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ABSTRACT: Efficient routes to N-terminal PEGylated peptides
are described. Alternative supports such as superparamagnetic
core−shell nanoparticles as colloidal supports and end-functional
poly(styrene) as homogeneous supports improve the available
solid-phase supported coupling strategies preserving ease of
purification. Poly(ethylene glycol) (PEG)−peptide bioconjugates
are obtained in high yield despite the use of nearly stoichiometric
PEGylation agents with respect to the supported peptides.

Peptide−polymer conjugates constitute a versatile class of
biohybrid macromolecules, which proved to be applicable

in various fields such as drug delivery, nanostructure assembly,
surface-designed nanoparticles, biomineralization, composites,
or molecular electronics.1−11 Modern conjugation strategies
enable the combination of peptides with a broad spectra of
synthetic polymers.12−16 Despite the fact that various synthetic
polymer blocks could introduce interesting functionalities and
functions to bioconjugates, poly(ethylene glycol) (PEG) still
dominates the polymer segments of bioconjugates.17−20

Covalent attachment of PEG to therapeutically active peptides
or proteins (PEGylation) often improves solubility and reduces
immunogenicity as well as toxicity.21,22 This makes PEGylation
one of the most generic and broadly used concepts for
transport of bioactive peptides and proteins.
Solid-phase supported strategies constitute very convenient

routes to peptide−PEG conjugates by either performing
sequential synthesis on a PEG-preloaded resin (inverse
conjugation)23,24 or introducing end functional PEG to a
supported peptide.25 While the former generates C-terminal
modifications (peptide−PEG), the latter enables N-terminal or
sequence-specific PEGylation. On-support coupling strategies
have strong advantages due to ease of purification and sequence
specificity.26 However, the reaction of end-functionalized PEG,
e.g., α-methoxy-ω-carboxy-PEG (mPEG−COOH) with a
supported peptide, occurs in a microgel resin and thus might
suffer from diffusion limitations. This leads to a strong decrease
of the overall coupling rates upon increasing molecular weight
of the PEG.26−28 The effect appears to be visible already with
low molecular weight PEG. While mPEG−COOH with Mn =
760 could be coupled quantitatively, Mn,PEG of 2000 leads with
certain sequences despite the large excess of PEGylation agent
to a conversion of only 40%.28 For standard solid-phase
supported peptide synthesis (SPPS) a cross-linked poly-
(styrene-co-divinyl benzene) microgel resin is commonly
used. Recently, alternative supports occurred that might not

suffer from inherent diffusion limitations if larger residues (e.g.,
mPEG-COOH with Mn > 1000) are attempted to be coupled
to a supported peptide.
Here we evaluate two modern supports to improve the

available solid-phase supported synthesis protocols to N-
terminal PEGylated peptides, preserving ease of purification
and leading to bioconjugates with high yields.
Two different supports, reflecting recent concepts for peptide

synthesis, have been evaluated for the N-terminal PEGylation
of peptides (Figure 1). 70 nm superparamagnetic core−shell
nanoparticles with magnetite cores and amino functional silica
shell proved to constitute a useful colloidal support for
sequential assembly of peptides (Figures 1 and 2).29 The
peptide synthesis takes place not inside a microgel particle but
at the permanent surface of the supports, and thus excellent
accessibility of the surface-present peptides can be anticipated.
Alternatively, end-functional poly(styrene)s, a recent develop-
ment of soluble supports (Figures 1 and 2), have been
investigated, where peptide assembly takes place homoge-
neously in solution.30−32 Both support systems should not
suffer from diffusion limitations during coupling of larger
residues, and thus high yield PEGylation is expected. Moreover,
both support concepts enable ease of purification via either
magnetic sedimentation in the first or precipitation in the
second system.
Surface amino-functionalized, core−shell nanoparticles were

employed as colloidal supports (Figure 2).29 The monodisperse
particles exhibited sizes of 69 ± 8 nm, a 6−9 nm monodomain
superparamagnetic magnetite core, and a silica shell (Support-
ing Information (SI) Figure S3). The Fe3O4-core particles were
prepared from iron(III) acetylacetonate, following a micro-
wave-assisted benzyl alcohol route (SI Figure S1).33 The
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magnetite seeds were subsequently coated first with a silica
shell followed by amino functionalization, using microwave-
driven Stöber processes with tetraethyl orthosilicate first,
followed by (3-aminopropyl)-trimethoxy-silane as precursors,
respectively.34 The particles were functionalized by twice
coupling of Fmoc-Lys(Fmoc)OH to multimerize the amino
functionalities to ultimately couple a Rink−Linker with a
loading of 0.18 mmol/g (SI Figure S4).35 The homogeneous
support was prepared by atom transfer radical polymerization
(ATRP) using a functional initiator.30,36 The α-end-functional
poly(styrene) was well-defined (Mn = 7100 g·mol−1, PDI =
1.15) and presents a para-hydroxybenzyl alcohol Wang−Linker
as anchor functionality for peptide synthesis (Figure 2).
Both supports (colloidal and soluble supports) were used to

synthesize PEG−peptide conjugates (Figure 1 and Scheme 1).
For that purpose, a mussel glue protein derived peptide (Tyr-
Lys-Tyr-Lys-Gly) was synthesized, using standard SPPS
activation, capping, and Fmoc-deprotection chemistry (Scheme
1 and SI).35 In between each reaction step the colloidal
supports could be conveniently separated from the reaction
mixtures by magnetic sedimentation to isolate the intermediate
products. Purification with the homogeneous supports used

straightforward precipitation after each reaction step. In this
particular case, the sequential growth of the pentapeptide was
monitored by size exclusion chromatography (SEC) and NMR
analysis (SI Figure S10). Following final Fmoc removal small
aliquots of supported peptides from both synthesis procedures
were removed for analysis purposes to prove the identity of the
peptide before conjugation by ESI-MS (SI Figures S5 and S11).
The residuals were used for PEGylation by coupling mPEG−
COOH to the N-terminal amino groups of the supported
peptides (Figure 1 and Scheme 1). To evaluate the potentials of
both supports two PEGs with Mn = 2000 and 5000 (PEG2k
and PEG5k) were investigated. The coupling to the colloidal
supports was performed under an inert gas atmosphere for 5
days using only 2 equiv of PEG with respect to the amino
functionalities. It should be noted that common on-support
PEGylation strategies use usually larger excesses, e.g., 10 equiv,
of PEGylation agents to drive the reaction to full conversion.
Activation was facilitated by PyBOP/DIPEA (8/16 equiv) in a
9:1 DMF/DCM mixture. As control, PEGylation was also
performed under similar conditions on a Rink polystyrene resin
(1% cross-linked with 1,4-divinylbenzene) presenting the
YKYKG sequence on a standard support for peptide synthesis
(SI).28 In the case of the homogeneous support, a near-
equimolar amount of PEG was used (e.g., 1.15 equiv as
compared to peptide) to avoid difficult macromolecular
separations after ligation (i.e., separation of the unreacted
PEG chains from the PEG-b-YKYKG-b-PS triblock adduct).37

Liberation of the PEG−peptide conjugates from the colloidal
supports after PEGylation was performed by TFA/DCM (50
vol. %) for three hours. The conjugates could be isolated by
ether precipitation from clear conjugate solutions after
magnetic sedimentation of the empty supports. MALDI-
TOF-MS proved the chemical identity of both conjugates
with PEG2k and PEG5k (SI Figures S6 and S8). 1H NMR
analysis of the crude products confirmed a quantitative
coupling for PEGylation with Mn = 2000 despite the fact that
only 2 equiv of PEG compared to the peptide have been used.
Even more remarkable, a conversion of 42% of the PEGylation
with Mn,PEG = 5000 could be observed (Table 1). The control
experiments confirmed a strongly enhanced bioconjugate

Figure 1. Strategies for N-terminal PEGylation of oligopeptides. Colloidal supports (a), soluble supports (b), and standard PS resins (c).

Figure 2. Supports for synthesis of PEG−peptide conjugates. Surface
amino-functionalized, superparamagnetic core−shell nanoparticles
with Rink−Linker as colloidal supports (a) and soluble poly(styrene)
supports with Wang−Linker (b).
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synthesis on the colloid supports, if compared to PEGylations
of peptides on common PS Rink-amid resins. The latter yielded
conversions below 10% for both of the peptide PEGylations,
thus wasting 90% of the cost-intensive peptides. The colloidal
supports illustrate that PEGylation with higher molecular
weight PEGs can be realized on superparamagnetic core−shell
nanoparticles with notable yields.
Figure 3 shows the SEC chromatograms recorded before and

after peptide PEGylation on the homogeneous support.
Although a small molar excess of mPEG−COOH was used
as compared to the peptide, high coupling yields were observed
in these experiments (Table 1). For instance, after coupling
with PEG2k, a clear apparent molecular weight shift of about
3000 g·mol−1 was observed by SEC. It should be noted that
these numbers are approximated since a PS calibration was
used in SEC. Besides the main peak shift, a high molecular
weight shoulder was also observed after reaction with PEG2k.
This corresponds, most probably, to hexablocks (PEG-b-
YKYKG-b-PS)2 as dimerized supports formed as byproducts
in the ATRP process by recombination termination.36 Such
structures are not problematic since they still allow cleavage and
harvesting of the PEGylated peptide. PEGylation with PEG5k
also led to a high degree of coupling. This was confirmed by an
apparent molecular weight shift of approximately 7000 g·mol−1

in SEC. Interestingly, no hexablocks were detected in these
experiments. This is probably due to the fact that, after the first
PEGylation of a symmetric dead chain, the coupling of a second
PEG chain becomes slower and more unlikely due to the
restricted accessibility of the remaining amino site in the
formed random coil. The products were cleaved from the
supports after synthesis was completed, and PEGylated
conjugates could be separated by selective precipitation.
NMR confirmed the full removal of the support and the
formation of the PEG-b-YKYKG conjugates (SI).
In summary, two new support systems (superparamagnetic

core−shell nanoparticles and well-defined soluble polystyrene
supports) were investigated to synthesize N-terminal
PEGylated peptides with high coupling efficiency. The supports
enable ease of conjugation of PEG with Mn = 5000 as
important for pharmacological applications. Where Mn = 2000
leads to quantitative conjugation reactions with only an excess
of 1.15 equiv of mPEG−COOH with respect to the supported
peptides, Mn = 5000 shows efficient coupling, leading to about
40% conversion. The supports investigated do not suffer from
inherent diffusion limitations as compared to commonly
established poly(styrene) microgel resins and thus prove
particularly to be of value for coupling of larger residues, e.g.,
PEG with Mn = 5000. The presented supports are not limited
to PEGylation. One can anticipate advantages in peptide
modifications where reactions with sterically more demanding
entities such as glycosylation, oligosaccharide ligation, fluo-
rescence labeling, or even on-resin enzymatic transformations
are required.
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Scheme 1. Illustration of the Strategy for the Synthesis of
PEG−Peptide Conjugates on Colloidal Nanoparticle
Supports, Soluble PS Supports, and PS Microgel Supportsa

a(i) Standard solid-phase peptide synthesis by sequential Fmoc−
amino acid coupling and Fmoc deprotection, (ii) PEGylation with
mPEG−COOH using PyBOP/DIPEA, and (iii) liberation of the
bioconjugate from the supports with TFA/CH2Cl2.

Table 1. Coupling Efficiencies of mPEG−COOH to Peptides
Presented on Different Supports

coupling efficiency

ratio of PEGylation agent
to peptidea Mn,PEO = 2000 Mn,PEO = 5000

colloidal
supports

2:1 quantitative 42%

soluble
supports

1.15:1 quantitative 39%

standard
resin

2:1 6% 8%

aExcess of mPEG−COOH with respect to the supported peptides;
reaction conditions cf. SI.

Figure 3. SEC chromatograms recorded in THF for the PEGylation of
the pentapeptide YKYKG on the homogeneous support: initial
chromatogram recorded for YKYKG-b-PS (black line), after reaction
with PEG2k (dashed red line), and after reaction with PEG5k (blue
line). Prior to analysis, the samples were precipitated in MeOH. Thus,
the blue and red chromatograms show only the conjugate PEG-b-
YKYKG-b-PS and the residual unreacted YKYKG-b-PS.
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