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Abstract

Host—guest motifs are likely the most recognizable manifestation of supramolecular chemistry.
These complexes are characterized by the organization of small molecules on the basis of
preferential association of a guest within the portal of a host. In the context of their therapeutic use,
the primary application of these complexes has been as excipients which enhance the solubility or
improve the stability of drug formulations, primarily in a vial. However, there may be opportunities
to go significantly beyond such a role and leverage key features of the affinity, specificity, and
dynamics of the interaction itself toward “smarter” therapeutic designs. One approach in this regard
would seek stimuli—responsive host—guest recognition, wherein a complex forms in a manner that is
sensitive to, or can be governed by, externally applied triggers, disease—specific proteins and
analytes, or the presence of a competing guest. This review will highlight the general and
phenomenological design considerations governing host—guest recognition and the specific types of
chemistry which have been used and are available for different applications. Finally, a discussion of
the molecular engineering and design approaches which enable sensitivity to a variety of different
stimuli are highlighted. Ultimately, these molecular—scale approaches offer an assortment of new
chemistry and material design tools toward improving precision in drug delivery.
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1. Introduction

The design of efficient, effective, and safe
therapeutics remains a present challenge in
addressing numerous diseases and afflictions. In spite
of significant efforts in drug discovery and
development, over half of proposed therapeutics fail
in the course of clinical trials due to reasons which
include a lack of therapeutic efficacy and
unacceptable safety [1,2]. As such, it remains difficult
to predict the success of new therapeutic entities in
spite of in vitro target validation, translational studies,
and small-scale clinical evaluation. Side-effects from
off-target activity or co-morbidities often limit the
dose of a drug which can be administered, narrowing
the therapeutic index to the point where therapy is no
longer feasible. As the adage in pharmaceutics often
goes, the dose makes the poison. It is increasingly

appreciated that drug formulation and delivery
methods play a very large role in both the therapeutic
effectiveness and safety of a pharmaceutical agent [3].
By varying the method of delivery, drug
pharmacokinetics,  bioavailability,  distribution,
metabolism, clearance, and toxicity can all be
impacted [4]. As such, an increased focus on
formulation approaches and drug delivery devices
may be key to converting active therapeutic entities
into clinically deployed drugs.

One commonly explored route toward achieving
more refined drug delivery is through the use of
stimuli-responsive  triggers to  bias  drug
biodistribution with spatiotemporal control such that
a drug acts both when it is needed and at the site
where it is needed [5-7]. By this design, a priori

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 11

3018

knowledge of the location of need for a therapeutic
might be coupled to regionally controlled application
of a stimulus such as light, pulsed ultrasound, or a
magnetic field. Alternatively, the process could be
made more autonomous by integrating an ability to
respond to physiologic indicators of disease, such as
changes in pH, increased redox activity, or elevated
enzyme levels. In this way, it may be possible to
broaden the therapeutic index by ensuring more of an
administered drug reaches its target, thus lowering
EDsp, while simultaneously sequestering drug activity
systemically, thus increasing the LDsp. Achieving
more effective therapy while reducing the risks for
dose-limiting  side-effects is an  important
development in improving pharmaceutical practice.
Supramolecular interactions afford many useful
tools for the design of new biomaterials and drug
delivery devices [8-14]. The earliest uses of
supramolecular macrocycles in drug delivery were in
the context of excipients which functioned primarily
by improving the solubility and formulation stability
of a diverse array of hydrophobic drugs and
increasing cell permeability for charged species
[15-17]. In addition, there are examples using
inclusion within supramolecular macrocycles as a
method to mitigate the toxicity of a drug [18]. These
uses are typically characterized by
equilibrium-governed interactions between a drug
guest and a hydrophilic macrocycle host. Related
approaches have extended to the stabilization and
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improved solubility of protein therapeutics, wherein
macrocycles may serve to sequester hydrophobic
domains and inhibit their aggregation in formulation
[19,20]. Host-guest interactions are inherently
dynamic and concentration-dependent, meaning
interactions which successfully solubilize or stabilize
drugs in a concentrated vial on a shelf would be
expected to dissociate instantly and practically
irreversibly once introduced into the diluting and
competitive physiologic environment. Opportunities
to increase the kinetic barrier to dissociation or slow
the dynamics through increased affinity may afford
interesting new applications for the application of
drugs in the body.

An assortment of supramolecular systems with
therapeutic objectives has been thoroughly reviewed
in recent years [8-14]. However, one area where
host-guest technologies may advance beyond simply
formulation excipients would align with the general
goals of other stimuli-responsive therapeutics.
Specifically, strategies which link complex formation,
including its affinity and dynamics, to the existence of
an applied stimulus or environmental cue are being
actively explored toward “smart” and autonomous
therapies with spatiotemporal precision (Fig. 1).
Specific ~ efforts to  design and  enable
stimuli-responsive host-guest systems are a much
more limited subset of work in the general application
of supramolecular macrocycles for therapeutic
purposes, and as such form the basis for this review.
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Figure 1. Overview of common approaches in designing stimuli—responsive host—guest systems. (A) Drug encapsulation is the most basic approach used in
host—guest drug delivery applications. (B) The panel of drugs available for use in host—guest systems may be greatly expanded in the tethering of guest motifs to drugs
of interest by labile bonds. (C) Porous nanoparticles have been used to encapsulate drugs, and these can be further equipped using host—guest chemistry to sterically
block the release of cargo from the nanoparticle. Cargo is released as a specific stimuli shifts the host—guest binding away from the nanoparticle surface or displaces
the macrocycle entirely. (D) Host motifs can also be incorporated into oligomeric or polymeric building blocks to enable the formation of material or hydrogel drug

depots for the localized release of drug.
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Figure 2. General design considerations in host-guest complex formation. (A) The affinity and dynamics of guest recognition by host macrocycles can be defined at
equilibrium as a function of the concentrations of each species, or alternatively is proportional to the rates of complex formation and dissolution. Figure used with
permission from [21], Copyright 2019 American Chemical Society. (B) These interactions are furthermore defined by the thermodynamics.

2. General Molecular Design
Considerations in Host-Guest Systems

To evaluate the suitability of using host-guest
supramolecular macrocycles as part of a new therapy,
one key is to understand specific design principles
coupled with their underlying molecular and
thermodynamic origins. Before a supramolecular
macrocycle may be tailored for a specific therapeutic
application, it is imperative that benefits and
limitations of macrocycle strategies more broadly, and
host-specific constraints specifically, are understood.
A subset of these general considerations that are
widely applicable to all host-guest systems are
offered here. This is intended as a primer for
discussion of the available macrocycle chemistries
that follows.

2.1 Affinity and Dynamics

One reason to use a macrocyclic host in
designing a therapy may be to afford specific affinity
for a drug or payload of interest as a guest within the
host. In another use, affinity may offer an opportunity
to prepare modular constructs, for example by using
guest-appended drugs or targeting groups to
facilitate “mix-and-match” functionality in an
engineered system. Regardless of the motivation, an
appreciation for both the affinity and dynamics of the
chosen interaction is necessary to understand whether
a complex will remain stable once introduced into the
diluted conditions of the body and for how long these
entities remain associated once a complex is formed.
Equilibrium binding affinity, often abbreviated as K.,
or K,, is a quantity defined by a ratio of concentrations
of the formed complex to the individual substituents
at equilibrium (Fig. 2A), as follows:

R
" [H][G]

where [H] is the molar concentration of the host

molecule, [G] is the molar concentration of the guest
molecule, and [H ‘G] is the molar concentration of the
host-guest complex. The resulting value for K,; is then
expressed in units of M-, and larger values of Keq
indicate a higher binding affinity between host and
guest. It is noted that this expression for K., as written
is defined in the context of a heterodimeric host-guest
motif. The reaction scheme would thus be altered for
the small subset of macrocycles which can
simultaneously include two guests within their portal
to form ternary complexes (i.e., yielding K., with units
of M-2). In order to appreciate the rates of complex
formation and dissolution in a heterodimeric
interaction as well as the lifetime of these interactions,
it is often more helpful to express K,; in terms of a
ratio of these rates, as follows:
~ kon

"~ kogy

eq

where k,; and kys are the competing kinetic rates of
association and dissociation, respectively, of the
host-guest complex. The macrocyclic host-guest
systems discussed in the context of this review
primarily involve the recognition of small molecules,
and in this case k., is often approximated to occur at
the diffusion limit of ~10% M-? s-1. With this reasonable
assumption for k., one can then estimate k,y based on
a measured value of K,,;. For example, a complex with
K¢y ~105 M1 may be approximated to have a kof on the
order of 10° s-1, meaning a host-guest complex may
form and break on the order of 1000 times per second.
On the other hand, certain host-guest motifs may
afford significantly higher affinity, with some
examples demonstrated with K, ~10'2 M-1; in this
case, once formed, a host-guest motif may be stable
on the order of hours or more on average.

One of the factors dictating the magnitude of
affinity is host-guest complementarity. This concept
encompasses a classical “lock-and-key” model of
non-covalent binding, wherein the alignment of
supramolecular surface interactions on the inner
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cavity and portals of the host are compared to the
surface interactions of the guest. These interactions
include any combination (favorable or unfavorable) of
electrostatics, dipole moments, van der Waals forces,
and/or  hydrophobic effects. For example,
ferrocene-methylamine derivatives with a single
positively-charged amine group form host-guest
complexes with both cyclodextrin and cucurbituril
macrocycles. As will be discussed, both of these
macrocycles have electron-rich portals surrounding a
hydrophobic cavity. The result is inclusion of the
hydrophobic ferrocene moiety being favored within
the hydrophobic cavity of both macrocycles, and the
alignment of the electron-poor amine with the
electron-rich portals serving to strengthen this
interaction. However, ferrocene-methylamine
derivatives have been observed to bind cucurbiturils
with K., values approximately 7 orders of magnitude
higher compared to the same guests binding to
cyclodextrin  [22]. As such, while host-guest
complementarity is arguably the most important
driving force for host-guest complexation, the
accumulation of effects arising from macrocycle
geometry and other intermolecular forces can lead to
significant differences in the overall affinity.

Accordingly, the affinity of a host-guest
interaction dictates in large part the stability and
duration of complex formation and may contribute to
the suitability of a certain macrocyclic host for a
particular application. For example, in strategies
using macrocyclic hosts for increased solubility in
formulation or enhanced shelf-life, complexes which
rapidly dissociate will do so immediately and
irreversibly once in the body to enable the free drug to
act rapidly. Conversely, a carrier intended for use in
long-circulating applications may benefit from higher
affinity, and thereby longer-lasting, host-guest
complexation. Furthermore, affinity may translate to
the bulk properties of hydrogels prepared from
host-guest supramolecular motifs and govern the rate
of controlled release of encapsulated macromolecules
[23]. In understanding the underlying principles
governing affinity, it furthermore is possible to design
stimuli-responsive interactions wherein specific
conditions or applied stimuli lead to an interaction
being weakened to release an encapsulated payload
on demand.

2.2 Geometry

Each macrocycle discussed in this review has a
distinct geometry that affects its ability to serve as a
host for an assortment of guests. In the case of planar
macrocycles (i.e.,, crown ethers, porphyrins), host
molecules interact with a guest in relation to its
cross-section, while the cryptands and cavitands

include three-dimensional shape/volume effects in
their inclusion of guests. The cone-like geometries of
the calixarenes and cyclodextrins result in two
different portal diameters, ultimately favoring guest
molecules with a more cone-like topology. The base
structure of pillararenes are columnar in shape, with
both portal diameters equal to that of the cavity,
though appended functional groups may be included
to alter the geometry or taper of the overall
compound. Lastly, cucurbiturils have a shape
resembling a compressed sphere leading to an
equatorial diameter that is greater than those of its
portals and thus favoring guest molecules with
spherical topology appended on opposing sides with
sterically narrow functional groups.

Similar to the alignment of favorable surface
interactions in facilitating binding, the alignment of
flexible and rigid components between the host and
guest can dictate features of the interaction. Several
reports have supported a pattern in which rigid hosts
such as calixarenes, pillararenes, cyclodextrins, and
cucurbiturils most often favor rigid guests within
their cavities, while flexible hosts such as crown
ethers, cryptands, and some rotaxanes favor binding
to flexible guests. This general observation has been
supported by computational simulations to isolate
and study the effect of rigidity vs. flexibility in
host-guest systems [24]. By keeping interaction
potentials constant, it was demonstrated that the
relative rigidity/flexibility of the host influenced its
binding to guests with similar rigidity/flexibility
profiles, with the highest binding affinities resulting
from host-guest systems occupying similar
rigidity / flexibility regimes.

Additionally, constrictive binding effects may be
observed in macrocyclic hosts that possess a cavity
with a diameter larger than one or both of its
associated portals; this effect is particularly
pronounced within cucurbiturils [24,25]. In such
systems, it may initially appear counterintuitive that a
guest molecule would pass through a portal aperture
smaller in diameter than the guest itself. However, it
has been shown that macrocycle portals experience
certain fluctuations which offer —momentary
elongations in the portals to enable larger guests to be
included. This feature may be significant in the case
where a large guest is to be displaced by a different
guest with higher binding affinity, such as in the use
of a competitor to enable temporal control of drug
release. Although the relative Keq values of the guests
inform the preferred distribution of the complexes at
equilibrium, constrictive binding effects may lead to
slower release rates of the first guest than would be
expected from more simple estimations of ko
discussed previously.
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2.3 Thermodynamics

Host-guest binding can also be understood
according to the enthalpy and entropy associated with
the process of forming a complex (Fig. 2B). A major
driving force for host-guest complex formation arises
from gains in solvent entropy which align with the
well-known hydrophobic effect, as frustrated water
molecules required to solvate an often non-polar or
hydrophobic guest become free to tumble in
tetrahedral coordination with the bulk solvent after a
host-guest complex is formed. For the participants in
the complex, if host-guest complementarity is
well-aligned, complexation of host and guest is
enthalpically favored. However, the formation of an
assembled complex from two dispersed molecules is
inherently unfavorable in terms of their entropy. This
balance of these favorable and unfavorable
thermodynamic  drivers gives rise to an
understanding of the enthalpy-entropy compensation
effect. Plots of this effect typically yield linear
relationships between the gain of enthalpy and loss of
entropy [26], though cucurbituril macrocycles have
been shown not to conform to this linear trend [27].
While the enthalpy change is favorable upon guest
binding, an observation uncommon for other
macrocycles is that binding to certain guests within
cucurbiturils leads to favorable entropic changes for
the host. This has been largely attributed to
high-energy water molecules within the hydrophobic
cucurbituril cavity. When a cucurbituril is fully
solvated in water, the ureido carbonyl-lined portals
establish enthalpically favorable hydrogen bonding
with surrounding water molecules. However,
cucurbiturils have unfavorable entropic effects on the
bulk water displaced by their dissolution and
significantly disrupt the hydrogen bonding network
of the water solvent, incurring an energetic penalty
both in the immediately adjacent bulk solvent and in
the water molecules encapsulated within the
macrocyclic cavity [28]. When binding to a high
affinity guest molecule, both traditional (entropy-
driven) and non-traditional (enthalpy-driven)
hydrophobic effects then contribute to breaking this
typically linear trend in the enthalpy-entropy
compensation. It has been shown that water
molecules within the cavity are energetically
frustrated due to their constricted volume, leading to
increased  solvent  density and  reduced
hydrogen-bond counts compared to that of the bulk
solvent. Thus, when these frustrated water molecules
are expelled from the cavity upon guest binding,
favorable enthalpic and entropic effects support high
affinity guest complexation [29].

2.4 Biomedical Versatility

Incorporating supramolecular macrocycle hosts
into drug delivery platforms affords several possible
benefits depending on the macrocycle chosen. These
include the following features: i) The host-guest pair
is typically modular and though each macrocycle
possesses distinct properties and geometries which
dictate which molecules can act as guests, this still
leaves the possibility for large libraries of guest
molecules to enable mix-and-match combinations with
a chosen host. Such modularity may be particularly
appealing in the context of personalized medicine,
where the same host-based drug delivery technology
could be utilized in the delivery of a number of
different drugs alone or in combination. ii.) The use of
host-guest systems ensures predictable and
reproducible approaches to drug formulation.
Whereas other carriers of hydrophobic drugs exhibit
dispersity in size and drug loading, the defined
stoichiometry of the host-guest motif limits
variability in the formulation. This contributes to
predictable solubility, precise dosing, and assured
pharmacokinetics, all of which would be expected to
streamline development and improve the likelihood
for predictable therapeutic performance. iii.) Many
macrocycles are produced through relatively simple
procedures with inexpensive starting materials.
Cyclodextrin can be produced by the barrel from a
starch feedstock using an enzymatic process, while
many others are prepared from simple acid- or
base-catalyzed condensation polymerization
reactions of basic monomers. These procedures are
typically easily scaled, offering accessible routes for
industrial production. iv.) Synthetic macrocycles have
typically shown predictable toxicological and safety
profiles in vivo [30,31]. A feature of many synthetic
macrocycles is their chemical stability, meaning these
should resist degradation within the body, reducing
the risk of harmful degradation byproducts.
Additionally, due to their typical size on the order of 1
kDa and aqueous solubility, most macrocycles by
themselves would be expected to easily clear from
circulation by renal mechanisms [32].
Application-specific designs will be elaborated on in
the course of this review. Considering initial
toxicological ~ studies @ and  the  numerous
demonstrations of function in wvitro, as well as
emergent work to demonstrate function of some
systems in wvivo, the prospects for clinical
implementation of these technologies appears
promising. However, limited clinical progress has
thus far been made.
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Figure 3. Examples of (A) common macrocycle structures discussed in this review. Adapted with permission from references [8,16,29]. Copyright 2017 Royal
Society of Chemistry; Copyright 2012 Royal Society of Chemistry; Copyright 2014 John Wiley and Sons, respectively. (B) Common triggers for stimuli-responsive
materials. Figure adapted with permission from reference [3]. Copyright 2018 John Wiley and Sons.

3. Specific Host Macrocycle Chemistries
Available in Therapeutic Design

While many of the features discussed previously
apply broadly to virtually all macrocycle chemistries,
there are other features and properties specific to each
class of macrocycles which might contribute to
improved functionality for a specific application. As
such, there are many choices when it comes to
macrocycles that may be considered in the context of
their use in stimuli-responsive drug delivery, (Fig.
3A) and many of these different classes of macrocycles
are discussed in greater detail here.

3.1 Crown Ethers and Cryptands

Crown ethers, sometimes referred to as
coronands, are structurally simple macrocycles that
can be engineered for host-guest complexation [33].
These molecules are formed through cyclization of
polyether chains, composed of three or more oxygen
atoms with two or more carbon atoms between each
oxygen [16]. These oxygen atoms act as multi-dentate
ligands to facilitate interactions with guest molecules,
with the oxygen atoms enabling hydrogen-bonding,
complementary polarity, or partial negative charges
[34,35]. The most common crown ethers include
12-crown-4, 15-crown-5, and 18-crown-6 ether,
where the first number corresponds to the total
number of atoms within the ring and the latter
number signifies the number of these atoms which are
oxygens. These flexible hosts are best known for their
binding to various metal cations. Crown ethers can
also act as ionophores and have inherent toxicity in
the context of anti-cancer, anti-bacterial, and
anti-parasitic therapies [36].

Cryptands constitute a related family of
three-dimensional host molecules built from a crown
ether framework. By substituting an oxygen atom in
the cycle with a nitrogen atom, bridging units can be
built around the central cavity. These additional steric
constraints on the cavity allow for higher binding
affinity to guests and, by engineering additional
substitutions at the nitrogen atoms, offer a wider
range of control over both the binding and release of
guest molecules [33,34]. The ongoing challenge for
both crown ethers and cryptands are their relatively
simple structure and subsequent poor affinity for
anionic species, which are incompatible with their
electron-rich electrostatic mode of binding, as well as
to molecular guests larger than a typical metal ion.

3.2 Porphyrins

Porphyrins are heme-like tetrapyrrole structures
capable of multi-dentate binding of guest molecules
via hydrogen bonding and dipole moments. These
rigid, highly conjugated, planar structures are
abundant in nature, underlying the function of
hemoglobins, cytochromes, and chlorophylls. The
simple, symmetric, and non-modified core of the
porphyrin ring, a cyclized tetrapyrrole, can be
synthesized through a number of routes [37]. Most
commonly, monopyrroles can be polymerized and
cyclized through an acid-catalyzed condensation
reaction with aldehydes,[38] or through the synthesis
of dipyrroles followed by their dimerization to form
closed porphyrin rings [39,40]. A less restrictive
synthetic route enables the cyclization of any
tetrapyrrole, modified or not [41,42]. One challenge is
that the macrocycle product is often hydrophobic, and
an array of functionalizations have been appended to
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the central porphyrin ring to improve water

solubility, prevent porphyrin aggregation, and
improve bioavailability [37,43,44]. Interestingly,
porphyrins are also inherently light-reactive,

generating reactive oxygen species (ROS) when
excited at specific wavelengths. This allows the
porphyrin ring to act as both a host molecule and as a
drug molecule on its own in the context of
photodynamic  therapy (PDT) [44-47]. The
light-responsiveness of the porphyrin ring can be
tuned through appended functional groups and
extension of the conjugated mn-system, but
porphyrin-based PDT often exhibits relatively long
drug-to-light intervals which requires the
photosensitizer to be administered 24-72 hours prior
to light irradiation and the patient quarantined from
direct light in the interim [48]. Additionally,
non-modified porphyrin has a relatively low molar
absorption coefficient, requiring high-intensity light
to sufficiently activate ROS generation which may
lead to long-term photosensitivity and limit the
penetration depth for therapeutic activation [45]. It is
noted that while small, planar porphyrins often act as
host macrocycles to metal cations within nature,
theranostic applications rely more heavily on
photodynamic therapy effects of the macrocycle itself.
As such, while not a traditional host, porphyrin
applications have been included within this review
due to their common similarities to related host-guest
systems like crown ethers as well as their important
historical role as an early macrocycle used in
theranostic applications.

3.3 Calix[n]arenes

The first of the cavitand species discussed within
this review, calix[n]arenes (CAs) are a family of
macrocycles  synthesized by  base-catalyzed
condensation of phenol monomers with aldehydes
[49]. Each monomer is connected to adjacent
monomers by a methylene bridge in the meta-2,6
position, forming the distinct, rigid cone shape of the
central cavity [50]. Calix[n]arenes composed of n = 4,
5 6, 7, 8, and 9 phenol monomers are the most
commonly synthesized, though species of an even n
(i.e., CA[4], CA[6], and CA[8]) are reportedly easier
the make and/or purify and thus are more widely
studied [51]. The phenol subunits contribute to a
hydrophobic central cavity with an electron-rich
portal having partial negative charge. To counteract
the hydrophobic nature of the hydrocarbon rings, a
wide variety of modifications in the para-1,4 positions
have been studied, selectively tailoring either or both
of the portals with pendant functional groups;
notably, sulfonation on oxygen atoms of the larger
portal are quite common. This promotes increased

water solubility, improved biocompatibility, and
reduced cytotoxicity toward the development of
CA-based drug delivery platforms [51-53]. It should
also be noted that CAs can be incorporated into
photodynamic therapies, similar to porphyrins, and
possess a shorter drug-to-light interval of only 15
minutes; however, challenges such as long-lasting
photosensitivity are still reported by some patients
[54].

3.4 Pillar[n]arenes

Pillar[n]arene (PA) structures are similar to that
of calix[n]arenes, with the notable difference being
that each monomer is connected in the para-2,5
positions rather than the calixarene-based meta-2,6
positions [55]. This single-atom shift along the
six-membered hydrocarbon ring leads to a rigid
columnar or pillar-like geometry rather than the
cone-like shape adopted by calixarenes; the phenol
monomers maintain the macrocycle properties of a
hydrophobic cavity and an electron-rich portal [56].
Available pillar[n]arene (PA[n]) analogues are
composed of n = 5-15 phenol subunits [56]. The
symmetrical portals of pillararenes should facilitate
high-affinity binding compared to conical calixarenes,
but the symmetry of pillararenes also results in more
challenging synthetic procedures which can be
low-yielding and entail cumbersome purification
[56]. Fortunately, pillararene subunits are also easily
modified; leading to an array of possible appended
functional groups to tune these macrocycles for a
specific application [57].

3.5 Cyclodextrins

The cyclodextrin (CD) family of macrocycles has
been, without question, the most used macrocycle in
the context of biomedical and pharmaceutical
applications. Most uses for CDs leverage their ability
to greatly enhance the solubility, stability, and
bioavailability of hydrophobic drug guests; their
composition from natural sugar monomers also offers
excellent biocompatibility [58]. Whereas other
macrocycles are named on the basis of their number of
monomers, CDs are named using greek characters,
with the four most common cyclodextrin analogues,
a-, p-, y- and 8-CD, composed of 6, 7, 8, and 9
glucose monomers, respectively. These macrocycles
are synthesized by the cyclization of glucose
polysaccharides through intramolecular glycosylation
via a(l->4) linkages [59]. These linkages result in
macrocycles with rigid, conical geometry, a
hydrophobic core, electron-rich portals, and a
hydrophilic exterior. Their relative ubiquity in
pharmaceutical and biomedical practice has resulted
in many great literature resources; readers are
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encouraged to reference a particularly excellent
review detailing the discovery, development, and use
of cyclodextrins [60].

3.6 Cucurbiturils

Cucurbiturils (CB[n]) are a family of
supramolecular macrocycles synthesized by the cyclic

polymerization of glycoluril ~monomers via
acid-catalyzed  condensation  reaction  with
formaldehyde  [61-63]. The most common

cucurbit[n]uril species are composed of n =5, 6,7, 8,
and 10 glycoluril monomers. Although cucurbiturils
have remarkable stability in a range of chemical
environments, only those from an odd number of
glycoluril monomers (i.e., CB[5] and CB[7]) have the
requisite water solubility in the dispersed state for
most biological applications [28]. The stability of these
macrocycles presents a synthetic challenge in
including site-specific modifications to enable their
attachment to devices or drug carriers [64,65]. CB
species have been shown to have suitable
biocompatibility, supporting their use in drug
delivery and other biologically-applied platforms
[66,67]. Additionally, CBs possess a unique ability to
bind certain guests with very high affinity, with the
highest binding affinity (K = 7.2 x 107 M1 in D,O)
ever reported arising from host-guest complexation
between CB[7] and a diamantane quaternary
diammonium ion derivative [68,69]. The reader is
encouraged to consult a comprehensive review of the
design and use of cucurbituril species for a variety of
applications [70].

3.7 Designer Synthetic Macrocycles

The above macrocycles are all synthesized
through the cyclic polymerization of a foundational
monomer. Moving away from this paradigm,
cyclization of a wide variety of motifs allows the
development of designer macrocycles for specialized
functionality. These structures are often based on aryl
groups cyclized wvia short hydrophilic linkers,
maintaining the common hydrophobic core and
peripheral charge/polarity observed in other
macrocycle classes [8]. This customizable architecture
can be fine-tuned to bind with high affinity and
selectivity to specific guest molecules, such as
hydrophobic theranostic agents, or may exhibit
inherent theranostic activity through the macrocycle
alone [71,72].

3.8 Rotaxanes

The concept of a rotaxane encompasses
mechanically interlocked macrocycle(s) threaded
through the cavity by a strand serving as a guest
molecule. Rotaxanes can be assembled using several

of the macrocycle species discussed, including crown
ethers, calixarenes, or cyclodextrins, which are then
threaded by another molecule or oligomer and
trapped by the use of two sterically limiting capping
groups [34,73,74]. The resulting trapped architecture
can alter the properties of the ‘guest’ molecule, which
may include increased solubility, decreased
aggregation, enhanced fluorescence, and improved
cellular targeting which may be conferred by the
macrocycle or its appended functional groups [74].
Rotaxane architectures also enable a variety of
complex, trigger-responsive cascades and reversible
ON/OFF gating compared to other stimuli-
responsive macrocycles [75,76].

4. Integrating Stimuli-Responsive
Function in the Application of
Host-Guest Therapeutics

There have been numerous efforts to prepare
stimuli-responsive drug carriers (Fig. 3B), including
several  efforts designed to respond to
disease-relevant stimuli [5-7]. In terms of
supramolecular materials, common stimuli alter
material swelling or promote bond rupture through
hydrolysis or enzymatic action [77]. For host-guest
systems particularly, the ability to precisely control
the formation of a complex and link complex
formation to biologically relevant or biologically
compatible triggers has obvious application in
improving therapeutic precision. In some cases,
stimuli induce reversible changes in host-guest
complex formation, while in other cases stimuli may
promote irreversible degradation to prevent
reversibility. Given the known benefit of most
macrocycles arising from their chemical stability,
creating stimuli-responsive complexes typically
requires that the guest component undergo
stimuli-triggered changes that impact its ability to
bind to the host macrocycle. The type of macrocycle
selected the platform to which the macrocycle is
conjugated, and the intended therapeutic target all
factor into the design of an effective therapy.
Additionally, host-guest complex affinity plays a key
role in stimuli-responsive triggers; affinity too low
may lead to unwanted leaking or premature release of
a therapy, whereas affinity too high may make it
difficult to trigger a release event or slow the process
sufficiently so as to prevent a therapeutic
concentration from being reached. As such, the
general and macrocycle-specific design criteria
discussed previously inform the design of new
stimuli-responsive therapeutics based on host-guest
motifs.
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4.1 Host—-Guest Therapeutics Responsive to
Externally Applied Stimuli

A variety of applied stimuli, which have
commonly included light, ultrasound, and magnetic
fields, have been investigated as stimuli to facilitate
therapeutic deployment due to their ease of
application and minimally invasive nature.
Furthermore, the general equipment required to
apply such stimuli is, for the most part, widely
distributed and used in the course of routine medical
practice. As such, this broad category of applied
stimuli has been broadly explored, with some
examples specific to host-guest chemistry presented
here.

In an example combining both ultrasound and
magnetism within the same therapeutic platform,
recent efforts have focused on core-shell
nanoparticles composed of a superparamagnetic iron
oxide core covered in a mesoporous silica shell [35].
Mesoporous silica nanoparticles (MSNs) have seen
increased application due to their ease of surface
functionalization, thermal stability, tunable and
predictable pore sizes, ability to store drugs within its
porosity, and exceptional biocompatibility [78-85].
These silica pores, loaded with the anticancer drug
doxorubicin, can be capped with crown ether
macrocycles and sealed by host-guest complexation
of crown ether moieties and either Na* or Cs* ions; Ko
for this interaction is on the order of 10> M-1. The iron
oxide core enabled these nanoparticles to be targeted
within the body by an applied magnetic field and,
once accumulated, the release of a bolus dose of drug
payload was triggered by an ultrasound blast (Fig.
4A) [35]. This stimulus did not harm surrounding
tissue, but was strong enough to disturb the
host-guest complexation between the crown ether
macrocycles and the gatekeeping cations.

Porphyrins are particularly intriguing in the
context of light-triggered therapies. Not only are
porphyrins capable of participating in host-guest
complexation, but these macrocycles are also
photoactivatable, releasing reactive oxygen species
(ROS) after exposure to certain wavelengths of light
depending on the particular conjugated system [48].
Many therapies have been developed on the basis of
this principle, where porphyrins are conjugated to
tumor targeting and/or cell penetrating peptides for
their trafficking into subcellular space. Upon light
exposure, these systems degrade and release ROS,
inducing apoptosis in tumors [43-45]. This approach
affords notable safety advantages over typical
chemotherapeutic approaches and quick clearance
from the body. Porphyrins can furthermore be linked
to assemblies that release a selection of pre-loaded

drugs. For instance, porphyrin rings have been
conjugated to lipids which self-assemble into
liposomes. These membrane-embedded porphyrins
were designed to be sensitive to both photodynamic
therapy and sonodynamic therapy; using
near-infrared (NIR) and/or low intensity focused
ultrasound waves, the porphyrins were activated,
generated ROS, induced lipid peroxidation to inhibit
the self-assembly of the lipid monomers, and released
encapsulated drug molecules [86].

In another example based on light-triggered
self-assembled nanoparticles, water-soluble
p-sulfonatocalix[4]arene was used to form host-guest
complexes with a 9-alkoxy-substituted anthracene, a
hydrophobic photosensitizing  drug. After
complexation with CA[4], the complex experienced
calixarene-induced aggregation, forming
nanoparticles with improved solubility,
bioavailability, and light sensitivity compared to the
unbound anthracene. Upon photoirradiation, the
complexed anthracene photolysed to form
anthraquinone, the active therapeutic form of the
administered drug [87].

Calix[4]arene was also used in developing a
drug delivery platform based on the mesoporous
silica material described above. In this example (Fig.
4B), the mesoporous silica layer was used to cover a
gold nanorod and surface-functionalized with a
choline derivative. Water-soluble CA[4] has a K., of
approximately 10¢ M- in binding to choline
derivatives, and was used in this system as a capping
agent after the silica pores were pre-loaded with
drug. Interestingly, this system was designed to
leverage surface plasmonic heating of the internal
gold nanorod instead of a more typical light-cleavable
unit. By photoirradiation, the gold nanorod increased
in temperature up to ~45°C. This heating effect had
been previously wused in hyperthermia-based
therapies, but in this design heating instead serves to
displace the choline-derived guest from the CA[4]
macrocycle, which induced complex dissociation and
allowed the pre-loaded drug to freely diffuse from
the silica nanopores [85,88].

There have also been examples of functionalized
pillararenes used for stimuli-responsive drug
delivery, as discussed in a recent review [90]. In one
interesting example, pillar[5]arene was used as a
capping agent on surface functionalized mesoporous
silica nanoparticles, similar to some of the other
described uses of macrocycles. In this case, both
choline-based and pyridinium-based moieties were
conjugated to the surface of the silica nanoparticles.
Two different pillararene species were developed to
fine-tune the system for drug delivery under various
conditions. Pillar[5]arenes were functionalized with
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either phosphonate groups or carboxylate groups
around its symmetric portals. The phosphonated
PA[5] was observed to have higher binding affinity to
the surface-functionalized nanoparticles, which
inhibited premature release of drug relative to its
carboxylated analogue. Using this system, the authors
also explored the use of acidic pH, coordination with
Zn?* ions, and competitive binding with the higher
affinity guest methyl viologen; these general
strategies for drug release are discussed in subsequent
sections. By incorporating a gold nanorod within the
mesoporous silica nanoparticle, the system became
light-responsive and released the pillararene species
from the host-guest complex through the
photothermal effect of gold under NIR light [91].
Fully soluble light-responsive drug delivery
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platforms using pillararenes have also been
developed. The anti-cancer drug chlorambucil

typically has very poor water solubility and limited
bioavailability. By modifying chlorambucil with
photo-cleavable 1-pyrenemethanol, the molecule
became a favorable guest for water-soluble
pillar[6]arene with carboxylate-modified portals. The
host-guest complexation improved the water
solubility of the pro-drug relative to the unmodified
chlorambucil, which would be projected to improve
the chemotherapeutic bioavailability. Once exposed to
UV irradiation, the photo-cleavable pyrene functional
group is removed. The remaining chlorambucil did
not have substantial affinity for PA[5], which resulted
in dissociation of the drug and its delivery to nearby
cells [92].
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Figure 4. Examples of drug release by externally applied stimuli. (A) Iron oxide core nanoparticles were coated with mesoporous silica and capped with cations
bound to surface—functionalized crown ether macrocycles. Encapsulated drugs were released when the host—guest system was disrupted by ultrasonic waves.
Adapted with permission from reference [35]. Copyright 2013 American Chemical Society. (B) Gold nanorods were coated with mesoporous silica and capped with
calix[4]arene host—guest assemblies. With increasing intensities of NIR light, the rate of drug release could be controlled. Figure used with permission from reference
[85]. Copyright 2015 Elsevier. (C) Mesoporous silica nanoparticles were surface—functionalized with azobenzene moieties, which allowed for ternary complex
formation with cucurbit[8]uril and a peptide—conjugated dipyridyl. UV light induced conformational change in the azobenzene, releasing encapsulated drug. Adapted

with permission from reference [89]. Copyright 2015 Royal Society of Chemistry.
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Mesoporous silica nanoparticles can also be
surface-functionalized =~ with  stimuli-responsive
moieties that act as guests with macrocycles. In
several examples, different cyclodextrins have been
used to complex with azobenzene-based moieties
functionalized on the surface of mesoporous silica
nanoparticles. In one such example, gold nanorods
covered in mesoporous silica were loaded with a
model drug cargo and sealed within these pores by
host-guest complexation of frans-azobenzene with
a-cyclodextrin.  Upon  photoirradiation,  the
azobenzene underwent a trans- to cis- conformational
transition which reduced the host-guest complex
affinity to dissociate the a-CD and release a trapped
drug. This was evaluated in zebrafish embryos using
UV/vis traceable model drugs and demonstrated
spatially controlled drug release with applied light

[93]. A similar system was developed using
azobenzene-functionalized Mesoporous silica
nanoparticles and p-CD which also showed

photo-controllable drug release from the silica pores
[94].

There are other examples of work that has
combined multiple macrocycles into the same drug
delivery platform, wherein each macrocycle may
contribute different features to the system. In one
example, a central porphyrin ring was covalently
linked to one, two, or four surrounding cyclodextrins,
using both - and y-CD. Both CD species bind
paxlitaxel with K, values on the order of 102 M-
Individually, this binding affinity is not sufficient to
counteract the diffusion/competition effects in its
application as a therapy. However, when two or more
CDs are conjugated on the same central porphyrin
ring, the cooperative binding of paxlitaxel between
multiple CDs is sufficient to maintain complex
formation in vivo while improving solubility and
bioavailability of both the porphyrin and anti-cancer
drug. When photo-irradiated, the porphyrin
degraded to release ROS which weakened the
CD-paclitaxel host-guest complex and promoted
drug release [95].

Cucurbiturils have also been explored for use in
light-responsive platforms. In one study (Fig. 4C),
mesoporous silica nanoparticles were surface
functionalized with azobenzene groups; ‘self’
peptides known for their ability to protect assemblies
from clearance by the native immune system were
also conjugated to 4,4’ -dipyridyl moieties. A ternary
complex leveraging cucurbit[8]uril was created by
binding to both the azobenzene and the dipyridyl
groups. This effectively connected the “self’ peptides
to the surface of nanoparticles loaded with
doxorubicin. Upon UV irradiation, the azobenzene
group isomerized from trans- to cis- which disrupted

the ternary host-guest assembly and released the ‘self’
peptide and CBI[8] from the surface of the nanoparticle
with subsequent release of the encapsulated
doxorubicin  [89]. In another application, a
hydrophobic electron-rich anthracene was conjugated
to hydrophilic electron-poor pyridinium via an alkyl
spacer. When complexed with CB[7], only the
pyridinium was encapsulated within the host-guest
complex, facilitating the formation of spherical
nanoparticles. However, when complexed with CB[8],
the entire anthracene-pyridinium molecule was
encapsulated within the macrocyclic cavity which
induced the formation of mnanorods. It was
subsequently shown that CB[7] formed host-guest
complexes with binding affinity near 105 M-1, whereas
CB[8] formed host-guest complexes with binding
affinity near 107 M-1. The report further investigated
the use of these assemblies in photodynamic therapy
using UV irradiation of the nanoassemblies to
degrade  the anthracene-based guest into
anthraquinone, inducing cytotoxicity, as well as
1-(4-hydroxybutyl)-pyridinium  which  remains
complexed within CB[7]. These nanoassemblies could
be further used for drug delivery applications as well
as photodynamic therapy [96].

Designer synthetic macrocycles have also been
used in the context of drug delivery in conjunction
with  external  stimuli.  Tetraphenylethylene
macrocycles are well-studied, particularly in their
assembly and crystal structures, due their
aggregation-induced emission behavior. This
macrocycle can also act as a host in binding the
anti-cancer drug procarbazine. By precipitation of the
host-guest complex through solvent-exchange,
regularly sized spherical nanoparticles were formed.
When exposed to ultrasonic waves, the spherical
nanoparticles re-arranged into a bird nest-like
assembly of nanorods, releasing the encapsulated
drug [72,97].

Rotaxanes have been paired with many
light-responsive moieties [98]. One example of a
rotaxane system for light-responsive drug delivery
was  developed from  surface-functionalized
mesoporous silica nanoparticles with an oligopeptide
and light-responsive fumaramide moiety. This
surface functionalization was threaded through a
tetralactame rotaxane. Under normal conditions, the
rotaxane macrocycle favors binding to the oligomer
chain over the c¢is fumaramide conformation.
However, when triggered by focused light exposure,
the fumaramide photo-isomerized from its cis- to
trans—- conformation, which has favorable binding to
the macrocycle compared to the oligomer. This
offered a stable ON/OFF gate for opening and closing
of silica pores loaded with drug or dye cargo [75].
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4.2 pH-Responsive Host-Guest Drug Delivery

The design of therapeutic materials which
respond to changes in pH, particularly acidification
that arises upon endosomal processing of internalized
carriers or disease-associated acidification of local
tissue environments, is a prevailing approach in
creating stimuli-responsive drug carriers [99]. The
mechanisms by which this effect may be leveraged in
creating pH-responsive host-guest complexes are
varied. For example, an acidic microenvironment
could be useful in facilitating accelerated hydrolysis
of labile linkages used to attach a drug to a guest.
Alternatively, the increase in H* concentration may
weaken hydrogen bonding and alter electrostatic
interactions which underlie affinity in many
host-guest systems, thereby serving to weaken this
affinity and promote complex dissociation.

In one example where pH reduction was used to
promote drug release, another platform based on a
superparamagnetic iron oxide core with a
mesoporous silica shell loaded with drug was used.
Three crown ether moieties were conjugated together
using a benzene ring to form a crown ether triad,
which then bound to the surface of the nanoparticles
to act as a capping agent inhibiting drug release by
coordinating with the electron-poor iron surface.
Within acidic environments, such as that found in
tumors, elevated H* displaced the macrocycle from
the iron by interacting with the crown ether oxygens,
prompting drug release from the nanoparticle. The
iron core of the nanoparticle also allowed for
magnetic targeting within the body as well as
synergistic localized hyperthermia treatments by
alternating magnetic currents [100]. Another example
demonstrated the use of a hydrogel prepared from
conjugating a crown ether host to a guest moiety to
form A-B diblock monomers. These monomers
self-assemble to form both a pH- and
temperature-responsive hydrogel which can be
loaded with drug and released upon acidification.
Similar to the mechanism above, the increased H*
concentration acts by competitive binding to crown
ether oxygens, inhibiting binding to the conjugated
guest and dissociating the gel [101].

Porphyrins, due to their planar structure, also
coordinate the surface of gold nanoparticles through
binding of pyrrolic nitrogens. Modifying the
porphyrin ring with sulfonatophenyl groups
facilitates binding to drugs on the other side of their
portal; an example bound porphyrin simultaneously
to both a gold surface and the anti-cancer drug
doxorubicin (Fig. 5A). In an acidic environment, the
hydrogen bonding of the porphyrin to both the gold
surface and drug are weakened, dissociating the
ternary complex and releasing active drug [102].

One useful feature of porphyrins is their
suitability as components of metal-organic
frameworks (MOFs). MOFs have gained attention in
recent years as materials for drug delivery due to their
tunable size, porosity, composition, functionality,
loading capacity, and biocompatibility [105]. One
porphyrin-based MOF, PCN-221, was developed and
evaluated for stimuli-responsive drug delivery. The
pore size of this MOF allowed entrapment of the
chemotherapeutic and immunosuppressant drug
methotrexate. While this platform showed slow
release of drug from the MOF under normal
conditions, the drug release was dramatically
accelerated under acidic conditions [106]. A similar
porphyrin-based MOF was used to encapsulate and
improve the stability and bioavailability of
tumor-associated antigens, which were loaded within
MOFs that formed nanoparticles by Ilattice
coordination of porphyrin and europium (Eu?*)
cations. Under acidic conditions, the porphyrin-Eu
chelation was  disturbed, which dissociated
cross-links in the MOF and released the encapsulated
drug both in vitro and in vivo [107].

In order to introduce pH-responsive properties,
amphoteric calix[8]arene was synthesized so that each
macrocycle had both a positively-charged and a
negatively-charged portal. This property enabled the
macrocycles to assemble with aligned portals,
forming an extended cavity which could
accommodate small aggregates of the antibiotic drug
ciprofloxacin. When pH was adjusted above 8.0 or
below 6.0, the CA[8] assemblies lost their amphoteric
nature and ability to self-assemble via portal charge
complementarity, which dispersed the aggregates and
released the encapsulated drug[108].

Calixarene macrocycles have also been
integrated into a pH-responsive system based on
mesoporous silica nanoparticles pre-loaded with

drug and surface-functionalized with
alkylammonium chains. This design allowed
host-guest complexation with both

sulfonatocalix[4]arene and sulfonatocalix[6]arene.
Under acidic environments, the affinity of the
calixarenes for the alkylammonium chain was
reduced, which dissociated the calixarene capping
agent and promoted drug release. This study further
showed that CA[6] had a higher binding affinity for
the alkylammonium chain guest than CA[4]. This
increased affinity resulted in a reduced ability for the
CA[6]-based system to release drug at
physiologically-relevant pH. To counteract this effect,
the group designed a redox-responsive disulfide
bond within the guest, which resulted in the
host-guest complex remaining intact while still
allowing drug to be released upon exposure to
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increased glutathione levels in the cytoplasm of
cancer cells [109].

To introduce pillararenes into a pH-responsive
platform for drug delivery, a ferrocene guest was
conjugated to a hydrocarbon chain and, separately, a
pillar[6]arene was symmetrically appended with
carboxylate functional groups (Fig. 5B). Under neutral
to basic conditions, the PA[6] had enhanced water
solubility and formed host-guest complexes with the
ferrocene. This host-guest complex led to the
formation of amphiphiles which self-assembled into
vesicles and could be used to encapsulate the model
drug mitoxantrone. Under acidic conditions,
dissociation of the host-guest complex led to
breakdown of the self-assembled vesicles and drug
release.  Mitoxantrone also had improved
bioavailability when encapsulated in these vesicles
[103]. In another example, pillar[5]arene was
synthesized with 5 tryptophan groups conjugated to
each portal to improve the solubility of the macrocycle
in water. A pyridinium-based guest was then
conjugated to modified galactose to enable targeting
of cancer cells, and was shown to form a host-guest
complex with the Trp-decorated PA[5] with K., on the
order of 10> M-1. This complex also self-assembled
into a vesicle for drug encapsulation; in this case, the
hydrophobic anti-cancer drug doxorubicin was
chosen as model cargo. Display of modified galactose
on their surface led to targeting and internalization by
cancer cells. In the course of internalization, the acidic
endosomal pH promoted dissociation of the
host-guest complex to release the encapsulated drug.
The incorporated tryptophan units on the portals of
pillararene were also observed to intercalate DNA,
resulting in a synergistic effect between the modified
pillararene and the newly-released doxorubicin [110].

It should be noted that pillararenes have also
been incorporated into MOF-based drug delivery
technologies. In these systems, design concepts from
both the above MOF examples and mesoporous silica
nanoparticles technologies were combined. In one
demonstration of this idea, magnetic iron oxide core
nanoparticles were encapsulated within a UiO-66 Zr
MOF which was subsequently surface-functionalized
with units which bound carboxylated pillar[6]arene.
The porous MOF was pre-loaded with a model drug
cargo before using PA[6] as a capping agent. These
nanoparticles could be targeted in vivo using external
magnetic forces, while cargo release under acidic
conditions weakened the interaction between PA[6]
and surface-functionalized stalks [111]. In a related
report, the UiO-66 MOF was used to coat polypyrrole
nanoparticles, effectively exchanging magnetic
targeting capabilities for photothermal utility. To
counteract the loss of active magnetic targeting, folic

acid motifs were conjugated to the nanoparticle
surface and used as active chemical targeting groups.
Cargo was encapsulated into the MOF coating using a
similar pillar[6]arene interaction as the iron oxide
nanoparticles. The reported in vivo trials using
combined pH-dependent drug release and
photothermal therapy showed significant reduction in
tumor volume relative to single-therapy regimes
[112].

In other efforts toward pH-responsive drug
delivery, acetylated a-CD was aggregated in the
presence of hydrophobic drugs using oil-in-water
emulsion solvent evaporation techniques, which
formed drug-loaded CD-based nanoparticles. When
internalized by cells, intracellular lysosomal acidity
led to hydrolysis of the pendant acetyl groups on the
CD, inducing nanoparticle dissociation and
subsequent drug release [113]. Interestingly, a
follow-up report provided evidence of this platform
circumventing multi-drug resistance pathways for
paclitaxel, docetaxel, cis-diamminedichloroplatinum,
camptothecin, and doxorubicin. The improved
efficacy of these drugs against resistant cell lines was
attributed to the cumulative sensitisation effects of
a-CD that results from inhibiting P-glycoprotein
expression, depleting intracellular ATP
concentrations, and reducing PgP ATPase activity
[114]. An analogous study was reported using
B-cyclodextrin conjugated to dextran, a cancer
targeting agent. Benzimidazole-modified
poly(e-caprolactone) was used to form a host-guest
complex under normal physiological conditions.
These complexes formed amphiphiles that
spontaneously self-assembled into micelles, into
which hydrophobic drugs were loaded. When
internalized via endolysosomal pathways, a pH of 6.0
or less would then decrease the association affinity
between the P-CD and benzimidazole, leading to

complex dissociation and release of
micelle-encapsulated drug [115].
Mono-functionalized cucurbit[7]uril was

modified with a biotin motif which facilitated its
selective internalization into cancer cells [116]. Based
on previous reports, it was known that the anti-cancer
drug oxaliplatin bound as a guest with CB[7]
macrocycles with reasonable affinity, which improved
the solubility and stability of the drug while reducing
its unwanted toxicity [117,118]. However, once
internalized within cancer cells by acidic
endolysosomal means, the drug was released to
induce cytotoxicity. Amending this host-guest
complex with a targeting motif was expected to
improve the bioavailability and selective therapeutic
effect of the drug while further reducing unwanted
toxicity. Interestingly, this report further explored the
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requirements for binding affinity between host and
guest in this system, and identified several other
drugs which bound as a guest in this platform,
including camptothecin, irinotecan, temezolomide,
albendazole, and tamoxifen [116]. Additionally,
several examples of nanoparticles capable of drug
delivery via pH-responsive cucurbituril host-guest
interactions have been developed. In one iteration of
this technology, mesoporous silica nanoparticles were
surface-functionalized with bis-ammonium units,
facilitating pH-dependent binding of cucurbit[6]uril.
Under acidic to neutral conditions, the electron-poor
dialkylammonium favored interaction with the
electron-rich portals of CB[6]; upon exposure to basic
conditions, the dialkylammonium motif was
deprotonated, weakening host-guest affinity.
Following dissociation of the CB[6] from the
nanoparticle surface, pre-loaded cargo was released
from the nanoparticle [119]. Increasing the complexity
of molecular design, mesoporous silica nanoparticles
were instead surface-functionalized with a chain of
spaced diammonium motifs capped with an
anilinium group. Under neutral conditions, CB[6]
readily bound near the surface of the nanoparticle,
sterically blocking release of pre-loaded cargo from
the nanoparticle. When exposed to acidic conditions,
the macrocycle favored interactions with the
anilinium group further away from the nanoparticle
surface, releasing encapsulated drugs; engineering the
pKa of the anilinium group enabled fine-tuning of the
pH needed for drug release. Alternatively, exposure
to basic conditions deprotonated all amine functional
groups and induced dissociation of the macrocycle
from the nanoparticle surface [120]. In a third report,
these two iterations of controlled release technology
were both used to encapsulate cargo within a
mesoporous silica nanoparticle. However, this report
also included the incorporation of azobenzene motifs
within the silica pores to act as nano-impellers; when
exposed to a wavelength of light that is absorbed by
both the cis- and trans- conformation of azobenzenes,
the continuous exchange of conformations induced a
wagging motion to help expel encapsulated cargo.
This technology leveraged both non-neutral pH and
light to release encapsulated molecules, offering an
example of a molecularly engineered AND logic gate
[121].

Lastly, rotaxanes have also been designed as a
component of pH-responsive drug delivery systems.
In one example, periodic mesoporous organosilicas
were developed and functionalized with symmetric
chains across the silica pores (Fig. 5C). These chains
were composed of a central biphenyl group between
two ureido groups, which was nested between two

propyl groups, and completed with siloxane stoppers
on each end. Two 3-CDs were threaded along each of
these chains spanning the silica pores. Under neutral
pH, the hydrophobicity of the biphenyl group
brought the hydrophobic cavities of the cyclodextrin
macrocycles together. Under acidic pH, the ureido
groups were protonated to favor interactions with the
cyclodextrin  portals which forced the two
macrocycles from their central position on the thread
to the outer positions near the siloxane caps. This
supramolecular interaction acts as a mechanical gate;
with the CDs no longer sterically hindering the silica
pores, the loaded drugs were free to diffuse into the
local environment. Once removed from the acidic
conditions, the cyclodextrin macrocycles returned to
binding of the central biphenyl group, which is a
more favored host-guest complex under neutral pH
[104].

In a second example, a designer synthetic
macrocycle was developed to improve the
performance of a pH-sensitive croconaine dye. By
encapsulating the dye within a tetralactam
macrocycle, a stable rotaxane was formed with the
croconaine dye as guest. When this theranostic
technology was delivered into mice through
liposomal administration, the host-guest system
offered enhanced photothermal therapeutic and
photoacoustic imaging capabilities, particularly
within acidic environments such as those associated
with cancer, infection, inflammation, or fibrosis. This
dye system also exhibited strong NIR light absorbance
with little production of ROS or dye photobleaching,
stable ratiometric absorption that was unaffected by
irradiation, and the ability to fine-tuned the pKa to
match acidic physiological pH [122].

4.3 Enzymatic Triggers of Host—-Guest
Chemistry

The microenvironments of many diseased
tissues, as well as intracellular and sub-cellular
compartments, are often characterized by increased
presence of a variety of enzymes which may offer
useful triggers for drug release in stimuli-responsive
platforms. Particularly, proteases such as esterase or
urease are overexpressed in tissues in conjunction
with various diseases, notably cancer. As such, drug
release may be facilitated by the incorporation of
known substrate groups or sequences to be cleaved
and facilitate drug release. This approach often
requires a more complex molecular design than is
needed for ionic and/or electrostatic interactions. The
more complicated guest designs in turn make this
triggering approach less amenable for use with simple
macrocycles, such as crown ethers.
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Figure 5. Examples of drug release by pH change. (A) Porphyrin was used to noncovalently attach the anti—cancer drug doxorubicin to gold nanoparticles. The
complex dissociates under acidic conditions as a result of competitive interactions with H* ions. Figure adapted and used according to terms of use of [102]. Copyright
2018 American Chemical Society. (B) Pillar[6]arene was used to form supramolecular amphiphiles with ferrocene—derived guests, which self-assembled into
pH-responsive vesicles. Adapted with permission from reference [103]. Copyright 2013 American Chemical Society. (C) A rotaxane system was designed as a
mechanical gate across pores on the surface of porous silica. Acidic environments opened the gate by separating cyclodextrin macrocycles blocking the pore and
allowing drug release. Adapted with permission from reference [104]. Copyright 2016 Royal Society of Chemistry.

Building on light-responsive calixarene
platforms, an enzyme-responsive approach was
prepared from mesoporous silica nanoparticles which
were surface-functionalized by ester-based or
urea-based tethers to choline-like chains (Fig. 6A).
These choline-like chains acted as guests to enable the
use of water-soluble p-sulfonatocalix[4]arene
macrocycles as capping groups. Upon exposure to
esterase or urease enzymes, the host-guest complex
did not dissociate but instead was cleaved entirely
from the silica surface to release pre-loaded model
cargo from pores of the nanoparticles [85,123]. In a

related approach, p-sulfonatocalix[4]arene was used
to form host-guest complexes with a natural
enzyme-cleavable myristoylcholine guest (Fig. 6B).
These complexes formed amphiphiles which
self-assembled into vesicles that were used to
encapsulate a drug payload. The cholinesterase
enzymes, acetylcholinesterase and
butyrylcholinesterase, are overexpressed in the neural
microenvironment in Alzheimer’s. Upon action of
cholinesterase enzymes, the myristoylcholine was
cleaved into myristic acid and choline. Since neither of
these natural products favor host-guest complexation
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with calix[4]arene, the vesicle disassembled to release
the encapsulated drug [124].

There also have been many demonstrated uses
integrating enzyme-responsive properties into
cyclodextrin platforms [125]. As an example, p-CD
was conjugated through its hydroxyl groups to a
copolymer containing maleic anhydride. Another
copolymer was synthesized from the same material
but appended with paclitaxel, forming a
complementary strand for host-guest interactions. By
affixing the f-CD host and drug guest onto polymers,
the polyvalent construct exhibited an effective affinity
that was four orders of magnitude higher than the
monovalent host-guest interaction. As CD and
paclitaxel were conjugated via ester linkages, their
attachment was sensitive to esterase activity. The
assemblies entered cancer cells and, once inside,
esterases ruptured the bonds between the individual
polymer with the host and drug leading to release of
free paclitaxel, with therapeutic effects observed both
in vitro and in vivo [126].

Rotaxanes have been used for many examples of
enzyme-responsive drug delivery systems, and offer
a robust tool for sequestering or deactivating
cytotoxic drugs until exposed to an enzyme of choice
[127]. In one example, anti-cancer drugs were
sequestered within the pores of a mesoporous silica
nanoparticle. The silica surface was functionalized
with alkoxysilane chains, threaded through a-CD
macrocycles, and capped with peptide linker which
included a substrate for the cathepsin B protease as
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well as a cell-penetrating peptide and a
tumor-targeting peptide. Once this multifunctional
peptide specifically targeted and penetrated the
membrane of a cancer cell, the overexpression of
cathepsin-B within endosomes and lysosomes would
then cleave its substrate on the linker. Cleavage of the
peptide released the a-CD macrocycle stopper,
triggering the release of loaded doxorubicin which
induced apoptosis within cancer cells [128]. Another
example of surface-functionalized mesoporous silica
nanoparticles used diethylene glycol chains
terminated with alkynes to thread a-CD. The terminal
alkyne was then reacted with a benzoquinone stopper
to form a rotaxane. The NAD(P)H:quinone
oxidoreductase 1 enzyme induced the reductive
activation of the benzoquinone to form
hydroquinone, which introduced a self-immolative
bond to cleave the capping agent from the tether and
release the encapsulated drug. This system exhibited
evidence of efficient drug release in vitro, and further
demonstrated a reduction in toxicity and improved
compatibility for the complete system compared to
the free drugs [129]. In a final example, mesoporous
silica nanoparticles were surface-functionalized with
triethylene glycol chains, threaded through a-CD,
and capped with a motif which could be cleaved by
exposure to porcine liver esterase. When exposed to
the model enzyme, the engineered capping agent was
cleaved from the triethylene glycol chains and the
macrocycle diffused from the nanoparticle surface to
release encapsulated cargo [130].
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Figure 6. Examples of enzyme-responsive drug release. (A) Mesoporous silica nanoparticles were surface—functionalized with choline-like chains via ester— or
urea—based tethers and capped with sulfonatocalix[4]arene. Encapsulated cargo was released upon exposure to esterase or urease enzymes. Adapted with
permission from reference [123]. Copyright 2013 Royal Society of Chemistry. (B) A vesicle self-assembled from amphiphiles produced by the host—guest association
of myristoylcholine and sulfonatocalix[4]arene. Encapsulated drugs were released upon exposure to butyrylcholinesterase, which degraded the myristoylcholine
guest molecule and dissociated the amphiphilic complex. Adapted with permission from reference [124]. Copyright 2012 American Chemical Society.
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One final example illustrated an
enzyme-triggered pre-programed cascade which
incorporated many different responsive components
that were designed to be sequentially activated. In this
case, the anti-cancer drug paclitaxel was conjugated
to a bulky, hydrophilic stopper via an ester linkage
and threaded through a modified rotaxane
macrocycle. Once internalized within cancer cells, the
B-galactosidase enzyme cleaved a galactoside group
conjugated to the rotaxane macrocycle. The products
of this enzyme-catalyzed cleavage included a
self-immolative  nitro-benzyloxycarbonyl linker,
which forced the stabilizing rotaxane molecule to
undergo a ring-opening process and released the
modified paclitaxel thread into solution. Finally, an
esterase enzyme cleaved the appended stopper to
release the authentic drug and activate its therapeutic
effect [76].

4.4 Redox-Responsive Host—Guest Systems

Abnormal reduction-oxidation (redox)
conditions are often also a hallmark of diseased
tissues, offering another trigger for
stimuli-responsive  drug  delivery  platforms.
Endogenous reactive molecules, including reducing
agents like glutathione (GSH) and oxidizing agents
like hydrogen peroxide (HxO»), afford opportunities
to interface with redox-responsive chemical groups.
The incorporation of redox-sensitive linkers, such as
disulfide bonds, enables greater selectivity of drug
delivery platforms for specific disease sites. As such, a
design approach has been explored broadly to use a
variety of labile or reversible chemical moieties to
facilitate host-guest macrocyclic systems with redox
sensitivity.

The light-responsive degradation of porphyrins
results in the production of ROS which can be used in
conjunction with redox-sensitive triggers as a
component of a drug delivery platform. As such,
porphyrins have been incorporated into nanoparticles
prepared from components which contain a disulfide
bond. Upon photo-irradiation, the porphyrin releases
ROS which serve to disrupt these disulfide bonds and
release drugs conjugated to or encapsulated within
the nanoparticles [131,132]. In one particular example,
a porphyrin macrocycle was conjugated directly to the
anti-cancer drug paclitaxel via a disulfide bond. The
macrocycle-drug conjugates self-assembled into
nanoparticles which were highly stable under normal
physiological conditions, but dispersed quickly upon
photo-irradiation as the porphyrin rings degraded to
produce ROS and cleave the disulfide drug tethers
[133]. Porphyrin-based materials have also been used
as a component of different nanoparticle-based drug
encapsulation approaches. In one example, a

fluorescently modified porphyrin was conjugated to a
group containing short PEG chains and three
hydrophobic  2,4-dinitrobenzenesulfonyl moieties
which are sensitive to the reducing action of
glutathione (GSH) and act to quench adjacently
conjugated fluorophores. This combination of
hydrophobic and hydrophilic side-chains resulted in
amphiphilic character of the porphyrin-based system,
spontaneously forming nanovesicles loaded with
doxorubicin. The design of this system leverages
elevated GSH concentrations within many cancer
cells. Once the nanovesicles were internalized by cells
and exposed to intracellular GSH, the
2,4-dinitrobenzenesulfonyl moieties were cleaved
from the porphyrin leading to dissociation of the
nanovesicle, release of the porphyrin (for potential
photodynamic therapy), as well as release of the
encapsulated  doxorubicin.  Studies in  wvitro
demonstrated the same cytotoxicity for this platform
as observed for free doxorubicin, but the platform
may afford added benefit in reducing the off-target
effects of the chemotherapeutic drug [134]. A similar
system has also been developed based on porphyrin
macrocycles conjugated to hyperbranched
polyglycerol nanoparticles through tethers containing
disulfide bonds as a GSH-sensitive trigger to
selectively release the porphyrins into cancer cells for
photodynamic therapy [135].

Toward redox-responsive systems based on
pillararenes, one example has used pillar[5]arene
appended with biotin-conjugated PEG polymer,
which formed a host-guest complex upon mixing
with a secondary polymer appended with viologen
guests (Fig. 7A). The host-guest complexation of these
two components resulted in self-assembly and
formation of polymersomes that could encapsulate
doxorubicin. The inclusion of biotin allowed for
targeting the biotin receptor overexpressed on certain
cancer cells, while limiting drug toxicity by
minimizing uptake into healthy cells in vitro. The
redox conditions within the tumor cells hindered the
electrostatic interactions between the viologen and
pillararene, disassembling the polymersome and
releasing the encapsulated drug [136]. In another
report,  pillar[5S]arene = was appended  with
biotin-conjugated PEG and the viologen group was
conjugated to a brush copolymer. Host-guest
complexation of these two molecules formed
supramolecular nanoparticles. The inclusion of biotin
as a targeting motif also improved cancer cell
selectivity, but this design further allowed for the
incorporation of specialized fluorescent and
quenching groups to enable continuous tracking of
location and drug release using imaging [137].
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Figure 7. Examples of redox—responsive drug release. (A) Modification of both a viologen guest motif and a pillar[5]arene host resulted in a supramolecular
amphiphile which self-assembles into vesicles. Control of encapsulated drug release was mediated by varying concentrations of redox triggers. Figure adapted with
permission from reference [136]. Copyright 2016 John Wiley and Sons. (B) A similar vesicle system made of self-assembling supramolecular amphiphiles was
developed from host—guest complexation between polymers modified with B—cyclodextrin or a ferrocene guest, with drug release controlled by voltage—controlled
redox of the ferrocene guest chemistry. Adapted with permission from reference [138]. Copyright 2014 Royal Society of Chemistry.

In another example of redox-responsive
pillararenes, a water-soluble carboxy-modified
pillar[5]arene was used to bind lysine modified via a
disulfide bond with a long hydrophobic tail. The
bound pillararene improved solubility of the
modified lysine, forming an amphiphilic complex and
leading to vesicle assembly. These nanostructures
were used to encapsulate mitoxantrone until exposed
to the acidic pH or intracellular GSH found in cancer
cells. Once internalized by cancer cells, these
mechanisms led to cleavage of the hydrophobic tail
from the lysine-pillararene complex, disrupting
vesicle self-assembly which released the encapsulated
chemotherapeutic [139]. In a different approach,
pillar[5]arene portals were conjugated directly to
positively—-charged ferrocenium functional groups.
These  modified  macrocycles  spontaneously
self-assembled into cationic vesicles to encapsulate
both doxorubicin and therapeutic siRNA. When
exposed to the reductive action of intracellular GSH,
the ferrocenium groups were oxidized to neutral
ferrocene groups, which disrupted the vesicle and
released the encapsulated therapeutics [140].

Many drug carriers have been designed based
on redox-responsive cyclodextrin [125,141-143].
Three representative designs leveraging redox-
responsive cyclodextrin are highlighted here. In the

first, p-CD was conjugated to cross-linked low
molecular weight polyethylenimine and also attached
to a peptide targeting fibroblast growth factor
receptors on the surface of cancer cells in a gene
delivery platform. A complementary molecule was
designed by conjugating PEG to an adamantyl group.
When combined, the B-CD and adamantyl group
host-guest complex resulted in a macromolecular
polycation that was then combined with DNA and
condensed into nanoparticles as a vector for gene
therapy in vitro and in vivo. The DNA payload was
protected from degradation until it was released
through intracellular reduction in cancer cells [144].
Another platform conjugated p-CD to PEG, while a
ferrocene moiety was conjugated to poly(L-lactide)
(Fig. 7B). When combined through the formation of
host-guest complexes, these two components formed
a supramolecular block copolymer that self-
assembled into micelles for drug encapsulation.
Rather than relying on intracellular redox conditions
to reduce the ferrocene guest and decrease its affinity,
this platform wused externally-applied voltages
(+1.0V) to disrupt the assembly and release
encapsulated drug [138]. A third approach to
redox-responsive drug delivery relied on another
redox-based trigger, HxO,, in conjunction with
mesoporous silica nanoparticles surface-
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functionalized with ferrocene and capped with
B-CD-modified gold nanoparticles. A model cargo
loaded within the silica nanopores was used to track
and quantify drug release over time. Upon exposure
to disease-relevant concentrations of H)O,, the
ferrocene adopted a positive charge which
dramatically reduced its affinity for the p-CD. This
dissociated the gold nanoparticles from the silica
nanoparticles and released the encapsulated cargo
[145].

Cucurbit[7]uril has also been incorporated into
redox-responsive platforms, including an example
wherein mesoporous silica nanoparticles were
surface-functionalized with poly(glycidyl
methacrylate)-based chains conjugated via disulfide
bonds. CB[7] formed high-affinity complexes with
diamine groups added to the terminus of each
tethered chain, and binds two chains simultaneously
through ion-dipole interactions between the
electron-rich CB[7] portals and the electron-poor
amine groups. CB[7] thus acted as a capping agent to
seal doxorubicin within the pores of silica. When
exposed to intracellular GSH concentrations within
cancer cells, the disulfide bonds which tethered the
capping CB[7]-poly(glycidyl methacrylate)
host-guest complexes to the surface of the MSNs were
cleaved to begin drug release [146]. However, it
should be noted that the redox conditions did not
directly dissociate the CB host-guest complex. While
CB[7] and CB[8] form host-guest complexes with
redox-responsive groups, such as viologens and
ferrocenes, challenges remain in using these as
redox-responsive triggering events in therapeutic
design. For example, host-guest affinity interactions
of CBJ[7] and ferrocene-based derivatives often have
remarkably high binding affinity in the range of 10°
M-1 or greater, which might make dissociation too
slow for practical application in drug delivery [147].
Additionally, CBs can act to block the effect of some
redox triggers, further inhibiting the wuse of
redox-sensitive triggers to release guest molecules
from cucurbituril macrocycles for drug delivery
applications [148].

Redox-responsive triggers have also been
incorporated into rotaxanes in conjunction with
mMesoporous silica nanoparticles surface—
functionalized with guest threading using the
macrocyclic ring cyclobis-(paraquat-p-phenylene)
and capped with tetrathiafulvalene (TTF) to form a
stable rotaxane. In the closed position, loaded drugs
were sterically trapped within the silica pores. When
exposed to ascorbic acid, the TTF?** was reduced to
neutral TTF, increasing the affinity between the
macrocycle and the capping agent, which removed
the steric barrier and promoted release of the

encapsulated drug. By design, the macrocycle also
quenches the fluorescence of the threaded guest, and
when displaced by a redox trigger the fluorescence
increased 3-fold which offered a fluorescence
read-out for drug release [149].

4.5 Competitive Guest Exchange as Trigger

Tunable host-guest affinity affords a unique
approach toward spatiotemporal control in drug
delivery. Specifically, systems may be designed to
leverage competitive guest exchange wherein the
host-guest interaction facilitating drug loading or
particle self-assembly can be displaced upon
exposure to a stronger guest. This design approach
requires a fine-tuned balance of the affinity and
dynamics of a series of host-guest interactions. The
opportunities to control such a design using natively
occuring or endogenous guests is similarly limited,
and as such this general approach, when applied to
drug delivery, necessitates some precision in ensuring
the displacing guest is present at the site where drug
action is desired. The guest in this case may
furthermore be considered as a drug in its own right,
and may introduce additional regulatory hurdles to
ensure its safety and efficacy.

A simple example of this design concept was
demonstrated by incorporating crown ether units
onto a polymer, poly(N-isopropylacrylamide), which
forms a temperature-responsive hydrogel (Fig. 8A).
By introducing the crown ether onto the polymer, the
swelling of the hydrogel was reduced. This approach
could offer potential for the release of drugs or other
payloads encapsulated within the hydrogel
formulation, wherein upon exposure to K* ions, a
common guest of crown ethers, the hydrogel would
swell to increase the payload release rate [150].

Toward the use of competitive affinity as a
trigger in calixarenes and pillararenes, a platform
capable of using either macrocycle species for drug
delivery has been reported. In this system,
mesoporous silica nanoparticles were surface-
functionalized with choline-derived guest motifs. The
nanoparticles were loaded with both drug and/or
dye, and capped with either calix[4]arene or
pillar[5]arene. Both macrocycles displayed K., values
on the order of 10* - 105 M-1, with pillararene having
the slightly higher binding affinity; both had a higher
binding affinity to native acetylcholine species. When
exposed to models of the elevated concentration of
acetylcholine, such as is observed in the cholinergic
synapses of Parkinson’s disease, the native
acetylcholine displaced the choline-derivatives from
the cavities of the macrocycles to remove the
macrocycles from the surface of the particle and
promote drug/dye release. Additionally, this study
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showed that by increasing concentrations of
acetylcholine, the rate and amount of drug released
could be increased for each macrocycle. However, the
affinity of the macrocycle was also important, as the
higher affinity pillararene released fewer drugs than
did the calixarene capping agent at the same
acetylcholine concentrations. As such, macrocycle
affinity could also be used for concentration-
dependent payload release, which offered an
additional element of control in this system [152].
Among the first uses of competitive affinity to
facilitate triggered drug release reported over thirty
years ago used P-CD to improve the solubility and
enhance the therapeutic effect of the anti-nausea drug
cinnarizine when co-administered with a competitive
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phenylalanine guest [32,153,154]. More recent work
focused on using the concept of competitive guest
binding by forming host-guest complexes between
B-CD and the anti-cancer drug 2,2’-bibenzimidazole,
which formed small multi-complex aggregates in
aqueous  solution. The cationic surfactant,
cetyltrimethylammonium bromide, was then used as
a competitive binding trigger to disrupt these
aggregates and release the bound drug. The study
also modified this same drug which resulted in higher
binding affinity to B-CD and made the aggregates less
sensitive to the surfactant, thus requiring higher
concentrations to release comparable amounts of drug
[155]. Other work has designed vesicles for drug
delivery that rely on competitive guest binding to
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Figure 8. Examples of drug release by competitive guest displacement. (A) Crown ether motifs incorporated within a hydrogel dictated material swelling in a manner
that could be controlled by the addition of K* guests for the macrocycle. The addition of this competitive guest increased material swelling which would lead to drug
release. Figure adapted with permission from reference [150]. Copyright 2013 Elsevier. (B) Mesoporous silica nanoparticles were surface—functionalized with a guest
motif having moderate binding affinity to cucurbit[7]uril. As a competitive lysine guest was added in the presence of decarboxylase enzyme, the macrocycle
preferentially bound the enzymatically processed lysine, which displaced the macrocycle and released drug from within the silica nanopores. Figure adapted with

permission from reference [151]. Copyright 2011 John Wiley and Sons.
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release encapsulated drugs. The amino acid tyrosine
binds to a-CD, B-CD, and y-CD to form small
amphiphilic complexes which self-assemble into
bi-layered vesicles for drug encapsulation. Upon
exposure to higher affinity guests including
1-hydroxyadamantane or Cu?* ions, the tyrosine
guest was efficiently replaced, which disassembled
the vesicle and released the encapsulated drug
molecules [156].

Competitive guest displacement has also been
used in cucurbituril-based platforms, with one
example exploring the use of gold nanoparticles
surface-functionalized with a diaminohexane moiety
that is a moderate guest for CB[7]. This cationic
surface coating makes the nanoparticles cytotoxic,
and CB[7] was used as a capping agent to inhibit
cytotoxicity by concealing these cytotoxic surface
groups. When the nanoparticles were exposed to
1-adamantylamine, which is a high-affinity guest for
CB[7], the in vitro cytotoxicity of the nanoparticles
could be activated within living cells in situ [157].

An interesting design combined both enzymatic
activity and competitive guest binding within a
platform of superparamagnetic iron oxide-embedded
mesoporous  silica  nanoparticles that were
surface-functionalized with 1,4-butanediamine as a
moderate guest for CB[7] (Fig. 8B). This platform was
designed to leverage the increase in enzymatic
decarboxylation of amino acids within cancer tissue,
such as lysine decarboxylation to yield the high
affinity CB[7] guest cadaverine. Thus, these
nanoparticles were designed to target sites of tumors
through externally applied magnetic fields to then
release encapsulated cargo once the
nanoparticle-associated CB[7] is freed by binding to
this modified amino acid in the tumor
microenvironment as it associates with the higher
affinity guests [151].

Rotaxanes are especially interesting in the
context of using competitive affinity as an activating
trigger. Strictly defined, the macrocycle component of
a rotaxane is threaded and capped on both ends. As
such, rotaxanes are not readily capable of disruption
by a competing guest since the secondary guest is
unable to bind to the mechanically locked macrocycle.
However, pseudo-rotaxanes which are uncapped
may be designed to facilitate a competition-based
mode of release. One example employed a
dibenzo[24]crown-8 macrocycle threaded around
dialkylammonium ions on the surface of porous silica
nanoparticles. The pseudo-rotaxane design resulted
in the macrocycle being loosely bound to the
dialkylammonium chains and capping the release of a
model cargo from within the silica pores. When
exposed to the higher affinity

fluorodialkylammonium cations, the pseudo-
rotaxane was disrupted on the nanoparticle surface
and the loaded drug was released. Importantly, to
more thoroughly explore the effect of relative affinity
of the competing guest, this same system was
explored with various cations, demonstrating that
under the same salt concentrations a reduction in
drug release was observed when cations of decreasing
affinity were used [158].

5. Conclusions

Many variations of supramolecular systems have
been developed, but examples where these
macrocycles have been used in the context of their
application to new therapeutics or diagnostics are
thus far limited. In discussing the subset of these
engineered systems which exhibit stimuli-responsive
features aligning with therapeutic deployment,
function has often been demonstrated in a test tube or
with cultured cells in vitro. Indeed, limited examples
exist at this time which has used these systems in vivo.
Inspirational ~ examples wusing supramolecular
macrocycles for drug delivery, in a context beyond
that of a formulation excipient, have advanced to the
clinical setting. Notably, CRLX-101 and CALAA-01
have both entered Phase II trials,[159-162]
highlighting the promise of using host-guest
supramolecular recognition in the clinical treatment
of disease. It is noted that these approaches do not
feature stimuli-responsive properties in tuning drug
release. As such, including stimuli-responsive
functionality into the design of host-guest
interactions offers a new approach to facilitate more
precise or controlled therapy, thereby addressing the
concerns that arise from dose-limiting side-effects,
poor bioavailability, or limited biodistribution to sites
of need. With an appreciation of the governing design
parameters of host-guest chemistry, and the suite of
different macrocycles available for inclusion in a
design, features such as recognition affinity or
complex equilibrium kinetics may be tuned to alter
recognition of these systems. One common motif that
emerges in exemplifying this use is that of a
macrocycle-capped porous particle. Depending on
the complexity of engineering such an approach, one
might envision a multi-stimuli cascade as a route to
further improve selectivity for the particular site of
action of a drug. The use of host-guest fusion in
creating self-assembling amphiphiles offers another
route to integrate stimuli-responsive function into
liposomes and micelles, among the most commonly
used forms of drug carriers. Other common motifs
include hydrogels, which could be viewed in the
context of injectable drug-releasing depots, which
may be engineered to respond to particular stimuli by
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making an encapsulated drug locally or systemically
bioavailable [163]. A final motif entails the use of
stable complexes between a macrocyclic host and
either a drug or guest-modified prodrug. Depending
on the affinity and dynamics of such a complex, this
approach may be viewed in its application as similar
to standard small molecule pharmaceutical practice,
with the drug becoming activated by complex
dissociation or rupture of a pendant guest modifier. In
all, the design space for stimuli-responsive host-guest
chemistry is vast and there is great promise in using
technologies of this type to design new therapies.
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