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Synthetic macrocyclic host compounds can interact with suitable guest molecules 
via noncovalent interactions to form functional supramolecular systems. With the 
synergistic integration of the response of molecules and the unique properties at 
the nanoscale, nanoparticles functionalized with the host–guest supramolecular 
systems have shown great potentials for a broad range of applications in the fields of 
nanoscience and nanotechnology. In this review article, we focus on the applications 
of the nanoparticles functionalized with supramolecular host–guest systems in 
nanomedicine and healthcare, including therapeutic delivery, imaging, sensing and 
removal of harmful substances. A large number of examples are included to elucidate 
the working mechanisms, advantages, limitations and future developments of the 
nanoparticle–supramolecule systems in these applications.

Keywords:  healthcare • nanomedicine • nanoparticles • pollutant removals • sensing 
• supramolecular host–guest system • therapeutic delivery

In recent decades, molecular sensing, thera-
peutic delivery and removal of harmful 
substances have been at the core of nano-
medicine and healthcare. For example, the 
increasing amount of industrial pollutants 
in the environment puts human health 
under serious threat, which raises the need 
for harmful substance detection and subse-
quent removal. The effective disease preven-
tion and therapy requires fast, accurate and 
convenient methods for disease diagnosis and 
therapeutic delivery. The rapid development 
of nanotechnology has provided new solu-
tions to these emerging problems by enabling 
the novel nanomaterials and nanosystems 
with superior imaging, sensing, delivery and 
removal functions at the molecular level [1–7].

In particular, nanoparticles and supra-
molecular host–guest systems have attracted 
strong interests for applications in nanomed-
icine and healthcare. The supramolecular 
systems employ the noncovalent interactions 
between guest molecules and host com-
pounds for various biomedical functions such 
as capture and spatial localization of ana-

lytes, and drug and gene encapsulation [8–12]. 
So far, plenty of macrocyclic host molecules, 
including crown ethers [13], calixarenes [14], 
cucurbit[n]urils (CB[n]) [15], cyclodextrins 
(CDs) [16], cyclophanes [17] and pillarenes 
(or pillar[n]arenes) [18], have been applied to 
constitute such supramolecular systems.

Gold and silver nanoparticles exhibit 
remarkable optical and chemical proper-
ties [19–24]. Together with their facile synthe-
sis, biocompatibility and ease of function-
alization, these noble metal nanoparticles 
have already been used in disease diagnosis 
and therapy [25–28]. Magnetic nanoparticles 
(MNPs) have been utilized for tissue repair, 
immunoassays, MRI and cell manipulation 
because of their biocompatibility, superpara-
magnetism and small sizes [29–34]. Meso-
porous silica nanoparticles (MSNs) have 
generated interests as therapeutic delivery 
vehicles [35]. Numerous pore channels pene-
trating through the particles with pore open-
ings on the surfaces of MSNs enable the stor-
age of large amount of drug molecules within 
the MSNs as well as the controlled release of 
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the drug at designated locations in response to external 
stimuli [36–38].

Among the developments of the more sophisticated 
nanosystems for the better applications in nanomedi-
cine and healthcare, the marriage of supramolecular 
host–guest structures and nanoparticles shows great 
promises for enhanced or novel applications [39–41]. For 
example, the macrocyclic host molecules on nanopar-
ticles help enhance multiple biomedical functions, 
such as the permeability of nanoparticles into target 
tissues [42], the recognition of analyte molecules [43], 
and the load of drug molecules on the surfaces [44] or 
within the pores of nanoparticles [37]. On the other 
hand, the nanoparticles offer the largely enhanced 
drug loading capacity and the real-time monitoring of 
therapeutic delivery and therapeutic effectiveness. So 
far, tremendous progress has been made in the design 
and applications of nanoparticles functionalized with 
supramoleclar host–guest systems in nanomedicine 
and healthcare. In this review, we focus on three major 
applications, in other words, therapeutic delivery, sens-
ing and removal of harmful substances. The therapeu-
tic delivery applications are further divided into two 
sections, in other words, nanogatekeepers (section 
‘Supramolecular host–guest systems as nanogatekeep-
ers on mesoporous nanoparticles for therapeutic deliv-
ery’) and nanocontainers (section ‘Supramolecular 
host–guest systems as nanocontainers on nonporous 
nanoparticles in therapeutic delivery’), according 
to the different roles of supramolecular host–guest 
structures in the integrated nanosystems. The section 
‘Nanoparticles functionalized with supramolecular 
host–guest systems for sensing applications’ and the 
section ‘Nanoparticles functionalized with supramo-
lecular host–guest systems for removal of harmful sub-
stances’ cover the sensing and the removal of harmful 
substances, respectively. We conclude this review with 
an executive summary and future perspective.

Supramolecular host–guest systems 
as nanogatekeepers on mesoporous 
nanoparticles for therapeutic delivery
One of the most promising integrations of nanopar-
ticles and host–guest systems for nanomedicine is the 
mechanized MSNs for therapeutic delivery. In such 
integrated nanosystems, a MSN serves as a drug con-
tainer holding drug molecules in its pores and the 
supramolecular host–guest system serves as the nano-
gatekeeper on the openings of the pores for controlled 
drug release. Since the proof-of-principle study for the 
host–guest systems as nanogatekeepers on MSNs [45], 
hundreds of studies have been done to investigate 
a variety of such integrated nanosystems for smart 
therapeutic delivery. Supramolecular host–guest nano-

gatekeepers on MSNs can be fitted into three types, 
in other words, nanovalves, nanopistons and snap-
top nanomachines, according to their structures and 
functions.

A supramolecular nanovalve consists of a macrocy-
clic host molecule circling a guest molecule as a stalk 
immobilized on an MSN (Figure 1). The host mol-
ecule, which is noncovalently bonded with the stalk, 
can slide along the stalk in response to external stimuli 
to block and unblock the pore openings on the MSN. 
For the nanopiston, the cyclic host molecule is tethered 
to the surface of an MSN and the guest molecule as a 
stalk is held in the cyclic cavity through the guest–host 
interactions. During the drug release process, the guest 
molecule moves out of the host cavity in response to 
external stimuli, which leaves the cavity of the host 
molecule unblocked and allows the release of cargo 
molecules that are smaller than the cavity. The larger 
cargo molecules can only be released by dethreading 
the cyclic host molecules from the surfaces of MSNs. A 
snap-top nanomachine, which also consists of a macro-
cyclic host molecule encircling a guest molecule immo-
bilized on a MSN, includes a stopper group at the distal 
end of the guest molecule that holds the host molecule. 
The opening of the pore is achieved by dethreading 
the host molecule from the guest molecule through the 
stimulus-induced ‘snap’ of the stopper group. So far, a 
variety of mechanized MSNs using the three types of 
supramolecular host–guest systems have been demon-
strated. Herein, we structure them into ten categories 
based on activation methods that trigger the mechani-
cal motions in supramolecules and thus the controlled 
release of drug molecules from the MSNs (Figure 1).

Activation through redox
The seminal work on nanovalve-based therapeutic 
delivery systems involves host–guest systems activated 
by redox chemistry [45]. Figure 1A illustrates a repre-
sentative redox supramolecular host–guest systems on 
the MSNs, in which ferrocenecarboxylic acid stalks 
and β-CDs serve as guest and host molecules, respec-
tively [46]. To release the cargo molecules, in other 
words, rhodamine B, from the pores of MSNs, a volt-
age of 1 V was applied to cause the electrochemical 
oxidation of the ferrocence units and the resultant 
dissociation of the host–guest systems. This work has 
paved the way toward redox-active release of drugs for 
cancer treatment [47].

Activation by UV light
Light activation has several advantages: light has high 
switching speed, work without producing chemical 
waste, and can be used for dual purposes – controlling 
and monitoring therapeutic delivery [48]. Most of the 
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Figure 1. Schematic illustration of ten types of nanogatekeepers based on supramolecular host–guest systems according to 
activation methods. (A) Redox activation; (B) UV-light activation; (C) pH activation; (D) competitive binding activation; (E) enzymatic 
activation; (F) ultrasound activation; (G) magnetic field activation; (H) near-infrared light activation; (I) sequential activation; and 
(J) dual activation. 
For color figures, please see online at www.futuremedicine.com/doi/full/10.2217/NNM.15.1
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light-activated mechanized MSNs have relied on UV-
switchable guest molecules. Figure 1B illustrates a repre-
sentative nanosystem based on the trans-cis photoisomer-

ization of azobenzene (AB) molecules on MSNs [49]. 
In this example, MSNs were functionalized with AB-
containing stalks, (E)-4-([4-(benzylcarbamoyl)phenyl]

www.futuremedicine.com/doi/full/10.2217/NNM.15.1
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diazenyl)benzoic acid. Initially, AB was at the trans state 
and β-CDs circled the (E)-4-([4-(benzylcarbamoyl]
phenyl)diazenyl)benzoic acid, sealing the pores of the 
MSNs. Upon irradiation with a 351 nm laser beam, 
AB isomerized from trans to cis configuration, leading 
to the dissociation of β-CDs from AB stalks and the 
release of cargo molecules because the binding affinity 
between β-CDs and trans-AB derivatives is higher than 
that between β-CDs and cis-AB derivatives [50,51]. With 
the design of AB molecules that are switchable at visible 
wavelength, this activation mechanism was used for in 
vivo therapeutic delivery to optically transparent zebra 
fish larvae [52]. Pulsatile therapeutic delivery for effec-
tive therapy of certain diseases has also been achieved 
based on pulsed light irradiation [53].

Recently, polymers have also been applied in the 
light-activated host–guest systems for therapeutic 
delivery to achieve robustness and high on/off ratio of 
drug release. One example is the use of CDs grafted 
onto star-shaped poly(glycidyl methacrylate) [54]. The 
CD-appended polymers were employed to cover the 
surface of MSNs as nanogatekeepers. Irradiation of 
UV light opened the nanogatekeepers and allowed the 
cargo molecules to diffuse out of the pores. These poly-
mer-based nanogatekeepers are not restricted by the 
pore sizes of MSNs, enabling the controlled delivery 
of various drug molecules, nucleic acids and peptides.

Activation by change in pH
pH activation of therapeutic delivery has significant 
impacts on diseases that cause local changes in pH value. 
For instance, cancerous cells can thrive in the more 
acidic environments than healthy cells. Several pH-
activated supramolecular host–guest systems on MSNs 
have been demonstrated [55,56]. For example, Kim et al. 
developed a pH-activated therapeutic delivery system 
based on the pH-responsive snap-top nanomachines on 
MSNs [57]. As shown in Figure 1C, polypseudorotaxanes 
that are consisted of polyethylene-imine and CDs work 
as nanogatekeepers. The CDs began to dethread from 
the polyethylene-imine when the pH value is lower than 
8, releasing the drug molecules [58,59].

Activation by competitive binding
In competitive binding activation, guest molecules can 
be dethreaded from the host molecules to release drug 
molecules by adding the third molecules that have the 
stronger affinity to the host molecules. This type of 
activation offers a new strategy for the potential treat-
ment of diseases such as Parkinson’s disease where 
the high concentration of competitive binding agent, 
acetylcholine, near the synapse sites in a Parkinson’s 
disease patient’s body can be used to trigger the release 
of drug molecules. Figure 1D illustrates one example, 

which is based on carboxylatopillar[5]arenes (CP[5]
As) in pyridinium stalks immobilized on MSNs [60]. 
The presence of competitive binding agents, methyl 
viologens (MVs), which have the higher binding affin-
ity (K

a
 ≈ 8 × 104 M-1) to stalks than CP[5]As (K

a
 ≈ 2.5 

× 103 M-1), makes CP[5]As dethread from the stalks 
and releases the drug molecules [61]. The drug release 
profiles and kinetics based on competitive binding acti-
vation can be adjusted by controlling the concentration 
of triggering molecules [62].

Enzymatic activation
Enzymatic activation features high accuracy, specific-
ity, efficiency and biocompatibility. Zink et al. reported 
mechanized MSNs that were activated by enzyme 
known as porcine liver esterase [63]. As illustrated in 
Figure 1E, tri(ethylene glycol) and α-CD served as 
guest and host molecules, respectively. The α-CD can 
be dethreaded from the tri(ethylene glycol) upon the 
porcine liver esterase catalyzing hydrolysis. A series of 
experiments have shown that the ester-stoppered snap-
top nanomachine is efficient in the enzyme-activated 
release of drug molecules. In another example, two 
types of stalks with different enzyme cleavable sites were 
employed to form the nanogatekeepers with macrocyclic 
host molecule known as sulfonatocalix[4]arene [64]. It 
has been shown that esterase and urease can selectively 
activate the ester-linked and urea-linked tethers.

Activation by applied ultrasound
Ultrasound is a popular energy source for medical 
imaging and therapeutics [65,66]. Leung et al. have 
demonstrated ultrasound activation of mechanized 
MSNs [67]. As illustrated in Figure 1F, the MSN is a 
superparamagnetic iron oxide/mesoporous silica 
core/shell nanoparticle. Dibenzo-crown ethers were 
immobilized onto the pore entries of the shell. These 
crown ethers encapsulated different metal ions (Na+ or 
Cs+) as capping agents to form host–guest systems as 
nanogatekeepers. Upon the application of ultrasound, 
Na+ captions were dissolved into solution and the cavi-
ties of crown ethers were loaded with H+. The newly 
formed crown ether-H+ complexes could no longer 
block the pores on the mesoporous silica and the drug 
molecules were released. The effectiveness of ultra-
sound actication depends on relative strength between 
the agent–crown interactions and the ultrasound 
intensity. The ultrasound activation has paved the 
way toward remote, noninvasive therapeutic delivery 
guided by ultrasound imaging.

Activation by applied magnetic field
Magnetic field activation represents another remote, 
noninvasive therapeutic delivery. Zink et al. developed 
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zinc-doped iron oxide nanocrystals/mesoporous silica 
core/shell nanoparticles functionalized with supra-
molecular host–guest systems for therapeutic delivery 
with magnetic field activation of [68]. As illustrated 
in Figure 1G, the nanogatekeepers consisted of cucur-
bit[6]urils (CB[6]s) as host molecules and tetraethyl 
orthosilicates as guest molecules. Upon the applica-
tion of an oscillating magnetic field, zinc-doped iron 
oxide nanocrystals generated local heating due to the 
hyperthermic effects. The temperature increases led 
to the opening of the nanogatekeepers, and in effect, 
the diffusion of drug molecules from the pores. The 
results also indicated that additional pulses continued 
to release the cargo molecules.

Activation by applied near-infrared light
UV and visible light suffers from the low penetration 
in tissues. In addition, over exposure to UV light is 
harmful to human body. In contrast, near-infrared 
(NIR) light is a better option for biomedical applica-
tions due to its low loss in tissues and safety. Recently, 
gold nanorod/mesoporous silica core/shell nanopar-
ticles have been developed for the NIR activation [69]. 
As illustrated in Figure 1H, the nanogatekeepers con-
sisted of quaternary ammonium salt stalks encircled by 
sulfonatocalix[4]arene guest molecules. Au nanorods 
absorbed and converted NIR light into local heat via 
the excitation of localized surface plasmon resonances 
(LSPRs), which reduced the binding affinity between 
the sulfonatocalix[4]arene and quaternary ammonium 
salt and thus dissociated the nanogatekeepers for the 
release of drug molecules. The release profile and kinet-
ics of this nanosystem was controllable with the laser 
power. The NIR activation has significantly increased 
the tissue penetration for effective in-vivo applications.

Sequential activation
The better therapeutic effects are achieved for some 
complicated diseases with sequential release of differ-
ent types of drugs [70,71]. Recently, dual-cargo release 
has been demonstrated using MSNs functionalized 
with nanopistons consisted of β-CD rings and methyl 
orange (MO) plugs [72]. Two types of cargo molecules 
(Hoechst 33342 and CA) with different sizes (approxi-
mately 20 Å and 4.5 Å, respectively) were loaded 
into the pores of MSNs in sequence. As illustrated in 
Figure 1I, the β-CD rings that were bonded with the 
outer rims of the pores through disulfide units served 
as nanogatekeepers for Hoechst 33342. The MO plugs 
that were encapsulated by the β-CD rings served as 
nanogatekeepers for CA. The decrease of pH value of 
the solution expelled the protonated MO plugs from 
the cavities of β-CDs, causing the CA molecules to 
diffuse through the β-CD rings into the solution. 

Adding 2-mercaptoethanol as a reductant to cleave 
the disulfide bonds achieved subsequent release of 
Hoechst 33342.

Dual activation
The more sophisticated control of drug release is 
achieved with activation based on logic processes of 
two or more external stimuli [73]. For example, nano-
impellers and nanovalves were utilized simultaneously 
for dual activation of drug release. As illustrated in 
Figure 1J, photoresponsive AB derivative was tethered 
to the inner pore wall of the MSNs to serve as nano-
impeller, and the supramolecular host–guest system 
consisted of a CB[6] ring and a bisammonium stalk 
was immobilized on the outer rim of the pores to serve 
as the nanovalve. When the incident light is absorbed 
by both the trans and cis configurations, the continu-
ous irradiation of light can lead to a dynamic wag-
ging motion of AB to expel the cargo molecules out of 
the pores. Meanwhile, the closing and opening of the 
nanovalves can be controlled by pH value. The com-
bination of nanoimpellers and nanovalves enables an 
AND logic type of therapeutic delivery nanosystems 
in which the cargo molecules can only be released from 
the pores by simultaneously applying light irradiation 
that activates the nanoimpellers and adding NaOH 
that opens the nanovalves.

In summary, MSNs functionalized with supra-
molecular host–guest systems provide the versatile 
approaches toward the controlled release of drugs 
and biomolecules for therapeutic purposes. With the 
rational design and tailored synthesis, supramolecu-
lar host–guest systems that are responsive to various 
stimuli have been demonstrated for the targeted appli-
cations. Some of activation methods such as redox [47], 
pH [68,74], have been applied for the in vivo delivery 
of drugs into living cells, including breast cancer cells, 
myeloid cells and Hela cells. With the proper surface 
functionalization of nanoparticles, targeted therapeu-
tic delivery into tumor cells has been achieved [47,75]. 
Despite the tremendous progress, two major challenges 
have to be solved before the MSNs functionalized with 
the supramolecular host–guest systems are translated 
into the clinical applications. One is to systemati-
cally compare the delivery efficiency and accuracy of 
different systems to facilitate the identification of the 
best option for a given application [76]. The other is 
to improve the understanding of the biosafety of the 
nanoparticle–supramolecule systems. Although the 
biocompatibility of MSNs has already been studied 
for their in vivo applications [75], supramolecules on 
the nanoparticles can cause changes in the physio-
chemical properties of the hybrid nanosystems and the 
biological responses, requiring the systematic research 
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Figure 2. Schematic illustrations of supramolecular 
host–guest systems as nanocontainers. (A) Schematic 
of gold nanoparticles functionalized with Tβ-CD as 
recycling extractor of C60. The captured C60 can be 
released by adding 2-adamantanols; (B) schematic of 
the recognition and release mechanism for TMPyP by 
silver nanoparticle conjugates functionalized with CB[7]
s. The TMPyP can be released from the CB[7]s by adding 
1-amantadine hydrochloride.  
C60: [60]fullerene; TMPyP: 5,10,15,20-tetrakis(4-N-
methylpyridyl) porphyrin.
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on the biosafety of the nanosystems under the clinical 
environments.

Supramolecular host–guest systems as 
nanocontainers on nonporous nanoparticles 
in therapeutic delivery
Rather than the employment of porous structures 
for the holding of therapeutic materials, nonporous 
nanoparticles, when interfaced with supramolecular 
host–guest systems that work as nanocontainers, can 
also carry therapeutic molecules for on-demand release 
at the target cells and tissues. Drug molecules are 
trapped either inside the host molecules [77] or around 
the host–guest systems [78]. The nanocontainer func-
tions enable acute release and reduce the side effects 
of the drug molecules on healthy cells [79,80]. With-
out the requirement on porosity, one can significantly 
expand the types of nanoparticles that can be used in 
nanomedicine. Furthermore, the nanoparticles in the 
integrated nanosystems can function as delivery vehi-
cles and/or imaging agents. Herein, we structure the 
nanocontainer applications of supramolecular host–
guest systems on nanoparticles into three categories, in 

other words, drug molecules as guests, drug sequestra-
tion and protein immobilization, as discussed in the 
following sub-sections.

Drug molecules as guests
One of the most common strategies for containing 
drugs in supramolecular host–guest systems is the 
encapsulation of drug molecules into the host units. 
In their initial study, Liu et al. produced Tβ-CD-
modified Au nanoparticles that captured and released 
C

60
 [81]. As shown in Figure 2A, the CD hosts selec-

tively captured C
60

 to form host–guest systems, and 
the C

60
 was released by adding 2-adamantanols to 

substitute C
60

 as guest molecules due to the higher 
binding ability between 2-adamantanol and the CD 
cavity [82]. Mohanty et al. used CB[7]-functionalized 
Ag nanoparticles to capture the porphyrin derivatives, 
including TMPyP, which have potential applications 
in photodynamic therapy [44]. The drug molecules 
were encapsulated as guest molecules inside the CB[7]
s by the host–guest interaction and were released by 
adding 1-amantadine hydrochloride (Figure 2B).

A route-controllable carrier is needed for the intra-
cellular therapeutic delivery in order to reduce the side 
effects [83,84]. MNPs are considered as such a promising 
therapeutic delivery carrier due to their controllabil-
ity with a magnetic field, tunable particles sizes and 
shapes and good biocompatibility [85,86]. Cai et al. 
designed β-CD-functionalized MNPs that contained 
drug molecules (known as diazepams) in the host cavi-
ties of β-CDs [87]. The drug-loaded nanoparticles were 
routed with an external magnetic field. Later on, an 
integrated nanosystem consisted of MNPs and β-CD 
grafting polyethylenimine has been developed to fur-
ther improve the cellular uptake efficiency [79]. The 
cancer drug (known as camptothecin) encapsulated 
into the cavity of β-CD was controllable with both 
redox agents and external magnetic fields.

Recently, the multi-functional applications centered 
on the nanocontainers have been demonstrated using 
nanoparticles functionalized with supramolecular host–
guest systems. Trabolsi et al. developed a dual-functional 
system based on CB[7]-functionalized MNPs, which 
enables both therapeutic delivery and in vivo imag-
ing [29]. Poly-therapeutics has also been demonstrated, 
which enables the simultaneous delivery of multiple 
medical agents to targeted cells and tissues for enhanced 
treatments [88,89]. As illustrated in Figure 3, Mao et al. 
developed β-CD-functionalized quantum dots (QDs), 
which encapsulated doxorubicin (DOX) and siRNA 
for both cancer chemotherapy and chemo-gene ther-
apy [90]. The siRNA significantly reduces the level of 
drug resistance gene expression in Hela/DOX cells and, 
as a result, the intracellular accumulation of DOX and 
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Figure 3. Schematic illustration of loading of doxorubicin and siRNA onto quantum dots functionalized with L-amino acids and 
β-cyclodextrin. The multifunctional quantum dots serve as codelivery platforms for siRNA and DOX to reduce drug resistance in 
cancer cells.  
DOX: Doxorubicin. 
Reproduced with permission from [90] © Elsevier (2012).
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apoptosis of the cancer cells were both enhanced. The 
combined gene therapy and chemotherapy have great 
potential to destroy antidrug cancer cells.

Drug sequestration
Drug sequestration has also been achieved in supra-
molecular host–guest systems working as drug nano-
containers. Delivery of chemotherapy drugs faces 
two challenges: one is that the side effects cause the 
apoptosis of healthy cells, and the other is the short 
lifetime of cancer drugs in human body. Supramolecu-
lar host–guest systems have potential to overcome the 
challenges by sequestering drugs during transporta-
tion. For example, Adeli et al. developed polyrotax-
ane (PR) shells around gold nanoparticles to act as 
both drug nanocontainers and shields between drugs 
and healthy cells/tissues. The shells were constructed 
through the host–guest interaction between CDs 
and PEG, which noncovalently interacted with gold 
nanoparticles to form necklet-like nanostructures (Au 
NPs@PR) (Figure 4) [80]. Chemotherapy drugs such as 
Cisplatin and DOX conjugated with the PR shells were 
successfully sequestered. The photothermal properties 
of gold nanoparticles were used to cleave the shells for 
the release of the drugs via light activation.

Another strategy of the nanocontainer-based seques-
tering drugs was demonstrated by Rotello et al. [91]. As 

illustrated in Figure 5A, drug molecules (known as 
diaminohexanes) and CB[7]s were bonded together 
through host–guest interaction on gold nanoparticles. 
The capping of CB[7]s on diaminohexanes has reduced 
the cytotoxicity during transportation. Once delivered 
to target cancer cells, the orthogonal guest molecule, 
1-adamantylamine, was added to dissemble the supra-
molecular host–guest systems and release drug to 
destroy the cancer cells. Scherman et al. employed a 
similar mechanism to develop cytotoxicity-switchable 
supramolecular nanosystems based on polymers func-
tionalized with 2-naphthol via host–guest interaction 
between CB[8] and 2-naphthol (Figure 5B) [92]. The 
functionalized polymers cut off the contact between 
the environments and drug molecules, and the cyto-
toxicity was activated upon the addition of competitive 
binding molecules.

Protein immobilization
Protein immobilization on solid surfaces has captured 
great interests for both drug discovery [93,94] and other 
applications such as proteomic screens [95,96] and 
biomarker detection [97,98]. Supramolecular chem-
istry holds advantages in protein immobilization 
for its good responsiveness and reversibility [99,100]. 
In particular, supramolecular host–guest systems 
are a promising candidate for the surface-anchored 
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Figure 4. Schematic illustration of the synthetic 
processes for gold nanoparticles@polyrotaxane hybrid 
nanomaterials. The Au nanoparticles are functionalized 
with citrate shells so that the end triazine groups of 
polyrotaxanes can noncovalently interact with Au 
nanoparticles to form the necklet-like nanomaterials.  
AuNP: Gold nanoparticle. 
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protein assemblies because the cavities of host mol-
ecules form complexes with peptide motifs [101,102]. 
For example, Yang et al. [103] incorporated a ferro-
cene guest moiety into a protein to allow the protein 
immobilization within a β-CD host molecule on a 
gold surface.

Proteins have also been immobilized on SiO
2
 

nanoparticles [104]. For this purpose, naphthol guest 
molecules and MV guest molecules were encapsulated 
inside the host cavity of CB[8]s. The naphthol mol-
ecules were bonded with proteins and MV molecules 
were attached to the surfaces of SiO

2
 nanoparticles. 

The immobilization of proteins on SiO
2
 nanoparticles 

was reversible. The disassembly of the protein com-
plexes was carried out by incubating the nanoparticles 
in a suspension of activated Zn powder in PBS, and 
the reinstallation of the immobilization was realized by 

immersion into a solution containing fresh CB[8]s and 
naphthol molecules.

As a summary, due to the available inner spaces in 
host molecules and the chemical affinity of host–guest 
molecules, supramolecular host–guest systems can 
function as nanocontainers for the in vivo deliver of 
drugs or other therapeutic materials. Compared with 
solid-state nanoparticles, the supramolecular nano-
containers have the potential to deliver the therapeutic 
agents in the more versatile way through the atomic-
level tailoring of the physical size and the chemi-
cal affinity of the guest-host molecules. The unique 
properties of nanoparticles have further enhanced the 
flexibility of the hybrid nanoparticle–supramolecule 
systems in therapeutic delivery, including the targeted 
delivery with a modest magnetic field rather than 
the complex nanoparticle surface functionalization. 
Future research need be directed toward improving the 
loading capability of the host molecules with regard to 
the types and amount of therapeutic agents in order to 
meet the requirements of clinical applications.

Nanoparticles functionalized with 
supramolecular host–guest systems for 
sensing applications
High-sensitive, high-selective chemical and biological 
sensors are required for a broad range of applications 
in chemistry, biology, healthcare, medicine and the 
environments [105,106]. For instance, excessive use of 
chemicals such as pesticides, herbicides and spermines 
leave residues in agricultural products and the environ-
ments, putting human health under high risk. Sensors 
that can detect such chemicals with low concentration 
are of prime importance for the reduction of the risk. 
Nanoparticles functionalized with supramolecular 
host–guest systems are emerging as a new type of sen-
sors for the detection of harmful substances in various 
samples. Compared with other sensors such as fluores-
cence spectroscopy [107,108], gas chromatography [109,110] 
and gas chromatography-mass spectrometry [111,112], 
the nanoparticle–supramolecule sensors have multiple 
advantages, including simple sample preparation, low 
cost and high sensitivity. In the following sub-sections, 
we review two types of sensors based on the nanopar-
ticles functionalized with supramolecular host–guest 
systems, in other words, surface-enhanced Raman 
spectroscopy (SERS) and LSPR sensors.

Surface-enhanced Raman spectroscopy
Metal nanoparticles functionalized with supramolecu-
lar host–guest systems as SERS substrates have cap-
tured significant attentions [113]. SERS-based detec-
tion can identify molecular species with an extremely 
low concentration down to the single-molecule 
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Figure 5. Schematic illustrations of drug sequestration via host–guest interactions between the drug molecules and cucurbit[7]urils 
on gold nanoparticles. (A) The capping of CB[7]s on drug molecules has reduced the cytotoxicity during transportation. (B) Schematic 
illustration of the preparation and disassembly of core–shell polymeric microspheres.  
ADA: 1-adamantylamine; AuNP: Gold nanoparticle; CB[n]: Cucurbit[n]uril. 
Part (A) reproduced with permission from [91] © Nature Publishing Group (2010). 
Part (B) reproduced with permission from [92] © Royal Society of Chemistry (2012).
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level [114–119]. The SERS occurs to molecules located 
near the surfaces of nanostructures of noble metals 
such as gold, silver and copper where the excitation of 
surface plasmons generates high electromagnetic fields 
that enhance the light absorption and scattering by the 
molecules [120–125]. However, some molecules have low 
affinity toward metal surfaces and thus require molec-
ular receptors to enhance their binding with metal 
nanostructures for SERS measurements.

Supramolecular host–guest systems on metal 
nanoparticles have provided a solution to the low affin-
ity by trapping target molecules as guests within the 
host cavities. The target molecules, once captured by 

the host molecules on the metal nanoparticles, experi-
ence the highly concentrated electromagnetic fields for 
SERS. Strickland and Batt employed CD-functional-
ized gold nanorods for SERS detection of the inclusion 
complexes of carbendazim, a model benzimidazole 
fungicide [122]. Carbendazim with a low concentra-
tion of 50 μM was detected. In another example, CD-
functionalized silver nanoparticles were employed as 
SERS substrates for the detection of hydrobenzoin, a 
molecule that has no affinity to silver [126]. Moreover, 
SERS has also been employed to help understand the 
pH-dependent formation of diquat-CB[n] host–guest 
molecular systems on silver nanoparticles [127].



1502 Nanomedicine (Lond.) (2015) 10(9) future science group

Review    Wu, Song, Menz, Pingali, Yang & Zheng

One of the most significant progresses in SERS 
based on host–guest interactions is the demonstration 
of selective detection and quantitative analyses of spe-
cific components in mixture solutions. For example, 
Xie et al. demonstrated the SERS detection of five 
types of polycyclic aromatic hydrocarbon (PAH) mol-
ecules (i.e., ianthracene, pyrene, chrysene, triphenyl-
ene and coronene) based on the host–guest interaction 
between PAH and per-6-deoxy-(6-thio)-β-CD (CD-
SH) on gold nanoparticles (Figure 6A) [43]. SERS spec-
tra were recorded from the mixed PAH molecules with 
a low concentration of 10 μM (Figure 6B). It is worth 
noting that coronene molecules have the largest size 
among the PAH molecules and are not easily captured 
by CD-SHs, exhibiting no obvious enhancements of 
the Raman signals. Analyses of the SERS spectra pro-
vided the compositional information of the mixtures 
since each type of PAH molecule has its own Raman 
signals. More achievements include the quantitative 
SERS analysis of one component in the mixture of sev-
eral types of PAH molecules. In the demonstration, the 
mixture was composed of chrysene, triphenylene and 
coronene with each concentration of 10 μM, together 
with anthracene and pyrene with different concen-
trations ranging from 500 to 50 μM. The intensities 
of SERS peaks of anthracene (Figure 6C) and pyrene 
(Figure 6D), which show consistent behavior with the 
changing concentration of these two components, have 
been interrogated to quantify the molecules.

The final goal for SERS is to achieve single-molecule 
detection with high reproducibility. SERS substrates 
based on nanoparticles functionalized with supramo-
lecular host–guest systems are paving the way toward 
this goal. It has been shown that the narrow nanogaps 
among aggregates of metal nanoparticles with the sig-
nificantly enhanced electromagnetic fields (known 
as ‘hot’ spots) are responsible for the single-molecule 
SERS [121,128–132]. However, most of the methods for 
preparation of the aggregates of gold [133] or silver [134] 
nanoparticles have remained challenging in both pro-
ducing ‘hot’ spots with the uniform nanogaps and 
confining analytes within the ‘hot’ spots, which are 
required for the reproducible single-molecule measure-
ments. A promising strategy to overcome this challenge 
is to introduce supramolecular host–guest systems on 
the metal nanoparticles.

Due to the capability of linking individual nanopar-
ticles to form assemblies and of trapping guest mol-
ecules inside their cavities, macrocyclic host molecules 
on metal nanoparticles can precisely confine the ana-
lyte molecules into the ‘hot’ spots. For example, Li et al. 
developed cucurbit[n]urils on gold nanoparticles to 
induce aggregation of the nanoparticles with precisely 
defined nanogaps between the neighboring nanoparti-

cles (Figure 7A) [135]. Ferrocene, an ‘inert’ molecule that 
does not adsorb on gold surfaces, was captured into 
the cavity of CB[7] and exposed to the intense electro-
magnetic fields in the ‘hot’ spots. As a result, the SERS 
enhancement factor for ferrocene was found to be up to 
1.7 × 109 (Figure 7B). In addition, ferrocene trapped by 
CB[7] has no direct contact with gold surfaces, which 
provides a platform for mechanistic investigations of 
electromagnetic enhancements in SERS without the 
interference from chemical enhancements [136,137].

Recently, Mahajan et al. demonstrated the high-sen-
sitive, quantitative SERS detection of multiple analyte 
molecules based on metal nanoparticles functionalized 
with supramolecular host–guest systems. As illustrated 
in Figure 8A, CB[8]s were employed as host molecules 
that captured two guest molecules to form ternary 
complexes [138]. The CB[8] was initially loaded with 
dicationic electron-deficient MV as the first guest. A 
variety of analyte molecules, including anthracene, 
2-naphthol, phloroglucinol and 2,3-naphthalenediol, 
acted as the second guests. The Raman modes from 
the second guests can be identified in all the complex 
SERS measurements (Figure 8B). With binding iso-
therms calculated from the molar ratio of complex 
CB[8]s based on the SERS signal intensities, the single 
concentrations of 2-naphthol and 2,3-naphthalenediol 
were analyzed below 10 μM levels. The good match 
between the SERS results and the actual concentra-
tions indicates that SERS based on the nanoparticle–
supramolecule systems can quantitatively detect the 
nonfluorescent analyte molecules with ultra-sensitiv-
ity. The detection limit in this work reached a level of 
10-11 M, which exceeded other published SERS meth-
ods by at least three orders of magnitude. This study 
depicts a new method to quantitatively detect small 
harmful molecules. It is also entirely possible that 
this method could also be extended to other types of 
target molecules through the rational design of host 
molecules and metal nanoparticles.

LSPR sensors
Monitoring changes in the LSPRs of metal nanopar-
ticles due to the host–guest interactions has provided 
another sensing mechanism. LSPR-based colorimetric 
sensors have been realized when the spectral changes 
of LSPRs occur in the range of visible light induced 
by the assembly or disassembly of metal nanopar-
ticles [139–141]. Figure 9 illustrates an early example of 
the LSPR sensors based on gold nanoparticle agglom-
eration via the host–guest interactions [142]. The gold 
nanoparticles (∼12 nm in diameter) were functional-
ized with per-6-thio-β-CDs as host molecules. When 
the analyte molecules, ferrocene dimers, were added 
into the nanoparticle suspensions, they served as link-
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Figure 6. Nanoparticles functionalized with supramolecular host–guest systems for selective detection and 
quantitative analyses. (A) Schematic illustration of different scenarios for the host–guest interactions between 
PAHs and CD-SH on nanoparticles. (B) Surface-enhanced Raman spectroscopy spectra of individual and mixed 
PAHs. The concentration of each PAH was 10-5 M. (C & D) Intensities of surface-enhanced Raman spectroscopy 
modes as a function of concentration for (C) anthracene and (D) pyrene in the mixed PAHs. The concentrations of 
the other components were kept at 10−5 M.  
ANT: Anthracene; AuNP: Gold nanoparticle; CD-SH: Per-6-deoxy-(6-thio)-β-cyclodextrin; CHR: Chrysene; 
MIX: Mixed PAHs; PAH: Polycyclic aromatic hydrocarbon; PRY: Pyrene; TRI: Triphenylene. 
(B–D) Reproduced with permission from [43] © John Wiley and Sons (2010).  
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ers to induce aggregation of the nanoparticles via the 
host–guest interaction, leading to a large redshift in 
the LSPR spectra of the gold nanoparticles.

Tremendous progress has been made in applying 
metal nanoparticles functionalized with supramolecu-
lar host–guest systems for the detection of various ana-
lytes based on the analyte-induced aggregation of the 
nanoparticles and the resulted changes in the LSPRs. 
The analytes include pesticides, amino acids, aromatic 
compounds and enzymes [27,143–145]. For example, the 
host–guest interactions between paraquats and CP[5]
A on gold nanoparticles have been utilized to detect 
paraquat, one of the most commonly used herbicides 
(Figure 10A) [146]. The changes in color (Figure 10B) 
and UV/Vis absorption spectra (Figure 10C) of the 
nanoparticle solutions with different paraquat con-
centrations enabled the real-time, sensitive and quan-
titative measurement of the herbicides with a detec-
tion limit as low as 0.2 μM. It is worth noting that, 
besides metal nanoparticles, CdTe quantum dots have 

also been functionalized with CP[5]A for the develop-
ment of herbicide sensors based on the aggregation of 
quantum dots via the host–guest interactions between 
CP[5]A and herbicide molecules [147].

While most of the LSPR sensors have been based on 
the analyte-induced aggregation of nanoparticles, the 
disassembly process has been harnessed for the detec-
tion of enzymes. As demonstrated by de la Rica et al., 
the aggregates of β-CD-functionalized gold nanopar-
ticles with diFc as linker were disassembled by enzyme, 
known as horseradish peroxidase (HRP), through 
the biocatalytic oxidation of diFc [148]. Measuring 
the changes in LSPRs of gold nanoparticles induced 
by this disassembly process enabled the detection of 
HRP with concentrations of 0.001–0.1 pg/ml. With 
the incorporation of another type of guest molecule 
known as Ad-PEG, which promoted the disassembly 
of gold nanoparticle aggregates through competi-
tive inter actions with β-CDs, the detection limit was 
improved to approximately 23 HRP molecules.
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Figure 7. Nanoparticles functionalized with supramolecular host–guest systems for single-molecule trapping and 
detection. (A) Schematic representation of the formation of SERS ‘hot’ spots with and without analyte molecules 
by bridging gold nanoparticles via CB[n] macrocyclic host molecules; (B) Raman spectra recorded from gold 
nanoparticle aggregates bridged with CB[7] and Fc (red curve), bulk Fc (green curve) and bulk CB[7] (blue curve). 
CB[n]: Cucurbit[n]uril; Fc: Ferrocene.  
Reproduced with permission from [135] © Royal Society of Chemistry (2011).
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The rational design of nanoparticles and supr-
molecular host–guest systems has enabled versatile 
control in the shapes and sizes of nanoparticle aggre-
gates. For example, Qi et al. applied the host–guest 
interaction between toluene molecules and α-CDs on 
gold nanoparticles to achieve the nanochains of gold 
nanoparticles [149]. Grzybowski and Stoddart et al. 
developed a template-directed self-assembly method to 
form dimers, trimmers and tetramers of gold nanopar-
ticles [150]. The host–guest interactions between 
cyclobis(paraquat-p-phenylene)-based derivatives and 
the diethyleneglycol-disubstituted tetrathiafulvalene 
were tuned for the directed assembly. With their pre-
cisely controllable optical and electrical properties, 
these low-dimensional aggregates will pave the ways 
toward new or enhanced sensors and other applications.

As illustrated in this section, the integration of the 
response of host–guest supramolecular systems and 
the signal transduction of metal nanoparticles leads to 
the enhanced selectivity and sensitivity of SERS- and 
LSPRs-based optical sensors. The selectivity benefits 
from the specificity of the host–guest interactions. 
The sensitivity arises from the capability of trapping 
target molecules at the surfaces of nanoparticles where 
the plasmonic enhancements of electromagnetic fields 
are maximal. Both SERS and LSPRs have been heavily 
studied for applications in nanomedicine and health-
care, including the early disease diagnosis and the 
detection of trace amount of pollutants in solutions. 
With the supramolecular enhancement, the optical 
sensors are getting closer to the clinical applications 
and the practical environmental protections. With the 
modification of surface chemistry, the host–guest sys-

tems can also be applied to other types of sensors such 
as those based on magnetic and electrical properties of 
nanoparticles for the enhanced performance.

Nanoparticles functionalized with 
supramolecular host–guest systems for 
removal of harmful substances
High-efficient, high-throughput and high-purity 
removal of harmful substances from aqueous solutions 
helps improve the environmental protection and food 
safety. The nanoparticles functionalized with the host–
guest supramolecular systems have exhibited tremen-
dous advantages for the applications because of their 
dual functions of sensing and separating the harmful 
substances from the aqueous environments [151]. The 
separating process occurs via the effective capture of tar-
get molecules by macrocyclic host compounds immo-
bilized on nanoparticles followed by the natural sedi-
mentation of the nanoparticle complexes, the removal 
of the complexes by external forces, or the nanoparticle-
enhanced catalytic degradation of the target molecules. 
Progresses have been made in both supramolecules 
and nanoparticle–supramolecule systems to achieve 
effective removal of harmful molecules from solutions.

Saad et al. prepared sorbent materials based on 
crown ethers to selectively extract biogenic amines by 
batch sorption method [152]. In their demonstration, 
the sorbent materials were equilibrated with a mixture 
of five biogenic amines, including histamine, putres-
cine, tryptamine, tyramine and sperdimine. The high-
est selectivity of these crown ethers toward sperdimine 
enabled the extraction of this specific amine from 
the mixture. Recently, Yang et al. extracted parabens 
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Figure 8. Nanoparticles functionalized with supramolecular host–guest systems for high-sensitive, quantitative 
surface-enhanced Raman spectroscopy detection. (A) Schematic representation of elastic (Rayleigh) and inelastic 
(surface-enhanced Raman spectroscopy) light scattering from analyte molecules encapsulated in CB[8] host 
molecules within the ‘hot’ spots of the aggregated gold nanoparticles. (B) Surface-enhanced Raman spectroscopy 
spectra of (i) CB[8] and (ii−v) CB[8]-analyte complexes.  
AuNP: Gold nanoparticle; CB[n]: Cucurbit[n]uril. 
Reproduced with permission from [138] © American Chemical Society (2012).
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from red wine samples using CP[5]As-functionalized 
poly(GMA-co-EDMA) via strong interaction between 
the paraben and the cavity of CP[5]A [153].

Chalasani and Vasudevan designed magnetic Fe
3
O

4
 

nanoparticles functionalized with β-CDs to remove 
pollutants from water using magnetic force [154]. Spe-
cifically, the Fe

3
O

4
 nanoparticles functionalized with 

carboxymethyl-β-cyclodextrin captured PAH mol-
ecules in solutions. The nanoparticle complexes were 
removed from the solutions by applying a low mag-
netic field (0.5 T). Other similar examples include 
the use of Fe

3
O

4
 nanoparticles functionalized with 

carboxymethyl-β-cyclodextrin or CP[5]As for removal 
of As ions, Pb(II), and other pesticides (including 
2-naphthol) from water and commercial beverage 
samples such as wines and orange juice [155,156].

Nanoparticle-enhanced degradation of harmful 
substance has been demonstrated based on the mac-
rocyclic host molecules on photocatalytic nanoparti-
cles. For example, Vasudevan and Chalasani prepared 
CD-functionalized Fe

3
O

4
@TiO

2
 magnetic core-shell 

nanoparticles to photodegrade endocrine-disrupting 
chemicals, bisphenol A and dibutyl phthalate, which 
are hazardous chemical substances in water [157]. The 
anchored CDs provided the hydrophobic cavities for 
the capture of these two pollutants via host–guest 
interaction, which allows the pollutant molecules to 

come close enough to the surface of the TiO
2
 shell. 

Under UV illumination, the photocatalytic property 
of TiO

2
 causes the degradation and mineralization of 

the two pollutants. It is worth noted that once the pho-
tocatalytic degradation is complete, the magnetic core-
shell nanoparticles can be completely separated from 
the solution by applying modest magnetic field for the 
further applications.

In summary, macrocyclic host molecules immobi-
lized on nanoparticles have multiple advantages for 
the removal of harmful substances from aqueous solu-
tions. Compared with the well-developed solid-phase 
extraction methods, the nanoparticle–supramolecule 
systems exhibit the higher efficiency and purity. The 
advantages benefit from the synergistic integration 
of the sensing and trapping capabilities of host mol-
ecules toward target molecules and the large surface 
areas and the controllability of nanoparticles. The 
demonstration of photocatalytic degradation of pol-
lutants on nanoparticle–supramolecule systems paves 
the way toward the large-scale water cleaning and 
environmental protection with solar irradiations.

Conclusion
Integrated nanosystems that interface supramolecu-
lar host–guest systems with nanoparticles open up 
a new window of opportunities for the enhanced or 
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Figure 9. Schematic illustration of the aggregation of gold nanoparticles through the supramolecular host–guest 
interaction between ferrocene and cyclodextrin. The ferrocene dimers link two adjacent gold nanoparticles to 
form aggregates.  
AuNP: Gold nanoparticle. 
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novel applications in nanomedicine and healthcare. 
Tremendous progress has been made in designing and 
applying nanoparticles functionalized with supra-
molecular host–guest systems in therapeutic deliv-
ery, sensing and removal of harmful substances from 
aqueous environments. The supramolecular host–
guest systems that function as nanogatekeepers or 
nanocontainers for the nanoparticle-based therapeutic 
delivery have enabled precise, on-demand delivery of 
drugs and proteins at the target cells and tissues. The 
developments of dual activation and sequence activa-
tion have paved way toward therapeutic delivery sys-
tems with improved precision and release profiles for 
enhanced therapy with low side effects and have pro-
vided new solutions to the more complicated diseases. 
Based on SERS and LSPR spectroscopy, nanoparticles 
functionalized with supramolecular host–guest sys-
tems have shown great potential for real-time, high-
sensitive, high-selective detection of a broad range of 
analyte molecules. The dramatic changes in LSPRs 
of metal nanoparticles upon their assembly or disas-
sembly have allowed colorimetric detection of ana-
lyte molecules. The capability of capturing and trap-
ping guest molecules in the cavities of host molecules 
immobilized on nanoparticles, in combination with 
the separation of the complexes from solutions or the 
nanoparticle-enhanced catalytic degradation of the 
guest molecules, has enabled the removal of harmful 
substances from aqueous environments such as water 
and beverages.

Future perspective
Despite their tremendous success, nanoparticles func-
tionalized with supramolecular host–guest systems are 
still at the very early stage for practical applications in 
nanomedicine and healthcare. Many problems have 
to be solved before these integrated nanosystems can 
be fully implemented in a broad range of applications. 
For example, in therapeutic delivery applications, an 
enhanced targeting accuracy is significant for increased 
therapeutic efficiency with reduced side effects. How-
ever, it has remained challenging to develop surface 
chemistry on nanoparticles that enables both high tar-
geting accuracy and smart drug release. In many cases, 
the targeting molecules and the host–guest supramol-
ecules interference with each other, resulting in the 
deteriorated functions. Moreover, with the enhanced 
complexity in structures and functions, nanoparticles 
functionalized supramolecular host–guest systems 
require the more detailed evaluation of their bio-
compatibility and fate in human body. For the sens-
ing applications, one need further enhance the design 
and control of host–guest interactions to achieve 
high-selective and high-sensitive detection of target 
molecules. In the SERS based on the supramolecule-
nanoparticle nanosystems, signal interference from the 
host molecules could be an issue for analyte molecules 
that have similar Raman signatures to the host mol-
ecules. Practical use in removal of harmful substances 
from the large-scale aqueous environments requires the 
mass production of nanoparticles functionalized with 
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Figure 10.  Analyte-induced aggregation of the nanoparticles functionalized with supramolecular host–guest 
systems for detection of analytes. (A) Schematic representation of the formation of carboxylatopillar[5]arene 
(CP[5]A)-modified gold nanoparticles and their aggregation upon addition of two types of viologen guest 
molecules; (B) UV-Vis spectra of CP[5]A-stabilized gold nanoparticles measured 5 min after the addition of 
viologen I with different concentrations: (A–E) 0, 5, 10, 15 and 75 μM. (C) UV-Vis spectra of CP[5]A-stabilized gold 
nanoparticles measured 24 h after the addition of viologen I with different concentrations: (A’–E’) 0, 5, 10, 15 and 
75 μM. Corresponding photographs of the solutions are shown below.  
Reproduced with permission from [146] © American Chemical Society (2013).
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supramolecular host–guest systems and the effective 
removal of the resulted nanoparticle complexes, which 
have not been achieved yet.

These problems in the supramolecule-nanoparticle 
systems for nanomedicine and healthcare are highly 
interdisciplinary in nature. Therefore, multidisci-
plinary approaches are needed in order to find solu-
tions to these problems. Herein, we point out three 
directions for the future developments. First, molecu-
lar assembly and measurements on curved and faceted 
surfaces in order to precisely control the interactions 
between host–guest supramolecules and targeting 
molecules on single nanoparticles for the optimal per-
formances in both targeting and drug release [158–160]. 
Second, the further research efforts in nanotoxicol-
ogy are expected to help provide new insights into 
the biocompatibility of nanoparticle–supramolecule 
nanosystems in complicated, real clinical environ-
ments. The improved fundamental understanding of 

the interactions of nanoparticle–supramolecule nano-
systems with tissues, cells and sub-cellular matters 
is expected in order to guide the rational design of 
nanoparticles and supramolecules for in-vivo applica-
tions. Lastly, the further progress in nanofabrication 
and chemical synthesis is required to allow the low-
cost, high-throughput fabrication of nanoparticles 
with the desired shapes, sizes and functions. With 
the coordinated efforts from researchers in multiple 
disciplines, including engineering, physics, chemistry, 
biology and medicine, the emerging field of nanopar-
ticles functionalized with supramolecular host–guest 
systems will make great strides and pave the way 
toward practical applications.
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Executive summary

Background
•	 Macrocyclic host molecules such as crown ethers, calixarenes, cucurbit[n]urils, cyclodextrins, cyclophanes 

and pillarenes can capture guest molecules inside their cavities to form supramolecular host–guest systems. 
Interfacing supramolecular host–guest systems with nanoparticles leads to a new type of functional 
nanomaterials and nanosystems.

•	 Nanoparticles functionalized with supramolecular host–guest systems have been utilized for a wide range 
of applications in nanomedicine and healthcare, including therapeutic delivery, sensing and removal of 
harmful substances. For therapeutic delivery, the supramolecules function as either nanogatekeepers or 
nanocontainers.

Supramolecular host–guest systems as nanogatekeepers on mesoporous nanoparticles for therapeutic 
delivery
•	 Supramolecular host–guest systems on mesoporous silica nanoparticles (MSNs) work as nanogatekeepers to 

enable precise, on-demand release of drug molecules from the pores of MSNs.
•	 Nanogatekeepers have been structured into ten categories according to the activation methods, in other 

words, redox, UV light, pH, competitive binding, enzymatic, ultrasound, magnetic field, near infrared, 
sequential and dual.

Supramolecular host–guest systems as nanocontainers on nonporous nanoparticles in therapeutic 
delivery
•	 Drug molecules captured by the cavities of host molecules immobilized on nanoparticles have enabled on-

demand released of drug at target tissues and cells.
•	 Drug molecules have been loaded into the cavities of host molecules or between the host–guest molecules 

and nanoparticles for sequestration. The sequestration of drugs has significantly reduced the side effects on 
the healthy cells during their transportation to the target tissues and cells.

•	 Immobilization of proteins on nanoparticles has been realized via host–guest interactions. The nanoparticle-
bound proteins have shown potential applications in drug discovery, proteomic screens and biomarker 
detection.

Nanoparticles functionalized with supramolecular host–guest systems for sensing applications
•	 Metal nanoparticles functionalized with supramolecular host–guest systems have served as surface-enhanced 

Raman spectroscopy substrates for the high-sensitive, quantitative detection of analyte molecules.
•	 Localized surface plasmon resonances sensors have led to colorimetric detection of analyte molecules based 

on the analyte-induced assembly or disassembly of the supramolecule-functionalized nanoparticles.
Nanoparticles functionalized with supramolecular host–guest systems for removal of harmful substances
•	 Removal of harmful residues in water and beverages has been achieved through capturing the residue 

molecules inside the cavities of host molecules immobilized on nanoparticles followed by degradation of the 
residues or removal of the nanoparticle complexes.



www.futuremedicine.com 1509future science group

Nanoparticles functionalized with supramolecular host–guest systems    Review

Program. YW Yang thanks the support of the National Natural 

Science Foundation of China (21272093 and 51473061) and 

the Fundamental Research Funds for the Central Universities 

(no. JCKY-QKJC05). The authors have no other relevant affili-

ations or financial involvement with any organization or entity 

with a financial interest in or financial conflict with the subject 

matter  or materials  discussed  in  the manuscript  apart  from 

those disclosed.

No writing assistance was utilized in the production of this 

manuscript.

References
Papers of special note have been highlighted as:  
• of interest; •• of considerable interest

1 Chinai JM, Taylor AB, Ryno LM et al. Molecular 
recognition of insulin by a synthetic receptor. J. Am. Chem. 
Soc. 133(23), 8810–8813 (2011).

2 Liu Z, Robinson JT, Tabakman SM, Yang K, Dai H. 
Carbon materials for drug delivery & cancer therapy. Mater. 
Today 14(7–8), 316–323 (2011).

3 Kang S-G, Zhou G, Yang P et al. Molecular mechanism of 
pancreatic tumor metastasis inhibition by Gd@C-82(OH)
(22) and its implication for de novo design of nanomedicine. 
Proc. Natl Acad. Sci. USA 109(38), 15431–15436 (2012).

4 Feng L, Wu L, Qu X. New horizons for diagnostics and 
therapeutic applications of graphene and graphene oxide. 
Adv. Mater. 25(2), 168–186 (2013).

5 Cabral H, Matsumoto Y, Mizuno K et al. Accumulation of 
sub-100 nm polymeric micelles in poorly permeable tumours 
depends on size. Nat. Nanotechnol. 6(12), 815–823 (2011).

6 Ashley CE, Carnes EC, Phillips GK et al. The targeted 
delivery of multicomponent cargos to cancer cells by 
nanoporous particle-supported lipid bilayers. Nat. Mater. 
10(5), 389–397 (2011).

7 Zheng YB, Kiraly B, Huang TJ. Molecular machines drive 
smart drug delivery. Nanomedicine 5(9), 1309–1312 (2010).

8 Lee JW, Samal S, Selvapalam N, Kim HJ, Kim K. 
Cucurbituril homologues and derivatives: new opportunities 
in supramolecular chemistry. Acc. Chem. Res. 36(8), 621–630 
(2003).

9 Jon SY, Selvapalam N, Oh DH et al. Facile synthesis of 
cucurbit[n]uril derivatives via direct functionalization: 
expanding utilization of cucurbit[n]uril. J. Am. Chem. 
Soc. 125(34), 10186–10187 (2003).

10 Jeon YJ, Kim SY, Ko YH, Sakamoto S, Yamaguchi K, Kim 
K. Novel molecular drug carrier: encapsulation of oxaliplatin 
in cucurbit[7]uril and its effects on stability and reactivity of 
the drug. Org. Biomol. Chem. 3(11), 2122–2125 (2005).

11 Kim SK, Park KM, Singha K et al. Galactosylated 
cucurbituril-inclusion polyplex for hepatocyte-targeted gene 
delivery. Chem. Commun. 46(5), 692–694 (2010).

12 Tan L-L, Li H, Tao Y, Zhang SX-A, Wang B, Yang Y-W. 
Pillar[5]arene-based supramolecular organic frameworks for 
highly selective CO

2
-capture at ambient conditions. Adv. 

Mater. 26(41), 7027–7031 (2014).

13 Zheng B, Wang F, Dong S, Huang F. Supramolecular 
polymers constructed by crown ether-based molecular 
recognition. Chem. Soc. Rev. 41(5), 1621–1636 (2012).

14 Guo D-S, Liu Y. Calixarene-based supramolecular 
polymerization in solution. Chem. Soc. Rev. 41(18), 
5907–5921 (2012).

15 Walker S, Oun R, Mcinnes FJ, Wheate NJ. The potential 
of cucurbit[n]urils in drug delivery. Isr. J. Chem. 51(5–6), 
616–624 (2011).

16 Zhang J, Ma PX. Host–guest interactions mediated nano-
assemblies using cyclodextrin-containing hydrophilic 
polymers and their biomedical applications. Nano Today 
5(4), 337–350 (2010).

17 Gulder T, Baran PS. Strained cyclophane natural products: 
macrocyclization at its limits. Nat. Prod. Rep. 29(8), 
899–934 (2012).

18 Xue M, Yang Y, Chi X, Zhang Z, Huang F. Pillararenes, 
a new class of macrocycles for supramolecular chemistry. 
Acc. Chem. Res. 45(8), 1294–1308 (2012).

19 Wile BM, Stradiotto M. Silver-catalyzed hydrosilylation of 
aldehydes. Chem. Commun. (39), 4104–4106 (2006).

20 Wessels JM, Nothofer H-G, Ford WE et al. Optical and 
electrical properties of three-dimensional interlinked 
gold nanoparticle assemblies. J. Am. Chem. Soc. 126(10), 
3349–3356 (2004).

21 Lioubashevski O, Chegel VI, Patolsky F, Katz E, 
Willner I. Enzyme-catalyzed bio-pumping of electrons 
into Au-nanoparticles: a surface plasmon resonance 
and electrochemical study. J. Am. Chem. Soc. 126(22), 
7133–7143 (2004).

22 Du BA, Li ZP, Liu CH. One-step homogeneous detection 
of DNA hybridization with gold nanoparticle probes by 
using a linear light-scattering technique. Angew. Chem. 
Int. Ed. 45(47), 8022–8025 (2006).

23 Gorman BA, Francis PS, Dunstan DE, Barnett NW. Tris (2, 
2′-bipyridyl) ruthenium (II) chemiluminescence enhanced by 
silver nanoparticles. Chem. Commun.(4), 395–397 (2007).

24 Sun TM, Zhang YS, Pang B, Hyun DC, Yang MX, Xia YN. 
Engineered nanoparticles for drug delivery in cancer therapy. 
Angew. Chem. Int. Ed. 53(46), 12320–12364 (2014).

25 Dreaden EC, Alkilany AM, Huang X, Murphy CJ, El-Sayed 
MA. The golden age: gold nanoparticles for biomedicine. 
Chem. Soc. Rev. 41(7), 2740–2779 (2012).

26 Li H, Bian Y. Selective colorimetric sensing of histidine 
in aqueous solutions using cysteine modified silver 
nanoparticles in the presence of Hg2+. Nanotechnology 20(14), 
145502 (2009).

27 Xiong D, Li H. Colorimetric detection of pesticides based 
on calixarene modified silver nanoparticles in water. 
Nanotechnology 19(46), 465502 (2008).

28 Li H, Li F, Han C, Cui Z, Xie G, Zhang A. Highly sensitive 
and selective tryptophan colorimetric sensor based on 4, 
4-bipyridine-functionalized silver nanoparticles. Sens. 
Actuators B 145(1), 194–199 (2010).

29 Benyettou F, Milosevic I, Lalatonne Y et al. Toward 
theranostic nanoparticles: CB[7]-functionalized iron 



1510 Nanomedicine (Lond.) (2015) 10(9) future science group

Review    Wu, Song, Menz, Pingali, Yang & Zheng

oxide for drug delivery and MRI. J. Mater. Chem. B 1(38), 
5076–5082 (2013).

30 Amendola V, Meneghetti M, Granozzi G et al. Top–down 
synthesis of multifunctional iron oxide nanoparticles 
for macrophage labelling and manipulation. J. Mater. 
Chem. 21(11), 3803–3813 (2011).

31 Gupta AK, Gupta M. Synthesis and surface engineering 
of iron oxide nanoparticles for biomedical applications. 
Biomaterials 26(18), 3995–4021 (2005).

32 Benyettou F, Chebbi I, Motte L, Seksek O. Magnetoliposome 
for alendronate delivery. J. Mater. Chem. 21(13), 4813–4820 
(2011).

33 De Montferrand C, Lalatonne Y, Bonnin D, Motte L, 
Monod P. Non-linear magnetic behavior around zero 
field of an assembly of superparamagnetic nanoparticles. 
Analyst 137(10), 2304–2308 (2012).

34 Lin W, Hyeon T, Lanza GM, Zhang M, Meade TJ. 
Magnetic nanoparticles for early detection of cancer by 
magnetic resonance imaging. MRS Bull. 34(06), 441–448 
(2009).

35 Barkalina N, Jones C, Coward K. Mesoporous silica 
nanoparticles: a potential targeted delivery vector for 
reproductive biology? Nanomedicine 9(5), 557–560 (2014).

36 Klajn R, Stoddart JF, Grzybowski BA. Nanoparticles 
functionalised with reversible molecular and 
supramolecular switches. Chem. Soc. Rev. 39(6), 
2203–2237 (2010).

37 Li Z, Barnes JC, Bosoy A, Stoddart JF, Zink JI. Mesoporous 
silica nanoparticles in biomedical applications. Chem. Soc. 
Rev. 41(7), 2590–2605 (2012).

38 Nadrah P, Planinšek O, Gaberšček M. Stimulus-responsive 
mesoporous silica particles. J. Mater. Sci. 49(2), 481–495 
(2013).

39 Yang YW, Sun YL, Song N. Switchable host–guest systems 
on surfaces. Acc. Chem. Res. 47(7), 1950–1960 (2014).

••	 Review	of	mechanism	and	importance	of	supramolecular	
host–guest	systems	on	solid	surfaces.

40 Li H, Yang Y-W. Gold nanoparticles functionalized with 
supramolecular macrocycles. Chin. Chem. Lett. 24(7), 
545–552 (2013).

41 Yang YW. Towards biocompatible nanovalves based on 
mesoporous silica nanoparticles. Medchemcomm 2(11), 
1033–1049 (2011).

42 Wang L, Li LL, Fan YS, Wang H. Host–guest 
supramolecular nanosystems for cancer diagnostics and 
therapeutics. Adv. Mater. 25(28), 3888–3898 (2013).

43 Xie Y, Wang X, Han X et al. Selective SERS detection of each 
polycyclic aromatic hydrocarbon (PAH) in a mixture of five 
kinds of PAHs. J. Raman Spectrosc. 42(5), 945–950 (2011).

44 Barooah N, Bhasikuttan AC, Sudarsan V, Choudhury SD, 
Pal H, Mohanty J. Surface functionalized silver nanoparticle 
conjugates: demonstration of uptake and release of a 
phototherapeutic porphyrin dye. Chem. Commun. 47(32), 
9182–9184 (2011).

•	 Description	of	the	fundamentals	of	host	molecules	
encapsulating	and	releasing	drug	molecules.

45 Nguyen TD, Tseng HR, Celestre PC et al. A reversible 
molecular valve. Proc. Natl Acad. Sci. USA 102(29), 
10029–10034 (2005).

•	 Earliest	description	on	the	principle	of	supramolecular	
nano-gate	keepers	on	mesoporous	silica	nanoparticles.

46 Khashab NM, Trabolsi A, Lau YA et al. Redox- and 
pH-controlled mechanized nanoparticles. Eur. J. Org. 
Chem. 2009(11), 1669–1673 (2009).

47 Luo Z, Ding X, Hu Y et al. Engineering a hollow 
nanocontainer platform with multifunctional molecular 
machines for tumor-targeted therapy in vitro and in vivo. 
ACS Nano 7(11), 10271–10284 (2013).

48 Zheng YB, Hao Q, Yang Y-W, Kiraly B, Chiang IK, 
Huang TJ. Light-driven artificial molecular machines. 
J. Nanophotonics 4(1), 042501(2010).

49 Ferris DP, Zhao Y-L, Khashab NM, Khatib HA, Stoddart 
JF, Zink JI. Light-operated mechanized nanoparticles. J. Am. 
Chem. Soc. 131(5), 1686–1688 (2009).

50 Jog PV, Gin MS. A light-gated synthetic ion channel. Org. 
Lett. 10(17), 3693–3696 (2008).

51 Murakami H, Kawabuchi A, Matsumoto R, Ido T, 
Nakashima N. A multi-mode-driven molecular shuttle: 
photochemically and thermally reactive azobenzene 
rotaxanes. J. Am. Chem. Soc. 127(45), 15891–15899 (2005).

52 Yan H, Teh C, Sreejith S et al. Functional mesoporous silica 
nanoparticles for photothermal‐controlled drug delivery 
in vivo. Angew. Chem. Int. Ed. 51(33), 8373–8377 (2012).

53 Sun YL, Yang BJ, Zhang SX, Yang YW. Cucurbit[7]uril 
pseudorotaxane-based photoresponsive supramolecular 
nanovalve. Chemistry 18(30), 9212–9216 (2012).

54 Li Q-L, Wang L, Qiu X-L et al. Stimuli-responsive 
biocompatible nanovalves based on β-cyclodextrin modified 
poly(glycidyl methacrylate). Polym. Chem. 5(10), 3389–3395 
(2014).

55 Wang M, Chen T, Ding C, Fu J. Mechanized silica 
nanoparticles based on reversible bistable [2]pseudorotaxanes 
as supramolecular nanovalves for multistage pH-controlled 
release. Chem. Commun. 50(39), 5068–5071 (2014).

56 Gao Y, Yang C, Liu X, Ma R, Kong D, Shi L. A 
multifunctional nanocarrier based on nanogated mesoporous 
silica for enhanced tumor-specific uptake and intracellular 
delivery. Macromol. Biosci. 12(2), 251–259 (2012).

57 Park C, Oh K, Lee SC, Kim C. Controlled release of guest 
molecules from mesoporous silica particles based on a 
pH-responsive polypseudorotaxane motif. Angew. Chem. 
Int. Ed. 46(9), 1455–1457 (2007).

58 Choi HS, Ooya T, Lee SC et al. pH dependence of 
polypseudorotaxane formation between cationic linear 
polyethylenimine and cyclodextrins. Macromolecules 37(18), 
6705–6710 (2004).

59 Lee SC, Choi HS, Ooya T, Yui N. Block-selective 
polypseudorotaxane formation in PEI-b-PEG-b-PEI 
copolymers via pH variation. Macromolecules 37(20), 
7464–7468 (2004).

60 Sun YL, Yang YW, Chen DX et al. Mechanized silica 
nanoparticles based on pillar[5]arenes for on-command 
cargo release. Small 9(19), 3224–3229 (2013).



www.futuremedicine.com 1511future science group

Nanoparticles functionalized with supramolecular host–guest systems    Review

61 Ogoshi T, Hashizume M, Yamagishi T-A, Nakamoto Y. 
Synthesis, conformational and host–guest properties of 
water-soluble pillar [5] arene. Chem. Commun. 46(21), 
3708–3710 (2010).

62 Zhou Y, Tan LL, Li QL et al. Acetylcholine-triggered cargo 
release from supramolecular nanovalves based on different 
macrocyclic receptors. Chemistry 20(11), 2998–3004 (2014).

63 Patel K, Angelos S, Dichtel WR et al. Enzyme-responsive 
snap-top covered silica nanocontainers. J. Am. Chem. Soc. 
130(8), 2382–2383 (2008).

64 Sun YL, Zhou Y, Li QL, Yang YW. Enzyme-responsive 
supramolecular nanovalves crafted by mesoporous silica 
nanoparticles and choline-sulfonatocalix[4]arene [2]
pseudorotaxanes for controlled cargo release. Chem. 
Commun. 49(79), 9033–9035 (2013).

65 Rapoport N, Kennedy AM, Shea JE, Scaife CL, Nam 
K-H. Ultrasonic nanotherapy of pancreatic cancer: lessons 
from ultrasound imaging. Mol. Pharmaceutics 7(1), 22–31 
(2009).

66 Husseini GA, Pitt WG. Micelles and nanoparticles for 
ultrasonic drug and gene delivery. Adv. Drug Deliv. 
Rev. 60(10), 1137–1152 (2008).

67 Lee S-F, Zhu X-M, Wang Y-XJ et al. Ultrasound, pH, and 
magnetically responsive crown-ether-coated core/shell 
nanoparticles as drug encapsulation and release systems. ACS 
Appl. Mater. Interfaces 5(5), 1566–1574 (2013).

68 Thomas CR, Ferris DP, Lee J-H et al. Noninvasive remote-
controlled release of drug molecules in vitro using magnetic 
actuation of mechanized nanoparticles. J. Am. Chem. 
Soc. 132(31), 10623–10625 (2010).

69 Li H, Tan L-L, Jia P et al. Near-infrared light-responsive 
supramolecular nanovalve based on mesoporous silica-coated 
gold nanorods. Chem. Sci. 5(7), 2804–2808 (2014).

70 Lane D. Designer combination therapy for cancer. Nat. 
Biotechnol. 24(2), 163–164 (2006).

71 De Gaetano Donati K, Rabagliati R, Iacoviello L, Cauda 
R. HIV infection, HARRT, and endothelial adhesion 
molecules: current perspectives. Lancet Infect. Dis. 4(4), 
213–222 (2004).

72 Wang C, Li Z, Cao D et al. Stimulated release of size-selected 
cargos in succession from mesoporous silica nanoparticles. 
Angew. Chem. Int. Ed. 51(22), 5460–5465 (2012).

73 Angelos S, Yang Y-W, Khashab NM, Stoddart JF, Zink JI. 
Dual-controlled nanoparticles exhibiting and logic. J. Am. 
Chem. Soc. 131(32), 11344–11346 (2009).

74 Meng H, Xue M, Xia T et al. Autonomous in vitro anticancer 
drug release from mesoporous silica nanoparticles by 
pH-sensitive nanovalves. J. Am. Chem. Soc. 132(36), 
12690–12697 (2010).

75 Chen Y, Chen H, Shi J. In vivo bio-safety evaluations and 
diagnostic/therapeutic applications of chemically designed 
mesoporous silica nanoparticles. Adv. Mater. 25(23), 
3144–3176 (2013).

76 Zhang Q, Wang X, Li P-Z et al. Biocompatible, uniform, 
and redispersible mesoporous silica nanoparticles for cancer-
targeted drug delivery in vivo. Adv. Funct. Mater. 24(17), 
2450–2461 (2014).

••	 Demonstrates	the	biocompatibility	and	related	challenges	
of	mesoporous	silica	nanoparticles	in	clinical	applications.

77 Oliveri V, D’Agata R, Giglio V, Spoto G, Vecchio G. 
Cyclodextrin-functionalised gold nanoparticles via 
streptavidin: a supramolecular approach. Supramol. 
Chem. 25(8), 465–473 (2013).

78 Adeli M, Hakimpoor F, Parsamanesh M, Kalantari M, 
Sobhani Z, Attyabi F. Quantum dot-pseudopolyrotaxane 
supramolecules as anticancer drug delivery systems. 
Polymer 52(11), 2401–2413 (2011).

79 Luo Z, Cai K, Hu Y et al. Redox-responsive molecular 
nanoreservoirs for controlled intracellular anticancer drug 
delivery based on magnetic nanoparticles. Adv. Mater. 24(3), 
431–435 (2012).

80 Adeli M, Sarabi RS, Farsi RY, Mahmoudi M, Kalantari M. 
Polyrotaxane/gold nanoparticle hybrid nanomaterials as 
anticancer drug delivery systems. J. Mater. Chem. 21(46), 
18686–18695 (2011).

81 Liu Y, Yang YW, Chen Y. Thio[2-(benzoylamino)
ethylamino]-beta-CD fragment modified gold nanoparticles 
as recycling extractors for [60]fullerene. Chem. 
Commun.(33), 4208–4210 (2005).

82 Eftink MR, Andy ML, Bystrom K, Perlmutter HD, 
Kristol DS. Cyclodextrin inclusion complexes: studies of 
the variation in the size of alicyclic guests. J. Am. Chem. 
Soc. 111(17), 6765–6772 (1989).

83 Yokoyama M. Polymeric micelles as a new drug carrier 
system and their required considerations for clinical trials. 
Expert Opin. Drug Deliv. 7(2), 145–158 (2010).

84 Danhier F, Feron O, Preat V. To exploit the tumor 
microenvironment: passive and active tumor targeting 
of nanocarriers for anti-cancer drug delivery. J. Control. 
Release 148(2), 135–146 (2010).

85 Brule S, Levy M, Wilhelm C et al. Doxorubicin release 
triggered by alginate embedded magnetic nanoheaters: a 
combined therapy. Adv. Mater. 23(6), 787–790 (2011).

86 Kim J, Lee JE, Lee SH et al. Designed fabrication of 
a multifunctional polymer nanomedical platform for 
simultaneous cancer-targeted imaging and magnetically 
guided drug delivery. Adv. Mater. 20(3), 478–483 (2008).

87 Cai K, Li J, Luo Z, Hu Y, Hou Y, Ding X. β-Cyclodextrin 
conjugated magnetic nanoparticles for diazepam removal 
from blood. Chem. Commun. 47(27), 7719–7721 (2011).

88 Ta HT, Dass CR, Larson I, Choong PFM, Dunstan DE. 
A chitosan hydrogel delivery system for osteosarcoma gene 
therapy with pigment epithelium-derived factor combined 
with chemotherapy. Biomaterials 30(27), 4815–4823 (2009).

89 Huang C, Li M, Chen C, Yao Q. Small interfering RNA 
therapy in cancer: mechanism, potential targets, and clinical 
applications. Expert Opin. Ther. Targets 12(5), 637–645 
(2008).

90 Li JM, Wang YY, Zhao MX et al. Multifunctional QD-
based co-delivery of siRNA and doxorubicin to Hela cells 
for reversal of multidrug resistance and real-time tracking. 
Biomaterials 33(9), 2780–2790 (2012).

91 Kim C, Agasti SS, Zhu Z, Isaacs L, Rotello VM. 
Recognition-mediated activation of therapeutic gold 



1512 Nanomedicine (Lond.) (2015) 10(9) future science group

Review    Wu, Song, Menz, Pingali, Yang & Zheng

nanoparticles inside living cells. Nat. Chem. 2(11), 962–966 
(2010).

••	 Excellent	description	of	acute	release	and	reducing	side	
effects	through	drug-sequestration	utilization.

92 Lan Y, Loh XJ, Geng J, Walsh Z, Scherman OA. A 
supramolecular route towards core-shell polymeric 
microspheres in water via cucurbit[8]uril complexation. 
Chem. Commun. 48(70), 8757–8759 (2012).

93 Sokolov BP, Cadet JL. Methamphetamine causes 
alterations in the map kinase-related pathways in the 
brains of mice that display increased aggressiveness. 
Neuropsychopharmacology 31(5), 956–966 (2006).

94 Terstappen GC, Schlupen C, Raggiaschi R, Gaviraghi G. 
Target deconvolution strategies in drug discovery. Nat. Rev. 
Drug Discov. 6(11), 891–903 (2007).

95 Dufva M, Christensen CB. Diagnostic and analytical 
applications of protein microarrays. Expert Rev. 
Proteomics 2(1), 41–48 (2005).

96 Jones RB, Gordus A, Krall JA, Macbeath G. A quantitative 
protein interaction network for the ErbB receptors using 
protein microarrays. Nature 439(7073), 168–174 (2006).

97 Anderson KS, Ramachandran N, Wong J et al. Application 
of protein microarrays for multiplexed detection of antibodies 
to tumor antigens in breast cancer. J. Proteome Res. 7(4), 
1490–1499 (2008).

98 Hudson ME, Pozdnyakova I, Haines K, Mor G, Snyder M. 
Identification of differentially expressed proteins in ovarian 
cancer using high-density protein microarrays. Proc. Natl 
Acad. Sci. USA 104(44), 17494–17499 (2007).

99 Rybtchinski B. Adaptive supramolecular nanomaterials 
based on strong noncovalent interactions. ACS Nano 5(9), 
6791–6818 (2011).

100 Uhlenheuer DA, Petkau K, Brunsveld L. Combining 
supramolecular chemistry with biology. Chem. Soc. 
Rev. 39(8), 2817–2826 (2010).

101 Nguyen HD, Dang DT, Van Dongen JLJ, Brunsveld L. 
Protein dimerization induced by supramolecular interactions 
with cucurbit[8]uril. Angew. Chem. Int. Ed. 49(5), 895–898 
(2010).

102 Heitmann LM, Taylor AB, Hart PJ, Urbach AR. Sequence-
specific recognition and cooperative dimerization of 
n-terminal aromatic peptides in aqueous solution by a 
synthetic host. J. Am. Chem. Soc. 128(38), 12574–12581 
(2006).

103 Yang L, Gomez-Casado A, Young JF et al. Reversible and 
oriented immobilization of ferrocene-modified proteins. 
J. Am. Chem. Soc. 134(46), 19199–19206 (2012).

104 Gonzalez-Campo A, Brasch M, Uhlenheuer DA et al. 
Supramolecularly oriented immobilization of proteins using 
cucurbit[8]uril. Langmuir 28(47), 16364–16371 (2012).

105 Yao Y, Zhou Y, Dai J, Yue S, Xue M. Host–guest recognition-
induced color change of water-soluble pillar[5]arene 
modified silver nanoparticles for visual detection of spermine 
analogues. Chem. Commun. 50(7), 869–871 (2014).

106 Wang L, Lei J, Ma R, Ju H. Host–guest interaction of 
adamantine with a β-cyclodextrin-functionalized AuPd 
bimetallic nanoprobe for ultrasensitive electrochemical 

immunoassay of small molecules. Anal. Chem. 85(13), 
6505–6510 (2013).

107 Frenich AG, Zamora DP, Vidal JLM, Galera MM. 
Standardization of SPE signals in multicomponent analysis of 
three benzimidazolic pesticides by spectrofluorimetry. Anal. 
Chim. Acta 477(2), 211–222 (2003).

108 Galera MM, Zamora DP, Vidal JLM et al. Determination 
of carbendazim, thiabendazole and fuberidazole using a 
net analyte signal-based method. Talanta 59(6), 1107–1116 
(2003).

109 Xiong J, Hu B. Comparison of hollow fiber liquid phase 
microextraction and dispersive liquid-liquid microextraction 
for the determination of organosulfur pesticides in 
environmental and beverage samples by gas chromatography 
with flame photometric detection. J. Chromatogr. A 
1193(1–2), 7–18 (2008).

110 Likas DT, Tsiropoulos NG, Miliadis GE. Rapid gas 
chromatographic method for the determination of 
famoxadone, trifloxystrobin and fenhexamid residues in 
tomato, grapeand wine samples. J. Chromatogr. A 1150(1–2), 
208–214 (2007).

111 Pang GF, Fan CL, Liu YM et al. Multi-residue method for 
the determination of 450 pesticide residues in honey, fruit 
juice and wine by double-cartridge solid-phase extraction/
gas chromatography-mass spectrometry and liquid 
chromatography-tandem mass spectrometry. Food Addit. 
Contam. 23(8), 777–810 (2006).

112 Zacharis CK, Christophoridis C, Fytianos K. Vortex-
assisted liquid-liquid microextraction combined with gas 
chromatography-mass spectrometry for the determination of 
organophosphate pesticides in environmental water samples 
and wines. J. Sep. Sci. 35(18), 2422–2429 (2012).

113 Zheng Y, Payton J, Chung C. Surface-enhanced raman 
spectroscopy to probe reversibly photoswitchable azobenzene 
in controlled nanoscale environments. Nano Lett. 11(8), 
3447–3452 (2011).

114 Zheng YB, Kiraly B, Weiss PS, Huang TJ. 
Molecular plasmonics for biology and nanomedicine. 
Nanomedicine 7(5), 751–770 (2012).

115 Abalde-Cela S, Aldeanueva-Potel P, Mateo-Mateo C, 
Rodriguez-Lorenzo L, Alvarez-Puebla RA, Liz-Marzan LM. 
Surface-enhanced raman scattering biomedical applications 
of plasmonic colloidal particles. J. R. Soc. Interface 
7(Suppl. 4), S435–S450 (2010).

116 Alvarez-Puebla RA, Liz-Marzan LM. SERS-based diagnosis 
and biodetection. Small 6(5), 604–610 (2010).

117 Haynes CL, Mcfarland AD, Van Duyne RP. Surface-
enhanced raman spectroscopy. Anal. Chem. 77(17), 
338A–346A (2005).

118 Brus L. Noble metal nanocrystals: plasmon electron transfer 
photochemistry and single-molecule raman spectroscopy. 
Acc. Chem. Res. 41(12), 1742–1749 (2008).

119 Kneipp K, Moskovits M, Kneipp H. Surface-enhanced 
raman scattering. Phys. Today 60(11), 40–46 (2007).

120 Alvarez-Puebla R, Liz-Marzán LM, Garciía De Abajo FJ. 
Light concentration at the nanometer scale. J. Phys. Chem. 
Lett. 1(16), 2428–2434 (2010).



www.futuremedicine.com 1513future science group

Nanoparticles functionalized with supramolecular host–guest systems    Review

121 Rodríguez-Lorenzo L, Alvarez-Puebla RA, Pastoriza-Santos 
I et al. Zeptomol detection through controlled ultrasensitive 
surface-enhanced raman scattering. J. Am. Chem. Soc. 
131(13), 4616–4618 (2009).

122 Strickland AD, Batt CA. Detection of carbendazim by 
surface-enhanced raman scattering using cyclodextrin 
inclusion complexes on gold nanorods. Anal. Chem. 81(8), 
2895–2903 (2009).

123 Pathem BK, Zheng YB, Morton S et al. Photoreaction of 
matrix-isolated dihydroazulene-functionalized molecules on 
Au{111}. Nano Lett. 13(2), 337–343 (2013).

124 Pathem BK, Zheng YB, Payton JL et al. Effect of tether 
conductivity on the efficiency of photoisomerization of 
azobenzene-functionalized molecules on Au{111}. J. Phys. 
Chem. Lett. 3(17), 2388–2394 (2012).

125 Zheng YB, Payton JL, Chung CH et al. Surface-enhanced 
raman spectroscopy to probe reversibly photoswitchable 
azobenzene in controlled nanoscale environments. Nano 
Lett. 11(8), 3447–3452 (2011).

126 Abalde-Cela S, Hermida-RamóN JM, Contreras-Carballada 
P et al. SERS chiral recognition and quantification 
of enantiomers through cyclodextrin supramolecular 
complexation. Chemphyschem 12(8), 1529–1535 (2011).

127 Roldan ML, Sanchez-Cortes S, Garcia-Ramos JV, Domingo 
C. Cucurbit[8]uril-stabilized charge transfer complexes 
with diquat driven by pH: a SERS study. Phys. Chem. Chem. 
Phys. 14(14), 4935–4941 (2012).

128 Wustholz KL, Henry A-I, Mcmahon JM et al. Structure-
activity relationships in gold nanoparticle dimers and trimers 
for surface-enhanced raman spectroscopy. J. Am. Chem. 
Soc. 132(31), 10903–10910 (2010).

129 Lim D-K, Jeon K-S, Kim HM, Nam J-M, Suh YD. 
Nanogap-engineerable raman-active nanodumbbells for 
single-molecule detection. Nat. Mater. 9(1), 60–67 (2010).

130 Le Ru E, Etchegoin P. Sub-wavelength localization of hot-
spots in SERS. Chem. Phys. Lett. 396(4), 393–397 (2004).

131 Sztainbuch IW. The effects of Au aggregate morphology on 
surface-enhanced raman scattering enhancement. J. Chem. 
Phys. 125(12), 124707(2006).

132 Hao E, Schatz GC. Electromagnetic fields around silver 
nanoparticles and dimers. J. Chem. Phys. 120(1), 357–366 
(2003).

133 Sardar R, Heap TB, Shumaker-Parry JS. Versatile solid phase 
synthesis of gold nanoparticle dimers using an asymmetric 
functionalization approach. J. Am. Chem. Soc. 129(17), 
5356–5357 (2007).

134 Li W, Camargo PH, Lu X, Xia Y. Dimers of silver 
nanospheres: facile synthesis and their use as hot spots 
for surface-enhanced raman scattering. Nano Lett. 9(1), 
485–490 (2008).

135 Tao CA, An Q, Zhu W et al. Cucurbit[n]urils as a SERS 
hot-spot nanocontainer through bridging gold nanoparticles. 
Chem. Commun. 47(35), 9867–9869 (2011).

136 Doering WE, Nie S. Single-molecule and single-nanoparticle 
SERS: examining the roles of surface active sites and 
chemical enhancement. J. Phys. Chem. B 106(2), 311–317 
(2002).

137 Taylor RW, Lee T-C, Scherman OA et al. Precise 
subnanometer plasmonic junctions for SERS within gold 
nanoparticle assemblies using cucurbit[n]uril “glue”. ACS 
Nano 5(5), 3878–3887 (2011).

138 Kasera S, Biedermann F, Baumberg JJ, Scherman OA, 
Mahajan S.. Quantitative SERS using the sequestration of 
small molecules inside precise plasmonic nanoconstructs. 
Nano Lett. 12(11), 5924–5928 (2012).

••	 Describes	the	high-sensitive,	quantitative	surface-enhanced	
Raman	spectroscopy	detection	of	analytes	by	constructing	
‘hot’	spots	between	the	neighboring	particles.

139 Ghadiali JE, Stevens MM. Enzyme‐responsive nanoparticle 
systems. Adv. Mater. 20(22), 4359–4363 (2008).

140 De La Rica R, Velders AH. Supramolecular Au 
nanoparticle assemblies as optical probes for enzyme-linked 
immunoassays. Small 7(1), 66–69 (2011).

141 Xue X, Wang F, Liu X. One-step, room temperature, 
colorimetric detection of mercury (Hg2+) using DNA/
nanoparticle conjugates. J. Am. Chem. Soc. 130(11), 
3244–3245 (2008).

142 Liu J, Mendoza S, Román E, Lynn MJ, Xu R, Kaifer AE. 
Cyclodextrin-modified gold nanospheres. Host–guest 
interactions at work to control colloidal properties. J. Am. 
Chem. Soc. 121(17), 4304–4305 (1999).

143 Xiong D, Chen M, Li H. Synthesis of para-sulfonatocalix[4]
arene-modified silver nanoparticles as colorimetric histidine 
probes. Chem. Commun.(7), 880–882 (2008).

144 Chen X, Parker SG, Zou G, Su W, Zhang Q. β-cyclodextrin-
functionalized silver nanoparticles for the naked eye 
detection of aromatic isomers. ACS Nano 4(11), 6387–6394 
(2010).

145 Coelho JP, Gonzalez-Rubio G, Delices A et al. Polyrotaxane-
mediated self-assembly of gold nanospheres into fully 
reversible supercrystals. Angew. Chem. Int. Ed. 53(47), 
12751–12755 (2014).

146 Li H, Chen DX, Sun YL et al. Viologen-mediated assembly 
of and sensing with carboxylatopillar[5]arene-modified gold 
nanoparticles. J. Am. Chem. Soc. 135(4), 1570–1576 (2013).

••	 Description	of	guest	molecule-mediated	assembly	of	
nanoparticles	for	colorimetric	sensing	of	analytes.

147 Chen D-X, Sun Y-L, Zhang Y, Cui J-Y, Shen F-Z, Yang Y-W. 
Supramolecular self-assembly and photophysical properties 
of pillar[5]arene-stabilized CdTe quantum dots mediated by 
viologens. RSC Adv. 3(17), 5765–5768 (2013).

148 de la Rica R, Fratila RM, Szarpak A, Huskens J, Velders AH. 
Multivalent nanoparticle networks as ultrasensitive enzyme 
sensors. Angew. Chem. Int. Ed. 50(25), 5704–5707 (2011).

149 Huang T, Meng F, Qi L. Facile synthesis and one-
dimensional assembly of cyclodextrin-capped gold 
nanoparticles and their applications in catalysis and surface-
enhanced raman scattering. J. Phys. Chem. C 113(31), 
13636–13642 (2009).

150 Olson MA, Coskun A, Klajn R et al. Assembly of polygonal 
nanoparticle clusters directed by reversible noncovalent 
bonding interactions. Nano Lett. 9(9), 3185–3190 (2009).

151 Zhou S-Y, Song N, Liu S-X, Chen D-X, Jia Q, Yang Y-W. 
Separation and preconcentration of gold and palladium ions 



1514 Nanomedicine (Lond.) (2015) 10(9) future science group

Review    Wu, Song, Menz, Pingali, Yang & Zheng

with a carboxylated pillar[5]arene derived sorbent prior to 
their determination by flow injection FAAS. Microchim. 
Acta 181(13–14), 1551–1556 (2014).

152 Saaid M, Saad B, Rahman IA, Ali AS, Saleh MI. Extraction 
of biogenic amines using sorbent materials containing 
immobilized crown ethers. Talanta 80(3), 1183–1190 (2010).

153 Liu D, Song N, Cheng Y-C, Chen D-X, Jia Q, Yang Y-W. 
Pillarene functionalized polymer monolithic column for the 
solid-phase microextraction preconcentration of parabens. 
RSC Adv. 4(90), 49153–49160 (2014).

154 Chalasani R, Vasudevan S. Cyclodextrin functionalized 
magnetic iron oxide nanocrystals: a host-carrier for magnetic 
separation of non-polar molecules and arsenic from aqueous 
media. J. Mater. Chem. 22(30), 14925–14931 (2012).

•	 Describes	the	basic	mechanism	of	harmful	substances	
removal	by	nanoparticles	functionalized	with	
supramolecular	host–guest	systems

155 Tian M-M, Chen D-X, Sun Y-L, Yang Y-W, Jia Q. 
Pillararene-functionalized Fe

3
O

4
 nanoparticles as magnetic 

solid-phase extraction adsorbent for pesticide residue analysis 
in beverage samples. RSC Adv. 3(44), 22111–22119 (2013).

156 Yi R, Ye G, Pan D, Wu F, Wen M, Chen J. Novel core–shell 
structured superparamagnetic microspheres decorated 
with macrocyclic host molecules for specific recognition 
and magnetic removal of Pb(II). J. Mater. Chem. A 2(19), 
6840–6846 (2014).

157 Chalasani R, Vasudevan S. Cyclodextrin-functionalized 
Fe

3
O

4
@TiO

2
: reusable, magnetic nanoparticles for 

photocatalytic degradation of endocrine-disrupting 
chemicals in water supplies. ACS Nano 7(5), 4093–4104 
(2013).

158 Zheng YB, Pathem BK, Hohman JN, Thomas JC, Kim 
M, Weiss PS. Photoresponsive molecules in well-defined 
nanoscale environments. Adv. Mater. 25(3), 302–312 
(2013).

159 Zheng YB, Payton JL, Song T-B et al. Surface-enhanced 
raman spectroscopy to probe photoreaction pathways and 
kinetics of isolated reactants on surfaces: flat versus curved 
substrates. Nano Lett. 12(10), 5362–5368 (2012).

160 Pathem BK, Claridge SA, Zheng YB, Weiss PS. Molecular 
switches and motors on surfaces. Annu. Rev. Phys. 
Chem. 64(1), 605–630 (2013).


