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Abstract: An enzyme responsive supramolecular prodrug with near-infrared

sensitive stimulus response and traceless release.Isaacs et al. reported

targeted cell imaging property

a cubooctahedral metal organic polyhedron (MOP) functionalized with

is constructed from organic dye (4-(3-

(benzo[d]thiazol-2-yl)-2-hydroxy-5-methylstyryl)-1-methylpyridin-1-ium)

(G),

CB[7] units. In this system, complexation of the CB [7] unit with the

anti-cancer drug chlorambucil (Cbl-G), water-soluble cucurbit[7]uril (CB[7]) and

alkanediammonium ions functionalized with hydrophobic tails creates a

biocompatible hyaluronic acid (HA). It is very interesting that CB[7] can not

hydrophobic nanoenvironment that can take up fluorescent dye nile red

only associate Cbl-G to form supramolecular nanofibers, but also further

(NR) or anti-tumor drug doxorubicin (DOX), and the microenvironment

assemble with targeter HA to form supramolecular nanoparticles with a

can be destroyed in response to multiple stimuli, resulting in the

diameter of about 200 nm. The loading efficiency of Cbl-G in the assembly is

simultaneous release of DOX or NR. 8

calculated to be as high as 98.2%. Cell experiments using HeLa and A549

On the other hand, hyaluronic acid (HA), which have outstanding

cancer cells indicated that the prodrug nanoparticles are easily internalized

hydrophilic motif with excellent aqueous solubility, have attracted

into cancer cells via receptor-mediated endocytosis, and disassembled under

significant attention in targeted drug delivery systems due to its

the action of butyrylcholinesterase by cutting the ester bond of prodrug,

biocompatibility, biodegradability, low toxicity, facile modification, and

exhibiting a controlled drug release behavior as well as a simultaneous near-

specific binding with CD44 and RHAMM receptors overexpressed on the

infrared (NIR) fluorscence imaging in cancer cells. The present research might

surface of malignant cancer cells. 9 For example, Cheng et al. reported

provide a feasible strategy for in situ monitoring drug delivery and NIR cellular

aptamer and peptide-functionalized hyaluronic acids used as a delivery

imaging.

system to target cancer cells. By knocking out the CTNNB1 gene
encoding β-catenin, it reverses the PD-L1-mediated cancer immune
escape and immunosuppression, making it anti-tumor Immunity is

Enzyme-responsive

supramolecular

assemblies

constructed

from

effectively restored. 10

macrocyclic compounds have become research hot-spot in the field of

Therefore, it can be imagined that the incorporation of targeting units

drug delivery and bioimaging in recent years. 1 By intelligently controlling

and stimulus-responsive prodrugs with CB[n] could provide real-time

the dissociation of the assembly, the delivery of cargo can be effectively

therapy monitoring and targeted treatment effects in the field of medicine.

realized.2 Recently, many classes of macrocycles have been used in

Even though numerous studies have been reported in this field, there

pharmaceutical practice, and they provide interesting functions in the

are relatively few reports of SDDSs that simultaneously possess

design of new therapy and drug delivery methods. 3 Among them,

controlled drug release and near-infrared cell imaging abilities. Herein, a

cucurbit[n]urils (CBs, n=5-8, 10, 14), a family of macrocyclic host

targeting

molecules with a hydrophobic cavity created from acid-catalyzed

butyrylcholinesterase-responsive properties was rationally designed in a

polymerization of glycouril and formaldehyde, are widely focused owing

two-step assembly strategy. Firstly, NR-modified anti-cancer drug

to the ability of fabricating stable inclusion complexes with cationic guest

chlorambucil (Cbl-G) was synthesized through an esterification reaction.

molecules.4 In addition, cucurbiturils, specifically CB[7], show good water

Due to the destruction of excited-state intramolecular proton transfer

solubility and can assemble with many guest molecules driven by the

(ESIPT), the fluorescence of NIR was quenched. 11 After the formation of

ion–dipole interaction between positively charged atoms on guest

a supramolecular complex with CB[7], the binary assembly could further

molecules and carbonyl oxygens on the rims of CB[7], and this binding

assemble to nanoparticles with an average diameter of around 200 nm

affinities are many orders of magnitude higher than the same guest

under the action of hyaluronic acid (HA). On the other hand,

molecules with cyclodextrin. 5 To date, CB[n] and its derivatives have

butyrylcholinesterase (BChE) can cleave Cbl-G/CB[7] complex into two

been widely used in constructing stimuli-responsive supramolecular drug

parts, i.e. the anti-cancer drug chlorambucil (Cbl) and a complex of NIR

delivery systems (SDDSs) or targeted cellular imaging. 6 For instance, we

and CB[7]. Importantly, the fluorescence of NIR enhanced about 4.3

used cucurbituril and amphiphilic calixarene to construct a two-stage

times in the presence of CB[7]. Cell assay experiments demonstrated

mediated near-infrared (NIR) emission supramolecular assembly for

that this supramolecular prodrug system exhibited excellent targeting

lysosomal-targeted cell imaging.7 Ma et al. reported acid labile acyclic

ability to preferentially enter CD44 and RHAMM over-expressing A549

CB[n] molecular containers that could encapsulate anti-tumor drugs and

and HeLa cells and thus led to significant drug accumulation in cancer

control drug release under mildly acidic conditions in live cells. In

cells

addition, CB [n] also show many practical superiorities in drug delivery

butyrylcholinesterase, it could effectively kill tumor cells (A549 and

and bioimaging, including ease to fabrication, molecular-level protection,

HeLa), accompanied by the negligible side effects to normal cells. After

1

via

drug

delivery

system

receptor-mediated
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the

by

diameter of Cbl-G/CB[7]/HA assembly obtained from the DLS experiment (Fig.

butyrylcholinesterase, the emitted near-infrared light could realize the

ester

bond

of

supramolecular

prodrug

was

cleavaged

1f) was ca. 250 nm with a narrow distribution, which was basically consistent

NIR cell imaging and thus monitor the drug release. Consequently, the

with the results of TEM. In addition, the zeta potential (Fig. 1e) of Cbl-

obtained supramolecular prodrug system provides a novel strategy for

G/CB[7]/HA assembly was measured to be ca. -3.23 mV. The negatively

simultaneous targeted cellular imaging and controlled drug release at

charged surface of assembly would facilitate its stability and biocompatibility in

specific sites that may have great potential applications in cancer

biological environments and thus extend its circulation time in vivo.

therapy.

loading efficiency of Cbl-G in assembly was calculated to be as high as 98.2%

13

The

from the UV/vis standard curve of Cbl-G (Fig. S26). In addition, the CblG/CB[7]/HA assembly kept well dispersed in aqueous solution for one month,

Scheme 1. Illustration of the construction of supramolecular prodrug and their
enzyme-responsive

Cbl-G were prepared by the esterification reaction of the G and Cbl. G
were synthesized according to the reported methods 12. The structures of
G and Cbl-G were characterized by NMR and mass spectroscopy (Fig.
S1-S10).

First,

the

stoichiometry

of

Cbl-G/CB[7]

complex

was

investigated by Job’s plot and mass spectrum analysis, and the result

Figure 1. (a) TEM image of Cbl-G/CB[7], (b) TEM image of Cbl-G/CB[7]/HA,
(c) enlarged image of (a), (d) enlarged image of (b), (e) zeta potential and (f)
DLS of Cbl-G/CB[7]/HA. [Cbl-G] = CB[7] =0.05 mM, [HA]=15mg/ml.

showed a 1 : 1 binding stoichiometry (Fig. S11 and S12). Accordingly,
the binding constant was determined to be 1.3 × 105 M-1 (Fig. S13).
Similar 1 : 1 binding stoichiometry was also observed for the
complexation of CB[7] with G (Fig. S14 and S15), and the association
constant of G/CB[7] was determined to be 6.4 × 105 M-1 by using
fluorescence titration (Fig. S16). These results suggested that G can be

In order to confirm the presumed concomitant release of fluorophore and

efficiently included in the hydrophobic cavity of CB[7] to form a stable

Cbl, we monitored the responsive spectroscopic change of assembly in the

host-guest complexes. Moreover, 2D ROESY experiment also provided

presence of BChE. As shown in Fig. 2, the time-dependent fluorescence

the evidence for the inclusion complexation (Fig. S17), showing the clear

emission changes of Cbl-G, Cbl-G/CB[7] and Cbl-G/CB[7]/HA were recorded

NOE correlation between CB[7] and pyridinium group of G moiety. It has

after the addition of BChE at 37 C. Without BChE, Cbl-G, Cbl-G/CB[7] or Cbl-

been well-established that CB[7] can complex with guests with positive

G/CB[7]/HA barely fluoresced. After the addition of BChE, the fluorescence of

charge. There are one positive charged pyridinium groups in G and Cbl-

Cbl-G at 652 nm showed a smooth enhancement, but the fluorescence of Cbl-

G molecule all. Due to the low solubility at high concentration of Cbl-G,

G/CB[7] or Cbl-G/CB[7]/HA rapidly increased with time. After 7 h, the

we measured the NMR spectra of G, CB[7] and the host-guest complex

fluorescence emission intensity of Cbl-G/CB[7] or Cbl-G/CB[7]/HA was 4.3

to identify the host-guest property. As shown in (Fig. S18), peaks related

times higher than that of Cbl-G. The increased fluorescence of Cbl-G was

to protons H a,c,d,e,f,g,h,j shifted upfield and broaden owing to inclusion into

owing to the cleavage of ester bond in Cbl-G and the subsequent release of G,

CB[7], which indicates that pyridinium groups in G complexing with CB[7].

which was accompanied by the simultaneous release of a Cbl drug molecule.
Therefore, we can calculate the drug release rate as 96.15% according to the

Taking advantage of the strong host–guest interaction between pyridinium
Cbl-G/CB[7] supramolecular complex can be easily

increase of fluorescence intensity. Furthermore, no spherical aggregates can

constructed by simply mixing Cbl-G and CB[7] in aqueous solution. The high-

be observed in TEM images after treating the Cbl-G/CB[7]/HA assembly with

resolution

the

BChE (Fig. S18). This obvious NIR fluorescence endowed the assembly with

morphological information of Cbl-G /CB[7] as disordered nanofibers (Fig. 1a).

the ability of real-time tracking of drug delivery and intracellular imaging,

However, when an equimolar amount of HA was added, the TEM image of

suggesting that the assembly might be of potential application value in cancer

Cbl-G/CB[7]/HA showed a number of homogeneous spherical nanoparticles

diagnosis. It is worth noting that the main role of hyaluronic acid here is to act

group and CB[7], the

transmission

electron

microscopy

(TEM)

image

gave

with an average diameter of ca. 200 nm (Fig. 1b). Moreover, the hydrodynamic

2
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as a targeting agent for targeted cell imaging, and thus hyaluronic acid does

receptors on the A549 and HeLa cell surface were blocked by an excess

not cause significant changes in fluorescence.

amount of HA, the cancer cell inhibition of assembly decreased distinctly, and

Moreover, mass-spectrometric detection is also carried out to validate the

the relative cellular viability was measured as 62.1%. This phenomenon

enzymatic cleavage of the ester bonds of Cbl-G in the supramolecular

indicated that the interaction of HA with the HA receptor played an important

nanoparticles. In the mass spectra of supramolecular nanoparticles at different

role in the internalization of assembly into cancer cells.

14

Moreover, the side

time intervals (Fig. S19), the m/z peak of [Cbl-G/CB[7]-I ] at 1807.6 gradually

effect of assembly was also evaluated by using HA receptor negative 293T

decreased while the peak of [G/CB[7]-I ] at 1522.6 gradually increased after 6h

-

normal cells. As shown in Fig. 3b, due to the lack of HA receptor on the

(Fig. S21) after the addition of BChE, indicating the cleavage of ester bond.

surface of normal cells, the assembly could be hardly internalized into

These results jointly indicated that the anti-cancer drug Cbl was indeed

cytoplasm of 293T cells and showed the high cellular viability as 90%.

released from the designed drug delivery system through BChE-responsive

Furthermore, HA and CB[7] showed no cytotoxicity to normal cells. Therefore,

breaking of the ester bond. However, there are still some Cbl-G molecules that

we can deduce that the assembly could enter the cancer cells via the HA

are not enzymatically hydrolyzed. A possible reason may be that the Cbl-G

receptor mediated endocytosis effect and showed a good malignant cell

molecules are stacked closely in the assembly, and some of them are being

inhibition effect but much lower side effects in normal cells.

enveloped in the cavity of CB[7], which hinders the attack of BChE to some
extent. Subsequently, the specificity of BChE-responsive disassembly was
also investigated. The Cbl-G/CB[7]/HA solution showed no significant changes
of fluorescence intensity at 652 nm when using other enzymes, such as
trypsin (Fig. S23) and glucose oxide (Fig. S24) instead of BChE,
demonstrating that the Cbl-G/CB[7]/HA system exhibited a high specificity
towards BChE.

Figure 3. Relative cellular viability of A549 tumor cells, HeLa cells (a) and
293T cells (b) (CB[7] = [Cbl-G] = 100 µM)

After verifying the anti-cancer effect of assembly, we also investigated its
imaging capability before and after enzyme response. As shown in Figure 4,
after incubated with Cbl-G/CB[7]/HA assembly for 12 h, A549 cells (human
lung adenocarcinoma cells) exhibited bright red fluorescence in the presence
of BChE. In contrast, no fluorescence was observed in the case without BChE.

Figure 2. Fluorescence emission spectra of Cbl-G (a),Cbl-G/CB[7] (c), CblG/CB[7]/HA (e) at different time within 7h in the presence of 1U/mL BChE.
(b) Time-dependent changes of fluorescence intensity at 652 nm for Cbl-G (b),
Cbl-G/CB[7] (d), Cbl-G/CB[7]/HA (f) in the presence of 1U/mL BChE. [Cbl-G]
= CB[7] = 0.05 mM, λex=400 nm, [BchE]=0.5mg/ml

Figure 4. Confocal laser scanning microscopy images of enzyme-responsive
cellular Imaging of A549 cells when incubated without and with BChE after 12
hours.

The cytotoxicity experiments were also performed to evaluate the
anticancer activities of Cbl-G/CB[7]/HA assembly by using A549 and Hela
cells as models. As shown in Fig. 3a, negligible influence on the relative cell
viability was observed in the presence of free HA or CB[7] at the tested
concentrations. With respect to the prodrug assembly, the relative cell viability

In conclusion, an enzyme-responsive supramolecular prodrug for

of the group with BChE (1U/ml) was twice lower than that of the group without

targeted cellular imaging and controlled drug release was constructed.

BChE (1U/ml), indicating that the assembly had significant enzyme

The

responsiveness and excellent anti-cancer activity. However, when the

biocompatible HA shell, which could recognize and target HA receptor

obtained

supramolecular

3
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overexpressed cancer cells,

and exhibiting satisfactory stimulus-

responsive drug release and fluorescence changes for real-time tracking
[10]

of drug delivery and cellular imaging under BChE. Moreover, the results
of cytotoxicity experiments proved that supramolecular prodrug could be

[11]

internalized into cancer cells by HA receptor mediated endocytosis. The
advantages of is strategy include (1) it can improve the water solubility of
anti-cancer drugs and realize targeting ability, (2) drug release can be
controlled by enzyme response, (3) NIR fluorophore could allow us to
visualizing cancer cell and real-time tracking drug release. We believe

[12]

that this butyrylcholinesterase-responsive supramolecular prodrug may
provide new therapeutic options to enhance the basic chemotherapeutic
approach.

[13]
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Butyrylcholinesterase responsive supramolecular prodrug with targeted near-infrared cellular imaging property

An enzyme responsive supramolecular prodrug with near-infrared targeted cell imaging property was successfully constructed. Cell
experiments indicated that the prodrug nanoparticles are easily internalized into cancer cells via receptor-mediated endocytosis, and
disassembled under the action of butyrylcholinesterase by cutting the ester bond of prodrug, exhibiting a controlled drug release
behavior as well as a simultaneous near-infrared (NIR) fluorscence imaging in cancer cells.
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