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The synthesis of a supramolecular double hydrophilic

peptide-conjugated polymer held together by cucur-

bit[8]uril (CB[8]) ternary complexation and its subsequent

temperature triggered self-assembly into vesicles is de-

scribed. Basic fibroblast growth factor can be easily loaded

into the vesicles under benign conditions and their bioac-

tivities can be preserved without the need for excipients

such as heparin.

Peptide-amphiphiles are attractive candidate biomaterials for

bio-nanotechnology and tissue engineering.1 Typical covalent

peptide-amphiphiles have limited ability to respond to exter-

nal triggers.2 Temperature sensitive capsules which can re-

lease drugs upon the application of a temperature cue can

be fabricated by chemically conjugating the temperature sen-

sitive poly(N-isopropylacrylamide) (PNIPAAm) to other hy-

drophilic block copolymers.3 However, it remains challenging

for non-chemists to prepare such polymers by typical chemical

synthetic methods. Therefore, the supramolecular approach is

highly attractive as a non-chemical facile preparation method

for the fabrication of drug delivery carriers for hydrophobic

drugs and proteins.

Cucurbit[8]uril (CB[8]) presents an attractive choice for

building stable, modular supramolecular structures in an aque-

ous environment. The CB[8] ternary complex system offers

strong binding of two complementary motifs (binding con-

stants Keq = 1012 M−2) in water and can be used to pre-

pare a variety of stable structures via a non-covalent route.4,5

The ternary complexation ability of CB[8] has been ex-

ploited to simultaneously bind two polymer chains bearing

complementary guests.6 This concept was expanded upon

in the construction of temperature induced supramolecu-

lar micelles through a dynamic CB[8] “handcuff” linking

two stimuli-responsive hydrophilic blocks.7 Hierarchical self-

assembled vesicles in the aqueous environment can be pre-
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pared from either functionalised CB[6] or CB[8] ternary com-

plexes.8–10 Herein we report a supramolecular double hy-

drophilic peptide-conjugated polymer held together by CB[8]

ternary complexation, which self-assembles into vesicles at

physiological temperature and can be used to encapsulate and

release the biologically active basic fibroblast growth factor

(bFGF).
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Fig. 1 Schematic representation of the chemical structures of pyrene-

imidazolium labeled peptide and viologen functionalised PNIPAAm

and the formation of ternary complex with CB[8].

A pyrene bearing an imidazolium group was conjugated

to a short peptide (Figure 1).11 Pyrene-functionalised pep-

tide 1 is conjugated to methylviologen-terminated PNIPAAm

2 by CB[8] ternary complexation leading to the formation of

a peptide-polymer conjugate 3, as shown in Figure 1. The for-

mation of the pyrene-viologen-CB[8] ternary complex causes

quenching of the fluorescence as shown in Figure 3 (a) and

Figure S1. Once the supramolecular peptide-polymer con-

jugates are formed, they readily undergo subsequent self as-

sembly into vesicle 4 (Figure 2) by heating the solution from

room temperature to 37 ◦C. When the temperature is raised

to 37 ◦C, the PNIPAAm segment becomes hydrophobic and

makes supramolecular conjugate 3 amphiphilic. As a result,

double layer vesicles were observed in water (0.05 mM) as

illustrated in Figure 2.
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Fig. 2 Schematic representation of the temperature induced forma-

tion of a supramolecular polymeric peptide vesicle.

The difference observed in the solution properties of the

mixture of 1 and 2 with and without CB[8] is remarkable as

shown in Figure 3 (b). In the absence of CB[8], the aqueous

mixture of 1 and 2 shows the usual phase transition typical

of PNIPAAm both above and below its lower critical solution

temperature (LCST). Upon addition of CB[8] to the mixture,

the solution remains transparent, even when the temperature is

raised above the LCST of PNIPAAm. In order to investigate

the self-assembly behaviour of these supramolecular polymer

peptide conjugates, dynamic light scattering (DLS) and trans-

mission electron microscopy (TEM) studies were carried out.

In the absence of CB[8], when the temperature is 25 ◦C, small

particles were detected by DLS in the transparent solution.

Above the LCST of 35 ◦C, large micrometer-sized particles

are detected, resulting in a turbid solution as seen in the trans-

mittance measurements shown in Figure 3 (b). When CB[8]

is added, vesicles were observed above 35 ◦C. In Figure 3 (c),

vesicles were observed after uranyl acetate staining with di-

ameters of about 180 nm, which is in good agreement with the

average diameter obtained from DLS, 200± 50 nm. The parti-

cle size observed by DLS at 25 ◦C is smaller than 10 nm, cor-

responding to unimers, while at temperatures above the LCST,

the particle size increases to about 180 nm, indicating the self-

assembly of compartmentalised superstructures, as shown in

Figure 3 (d). These DLS measurements corroborate with the

images obtained using TEM.

To investigate the self-assembly behavior of the

supramolecular vesicles, the critical aggregation concen-

tration (CAC) in water was determined by investigating the

scattering intensity of light as a function of the polymer

concentration.7 The CAC values for the supramolecular

vesicle were estimated to be 12 µM (Figure S2a). The CAC

value of the supramolecular vesicle determined in a 1X

phosphate buffer saline (PBS) solution containing 1% fetal

bovine serum at 37 ◦C was about 6 µM (Figure S2b). After

an additional 3 days of incubation, the CAC value remains

largely unchanged suggesting that the system is stable under

physiological conditions. Furthermore, the morphology of

the vesicles are unchanged upon injection from a syringe,

suggesting that these vesicles are useful as injectable vehicles

of bio-relevant cargo.
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Fig. 3 (a) Photographs showing the effect of addition of CB[8] to

a solution of 1 + 2 (i) without CB[8] and (ii) with CB[8]. The for-

mation of supramolecular ternary complexes leads to quenching of

the pyrene fluorescence (excitation at 303 nm). (b) Thermorespon-

sive behaviour of 1 + 2 with and without CB[8] (0.05 mM). (c) TEM

micrographs of supramolecular micelles at 37 ◦C (solution concen-

tration = 0.05 mM). (d) Particle size distributions of supramolecular

vesicles at 37 ◦C.

Basic fibroblast growth factor is a mitogenic cytokine pro-

tein which regulates many aspects of cellular activity, such

as cell migration and extracellular matrix metabolism. The

proliferation of fibroblasts can be stimulated by bFGF lead-

ing to accelerated wound healing.12 However, bFGF degrades

rapidly when the external environment is above 40 ◦C or when

the pH is less than 5 and heparin is required to stabilise the

protein and to preserve its bioactivity.13 The efficacy of bFGF

in vivo is also limited on account of its short lifetime and sus-

ceptibility to enzymatic degradation.14,15

Various approaches have been proposed for the stablisa-

tion of bFGF. These include the chemical modification tech-

niques, encapsulation in gels and powder formulation.16–19

Vesicles are highly attractive carriers for proteins due to their

hydrophilic interior. In this work, the protein was dissolved

in the ternary complex solution before raising the temperature

to 37 ◦C for the encapsulation of the proteins within the in-

ternal hydrophilic reservoir. The protein-loaded vesicles were

formed without the use of excipients such as heparin, incu-

bated at 37 ◦C and the bioactivity of the protein was moni-

tored over time. This method minimises the risk of protein

denaturation as it does not expose the protein to extremes in

temperatures or organic solvents during the formulation pro-

cess. In Figure 4(a), the effect of vesicle encapsulation on
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Fig. 4 (a) Assessment of immunoreactive bFGF in vesicles after en-

capsulation at various times. (b) Bioactivity of bFGF following stor-

age in vesicles after encapsulation at various times.

the immunoreactivity of bFGF incubated at 37 ◦C are shown.

Without any vesicle, the immunoreactivity of bFGF drops to

below 10% of the original loaded amount within 1h. When

encapsulated in the vesicles, the percentage of bFGF retaining

immunoreactivity increases significantly. The remaining im-

munoreactivity of bFGF remains higher than 60% even after

2 days. Even up to 5 days, the remaining immunoreactivity

of the bFGF was three times higher than the unencapsulated

counterpart.

The bioactivity of bFGF after 96 h of incubation in the vesi-

cles was quantified by a 3T3 cell proliferation assay Figure 4

(b). The general trend shows that the cell growth is enhanced

by up to 200% when bFGF was added without any loss of

bioactivity. When bFGF was dissolved in buffer for 1h with-

out the addition of heparin, the bioactivity of bFGF decreases

to about zero. There was no appreciable difference in the rates

of cell growth with or without the addition of bFGF. The bFGF

encapsulated in the vesicles stimulated a significant enhance-

ment in the growth of the fibroblast cells. Even after 5 days,

the cell growth was enhanced by over 30% as compared to

the controls. Based on both the ELISA and the cell prolifera-

tion assay, it can be concluded that the encapsulation of bFGF

in the vesicles effectively protects the protein against denat-

uration without the need for stabilising agents. Even under

denaturing conditions such as freeze-thaw cycles, the activity

of bFGF is retained, with the cell viability reaching levels of

about 200% (Supporting Information Figure S3). When the

vesicle-bFGF formulation was subjected to 3 freeze-thaw cy-

cles, there was a minimal reduction of the bioactivity of the

bFGF. This was compared with the effect of the concentra-

tion of heparin. When heparin was added at a concentration of

10:1 with respect to bFGF, the activity of bFGF was retained

at about 200%. When the heparin to bFGF ratio was decreased

to 1:10000, the activity of bFGF was decreased to about 120%.

The administration of bFGF using these vesicles is poten-

tially useful for patients who do not have high tolerance to

anti-coagulants such as heparin. In conclusion, the protein-

friendly nature of the vesicles was demonstrated by encap-

sulating bioactive bFGF into the supramolecular nanocarriers

without the use of stabilising agents. This finding suggests

that the supramolecular vesicles could potentially be used as

an injectable carrier for the release of bioactive cytokines for

tissue repair and other related applications.
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