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A new versatile route to synthesise biohybrid block copolymers

is presented in which an amine terminated polymer is attached

to an aldehyde functionalised resin, from which in subsequent

steps the desired peptide can be grown using standard

procedures.

Amphiphiles are an important class of compounds with interesting

physical properties. Because of their broad range of applications, a

lot of research towards the development of new types of

amphiphilic compounds has been carried out. This has resulted

not only in the classical low molecular weight amphiphiles, but

also in new macromolecular architectures referred to as ‘super

amphiphiles’ and ‘giant amphiphiles’.1 The former type consists of

two polymeric blocks, while the latter are built up from a polymer

(e.g. polystyrene) as the nonpolar tail and a protein or enzyme as

the polar head group. Various examples of super amphiphiles have

been reported in recent literature. They are synthesised both from

purely synthetic segments2 and from peptide (or peptide-like)

blocks.3 Examples of giant amphiphiles are still limited; three

different routes towards these macromolecules have been reported

so far.4 The current challenge is to precisely control the structure,

dimension and shape of the polymeric amphiphilic architectures in

such a way that specific properties or functions can be obtained.

This requires a substantial synthetic effort.

In search for a more versatile approach to polymeric biohybrid

amphiphiles, with improved ease of purification, synthesis on a

solid support was investigated. Synthesis of polymer-peptide block

copolymers using solid phase procedures has been reported

recently employing both nitroxide mediated polymerisation5 and

ATRP6 for the preparation of the polymer segment. In these

studies an amino acid sequence, in which at the terminus a

polymerisation initiator is present, was synthesised on the resin.

Subsequently, this initiator group was used to grow the second

block on the resin. Here, a new route towards peptide-polymer

amphiphiles is presented in which (nonpolar) amine functionalised

polymers are first attached to the resin and subsequently used to

synthesise the peptide part.7 Particularly in the case of polystyrene

(PS), in principle, a large variety of amino acids can be introduced,

still allowing excellent control over the molecular weight and

polydispersity of the block copolymer. Recently Löwik et al.

showed that it is possible, using an entirely solid support method

to attach alkyl chains to both the C- and N-terminus of a b-turn

sequence from the circumsporozoite (CS) protein of the malaria

parasite, Plasmodium falciparum. The amino acid sequence in this

peptide is glycine, alanine, asparagine, proline, asparagine, alanine,

alanine and glycine (GANPNAAG). Double alkylation resulted in

the stabilisation of the b-hairpin fold.8 Here, this strategy is

extended to polystyrene chains to obtain biohybrid compounds 1

and 2 (Fig. 1).

The synthesis of the peptide-polymer amphiphiles is shown in

Scheme 1. The amine functionalised polystyrene was prepared by

anionic polymerization and coupling of a polar ethylene glycol

spacer to the carboxylic acid end-group of the polymer using

standard coupling procedures.4 Alternatively, aminated polymers

could be prepared by using a Boc-protected amine functionalised

initiator in an ATRP reaction. This also resulted in polymers with

well-controlled molecular weight and a relatively narrow size

distribution (PDI , 1.2).9

The amine functionalised polystyrene was attached to a

commercially available aldehyde modified resin{ in acetic acid

and MeOH/DMF (1 : 9 v/v) as the solvent mixture by means of a

reductive amination. Sodium cyanoborohydride was used in order

to reduce the imine bond. After washing the resin with DMF,

CH2Cl2 and Et2O, a chloranil test was carried out in order to

check if coupling had occurred. This test was positive indicating a

successful coupling reaction.

Fmoc protected glycine was the first amino acid that was

coupled to the polymer functionalised resin. After 24 h the reaction

was stopped. Negative Kaiser and chloranil tests were indicative of

the successful introduction of this amino acid. To ensure that in

subsequent reaction steps no longer free secondary amines were

present, an endcapping reaction was carried out using acetic acid

anhydride.

The next seven amino acids in the GANPNAAG sequence

were coupled using standard peptide synthesis protocols (see

Scheme 1).10 Each reaction step took 4 h to complete according

to a Kaiser test11 (in the case of proline a chloranil test12 was

performed to check completion), which indicated quantitative

formation of the block copolymer. After cleavage from the resin
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Fig. 1 Peptide-polymer block copolymers of polystyrene-b-

GANPNAAG (1A and 1B) and polystyrene-b-GANPNAAG-b-

polystyrene (2).
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1A was isolated and characterised by GPC and NMR. After

removal of an equal amount of end-capped polystyrene the

product was obtained in 15% yield based on the initial loading of

the resin. The relatively high amount of end-capped polystyrene

can be explained by the tedious coupling of the first amino acid

(glycine).

In order to prepare triblock copolymers, carboxylic acid

functionalised polystyrene was reacted with the terminal amine

of the peptide sequence on the resin. For this purpose PS35 instead

of PS20 was used because it was observed that after cleavage of 1A

from the resin, isolation of the biohybrid was complicated due to

the amphiphilic character of this molecule. The coupling of the

carboxylic acid functionalised polystyrene appeared to proceed

relatively slowly, as expected due to the increased steric bulk of the

macromolecular reagents; after 24 h the positive Kaiser test still

revealed the presence of some free amines, even when using a more

reactive coupling agent, i.e. pyBOP and DIPEA.

GPC and MALDI-TOF mass spectrometry experiments

showed that in reaction B after cleavage from the resin, a mixture

of three products was obtained; i.e. end-capped polystyrene, PS-

b-GANPNAAG (1B) and PS-b-GANPNAAG-b-PS (2).13 These

products could be purified by column chromatography using

MeOH/CH2Cl2 (1 : 9 v/v) as an eluent. As expected, based on the

polarity, end-capped polystyrene eluted first, followed by 2. As the

final product the diblock copolymer 1B was obtained in pure form.

The obtained product composition indicates that, after the first

glycine coupling step, peptide synthesis on the polystyrene

modified resin was not hampered for both PS20 and PS35. It was

evident from GPC (Fig. 2, trace c) that triblock copolymer 2 could

be prepared. This opens the possibility to prepare ABC triblock

copolymers containing a peptide middle block.

The decrease in elution time in going from the polystyrene

derivative to 1B, points to an increase of the molecular weight.

Relative to polystyrene standards no absolute MW can be given,

but end group analysis of MALDI TOF measurements strongly

pointed to the formation of 1B. For 2 a significantly higher

molecular weight was found, confirming the formation of a

triblock copolymer. Independently, the combination of the peptide

segment and the polystyrene part in 1B could be proven by UV-vis

and 1H NMR spectroscopy.

Initial aggregation studies of PS-b-GANPNAAG (1B) were

carried out by dispersing a THF solution in water. When 0.5 ml of

a 0.5 g L21 THF solution of 1B was injected in 2.5 ml of MilliQ

water, aggregates which were likely to be micellar in nature were

formed (Fig. 3A). These aggregates were quite uniform in size as

was concluded from the histogram shown in Fig. 3B. After 4

Scheme 1 Synthetic route towards peptide-polymers 1A, 1B and 2.

Fig. 2 GPC data (THF is used as eluent): End-capped polystyrene,

Mn 5 3529, DPI 5 1.06 (trace A); PS-b-GANPNAAG, Mn 5 4164,

DPI 5 1.07 (trace B) and PS-b-GANPNAAG-b-PS, Mn 5 8952,

DPI 5 1.04 (trace C, after a single chromatographic run this sample

still contained minor amounts of PS homopolymer).
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months the solution was still turbid. TEM measurements showed

that the micellar aggregates had transformed into larger spherical

aggregates (D ¢ 250 nm, probably vesicles).

We have shown that biohybrid block copolymers can be

synthesised using straightforward solid-phase chemistry. In the

presented procedure the synthetic polymer (polystyrene is used as

an example) is connected to the resin first and subsequently the

peptide sequence is introduced. In this way two different types of

blocks can be coupled which would be difficult when carried out in

solution. This allows good control over the molecular weight and

polydispersity of the block copolymer segments, which contrasts to

previously reported resin-based procedures.5,6 The large choice of

synthetic polymers, in combination with the availability of large

libraries of bio-relevant peptide sequences, has the potential to lead

to a variety of new amphiphilic macromolecules with diverse and

controllable functions. Furthermore, with the possibility to

increase the complexity of the synthesised peptide segment the

here described approach represents a synthetic route towards more

complex peptide-polymer amphiphiles.
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Fig. 3 (a) Aggregates formed by PS-b-GANPNAAG in water. The bar represents 200 nm, (b) size distribution of spherical aggregates shown in Fig. 3a

(number fraction).
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