol chain per CyD unit, was obtained in a multi-step synthesis (Figure 1A) 219 

starting from the commercial -cyclodextrin (1). As previously reported, a perbromination reaction 220 

at C6 of 1 was carried out with N-bromosuccinimide and triphenylphosphine, leading to heptakis-221 

(6-bromo-6-deoxy)--cyclodextrin 2.46 Then, the thioether 348, 52 was prepared by nucleophilic 222 

displacement reaction, in the presence of 1-hexadecanethiol and potassium tert-butoxide. The 223 

subsequent grafting of polyethylene glycol at the secondary rim was performed in tetra-N-224 

methylurea, using ethylene carbonate and K2CO3, yielding the amphiphilic -cyclodextrin 4 225 

(SC16OH). The unprecedented iodination of oligoethylene glycol chains of SC16OH was carried 226 

out with N-iodosuccinimide and triphenylphosphine in anhydrous DMF at 100°C, to obtain 227 
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prevalently the mono iodinate compound 5 (SC16I). Nevertheless, considering the synthetic route, 228 

the formation of less abundant multi iodinate species cannot be ruled out. After purification by 229 

size-exclusion chromatography, SC16I reacted with thiourea to replace the terminal iodine on the 230 

oligoethylene glycol chains with -SH groups, leading to the thiolated compound 6 (SC16SH) 231 

(Figure 1A). 232 

The new products were fully characterized by spectroscopic methods (1H-NMR, 13C-NMR, 233 

HSQC experiments; Figures 1B and S1-S6) and MALDI-TOF MS analyses (Figure 2). After 234 

iodination, a characteristic signal appears in 13C NMR spectrum at 3.00 ppm (Figure S2), as 235 

expected for the -CH2I. After reaction with thiourea, that signal disappears and a new one can be 236 

detected at 39.2 ppm, attributed to the -CH2SH, supporting the complete iodine to SH conversion. 237 

Moreover, the iodination in cyclodextrin 5 and the presence of the –SH group in 6 were further 238 

confirmed by HSQC experiments (Figures S3 and S6). Specifically, Figure 1B shows a 239 

magnification of SC16SH HSQC spectrum highlighting the crosspeak between the resonance at 240 

2.67 ppm in the 1H NMR spectrum (top projection) and the signal at 39.2 ppm in the 13C NMR 241 

spectrum (left side projection), attributed to the -CH2SH group. Nevertheless, considering the 242 

synthetic procedure and the complexity of the spectrum, the presence of a mixture of mono- (the 243 

most abundant) and multi-thiolated species could be considered. 244 

 245 
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Figure 1. A) Multi-step synthesis of amphiphilic cyclodextrins SC16I and SC16SH. a) Ph3P, NBS, dry 246 

DMF, 65°C; b) C16H33SH, t-BuOK, dry DMF, 80°C; c) K2CO3, ethylene carbonate, tetra-N-methyl urea, 247 

150°C; d) Ph3P, NIS, dry DMF, 100°C; e) thiourea, dry DMF, 70°C. B) Magnification of HSQC spectrum 248 

of SC16SH, showing –CH2SH crosspeak. 249 

 250 

The structure of the samples 4, 5, 6 was also confirmed by means of MALDI-TOF MS experiments 251 

(Figure 2). In particular, the mass spectrum of 4 showed a molecular mass distribution in the range 252 

2750-4000 Da, with the most abundant peak at about 3391 Da (Mw = 3330 Da and Mn = 3240 253 

Da, see SI for details) and consisted mainly of a series of peaks (Figure 2a) at m/z 3039 + n*44 254 

(range n = 5-18; n = sum of ethylene glycol repetitive units in the oligomeric chains), 255 

corresponding to molecular ions of 4, detected as [M]K+.  256 

The mass spectrum of 5 showed molecular mass distribution in the range 2750-4000 Da, with the 257 

most abundant peak at about 3501 Da (Mw = 3390 Da and Mn = 3340 Da) (Figure 2b) and 258 

consisted mainly of a series of peaks at m/z 3149 + n*44 (range n = 5-18; n = sum of ethylene 259 

glycol repetitive units in the oligomeric chains), corresponding to molecular ions of 5, detected as 260 

[M]K+, having Iodine as end-group in one ethylene glycol oligomeric branch. Nevertheless, 261 

considering the synthetic route and the presence of a more complex peaks cluster, the formation 262 

of less abundant species bearing multi iodinate oligoethylene glycol chains cannot be excluded. 263 

The mass spectrum of 6 showed a molecular mass distribution in the range 2750-4000 Da, with 264 

the most abundant peak at about 3407 Da (Mw = 3240 Da and Mn = 3170 Da) and consisted 265 

mainly of a series of peaks (Figure 2c) at m/z 3055 + n*44 (range n = 5-18; n = sum of ethylene 266 

glycol repetitive units in the oligomeric chains), corresponding to molecular ions of 6, detected as 267 

[M]K+, having -SH as end-group in one ethylene glycol oligomeric branch. Due to the presence of 268 

multi iodinated chains in compound 5, the formation of multi thiolated species in 6 cannot be 269 

excluded.  270 

To further confirm the presence of sulfhydryl-reactive chemical groups, a typical maleimide-thiol 271 

coupling reaction was performed in-situ by adding a water solution of maleimide to SC16SH 272 

(Scheme S1). The mixture was stirred for 2 h and the dried sample, without purification, was 273 

analysed by MALDI-TOF. The mass spectrum of the thiosuccinimide derivative 7 (SC16S-mal) 274 

showed a series of peaks (Figure 2d) at m/z 3152 + n*44 (range n = 5-18), shifted forward, respect 275 

to SC16SH, by 97 amu (molecular weight of maleimide), corresponding to molecular ions of 7 276 
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having the newly formed succinimide ring as end-group in ethylene glycol oligomer branch 277 

(Scheme S1) and detected as [M]K+. Moreover, for all the analysed compound, at the most 278 

abundant oligomeric species, the average number of ethylene oxide units (n) resulted equal to 12. 279 

 280 

Figure 2. Positive MALDI-TOF mass spectra of: a) SC16OH (4); b) SC16I (5); c) SC16SH, (6); 281 

d) SC16S-mal (7). For sake of clarity, only more abundant oligomeric species are labelled. 282 

 283 

3.2. Supramolecular hybrid assemblies preparation and characterization 284 

3.2.1. Hybrid Assemblies based on Thiolated -Amphiphilic CyD decorated- Gold Colloids 285 

(AuNPs@SC16SH)  286 
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Hybrid assemblies based on AuNPs@SC16SH were prepared by capping reaction of SC16SH ( 287 

1 µM) on AuNPs ([Au] = 75 M) in aqueous solutions at Au/SC16SH w/w ratio of about 4.4 by 288 

slightly modifying the already reported capping reaction with cationic ACyD.29 The UV/Vis 289 

spectrum of AuNPs showed the characteristic plasmon resonance band centred at 526 nm (Figure 290 

3, trace a). By capping AuNPs with SC16SH, the appearance of a broad band at around 640 nm, 291 

accompanied by a decrease of the 526 nm band, was observed (Figure 3, trace b). Both these 292 

features became more relevant over the time (within 24 h), even if no changes and no precipitation 293 

occurred after one week, indicating a good stability of the colloidal construct (Figure 3, trace c, d). 294 

Moreover, by replacement of citrate on AuNPs with hydrophobic thiolates, precipitation could 295 

occur.53 Therefore, a precise dosage of the amount of thiolated CyD (≤ 1 µM) was required to get 296 

water dispersible and stable SC16SH-capped AuNPs. 297 

 298 

Figure 3. UV/Vis spectra of AuNPs (trace a), AuNPs@SC16SH at t=0 (trace b), t= 24 h (trace c) 299 

and t= 7 days (trace d). Experimental conditions: [SC16SH] = 1 M, d= 1 cm, r.t. 300 

 301 

TEM micrographs on SC16SH (Figure 4A) showed nanoassemblies of vesicular aspect in 302 

agreement with previous results;12, 26, 28, 40 particle size distribution analyses showed an average 303 

diameter of about 70-80 nm (inset of Figure 4A). By inspecting nanoassemblies at higher 304 

magnification, a high tendency to form multilayer vesicles was observed (Figures 4B and 4C). 305 

This behaviour was ascribed to the interdigitated packing between thiohexadecyl chain on primary 306 

rim of opposite CyDs (see Scheme 1).54 However, also interlayers interactions could take place 307 
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between external hydrophilic chains on CyD secondary rims by oligoethylene glycol 308 

entanglements and/ or disulfuric bridges formation by -SH ends groups coupling. 309 

 310 

TEM of starting AuNPs dispersion typically showed NPs of 20-30 nm (Figure S7). 311 

AuNPs@SC16SH hybrid assemblies (Figure 5) revealed a slight clustering of the AuNPs covered 312 

by two or even more layers of thiolated amphiphilic cyclodextrin (Figures 5 B-E). Plausibly, deep 313 

interdigitated SC16SH bi- (about 2.7 nm tick film) or four-layers (about 5.0 nm) were present on 314 

the metallic surface due to the high affinity of thiol functionality towards AuNPs.43, 53 Overall, it 315 

was possible to distinguish the single AuNPs@SC16SH nanoassembly with an average diameter 316 

of about 20-30 nm (inset of Figure 5A) and their bunches clusters of 150-300 nm  317 

 318 

Figure 4. Representative TEM micrographs of SC16SH vesicles (A, low magnification) with particle size 319 

distribution (inset of A) and focus on SC16SH vesicles multilayers (B and C, high magnification). 320 

  321 
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 322 

Figure 5. Representative TEM images of AuNPs@SC16SH (A, low magnification) with particle size 323 

distribution (inset of A). B-E: focus at high magnification on SC16SH bi- and multilayer covering AuNPs 324 

(C and E are further magnified images of B and D, respectively). 325 

 326 

3.1.2. Supramolecular complexes with dopamine (AuNPs@SC16SH/DA), controlled release and 327 

detection by electrochemistry  328 

SC16SH/DA and AuNPs decorated with thiolated ACyD/dopamine assemblies 329 

(AuNPs@SC16SH/DA) were prepared in aqueous solution.  330 

The complexation of dopamine was studied by electrochemistry. Figure 6a reports the cyclic 331 

voltammograms (CV) of DA in phosphate buffer solution (pH 7.4) at different concentrations 332 

before and after its interaction with SC16SH. At 50 M of DA, a quasi-reversible response is 333 

observed, centered at 0.29 V vs. Ag/AgCl with a peak-to-peak separation of 190 mV corresponding 334 

to the oxidation and reduction processes of DA. Upon interaction with SC16SH, the peaks 335 

decreased in intensity and the peak-to-peak separation increased to 255 mV. This was consistent 336 

with the entrapment of DA in SC16SH that reduced the diffusion coefficient due to its high 337 

molecular weight, decreasing the current and partially hindering the electron transfer process of 338 

DA, resulting in an increase of the peak-to-peak separation. The effect is observed over a large 339 
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concentration range (1 – 50 M). In the presence of increasing concentrations of 1-340 

adamantanemethylammonium chloride (up to 200 M), the DA signal is partly restored (Figure 341 

6b) indicating the competition of the adamantane moiety for the cyclodextrin cavities resulting in 342 

a displacement of DA. However, by considering the partial displacement of DA by adamantane 343 

derivative, a strong interaction of DA with SC16SH can be supposed.  344 

 345 

 346 

Figure 6. a) Cyclic voltammograms of DA (solid lines) and SC16SH/DA (dotted lines) at different 347 

concentrations of DA. b) Cyclic voltammograms of 50 M DA (trace i), SC16SH/DA (trace ii), and after 348 

addition of 1-adamantanemethylammonium chloride (100 M, trace iii and 200 M, trace iv). Experimental 349 

conditions: Supporting electrolyte: 0.1 M phosphate buffer pH 7.4. Scan rate: 100 mV/s. 350 

 351 
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The interaction of AuNPs with SC16SH/DA to form AuNPs@SC16SH/DA was confirmed by a 352 

further decrease in signal intensity of the CV of DA and an increase of peak-to-peak separation up 353 

to 262 mV (Figure 7a).  354 

 355 

 356 

Figure 7. a) Cyclic voltammograms of DA (1 µM) before (trace i) and after interaction with SC16SH 357 

(SC16SH/DA, trace ii) and AuNPs (AuNPs@SC16SH/DA, trace iii). b) Cyclic voltammograms of 358 

AuNPs@SC16SH/DA before (trace i), after addition of DTT (0.1 mM) (trace ii), and after treatment with 359 

Brij® S20 (1%) for 30 minutes (trace iii). The inset shows the peak current at 0.4 V as function of time. 360 

Experimental conditions: SC16SH/DA and AuNPs@SC16SH/DA were both prepared at [SC16SH] = [DA] 361 

= 1 µM. Supporting electrolyte: 0.1 M phosphate buffer pH 7.4. Scan rate: 100 mV/s. 362 

 363 

Dithiothreitol (DTT) is widely used for displacing ligands from their gold nanoparticle conjugates, 364 

a crucial action for differentiating bound functional moieties.55 DTT is a small molecule and should 365 

penetrate the corona assembly on AuNPs, linking to the Au surface by its two highly affine thiol 366 
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groups displacing other ligands from surface binding sites. Addition of DTT to 367 

AuNPs@SC16SH/DA provoked a slight increase of the peak current accompanied by a significant 368 

improvement of the reversibility of the DA redox process (Figure 7b, trace ii). This was tentatively 369 

ascribed to the competition of DTT for the Au-S sites in AuNPs@SC16SH/DA causing the 370 

detaching of SC16SH/DA complex, a process that could mimic, in principle, reductase enzymes 371 

in biological sites.56, 57 To finally release DA from SC16SH/DA assembly, the non-ionic surfactant 372 

Brij® S20 was used to emulate the action of lipids on cell membranes for modulating drug 373 

permeability.58, 59  374 

Five identical portions of the SC16SH/DA system were treated with the surfactant and filtered 375 

using a 3 kDa centrifugal filter right after treatment and after given periods of time. CV analysis 376 

of the filtrate immediately after addition showed a lack of DA signals, confirming the entrapment 377 

of DA in the SC16SH assembly (Figure S8). As time evolved, the peak current increased steadily 378 

to remain essentially constant after 20 min (Figure 7b, trace iii), pointing out the DA release over 379 

the time (inset of Fig. 7b). The percentage of released DA (DA %), estimated from the ratio 380 

between the anodic current at 0.4 V after treatment with Brij® with respect to a 1 µM DA stock, 381 

were 67, 71 and 78% in three separate experiments, with an average value of 72% of released DA. 382 

Scheme 2 shows a sketched view of the supposed dopamine release stimulated by DTT and 383 

digestion agent. 384 

 385 
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Scheme 2: Sketched view of dopamine release upon redox (DDT) and digestion agent (Brij S20) 386 

external stimuli.  387 

Our strategy, which entails the self-assembly of hybrid nanovesicles and neurotransmitters, 388 

could be further explored to investigate their clustering with biological membranes or extracellular 389 

vesicles in order to elucidate physico-chemical parameters (i.e. nanomechanical features)4 in cell 390 

uptake and drug release mechanisms. Further in vitro studies on real samples taking into account 391 

the influence of proteins and ionic strength on the release mechanism are currently underway. 392 

 393 

4. CONCLUSIONS 394 

In conclusion, we proposed a nanoconstruct based on gold colloids decorated with a new thiolated 395 

amphiphilic cyclodextrin complexing dopamine prepared by a green capping reaction in aqueous 396 

solution. The AuNPs@SC16SH hybrid system forms nanoassemblies of about 20-30 nm and 397 

larger aggregates in which bi- or multilayer of amphiphilic cyclodextrin cover AuNPs. The hybrid 398 

system strongly entraps DA in aqueous medium, as proved through electrochemical detection by 399 

the reduction of diffusion coefficient due to its high molecular weight vs free DA. This property 400 

decreases the current, partially hindering the electron transfer process of DA, resulting in an 401 

increase of the peak-to-peak separation. Finally, our hybrid nanoassemblies based on 402 

AuNPs@SC16SH/DA served as stimuli-responsive delivery system able to release the 403 

neurotransmitter in biologically relevant medium upon combined action of agents (i.e. DTT and 404 

surfactants) leading to release about 70 % of free DA in 30 min. In perspective our findings could 405 

lay the groundwork to further investigate redox-responsive thiol-dependent drug delivery systems 406 

targeting dopaminergic neurons for the controlled release of dopamine, contributing to the design 407 

of novel therapeutic approaches for treating Parkinson’s disease. Moreover, our plasmonic 408 

nanovesicles can be further investigated to elucidate their interaction with biological membranes 409 

and extracellular vesicles. Studies in in vitro models following this direction are in due course in 410 

our laboratories. 411 
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