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Single-molecule nanoscale drug carriers with
quantitative supramolecular loading†

Lei Zou, Michael A. VandenBerg and Matthew J. Webber *

While there are examples of successful nanomedicine technologies, challenges remain in engineering sys-

tems with controlled and defined characteristics such as size and drug loading. Dendrimers are a class of

synthetic macromolecules which offer routes to precise nanoscale objects. Here, highly efficient and or-

thogonal methods for dendrimer synthesis are combined with the covalent attachment of a tunable num-

ber of cucurbit[7]uril macrocycle carriers. This synthetic macrocycle affords uniquely high-affinity binding

to certain guests, lending modularity to the prepared dendrimer in terms of its drug cargo. To verify this

concept, the chemotherapeutic doxorubicin was conjugated to a high-affinity guest for CB[7]. When com-

bined with CB[7]-modified dendrimers, quantitative drug loading was realized, with one drug bound per

CB[7] on the dendrimer. The guest-modified drug was attached via a pH-labile linker to facilitate release at

sites of disease or upon cell internalization. This approach offers a new combination of discrete and effi-

cient synthetic methodology coupled with modular and high-affinity supramolecular motifs to engineer

platforms with exceptional precision for use in drug delivery.

Introduction

The field of nanomedicine has emerged in part due to the
many benefits of nanoscale drug carriers, including improved
drug solubility or stability, reduced clearance rate, and in-
creased percent of drug reaching a desired site with limited
off-site exposure.1–3 Yet, challenges remain in the design of
traditional nanoparticle drug carriers. Typical methods to
generate nanoparticles use emulsification or precipitation,4

processes that produce inherent dispersity in size of the car-
rier. This is juxtaposed with findings that biodistribution, tis-
sue penetration, and function are highly correlated with
nanoparticle size,5–9 and a reality that variation in size may
complicate regulatory approval.10 Nanoparticle drug loading
is typically achieved by preferential partition of hydrophobic
drugs into liposomes, micelles, or hydrophobic polymers.
This leads to inherent variation in the amount of drug within
each particle, yet addressing this variation is not often con-
sidered as a design parameter in nanoparticle use.11 Further-
more, the payload is often limited to hydrophobic drugs, and
the encapsulation of hydrophilic drugs for delivery remains a
challenge. Drug release is typically governed by diffusion
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Design, System, Application

The efficient radial growth of dendrimers using high-yielding and orthogonal reactions results in spherical nanoscale objects with a fixed number of ad-
dressable chemical handles on their periphery. Leveraging synthetic precedent for monofunctional cucurbit[7]uril macrocycles, these are then attached to
the periphery of defined dendrimers to enable high-affinity supramolecular recognition of guests for drug loading on the dendrimer. By combining the pre-
cision of synthetic dendrimers with the predictability of CB[7] supramolecular macrocycles, this approach seeks a platform of highly defined carriers which
can be easily modified for an assortment of uses in different drug delivery applications.
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and/or particle erosion,12 and it can be difficult to control or
tune the rate of drug availability. As such, poorly defined
drug loading and inherent leakage arising from partition-
driven encapsulation present several additional design chal-
lenges in creating effective nanomedicine. The design of
modular nanoparticle platforms offering improved geometric
precision and enhanced control of drug loading and release
may therefore help to accelerate the clinical realization of
nanoscale drug delivery.

Dendrimers are highly branched macromolecules; robust
synthetic precedent makes it feasible for these to form
uniformly-sized and molecular weight-defined nanoscale
materials.13–16 A typical dendrimer is synthesized divergently,
growing radially from a core through alternating and step-
wise addition of monomeric building blocks to realize a glob-
ular macromolecule.17 Convergent methodologies have also
been demonstrated.18 A dendrimer is defined by its genera-
tion, signifying the cycles of monomer addition and radial
growth.19 Most synthetic strategies affording dendritic archi-
tectures rely on each of these additions occurring to near-
completion, and methodology has advanced for a number of
dendrimer chemistries that are relatively defect-free after sev-
eral generations.20 Dendrimers have been widely explored for
their use as drug carriers,19,21 such as through covalent
attachment of drugs via labile linkages,22 preferential drug
partitioning within hydrophobic domains, or electrostatic as-
sociation.23 There are inherent benefits to using dendrimers
for therapeutic applications, including their well-defined size
distribution, batch-to-batch reproducibility, and a suite of
chemical tools which enable varied sizes, tunable branch den-
sities, and controlled surface-presentation of charged or reac-
tive groups.15 The branched structure of dendrimers typically
affords longer circulation half-life compared to linear polymers
of the same molecular weight or hydrodynamic size due to a
reduced ability of dendrimers to reptate through glomerular
fenestrations.19 The precise control over size furthermore pro-
vides control over pharmacokinetics and biodistribution.24

There are many benefits that arise from integrating supra-
molecular motifs into biomaterials and drug delivery vehi-
cles.25,26 The present work explores the integration of supra-
molecular macrocycles as modular drug carriers on the
periphery of efficiently synthesized dendrimers, coupling the
molecularly defined and nanoscale features of dendrimers
with enhanced modularity and greater assurance in drug
loading facilitated by host–guest interactions (Fig. 1). The
macrocycle we have chosen for this work is cucurbit[7]uril
(CB[7]), a synthetic cavitand prepared from 7 repeats of the
glycoluril monomer,27 and which binds with high affinity to
an array of guest molecules.28 Though not as commonly used
in pharmaceutical practice as cyclodextrins, CB[7] offers
binding (Keq) that may be as much as 8–10 orders of magni-
tude higher for the same guest than possible with cyclodex-
trin, which does not typically bind in excess of 105 M−1 to
most guests.29,30 CB[7] participates in some of the highest
affinity motifs of any host–ligand interaction, with equilib-
rium binding constants as high as 1015 M−1 for certain guests

in buffer.31 If CB[7]–guest interactions are approximated as
being roughly diffusion-governed (kon ∼ 108 M−1 s−1),32 a
model interaction of 1012 M−1 is thus quite stable and long-
lived (koff ∼ 10−4 s−1). While dendrimers and related nano-
scale materials have been previously modified with cyclodex-
trin macrocycles for drug delivery,33 the limited affinity and
rapid exchange dynamics offered by this macrocycle in bind-
ing to its guest would be thought to contribute to drug leak-
age upon competition with native compounds in the body
(e.g., cholesterol) and dilution in serum or biological fluids.
By instead appending high-affinity guests for CB[7], which
are far in excess of anything encountered in the body, to a
drug or payload of interest its stable interaction with CB[7] is
assured and the approach becomes more generalized and
modular. We recently reported on a new use for high-affinity
CB[7]–guest interactions to drive guest-modified prodrugs to
desired sites in the body.34 CB[7] has molecular weight of
1163 Da and diameter of 1.6 nm, meaning it may be attached
to materials or devices with minimal footprint. It also has
excellent water solubility to remain accessible for loading in
biological contexts, and has shown limited toxicity in pre-
clinical models (LD50 > 250 mg kg−1 in mice).35 Though
limited in clinical use, early work has suggested promise for
cucurbit[n]urils as excipients in different pharmaceutical dos-
age forms.35,36

Results and discussion
Dendrimer carrier synthesis and characterization

Dendrimer chemistry has evolved in recent years with the
demonstration of divergent synthetic routes using highly ef-
ficient and orthogonal “click” or comparable reactions to
facilitate dendritic structures which are relatively defect-free
even after several generations of growth.37,38 We were thus

Fig. 1 Vision for integrating supramolecular macrocycles, which
participate in dynamic equilibrium-governed binding to guests charac-
terized by tunable affinity (Keq), onto dendritic macromolecules for
nanoscale drug carriers with more well-defined size and drug loading.
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inspired to implement a synthetic approach which consisted
of alternating epoxy–amine and thiol–yne reactions,39–42 a
scheme that resulted in odd-numbered generations being
terminated with an alkyne and even-numbered generations
being terminated with an amine (Fig. 2a). Hexamethyl-
enediamine was chosen as the core for this divergent syn-
thesis because its characteristic 1H-NMR signal (δ = 1.2–1.7
ppm) does not overlap with signals from the dendrons (δ =
2.5–4.5 ppm) and therefore would enable tracking of
dendrimer growth with each generation. From this diamine
core, we first reacted with glycidyl propargyl ether, resulting
in a G1Ĳ-yne)4 dendrimer; each primary amine can react
with two epoxides. Terminal alkynes were then reacted by
thiol–yne addition with cysteamine hydrochloride using 365
nm light along with a DMPA photo-initiator, resulting in
the G2Ĳ-NH2)8 dendrimer. This process using highly efficient
and orthogonal reactions proceeded iteratively to access a
fifth generation G5Ĳ-yne)64 dendrimer with 64 terminal
alkynes. Using a combination of gel permeation chromatog-
raphy (GPC) and 1H-NMR, successive growth of the
dendrimer was verified at each step according to expecta-
tions. By GPC, the dendrimers showed a narrow molecular
weight distribution (PDI: G1-1.08; G3-1.09; G5-1.20) and in-
creased in size as predicted with each generation (Fig. 2b).
Using 1H-NMR normalized to protons in the core, protons
assigned to components of the dendron also increased with
generation (Fig. 2c and d). Full details for dendrimer syn-
thesis are available in the ESI.†

In spite of the many benefits to using CB[7] as a carrier of
small molecules, this macrocycle has proven difficult to mod-

ify with functional handles for inclusion on materials. At least
three routes to functionalized CB[7] have been reported.43–46

While the most commonly used routes achieve functionalized
CB[7] by oxidation to different hydroxy-modified species, the
method by Isaacs exclusively obtains a monofunctional CB[7]
product through a retrosynthetic route from an acyclic
hexamer cyclized using a bis-cyclic ether monomer.43 This
method results in an alkyl-halide modified CB[7] which can be
converted to an azide (CB[7]-N3). Using copper-catalyzed
“click” chemistry methods,47 CB[7]-N3 was reacted with the
G5Ĳ-yne)64 dendrimer at a ratio calculated to ensure an average
of 8 CB[7] macrocycles per dendrimer (Fig. 3a). After allowing
this reaction to proceed to completion, azide-modified polyeth-
ylene glycol (mPEG-N3, 2000 Da) was added to the reaction
mixture to “click” to remaining alkyne sites.

Following reaction and purification, FT-IR confirmed the
absence of the characteristic azide stretch (2160–2120 cm−1)
and thus the product only contained reacted CB[7] and PEG
chains (Fig. S1†). Paired with data from FT-IR, 1H-NMR
performed on this product confirmed attachment of CB[7]
via a triazole linkage, leveraging the known shift in protons
of the p-xylylenediamine guest (probe) upon binding to CB[7]
in order to enhance visualization of the macrocycle (Fig. 3b).
Specifically, the 1 : 1 complex of this probe with CB[7] enables
the exact content of CB[7] in the dendrimer to be measured
from the integrated aromatic signals of the threaded (δ = 6.56
ppm) and free probe (δ = 7.46 ppm) in the spectra (details
available in ESI†). Through this method, it was determined
that each dendrimer contained an average of 8 CB[7] macro-
cycles, with the balance of the available sites being modified

Fig. 2 Dendrimer synthesis. (a) Orthogonal epoxy–amine and thiol–yne reactions were performed to access an eventual fifth generation product
(G5Ĳ-yne)64) containing 64 terminal alkynes. (b) GPC confirmed growth of the dendrimer core with each iteration. (c) 1H-NMR of the first, third,
and fifth generation alkyne-terminated dendrimers, normalized to the protons in the core in CDCl3. (d)

1H-NMR of the second and fourth genera-
tion dendrimers, normalized to the protons in the core, in D2O.
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with PEG. This aligned with our intended extent of modifica-
tion in the “click” reaction and also confirmed that the portal
of CB[7] was accessible for binding to guest molecules follow-
ing conjugation. This dendrimer is hereafter referred to as
G5-PEG56CB8.

The ratio of CB[7]-N3 to G5Ĳ-yne)64 dendrimer in the
“click” reaction was also varied to target either 4 or 12 CB[7]
groups per dendrimer (Fig. S2†). Again, 1H-NMR quantifica-
tion aided by the same probe as before was used and success-
fully verified the desired CB[7] modification which was con-
sistent with the ratio at which CB[7] was added to the “click”
reaction. These two dendrimers are referred to moving for-
ward by comparable nomenclature as before (G5-PEG60CB4

and G5-PEG54CB12).
Using dynamic light scattering (DLS), the diameter of each

dendrimer was measured (Fig. 3b and S3†). Accordingly, G5-
PEG56CB8 was found to have a diameter of 12.7 nm. This was
larger than the diameter measured for G5-PEG60CB4 (7.9 nm)

but smaller than the diameter for G5-PEG54CB12 (110.8 nm).
Each CB[7] has a relatively rigid diameter of ∼1.6 nm,
and the addition of the ∼1200 Da CB[7] macrocycles to a G5Ĳ-
yne)64 dendrimer core of approximately 12 000 Da would be
expected to increase the effective particle diameter. It is also
suspected that CB[7] would be more visible in light scattering
than elongated and typically well-hydrated PEG chains, even
though the PEG chains used here were of somewhat larger
molecular weight than CB[7]. As such, the increase in diame-
ter seen for G5-PEG56CB8 relative to G5-PEG60CB4 is reason-
able. However, the very large diameter apparent in the sam-
ple of G5-PEG54CB12 is suggestive of particle aggregation
which may arise from insufficient PEG shielding leading to
association of patchy surfaces of particles having a higher
density of CB[7]. Such aggregation is not desirable for a nano-
scale drug carrier. Accordingly, in an effort to maximize the
number of CB[7] carriers appended to each dendrimer with-
out inducing aggregation, G5-PEG56CB8 was used throughout
the remainder of the studies reported here.

Prodrug synthesis and characterization

One benefit of attaching CB[7] to a nanoparticle or material
intended for use in drug delivery is the inherent modularity
it affords in subsequently loading a variety of drugs. For ex-
ample, a drug could be modified, perhaps using a labile
linker common in the creation of attenuated prodrug mole-
cules and drug carriers,48 for attachment to a guest that
binds with high affinity (e.g., 1012 M−1) to CB[7]. Then, the
CB[7]-modified drug carrier could be used in a “mix-and-
match” fashion to deliver any desired drug which offered a
handle for guest attachment. By this approach, a doxorubicin
prodrug (Dox-Ad) was synthesized by conjugating the drug to
a high-affinity adamantyl amine guest using a short acyl
hydrazone linker (Fig. 4a). Full synthetic details for the crea-
tion of this prodrug as well as 1H-NMR spectra of intermedi-
ates and the final product are found in the ESI† (Fig. S4 and
S5). For assurance in the synthesis and assignment of spectra
of this prodrug species, 13C-NMR and 1H–1H-COSY NMR were
also performed (Fig. S6 and S7†) along with electrospray ioni-
zation mass spectrometry. As such, the prodrug synthesis was
verified and NMR could be fully assigned (Fig. 4b).

The adamantyl amine guest in this design was intended to
enable binding to CB[7] with affinity on the order of ∼1012

M−1. Our assumption for such binding was based on
extensive literature evidence for binding of adamantane
guests with adjacent protonating amines,49 as well as our
own experience characterizing guest molecules of this type.47

In order to verify that Dox-Ad bound CB[7] with its expected
affinity, competition 1H-NMR was performed for this mole-
cule (Fig. S8†) against a known high-affinity guest, trimethyl-
ammoniumethyl ferrocene iodide.49 This method has been
previously reported to enable the determination of binding
constants in high-affinity regimes which are typically in ex-
cess of the limits of detection for more common calorimetric
binding studies.31 By averaging three independent

Fig. 3 Attachment of CB[7] to G5Ĳ-yne)64 dendrimer. (a) Alkyne-
terminated dendrimer was clicked first to CB[7]-N3 and subsequently
to PEG-N3. (b)

1H-NMR in D2O was performed on the G5-PEG56CB8

dendrimer with and without the addition of p-xylylenediamine guest
(probe) to verify the presence and average amount of CB[7] on the
dendrimer. (c) Dynamic light scattering of G5-PEG56CB8 dendrimer.
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competition experiments, a binding constant of (3.26 ± 1.07)
× 1012 M−1 was calculated for this new Dox-Ad prodrug. As
such, this prodrug binds with extraordinarily high affinity to
CB[7], which should promote complex stability and thereby
overcome competition and extreme dilution in the body.
Using similar affinity from another synthetic guest, we previ-
ously showed that binding on this same order of magnitude
was so strong that it could facilitate stable recognition of
separately administered components in a living animal.34

Loading of the G5-PEG56CB8 dendrimer with Dox-Ad at stoi-
chiometric proportion did not impact the size of the nano-
particles, as measured by DLS (Fig. S3†).

Drug loading and controlled release

The inclusion of CB[7] in the described dendrimer platform
was intended to enable modularity in the loading and deliv-
ery of guest-modified drugs. With the Dox-Ad prodrug
exhibiting high-affinity binding in excess of 1012 M−1, this
model drug payload was thus explored for loading onto the
G5-PEG56CB8 dendrimer (Fig. 5a). When one equivalent of
Dox-Ad was loaded relative to the number of CB[7] carriers
on the dendrimer, the drug co-eluted with the dendrimer at
the beginning of the HPLC chromatogram. However, when
two equivalents were added relative to the number of CB[7]
carriers on the dendrimer, half of the Dox-Ad co-eluted with
the dendrimer while half eluted at the time expected for elu-
tion the unbound Dox-Ad compound. These studies further

confirm 1 : 1 stoichiometry in bidding of Dox-Ad by CB[7].
This finding is particularly exciting, as it illustrates precise
and quantitative drug loading onto G5-PEG56CB8 dendrimers
which is directly determined by the number of CB[7] carriers
installed. This general approach offers an opportunity to fully
define drug loading on a nanoscale carrier and would be
thought to more generally extend to related efforts by lending
predictable and quantitative loading to other drug delivery
materials or devices.

Hydrazones of the type used in designing the model Dox-
Ad payload are labile linkers which are known to hydrolyze at
reduced pH, comparable to levels encountered in the
peritumoral space or during endosomal processing following
cellular internalization.50,51 Hydrazone linkers also become
protonated at reduced pH,52 and while the impact of such
protonation on CB[7]–guest binding was not explored here its
position would not be expected to dramatically alter affinity.
In order to verify pH-responsive release of doxorubicin, G5-
PEG56CB8 dendrimers were loaded with Dox-Ad and exposed
to buffers ranging in pH from 4.0 to 7.4 (Fig. 5b). When dia-
lyzing against these buffers and sampling the bulk solution
to quantify drug concentration by fluorescence, the expected
pH-dependent trends in release were observed. This trend is
in line with our previous observations for other doxorubicin
conjugates linked to guests using hydrazone linkers.34 In ad-
dition, these data for differential release as a function of
pH support that the host–guest interaction which keeps the
drug bound to the dendrimer is stable and has very slow
dynamics. When combined with our previous results showing
the stability and long-lived nature for CB[7]–guest interac-
tions of 1012 M−1,34 these data support release which occurs
almost exclusively due to linker rupture rather than release of
intact prodrug, validating the need to include the hydrazone
linker in the design of Dox-Ad. The CB[7]–adamantyl amine
motif has koff which can be estimated to be on the order of
∼10−4–10−5 s−1 based on estimates for a diffusion-governed
interaction. As such, the use of this modular approach which
assures quantitative and stable drug loading also necessitates
the use of a labile linker between the drug and guest to
account for the very slow inherent release possible from
host–guest exchange.

Fig. 4 Design of Dox-Ad prodrug for binding to CB[7]. (a) Synthetic
scheme to arrive at a doxorubicin variant modified with an adamantane
guest via a labile hydrazone linker. Also listed is its binding affinity for
CB[7] which was determined through competition 1H-NMR. (b) 1H-
NMR in DMSO-d6 was performed to verify the synthesis and purity of
this new prodrug.

Fig. 5 Dox-Ad loading and release. (a) HPLC absorbance traces
measured at 260 nm for G5-PEG56CB8 dendrimer loaded with 2
equivalents of Dox-Ad per CB[7] (top) or 1 equivalent (middle), com-
pared to the elution of the free Dox-Ad prodrug (bottom). (b) Quanti-
fied free doxorubicin release from G5-PEG56CB8 dendrimer as a func-
tion of varied solution pH.
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In vitro functional studies

With quantitative drug loading and pH-responsive release
verified for Dox-Ad in combination with the G5-PEG56CB8

dendrimer, in vitro function was next evaluated in a stan-
dard human breast cancer cell line (MDA-MB-231). When
assessing potency of this chemotherapeutic (Fig. 6a), the
G5-PEG56CB8 dendrimer loaded with Dox-Ad was roughly
one order of magnitude less potent (IC50 = 1.07 μM) com-
pared to delivery of the free drug (IC50 = 0.11 μM). We have
previously observed a similar reduction in potency for
hydrazone-linked guest–doxorubicin prodrugs compared to
the parent drug,34 and as such the finding of reduced po-
tency here was not surprising. In order to further assess the
delivery function of this CB[7]-linked nanocarrier platform,
fluorescence microscopy was performed (Fig. 6b), staining
for endosomes/lysosomes (Lysotracker® Green) and cell nu-
clei (DAPI, blue), while also relying on the inherent fluores-
cence of the doxorubicin payload (red). This imaging re-
vealed almost complete overlap of free doxorubicin with the
cell nucleus, which is the site of action for this DNA-
intercalating chemotherapy. By comparison, significantly
more doxorubicin signal was found to overlap with the

punctate staining of endocytotic vesicles when Dox-Ad was
delivered with the G5-PEG56CB8 dendrimer, suggesting that
the majority of the drug remains in endosomal processing
and associated with the nanocarrier. Accordingly, limited
drug trafficking to the nucleus likely accounts for the re-
duced potency of Dox-Ad delivered with our dendrimer
nanocarriers in these studies, yet some drug still becomes
available to function in inducing apoptosis of these cancer
cells. The stability of the CB[7]–guest complex in physiologi-
cal conditions thus would necessitate even more rapidly hy-
drolyzing linkers in order to achieve comparable drug func-
tion to the unmodified doxorubicin, but such a design
would also sacrifice stability of the linker for systemic appli-
cations in circulation, leading to undesirable drug leakage.
Ongoing work is evaluating the utility of integrating
targeting motifs onto the surface of these nanocarriers so as
to enable enhanced accumulation in cells or tissues of inter-
est once introduced in the body, leveraging improvements
in tissue localization from targeting to overcome the re-
duced potency observed here. In addition, we are exploring
other labile linker chemistries for more rapid and potent
drug action upon cell internalization.

Conclusions

In spite of progress in the field of nanomedicine, controlling
the size and drug loading of nanoscale drug delivery vehicles
remains a challenge. Here, we have coupled two highly effi-
cient chemical modalities by combining high-yielding orthogo-
nal dendrimer chemistry with high-affinity supramolecular
recognition from the attachment of CB[7] macrocycles. This
platform resulted in defined nanoscale dendrimer architec-
tures with a tunable number of appended CB[7] macrocycle
carriers. In demonstrating a possible use of this modular
nanocarrier, doxorubicin was conjugated to a high-affinity
guest for CB[7], enabling quantitative drug loading with re-
lease controlled using a pH-responsive linker. These CB[7]-
modified dendrimers were able to deliver active drug to cancer
cells in vitro. This molecularly engineered approach addresses
common problems encountered in nanoparticle design by
combining two disparate fields of chemistry which each offer
predictable outcomes. Furthermore, this is a generalizable
platform approach with “mix-and-match” possibilities. CB[7]
carriers could be affixed to a variety of other materials or de-
vices for drug delivery, and provided a drug of interest can be
modified with a high-affinity guest for this macrocycle, pre-
dictable and quantitative drug loading can be achieved. As the
field of molecular engineering continues to seek improved def-
inition in molecular/material form leading to transcendent
function, this platform offers a new design opportunity.

Experimental section

Detailed experimental methods and complete molecular
characterization are available in the ESI.† In brief,
dendrimers were synthesized by alternating generational

Fig. 6 In vitro evaluation of drug delivery. (a) Dose–response for the
delivery of Dox-Ad by G5-PEG56CB8 dendrimer compared to doxorubi-
cin alone in MDA-MB-231 cells (n = 3/point). Data normalized to
untreated cells and fit to a dose–response curve (R2 > 0.99). (b) Fluo-
rescence microscopy of MDA-MB-231 cells treated with doxorubicin
(left) or Dox-Ad delivered using the G5-PEG56CB8 dendrimer (right),
showing lysosomes (green), doxorubicin (red), and cell nuclei (blue). All
scale bars are 25 μm.
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growth from orthogonal epoxy–amine and thiol–yne conjuga-
tion (Fig. 2a). Dendrimers were characterized throughout the
synthesis using a combination of 1H-NMR and gel perme-
ation chromatography (GPC) to confirm expected radial
growth with each synthetic step. CB[7]-N3 (Fig. 3a) was syn-
thesized according to literature,43 and attached to terminal
alkynes on the dendrimer by copper-catalyzed “click” chem-
istry. Remaining alkynes were modified by “click” chemistry
with 2000 Da PEG-N3. Click conjugation was verified by FT-
IR as well as 1H-NMR with the aid of a guest probe which
binds in the portal of CB[7] to enable NMR visualization of
the macrocycle. To create a model payload, doxorubicin was
modified with an adamantyl–amine guest using an acyl
hydrazone linker (Fig. 4a). Successful synthesis was verified
by 1H-NMR, 13C-NMR, and 1H–1H-COSY NMR. Its affinity for
CB[7] was confirmed by competition 1H-NMR, according to
previously published methodology for determining Keq in
high-affinity motifs.31 Quantitative and stoichiometric drug
loading was verified using HPLC, and pH-dependent hydro-
lysis of the hydrazone linker was verified by dialysis against
different pH buffers and measuring free drug by fluores-
cence. Functional studies were performed in vitro in MDA-
MB-231 cells to assess viability upon dendrimer-mediated
drug delivery, as well as cell internalization using fluores-
cence microscopy with the aid of a dye (Lysotracker® Green)
which labels lysosomes.
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