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Abstract

Supramolecular chemistry provides a versatile tool for the organization of molecular systems into 

functional structures and the actuation of these assemblies for applications through the reversible 

association between complementary components. Application of this methodology in living 

systems represents a significant challenge due to the chemical complexity of cellular environments 

and lack of selectivity of conventional supramolecular interactions. Herein, we present a host-

guest system featuring diaminohexane-terminated gold nanoparticles (AuNP-NH2) and 

complementary cucurbit[7]uril (CB[7]). In this system, threading of CB[7] on the particle surface 

reduces the cytotoxicity of AuNP-NH2 through sequestration of the particle in endosomes. 

Intracellular triggering of the therapeutic effect of AuNP-NH2 was then achieved via the 

administration of 1-adamantylamine (ADA), removing CB[7] from the nanoparticle surface and 

triggering the endosomal release and concomitant in situ cytotoxicity of AuNP-NH2. This 

supramolecular strategy for intracellular activation provides a new tool for potential therapeutic 

applications.

Supramolecular chemistry uses non-covalent interactions to provide controlled assembly of 

molecular building blocks. 1, 2, 3, 4, 5, 6 By virtue of reversible noncovalent interactions 

(e.g. hydrogen bonding, ion-ion, pi-pi stacking and van der Waals interactions), 

supramolecular complexes are inherently dynamic in nature and highly selective toward 

other complementary guest molecules through these various weak and reversible 

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
*rotello@chem.umass.edu.
†These authors contributed equally to this work
Author contributions
C.K., S.S.A. and V.M.R. conceived and designed the experiments. C.K., S.S.A. and Z.Z performed the experiments. C.K., S.S.A., 
Z.Z., L.I. and V.M.R. analyzed the data. C.K., S.S.A., Z.Z., and V.M.R. wrote the paper.

Supplementary Information
Synthesis of diaminohexane-terminated thiol ligand, construction of AuNP-NH2, MALDI-MS characterization, ICP-MS sample 
preparation and other characterization methods.

Competing financial interests
None

HHS Public Access
Author manuscript
Nat Chem. Author manuscript; available in PMC 2011 May 01.

Published in final edited form as:
Nat Chem. 2010 November ; 2(11): 962–966. doi:10.1038/nchem.858.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interactions.7 As a result of the modularity and the reversibility, supramolecular systems can 

be engineered to assemble and disassemble spontaneously in response to a range of triggers.

2, 1, 8

The versatility of supramolecular chemistry makes this strategy a promising tool for 

biomedical science. A number of host-guest supramolecular systems (e.g. nanovalves and 

artificial molecular machines) have been reported for the delivery of drugs and other 

therapeutic materials. 9, 10, 11 The engineering of such systems has been achieved 

principally through the design of molecular recognition partners, thereby fine tuning the 

molecular recognition event to meet the demands of specific applications. A number of 

synthetic receptors including cucurbit[n]uril (CB[n]),9, 12 cyclodextrins,13, 14 cyclophanes,

15 calixarenes,16 and crown ethers17,18 have been used for this purpose. Of these host 

systems, the cucurbit[n]uril (CB[n]) family of macrocyclic receptors is particularly useful 

due to their well defined structure and recognition properties coupled with their ability to 

form stable host-guest inclusion complexes with a wide variety of guest molecules in 

aqueous media.19, 20, 21 This capability has been exploited for the creation of delivery 

vectors, including the encapsulation of platinum drugs inside the cavity of CB[7] to increase 

the stability of the drugs in biological environments.22, 23, 24,25 In another example, the 

strong affinity of spermine towards CB has been utilized to tailor a DNA delivery vector for 

enhanced transfection efficiency and target specificity.26, 27 In these systems, the properties 

of the guest molecule have been modified as a result of the supramolecular complexation 

with the host molecules, enhancing delivery properties.

In addition to modification of molecular properties, supramolecular chemistry provides the 

capability of actuation.9, 11, 28, 29 Engineering of host-guest systems to function inside the 

cell provides a potentially powerful strategy for the regulation of therapeutics. We present 

here a supramolecular system featuring complementary diaminohexane-terminated gold 

nanoparticles (AuNP-NH2) and cucurbit[7]uril (CB[7]) that form a non-toxic assembly that 

is readily taken up by the cells (Fig. 1). This host-guest complex can be disassembled 

intracellularly by the orthogonal guest molecule 1-adamantylamine (ADA) that features a 

very high affinity to CB[7]. Intracellular removal of CB[7] from the nanoparticle surface 

results in a endosomal escape by the AuNP-NH2, thereby activating the cytotoxicity of 

AuNP-NH2 and hence inducing cell death (Fig. 1). This result presents a new strategy for 

triggering therapeutic systems through the use of competitive interactions of orthogonally 

presented guest molecules, with immediate advantages in dosage control and potential utility 

for dual-targeting therapies.

Results and discussion

The therapeutic component of the system is provided by AuNP-NH2 (2.5 ± 0.4 nm core 

size) featuring a self-assembled monolayer of diaminohexane terminated thiol ligands (Fig. 

1a).30 The terminal diaminohexane moiety both renders the particle cytotoxic (vide infra) 

and serves as a recognition unit for the formation of host-guest inclusion complex with 

CB[7]. The association constant of this diamine-CB[7] complexation process is ~ 108 M−1 

and the complex has been shown to be stable under biological conditions.24, 31, The 

complexation between AuNP-NH2 and CB[7] was investigated using NMR titration 
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experiments as shown in Fig. 2. As the ratio of CB[7]/ AuNP-NH2 increases, the peaks for 

the methylene groups of AuNP-NH2-CB[7] are shifted upfield relative to those of AuNP-

NH2. This behavior indicates that terminal diaminohexane units were encapsulated inside 

the shielding zone of CB[7] cavity as AuNP-NH2-CB[7] complex forms. 32 At the ratio of 

1:40 (AuNP-NH2:CB[7]), the signal shift of the methylene groups was completely saturated, 

revealing the number of CB[7] around a single nanoparticle is ~40. According to the 

thermogravimetric analysis (TGA), the number of diaminohexane-terminated ligands on a 

single nanoparticle estimated is ~43 (Supplementary Information Fig. S7), indicating almost 

complete encapsulation of diaminohexane units by CB[7].

The AuNP-NH2-CB[7] complex was further characterized through transmission electron 

microscopy (TEM) as shown in Fig. 2b. TEM images taken after uranyl acetate staining 

showed that each gold nanoparticle was encapsulated by CB[7]. The average overall 

diameter of the nanoparticles calculated from the TEM image of AuNP-NH2-CB[7] is 11.4 

± 0.8 nm, which is in good agreement with the hydrodynamic diameter observed by DLS 

experiment (12.1 ± 0.8 nm). In addition, no size change or aggregation of nanoparticles was 

observed from UV-Vis spectra of the nanoparticles, indicating no morphological change 

after complexation (see Supplementary Information Fig. S4).

The competitive unsheathing of the AuNP-NH2-CB[7] complex by ADA (commonly used 

as an antiviral or anti-Parkinsonian drug 33, 34, 35) was confirmed using NMR and matrix-

assisted laser desorption/ionization mass spectroscopy (MALDI-MS). Addition of ADA 

triggered the release of CB[7] from nanoparticles through creation of the more favorable 1:1 

ADA-CB[7] complexes (Ka = 1.7 × 1012).31 As expected, the shifted resonance signals of 

the methylene groups of the ligands induced by complexation with CB[7] were fully 

recovered as soon as ADA was added (see Supplementary Information Fig. S2). In MALDI-

MS, the AuNP-NH2 and AuNP-NH2-CB[7] exhibit characteristic ion peaks at m/z 479.44 

and 1641.8 respectively, corresponding to the molecular ion (M+) of [HS-NH2] and [HS-

NH2-CB[7]]. After addition of ADA, the ion peak of [HS-NH2-CB[7]] disappeared and a 

new peak of [ADA-CB[7]] appeared, indicating efficient complexation/decomplxation 

process (see Supplementary Information Fig. S3).

The cellular uptake of the nanoparticles was quantified using inductively coupled plasma 

mass spectrometry (ICP-MS). ICP-MS analysis revealed that the total amount of the 

nanoparticles taken up by the cells was nearly identical for AuNP-NH2 and AuNP-NH2-

CB[7] (Fig. 3). TEM analysis of the cells was employed to evaluate the impact of CB[7] 

complexation on the intracellular fate/localization of the nanoparticles. As shown in 

Supplementary Information Fig. S5a and S5b, after 3 h incubation, both AuNP-NH2 and 

AuNP-NH2-CB[7] are trapped within vesicular structures morphologically consistent with 

endosomes. This observation is consistent with the behavior observed with other cationic 

nanoparticles, as reported in our previous work.36, 37 After 24 h of incubation, however, 

AuNP-NH2 particles had escaped from the endosome and were dispersed in the cytosol (Fig. 

4a). In contrast, AuNP-NH2-CB[7] particles remained sequestered in the endosome with no 

free particles observed in the cytosol. (Fig. 4b and Supplementary Information Fig. S6) after 

the same period. Significantly, incubation of AuNP-NH2-CB[7]-treated cells with ADA for 

24 h resulted in the escape of a substantial number of particles into the cytosol (Fig. 4c), 
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consistent with intracellular transformation of AuNP-NH2-CB[7] to AuNP-NH2 via 

dethreading.

Polyamine functionalized macromolecules 38, 39, 40 and nanoparticles 41, 42, 43, 44 

interact strongly with cell membranes and subcellular compartments, resulting in membrane 

disruption and cytotoxicity. Complexation of AuNP-NH2 with CB[7] should attenuate the 

positive charge of the particle surfaces, reducing the ability of the particles to disrupt 

membranes (including the endosomal) and hence lower toxicity. The cytotoxicity of AuNP-

NH2 and AuNP-NH2-CB[7] was investigated in the human breast cancer MCF-7 cell line 

using an Alamar blue assay. The AuNP-NH2-CB[7] complex was substantially less toxic as 

compared to AuNP-NH2. After 24 h incubation, AuNP-NH2 exhibited cytotoxicity with 1.3 

μM of IC50 value (Fig. 5a). On the other hand, AuNP-NH2-CB[7] complex did not inhibit 

cell proliferation at concentrations ≤ 50 μM under the same experimental conditions, 

presumably arising from sequestration of the particle in the endosome. Significantly, when 

the free thiol ligand was added to the cells at concentrations consistent with those used in the 

study (80 μM, corresponding to the same per-ligand concentration as 2 μM nanoparticle) 

toxicity was observed with both threaded and unthreaded ligand, demonstrating the 

modulation of ligand toxicity on the particle.

Given the observed intracellular dethreading of AuNP-NH2-CB[7] with ADA and 

concomitant release from the endosome, the endosomal escape of the nanoparticles after 

ADA treatment raises the possibility that toxicity of the AuNP-NH2-CB[7] complex can be 

triggered by ADA. To test this hypothesis MCF-7 cells were incubated with 2 μM of AuNP-

NH2-CB[7] in culture medium for 3h, to allow endocytosis of nanoparticles.45 Cells were 

then washed three times with PBS buffer, and then ADA was added to the culture medium. 

Cells were then incubated for an additional 24 h. Cells treated with AuNP-NH2 and AuNP-

NH2-CB[7] alone exhibited 34 % and 100 % cell viability after 24 h incubation, respectively 

(Fig. 5b). Treatment with 0.4 mM ADA led to 40 % cell viability, approaching the level of 

lethality observed for the AuNP-NH2 control (Fig. 5b). The result indicates that ADA acts as 

an effective trigger for the competitive release of CB[7] from particles within the cell, with 

attendant activation of cytotoxicity.

In summary, we have demonstrated the use of synthetic host-guest chemistry to provide 

triggered activation of a therapeutic system via competitive complexation. This approach 

provides a potential strategy for the construction of synthetic host-guest supramolecular 

systems capable of complex and sophisticated behavior within living cells. Triggering 

therapeutic systems through the use of competitive interactions of orthogonally presented 

guest molecules can be potentially useful for dual-targeting therapies, i.e. targeting of both 

host and guest component. This provides the potential for orthogonal (“effector/trigger”) 

drug delivery and therapeutic activation46, 47 that would be capable of achieving higher 

levels of site specific activity, and reduced amounts of collateral damage. Currently, we are 

exploring this strategy in vivo and thoroughly considering issues (e.g. the practical use of 

ADA) related to the real-world application of this system.
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METHODS

Synthesis of AuNP-NH2 and ICP-MS sample preparation are described in supplementary 

information. 1H NMR spectra of the nanoparticles and the complexes were recorded on a 

Bruker AVANCE 400 at 400 MHz. MALDI-MS analyses were performed using a Bruker 

Omniflex time-of-flight mass spectrometer. UV-Vis spectra were recorded on Hewlett-

Packard 8452A spectrophotometer. Dynamic light scattering (DLS) was measured by 

Zetasizer Nano ZS.

MCF-7 cells were grown in a cell culture flask using low glucose Dulbecco’s Modified 

Eagle Medium supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified 

atmosphere of 5% CO2. For cytotoxicity tests involving AuNP-NH2 and AuNP-NH2-CB[7], 

MCF-7 cells were seeded at 20,000 cells in 0.2 ml per well in 96-well plates 24 h prior to the 

experiment. During experiment old media was replaced by different concentrations of 

AuNP-NH2 and AuNP-NH2-CB[7] in serum containing media and the cells were incubated 

for 24 h at 37°C in a humidified atmosphere of 5 % CO2. The cells were then completely 

washed with PBS buffer for three times and 10% Alarmar blue in serum containing media 

was added to each well and further incubated at 37 °C for 4 h. The cell viability was then 

determined by measuring the fluorescence intensity at 570 nm using a SpectraMax M5 

microplate spectrophotometer. Curves were fitted by DoseRep function in Origin 8. For 

measuring cytotoxicity of AuNP-NH2-CB[7] upon adding ADA, MCF-7 cells were seeded 

at 20,000 cells per well in 96-well plate 24 h prior to the experiment. The old medium was 

replaced by 2 μM of AuNP-NH2-CB[7] in medium containing serum and incubated for 3h. 

The cells were then completely washed with PBS buffer for three times and different 

concentration (0, 0.2 and 0.4 mM) of ADA in serum containing media was added to the cells 

and further incubated at 37 °C for 24 h. The cell viability was then determined by using 

Alamar blue assay.

TEM samples of nanoparticles were prepared by placing one drop of the desired 

nanoparticles solution (1~3 μM) on to a 300-mesh Cu grid coated with carbon film, followed 

by 2 % of uranyl acetate staining for 15 min. These samples were analyzed and 

photographed using JEOL 100S electron microscopy. For a preparation of cellular TEM 

samples, MCF-7 cells were seeded and incubated on 15 mm diameter Theramanox® 

coverslips (Nalge Nunc International, NY) placed in 24 well plates at amount of 100,000 

cells in 1 ml of serum containing media for 24 h prior to the experiment. The media was 

replaced by 0.5 ml of 2 μM AuNP-NH2 or AuNP-NH2-CB[7] in serum containing media 

and incubated for 24 h. The medium containing the gold nanoparticles was then discarded 

and the cells were completely washed with PBS buffer for three times. The cells were then 

fixed in 2 % glutaraldehyde with 3.75 % sucrose in 0.1 M sodium phosphate buffer (pH 7.0) 

for 30 min and then washed with 0.1 M PBS containing 3.75% sucrose three times over 30 

min. They were postfixed in 1 % osmium tetroxide with 5 % sucrose in 0.05 M sodium 

phosphate buffer solution (pH 7.0) for 1 hr and the rinsed with distilled water three times. 

They were dehydrated in a graded series of acetone (10 % step), and embedded in epoxy 

resin. The resin was polymerized at 70 °C for 12 h. Ultrathin sections (50 nm) obtained with 

a Reichert Ultracut E Ultramicrotome and imaged under a JEOL 100S electron microscopy. 

For the preparation of TEM samples for the cells treated with AuNP-NH2-CB[7] and 
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subsequent incubation with ADA, pre-seeded MCF-7 cells on 15 mm diameter 

Theramanox® coverslips were treated by AuNP-NH2-CB[7] (2 μM) for 3h. After washing 

three times with PBS buffer, the cells were further incubated with ADA (0.4 mM) in serum 

containing media for 24 h.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of gold nanoparticle and use of intracellular host-guest complexation to 
trigger nanoparticle cytotoxicity
(a) Structure of diaminohexane-terminated gold nanoparticle (AuNP-NH2) and 

cucurbit[7]uril (CB[7]). (b) Activation of AuNP-NH2-CB[7] cytotoxicity by dethreading of 

CB[7] from the nanoparticle surface by ADA.
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Figure 2. NMR titration and TEM of AuNP-NH2-CB[7] complex
(a) The resonance signals for the methylene groups (• and ★) of AuNP-NH2-CB[7] were 

shifted upfield, relatively to those in AuNP-NH2. (b) TEM image of AuNP-NH2-CB[7] 

complex. TEM sample was prepared by placing the desired AuNP-NH2-CB[7] solution (3 

μM) on to a Cu grid coated with carbon film, followed by 2 % of uranyl acetate staining for 

15 min. Increase of electron density of organic layer on nanoparticle after binding with 

CB[7] afford the organic shell of AuNP-NH2-CB[7] enough to be visualized in the TEM 

image. Organic shell on AuNP-NH2 was not observed in the same TEM sample preparation.
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Figure 3. Cellular uptake of the gold nanoparticles
Quantification of the amount of gold present in cells. Samples were analyzed by ICP-MS to 

determine the amount of gold in MCF-7 cell after 3 h incubation with 0.5 μM of AuNP-NH2 

and AuNP-NH2-CB[7]. Both particles showed almost same cellular uptake. Cellular uptake 

experiments with each gold nanoparticle were repeated 3 times, and each replicate was 

measured 5 times by ICP-MS. Error bars represent the standard deviations of these 

measurements.
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Figure 4. Intracellular localization of the gold nanoparticles
TEM images of cross sectional MCF-7 cells incubated for 24 h with 2 μM (a) AuNP-NH2 

and (b) AuNP-NH2-CB[7]. Significant amount of AuNP-NH2 is present in the cytosol, 

however most of the AuNP-NH2-CB[7] seems to be trapped in organelles such as 

endosome. (c) TEM images of cross sectional MCF-7 cells incubated for 3 h with 2 μM of 

AuNP-NH2-CB[7] and then further incubation with ADA for 24 h. In the intracellular 

environment ADA transforms AuNP-NH2-CB[7] to AuNP-NH2, which then escaped from 

the endosome and observed to be dispersed in the cytosol. i, ii and iii are the magnified 

sections from the first panel of part (c).
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Figure 5. Cytotoxicity of AuNP-NH2 and AuNP-NH2-CB[7] and modulating cytotoxicity of the 
gold nanoparticles
(a) Cytotoxicity of AuNP-NH2 and AuNP-NH2-CB[7] measured by Alamar blue assay after 

24 h incubation in MCF-7. IC50 of AuNP-NH2 was 1.3 μM and no cytotoxicity of AuNP-

NH2-CB[7] was observed up to 50 μM. (b) Triggering cytotoxicity using ADA. After 3h 

incubation of AuNP-NH2-CB[7] (2 μM) in MCF-7 cell, different concentrations (0, 0.2 and 

0.4 mM) of ADA in medium added and further incubated at 37 °C for 24 h. The cell 

viability was then determined by using an Alamar blue assay. As controls, cell viability of 

AuNP-NH2 and AuNP-NH2-CB[7] was measured after 24 h incubation (34 % and 100%, 

respectively). Cell viability experiments were performed as triplicate and the error bars 

represent the standard deviations of these measurements.
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