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The fundamental molecular recognition properties of the
cucurbit[n]uril (CB[n]; n = 5, 6, 7, 8, 10) family[1] of molecular
containers has been widely explored over the past decade.[2]

Some of the most useful recognition properties include the
extraordinary binding affinity and selectivity of CB[n] toward
suitable guests (Ka up to 1015

m
�1),[3] the anomalously low

polarizability of the CB[n] cavity,[4] the large pKa shifts
experienced by bound guests,[5] the ability of certain CB[n] to
form ternary host·guest2 complexes,[6] and the stimuli respon-
siveness (e.g. chemical, photochemical, electrochemical) of
the corresponding CB[n]·guest complexes.[2] More recently,
the focus of research in the CB[n] area has shifted toward the
preparation of systems with function. For example, the
recognition properties of CB[n] have been exploited to
create chemical sensing ensembles,[7] molecular machines,[6a]

supramolecular materials,[8] perform supramolecular cataly-
sis,[9] and solubilize, formulate, and deliver drugs.[10, 11]

Oxaliplatin is a platinum anticancer agent that is
approved as a first-line chemotherapeutic for the treatment
of advanced colorectal carcinoma in combination with other
anticancer drugs.[12] However, patients treated with oxalipla-
tin commonly experience peripheral neuropathy and moder-
ate myelotoxicity in a cumulative dose dependent manner.[12]

Accordingly, the development of an improved version of
oxaliplatin with an expanded therapeutic window is an urgent
need.[12] Previously, Kim, Day, and Wheate et al. reported the
encapsulation of the anticancer agent oxaliplatin inside
CB[7], its protection against degradation reactions with
biological nucleophiles, and its reduced in vitro cellular
bioactivity.[13] In recent years, targeted (e.g. folate and
RGD) versions of chemotherapeutic drugs have been
widely explored with numerous scaffolds (e.g. nanoparticles,
liposomes, antibodies, polymers, dendrimers) with the goal of

enhancing therapeutic efficacy and reducing side effects.[14]

Recently, we and others have developed the first routes to
prepare monofunctionalized derivatives of CB[6] and
CB[7].[15] As such, we saw an opportunity to prepare
a targeted molecular container that features a covalently
attached targeting ligand on its convex face and a CB[7] sized
cavity to allow it to encapsulate a wide range of drugs and
bring them along for the ride.[16] Herein we report the
preparation of CB[7] derivative 1 that bears a covalently
attached biotin targeting ligand, which results in efficient
targeting of 1·oxaliplatin to L1210FR cells and enhanced
in vitro cytotoxicity.[17]

The preparation of biotin-functionalized container
1 begins with an improved preparation of the methylene-
bridged glycoluril hexamer that serves as the starting material
for CB[7] derivative 2 that bears a primary alkyl chloride
functional group (the Supporting Information).[15a,d] We are
now able to access 2 in 960 mg batches. Compound 2 is
transformed into azide 3 (92 %) as described previously[15d]

and then reduced to the corresponding amine with triphenyl-
phosphine and isolated as its hydrochloride salt 4 in 93%
yield (Scheme 1). Fortunately, the (CH2)4 linker between the
CB[7] ring and the NH3

+ functional group is too short to allow
for cavity inclusion binding (the Supporting Information),
thus allowing 4 to function as a good nucleophile in amide
bond forming reactions. For example, CB[7] derivative 4
undergoes reaction with biotin N-hydroxysuccinimide ester in
DMF as solvent to deliver 1, which features a covalently
attached biotin unit, in 78 % yield. CB[7] derivative 5 with
a longer covalent spacer was prepared similarly in 67 % yield.

The 1H NMR spectra recorded for 1 on its own (Fig-
ure 1a) is broad and uninterpretable. However, the 1H NMR
spectrum of 1 recorded in the presence of p-xylene diammo-
nium ion (6 ; Figure 2) as its 1·6 complex (Figure 1b) exhibits
sharp resonances in the CB regions of the spectrum and
diagnostic resonances for the linker-biotin portion of 1. Our
interpretation of this data is that 1—by virtue of its CB[7]
sized cavity and biotin arm—undergoes self-association in
water. To determine the oligomerization state of 1 in water we
performed diffusion ordered spectroscopy (DOSY) for both
1 and 1·6.[18] The Supporting Information (Figure S18a,b)
shows the decay in signal intensity versus the strength of the
magnetic field gradient, which can be fitted in the usual way
to extract the diffusion coefficients of the species of interest.
The 18% decrease in the average diffusion coefficient for
1 (1.83 � 10�10 m2 s�1) relative to monomeric 1·6 (2.23 �
10�10 m2 s�1) is consistent with the formulation of the solution
structure of 1 as the dimer 12.

[18]

In order for 1 to be useful as a container for the targeted
delivery of drugs, the dimer 12 must be easily disassembled in
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the presence of drug to form the 1·drug complex. Before
proceeding with the encapsulation of 1 with oxaliplatin we
decided to study the binding strength of unfunctionalized
CB[7] toward biotin. For this purpose we performed
a 1H NMR competition assay[3a,b] between 7 and biotin for
CB[7] (the Supporting Information), which allowed us to
determine the Ka value for CB[7]·biotin as (7.0� 1.3) �
103

m
�1. In a related way we studied the ability of a series of

guests of known affinity toward CB[7] with stepwise increas-
ing the Ka value (7, Ka = 2.5 � 104

m
�1; 8, Ka = 3.6 � 105

m
�1; 9,

Ka = 2.1 � 106
m
�1; 10, Ka = 2.3 � 107

m
�1; 11, Ka = 9.0 � 107

m
�1;

12, Ka = 4.2 � 1012
m
�1) to disrupt the 12 assembly (the

Supporting Information) and found that guests with Ka�
105

m
�1 form the monomeric 1·guest complexes. The relatively

low affinity of CB[7] toward biotin suggested that a wide
variety of drugs could be encapsulated inside 1 for the
purpose of targeted drug delivery. Figure 1c–e shows the
1H NMR spectra recorded for oxaliplatin, CB[7]·oxaliplatin,
and 1·oxaliplatin. Although the 1H NMR spectrum of 1·oxa-
liplatin is more complex and less interpretable than that of
CB[7]·oxaliplatin—owing to the lack of symmetry of 1·oxa-
liplatin—the close correspondence of the upfield shifts
observed for oxaliplatin within the two complexes indicates
that oxaliplatin is bound within the CB[7] sized cavity in both
cases. To assess the generality of our approach, we performed
similar binding studies of 1 toward five additional anticancer
agents (e.g. albendazole, tamoxifen, camptothecin, irinotecan,
temezolomide) and observed the formation of the 1·drug
complexes in each case (the Supporting Information).[10f,19]

After having established that CB[7] derivative 1 is capable
of binding to oxaliplatin and several other chemotherapeutic
agents, we decided to determine whether the biotin targeting
ligand endows it with the ability to be taken up by cancer cell
lines that overexpress biotin receptors. For this purpose, we
selected the murine lymphocytic leukemia L1210 and its
derived L1210FR cell lines, which express biotin receptors at
low and high levels, respectively.[17] To monitor the binding
and uptake of 1 into L1210 and L1210FR cells we used flow
cytometry and confocal microscopy. Because 1 is not fluo-

Scheme 1. Synthesis of CB[7] derivatives 1, 5, and 15 as well as fluorescent adamantane derivative 13. Conditions: a) NaN3, 80 8C, 92%, b) PPh3,
RT, then 1m HCl, 93%, c) biotin-N-hydroxysuccinimide ester, Et3N, 50 8C, 78%, d) biotinamidohexanoic acid N-hydroxysuccinimide ester, Et3N,
50 8C, 67%, e) NaI, acetone, reflux, then l-glutathione, NaOH, H2O, RT, 69 %.

Figure 1. 1H NMR spectra recorded (400 or 600 MHz, D2O, RT) for:
a) 12, b) 1·6, c) oxaliplatin, d) CB[7]·oxaliplatin, and e) 1·oxaliplatin.

Figure 2. Chemical structures of guests 6–12 (top) and drugs
(bottom) used in this study.
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rescent on its own, we prepared fluorescent adamantane
derivative 13 by reaction of 14 with fluorescein isothiocyanate
(Scheme 1). Adamantaneamine and its derivatives bind with
extraordinary affinity toward CB[7] (Ka� 1012

m
�1)[3b] , which

ensures that the 1·13 complex is thermodynamically stable at
the mm concentrations used in the flow cytometry measure-
ments. Complex 1·13 is also kinetically stable (kout = 1.9 �
10�5 s�1; half-life = 10.1 h, the Supporting Information) over
the timescale of the confocal microscopy and flow cytometry
experiments. Figure 3a shows the results of flow cytometry
experiments performed with L1210 and L1210FR cells in
combination with CB[7]·13 and 1·13. The solid and dashed
lines (Figure 3a) show the fluorescence intensity distributions
that were observed for L1210 cells (n = 10000) treated with
1·13 and L1210FR cells (n = 10000) treated with CB[7]·13,
respectively. These distributions establish the background
level of fluorescence intensity to be expected in the absence of
biotin receptor mediated uptake. Significantly, when
L1210FR cells were treated with 1·13 we observed that most
cells exhibited approximately 10-fold higher fluorescence
intensity (gray line, Figure 3a), which we attribute to biotin
receptor mediated binding and/or uptake. To further demon-

strate the biospecific nature of this biotin receptor mediated
pathway, we performed competition experiments by adding
free biotin to the cells in increasing doses, which significantly
reduced binding and/or uptake of 1·13 (Figure 3b). To
demonstrate targeted internalization of 1·13 after binding,
we performed confocal microscopy experiments (Figure 4).
When L1210FR cells were treated with 1·13 we observed
cytoplasmic and vesicular staining (1·13, green in Fig-
ure 4a,c), which colocalizes in part with endosomes labeled
with Dextran-Alexa Fluor 647 (red in Figure 4b,c). In

contrast, nontargeted CB[7]·13 is not internalized (Fig-
ure 4d,f) under identical conditions. Additional experiments
performed using 1·13 at 4 8C showed only surface binding of
1·13, which could be internalized by raising the temperature
to 37 8C for 30 min (Figure S32 in the Supporting Informa-
tion). After having demonstrated proof-of-principle for
ligand-targeted uptake of CB[7] derivatives, we sought to
expand the range of chemistry that could be used to attach
such ligands beyond click chemistry[15] and amide bond
formation demonstrated above. One common attachment
for peptide targeting ligands (e.g. RDG peptides) is through
nucleophilic attack of cysteine (e.g. thiolate) residues. To
demonstrate this mode of conjugation (Scheme 1), we trans-
formed 2 into the corresponding iodo CB[7] derivative in situ
under Finkelstein conditions followed by treatment with
glutathione under basic conditions to yield CB[7] tripeptide
15 in good yield (69%).[20]

Finally, we decided to determine the effectiveness of
targeted delivery of oxaliplatin as its 1·oxaliplatin complex to
L1210FR cells.[21] For this purpose, we quantified the change
in cell viability of L1210FR cells in the presence of increasing
concentrations of oxaliplatin, CB[7]·oxaliplatin, 1·oxaliplatin,

Figure 3. a) Murine lymphocytic leukemia cells overexpressing biotin
receptors (L1210FR) and expressing normal levels of biotin receptors
(L1210) showed target-specific binding of 1·13. Solid (c) line:
L1210 cells treated with 1·13 (2 mm); dashed line (a): L1210FR cells
treated with CB[7]·13 (2 mm); gray line (c): L1210FR cells treated
with 1·13 (2 mm). Uptake after 30 min was quantified with flow
cytometry. The histograms are the fluorescence distribution of 10000
cells per condition and the experiment is representative of three
independent repeats. b) Binding or uptake of 1·13 into L1210FR cells
was inhibited by the presence of free biotin. L1210FR (white bars) and
L1210 (gray bars) cells were incubated with biotin (0.05–500 mm) for
30 min, washed, and then incubated with 1·13 (2 mm) for 30 min. Cells
were then collected for quantification with flow cytometry; 10 000 cells
per sample were analyzed. The average (n= 4) and standard deviation
are shown. Unpaired t-test analysis was used for statistical analysis
(*P= 0.01–0.05;**P = 0.001–0.01;***P = 0.001).

Figure 4. L1210FR cells that were incubated with 1·13 (15 mm, a–c) or
CB[7]·13 (15 mm, panels d–f) indicated receptor-specific uptake.
L1210FR cells were treated with Dextran-Alexa Fluor 647 (125 mg mL�1)
overnight followed by 1·13 or CB[7]·13 the next day. Color code: 1·13 or
CB[7]·13, green; Hoechst 33342 (nuclear stain), blue; dextran labeled
with Alexa Fluor 647 (lysosome/endosome stain), red. a,d) Blue and
green channels for cells treated with 1·13 or CB[7]·13. b,e) Blue and
red channels for cells treated with 1·13 or CB[7]·13, c,f) Overlay of
brightfield image, green and red channels for cells treated with 1·13 or
CB[7]·13. The white arrows highlight yellow regions of colocalization of
1·13 and Dextran-Alexa Fluor 647. Scale bar = 5 mm applies to all
images.
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and 5·oxaliplatin by means of the MTS metabolic assay
(Figure 5). Oxaliplatin (*) and CB[7]·oxaliplatin (*) exhibit
very similar profiles of cellular toxicity (Figure 5), which
further establishes[11] that oxaliplatin release from its CB[7]
encapsulation complex does not greatly effect in vitro bioac-
tivity. In contrast, the targeted complex 1·oxaliplatin

(Figure 5, &) kills L1210FR cancer cells at significantly
lower concentrations (EC50 = 8 mm) than CB[7]·oxaliplatin
(EC50 = 76 mm) or oxaliplatin (EC50 = 188 mm) alone. To
ascertain whether the short linker between the biotin ligand
and the CB[7] cavity of 1 might sterically diminish the binding
of 1·oxaliplatin to the biotin receptor, we designed and tested
the 5·oxaliplatin complex the linker of which is extended by
seven atoms. The cytotoxicity profile for 5·oxaliplatin (EC50 =

10 mm) is comparable to that of 1·oxaliplatin (Figure 5), which
establishes that the nature of the linking group is not having
a deleterious effect on bioactivity. We also performed cell
viability studies with L1210 cells, which do not overexpress
biotin receptors (Figure S30 in the Supporting Information).
CB[7]·oxaliplatin and 1·oxaliplatin exhibit lower levels of
cytotoxicity toward L1210 cells than oxaliplatin alone,
probably because encapsulation decreases the concentration
of free oxaliplatin.[11] The observation of enhanced cytotox-
icity of 1·oxaliplatin toward L1210FR cells, but reduced
cytotoxicity toward L1210 cells provides further support for
the targeted biotin-mediated uptake of 1·oxaliplatin.

In summary, we have described the preparation of new
monofunctionalized CB[7] derivatives, which permit conju-
gation reactions with targeting ligands by amide bond
formation and thiolate SN2 reactions. Biotin–CB[7] conjugate
1 maintains its ability to encapsulate a wide variety of
anticancer agents (e.g. oxaliplatin) inside the CB[7] cavity.
Further, we demonstrated by flow cytometry that biotin–
CB[7] conjugate 1 is taken up in a biospecific receptor-
mediated process by L1210FR cells. Finally, the targeted
container·drug complex 1·oxaliplatin was shown to exhibit
approximately an order of magnitude higher bioactivity in

in vitro MTS bioactivity assays with L1210FR cells. If these
results can be translated to in vivo systems, then the reduction
in cumulative oxaliplatin dose promises to reduce the
incidence of peripheral neuropathy. The implications of the
work extend beyond the system-specific details described
above. For example, it is clear that the developed conjugation
chemistry will allow the attachment of other targeting ligands
(e.g. folate or RGD) and that the conjugates will encapsulate
a range of chemotherapeutics, which promises new
approaches toward cancer treatment. Similarly, attachment
of CB[7] units to targeting antibodies can be envisioned,
which would mitigate the bottleneck encountered during
linker optimization[22] of therapeutic antibody drug conju-
gates. Finally, interaction of biotin–CB[7] conjugates (1 and 5)
with avidin will deliver avidin·1 complexes wherein the biotin
binding sites have been morphed into high-affinity and
stimuli-responsive CB[7] binding sites. These avidin·1 com-
plexes can be directly substituted into and thereby extend the
scope of myriad avidin·biotin biotechnology applications. As
such, we believe the prospects for the use of CB[7] molecular
containers as key components of targeted chemotherapeutic
agents and biotechnology applications is increasingly bright.
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