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Abstract Block copolymers consisting of blocks of
poly(amino acid)s (PAAs) derived from naturally occurring
L-amino acids and biocompatibilizing poly(ethylene glycol)
(PEG) are of interest for biomedical applications because of
their compatibility, partial degradability, and, depending on
their molecular architecture, unique self-assembly behavior.
PEGylated PAAs were synthesized by α-methoxy-ω-amino
PEG-initiated ring-opening polymerization, ROP, of the N-
carboxyanhydrides, NCAs, of L-leucine and L-glutamic acid
γ-benzyl ester. The molecular weights of the resulting di- and
triblock copolymers were well controlled with narrow poly-
dispersities, and the block copolymers were obtained in high
yields (>90 %). PEGylated PAA diblock copolymers with a
copolymer block of PAAs were obtained when the amino acid
NCAswere polymerized as a mixture and triblock copolymers
with two PAA hompolymer blocks resulted from the succes-
sive addition of the respective NCAs. Dynamic light scatter-
ing indicated that these block copolymers self-assemble when
exposed to a selective solvent into micelles with hydrodynam-
ic radii between 7 and 10 nm, which aggregate into larger
structures with radii ranging between 27 and 40 nm. The co-
existence and sizes of the two types of particles were

corroborated by small-angle neutron scattering analyses. A
detailed analysis of the micelle core structures by transmission
electron microscopy suggests that the cores of the micelles do
not form perfect spheres and thereby enable their continued
aggregation, which is further aided by the immiscibility and
subsequent phase separation of poly(L-glutamic acid γ-benzyl
ester) and poly(L-leucine) blocks that constitute the PAA
block.
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Introduction

Amphiphilic polymeric systems self-assemble into a variety
of microstructures, ranging from polymeric micelles to vesi-
cles, polymersomes, and other lyotropic phases when exposed
to selective solvents [1]. Such self-assembled structures are
highly important in the field of biomaterials, where explicit
biological responses are expected of self-assembled delivery
vehicles [2–5]. The physical and molecular factors governing
polymeric self-assembly have been described in detail [6–8]
using a defined packing parameter, which depends on the
molecular volume and contour length of the hydrophobic seg-
ment and the interfacial area of the hydrophilic segment [9].
Hence, it becomes possible to predict which self-assembled
structure an amphiphilic block copolymer will adopt based on
its packaging parameter. Nevertheless, the structure formation
can also be controlled by kinetic factors, especially when long
polymer chains are involved [10, 11].

A multitude of chemically diverse polymeric building
blocks is at our disposal, and selections are typically governed
by intended applications, such as the type of delivery system
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and additional expected properties, as for instance, stimuli-
responsiveness, biodegradability, or biostability. Poly(amino
acid)s, PAAs, also referred to as polypeptides, constitute one
of these polymeric building blocks that are in particular of
interest to self-assembled structures for biomedical applications
[12–18]. Awide spectrum of chemical and physical character-
istics can be covered with PAAs as they are typically synthe-
sized from naturally occurring L-amino acids and maintain their
respective property profiles with respect to functionalities, chi-
rality, and solubility. Unlike proteins, PAAs have no defined or
specific amino acid sequence and are typically synthesized
from only one or two different amino acids. When considering
amphiphilic block copolymers as vehicles for the delivery of
biomedically relevant substances, PAAs are exceptionally well
suited because of their structural similarity to proteins.
Furthermore, their L-amino acid building blocks could contrib-
ute biocompatibility since the degradation products of PAAs are
again L-amino acids, which are readily absorbed by the body
[19–22]. The self-assembly and packing of PAA di- and tri-
block copolymers were studied by Deming et al. and models
illustrating the polymer interactions and subsequent self-
assembly were provided. Specifically, PAAs consisting of
poly(L-leucine), p(L-Leu), a hydrophobic amino acid and
poly(L-lysine), p(L-Lys), an ionizable amino acid, were investi-
gated. The formation of spherical micelles, flat membranes,
curved membranes, and fibrils was discussed [23].

Poly(ethylene glycol), PEG, is a biocompatibilizing mac-
romolecule that has found a plethora of applications [24, 25].
The stealth character that was first discovered by Abuchowski
[26, 27] and that PEG lends to delivery systems [28, 29], drugs
[30], and surfaces [31] sets the polymer apart from other syn-
thetic, biomedically relevant polymers. PEG readily dissolves
in water and is, because of its hydrophilicity, often used as the
hydrophilic segment in amphiphilic block copolymers used in
drug delivery [32]. Block copolymers of PEG and PAAs are
readily synthesizable, e.g., by using end-group functionalized
PEG as macroinitiator in the ring-opening polymerization,
ROP, of N-carboxyanhydrides, NCAs, of amino acids
[33–36]. These amphiphilic block copolymers have been de-
signed primarily for drug delivery [14] and gene delivery [37];
here, typically one of the amino acid building blocks is the
cationic p(L-Lys) and surface modifications [33, 38–41]. For
drug and gene delivery purposes, the molecular weights of
block copolymers are kept low to allow for ready clearance
from the system; however, the synthetic method allows for the
synthesis of high molecular weight PAAs as well [33]. The
microstructure of these self-assembled constructs is of impor-
tance as it has an impact on several biological key parameters
of the delivery system. Various techniques exist to character-
ize the morphology and size of self-assembled structures di-
rectly in the selective solvent, which for biomedical applica-
tions is usually water. These methods include dynamic light
scattering, DLS, cryogenic transmission electron microscopy,

cryo-TEM, and sub-resolution limit fluorescence microscopy
[42]. Moreover, the size of dissolved molecules and their ag-
gregates, e.g., micelles and vesicles, can be determined by
small-angle neutron scattering, SANS. In contrast to X-ray
scattering measurements, the hydrophilic PEG components
dissolved in water can also be detected in neutron scattering
experiments by simply varying the H2O to D2O ratio, thus
matching the respective scattering lengths [43]. This manu-
script describes the synthesis of PEGylated PAAs with the
PAA block consisting of poly(L-glutamic acid γ-benzyl ester),
p(Bz-L-Glu), and p(L-Leu) whereat the two PAAs form either
two homopolymer blocks or one copolymer block. The hy-
drophobic p(L-Leu) block is unreactive and will drive self-
assembly in an aqueous system. Moreover, an additional
structural variability is introduced with the p(Bz-L-Glu) seg-
ment: the block is highly hydrophobic, i.e., inducing self-as-
sembly, when the terminal carboxyl groups of the side chains
are protected as benzyl esters and can turn hydrophilic after
deprotection to p(L-Glu). In its deprotected form, p(L-Glu) is
reactive and could covalently or electrostatically bind to
biomedically active substances to be delivered by these mi-
crostructures. The size of the self-assembled structures was
determined by DLS and SANS, and results were corroborated
by TEMmeasurements. These amphiphilic block copolymers
self-assemble, and independent of their molecular architec-
ture, a bimodal distribution of block copolymer aggregates
was observed.

Experimental section

Materials

All chemicals were obtained from Sigma-Aldrich Chemicals
Co., St. Louis, MO, and used as received, unless stated other-
wise. The macroinitiator α-methoxy-ω-amino poly(ethylene
glycol), mPEG114-NH2 (Mw=5000 g mol−1) was purchased
from Laysan Bio, Arab, AL. The amino acids γ-benzyl-L-glu-
tamate (Bz-L-Glu) and L-leucine (L-Leu) were purchased from
Bachem, Torrence, CA. Triphosgene was purchased from
Tokyo Chemical Industry Co., Ltd., Japan, and (1S)-(−)-al-
pha-pinene from Fisher Scientific, Waltham, MA. These re-
agents were stored in a refrigerator. Deuterium oxide (D2O)
99.9 % was obtained from Cambridge Isotope Laboratories,
Inc. Dimethylformamide (DMF) was distilled over CaH2 un-
der vacuum. Water was deionized with a Millipore Milli-Q
system.

Instrumentation

1H NMR spectra were recorded on a Varian Unity Inova 500
(500 MHz) spectrometer equipped with a 5-mm triple reso-
nance inverse detectable probe. DMSO-d6 and trifluoroacetic
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acid-d were used as solvents. All spectra were recorded at
25 °C.

Dynamic light scattering analyses were conducted using
90Plus Particle Size Analyzer (Brookhaven Instruments) at
λ=532 nm and a scattering angle of 90°, a single-angle ap-
proach is sufficient for the polymer studied here. All measure-
ments were analyzed by BIC software (Brookhaven
Instruments), and diameter results are obtained from the mean
radius of lognormal size distribution. Sample preparation: block
copolymers (10 mg) were dissolved in 3 mL of tetrahydrofuran
(THF). The organic phasewas added dropwise into the aqueous
phase (10mL) and gently stirred at 35–40 °C in a warm oil bath
until the evaporation of the organic solvent was complete (at
least 12 h). If necessary, adequate amounts of DI water were
added to obtain a 1.0 mg/mL stock concentration. The aqueous
solution was filtered (0.45-μm Millex micropore Millipore
poly(vinylidene fluoride), PVDF, filter) directly into a dust-
free sample cell, and five measurements were carried out.

Small-angle neutron scattering, SANS, measurements were
performed at the BL-6B (EQ-SANS), Spallation Neutron
Source, at Oakridge National Laboratory, ORNL, using a 4-
m sample to detector distance, 60-Hz operationmode, and two
neutron wavelength bands with minima of 2.5 and 9.5 Å.
Samples were prepared following the same protocol described
above for DLS studies and loaded into 1 mm path length
quartz cells. Standard corrections for background, detector
efficiency, and intensity calibrations were performed. Pure
D2O was used as solvent; sample concentration was between
1.7 and 1.8 wt.%. All measurements were performed at 20 °C.

Gel permeation chromatography, GPC, analyses were con-
ducted using an Agilent 1200 system (Gastorr GT-14 degasser,
Agilent 1200 series isocratic pump and auto sampler) equipped
with three Phenomenex 5 μm, 300×7.8 mm columns [100,
1000 Å, and linear] and two detectors: a Wyatt DAWN EOS
multi-angle light scattering, MALS, detector (GaAs 30-mW
laser at 690 nm) and aWyatt Optilab rEX differential refractive
index, DRI, detector with a 690 nm light source. DMF with
0.1 M LiBr was used as eluent at a flow rate of 0.5 mL/min.
Wyatt Astra 6.0 software was used to process all SEC data.
Polystyrene standards were used for the calibration. Sample
preparation: block copolymers were dissolved in DMF/LiBr
(0.01 M) at a concentration of 5 mg/mL and filtered
(0.25 μm poly(tetrafluoro ethylene), PTFE, syringe filter).

Transmission electron microscopy was performed using an
EM 900 transmission electron microscope (Carl Zeiss,
Oberkochen, Germany). Micrographs were taken with a
SSCCD SM-1k-120 camera (TRS, Moorenweis, Germany).
Sample preparation: an aqueous polymer suspension (1 mg/
mL), 5 μL, was spread onto a carbon-coated Cu grid
(PLANO, Wetzlar, Germany). After 1 min, excess liquid
was blotted with filter paper, and the grids were exposed to
freshly prepared RuO4 via the gas phase for 10 or 20 min, and
the dried specimens were examined.

Polymer syntheses

Synthes is of L -g lu tamic acid γ -benzyl es te r N -
carboxyanhydride, Bz-L-Glu-NCA. NCAs of Bz-L-Glu were
synthesized in dry ethyl acetate, EthAc. In a typical reaction,
Bz-L-Glu (2.0 g, 8.43 mmol), pre-dissolved triphosgene
(2.752 g, 9.273 mmol), and α-pinene (2.41 g, 17.7 mmol)
were dissolved in 40 mL EthAc, all under open atmosphere.
(Note: Triphosgene is kept at 0 °C prior to weighing it.) The
reaction mixture was heated to reflux (105 °C) under stirring
until the mixture became transparent. Glassware and stir bars
were dried at 145–155 °C for 24 h. Gas evolution was routed
through the top of the condenser into a potassium hydroxide,
KOH, bubbler. The mixture was cooled and filtered; the fil-
trate was concentrated via rotary evaporation under reduced
pressure. Crystallization was performed within a mixture of
EthAc/hexane using a standard freezer at −20 °C. The crystals
were filtered, vacuum dried, and redissolved in a minimal
amount of EthAc at 25 °C. Sufficient amounts of hexane were
added until cloudiness persisted. The suspension was filtered
into a Schlenk flask purged with dry argon gas, put into an ice
bath, and hexane was added until recrystallization occurred.
The crystals were filtered, vacuum-dried, and characterized by
1H NMR: (DMSO-d6, 500 MHz): δ/ppm=1.94–2.05 (m, 2H,
−CH2–CH2–CH–), 2.47 (m, 2H, –CH2–CO–), 4.45–4.58 (t,
1H, –CO–CH–NH–), 5.10 (m, 2H, C6H5–CH2–), 7.36 (m,
5H, C6H5–), 9.04 (br, 1H, –CO–NH–CH–); yield 85–90 %.

Synthesis of L-Leucine N-Carboxyanhydride, Leu-NCA. L-
Leu NCA was synthesized in dry EthAc. L-Leu (1.0 g,
7.624 mmol), triphosgene (2.715 g, 9.15 mmol), and α-
pinene (2.177 g, 16.01 mmol) were dissolved in 40 mL
EthAc. The synthesis, isolation, and purification of the L-Leu
NCA followed the same procedure described above for the
Bz-L-Glu NCA. L-Leu NCA was characterized by 1H NMR:
(DMSO-d6, 500 MHz): δ/ppm=0.87–0.90 (m, 6H, (CH3)2–),
1.55–1.58 (m, 2H, –CH2–CH–(CH3)2), 1.73–1.74 (m, 1H, –
CH–(CH3)2), 4.43–4.46 (m, 1H, –CO–CH–NH–), 9.07 (br,
1H, –CO–NH–CH–); yield 85–90 %.

Synthesis of methoxy-poly(ethylene glycol)-b-poly(L-
glutamic acid γ-benzyl ester)x-b-poly(L-leucine)y, mPEG114-
b-p(Bz-L-Glu)x-b-p(L-Leu)y, methoxy-poly(ethylene glycol)-
b-poly(L-leucine)y-b-poly(L-glutamic acid γ-benzyl ester)x,
mPEG114-b-p(L-Leu)y-b-p(Bz-L-Glu)x, and methoxy-poly(-
ethylene glycol)-b-poly((L-glutamic acid γ-benzyl ester)x-
co-(L-leucine)y), mPEG114-b-p((Bz-L-Glu)x-co-p(L-Leu)y).
Glassware and stir bars were dried at 145–155 °C for 24 h,
and all materials were vacuum dried for 12 h. A typical ROP is
described here for the triblock copolymer mPEG114-b-p(Bz-L-
Glu)20-b-p(L-Leu)10. All other polymers were synthesized by
the same method using respective NCA monomer feed ratios;
mPEG114-NH2 was used as macroinitiator in all ROPs. Urea
(75.39 mg, 1.26 mmol) was dissolved in 6.3 mL of DMF
under argon and degassed under vacuum. Using a dry syringe
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and needle, 2 mL of the urea/DMF mixture was extracted and
added to dissolve mPEG114-NH2 (340.9 mg, 0.0628 mmol)
under argon. Light warming with a heat gun aids in fully
dissolving the macroinitiator. The mPEG114-NH2/urea/DMF
mixture was degassed for an additional 5 min. The remainder
of urea/DMFmixture was used to dissolve the Bz-L-Glu NCA
(333 mg, 1.26 mmol) under argon. The mPEG114-NH2/urea/
DMF mixture was quickly added via syringe to the Bz-L-Glu
NCA to initiate the reaction under argon. The polymerization
was conducted for 1–2 days, while periodically purging the
sample of CO2 and replacing with argon. The reaction is com-
plete when the gas evolution and, hence, buildup of pressure
ceased. L-Leu-NCA (100 mg, 0.63 mmol) was added to the
reaction flask under argon. The polymerization was conducted
for several more days until the gas evolution stopped, indicat-
ing that the monomer was completely consumed. Reaction
times depend on PAA chain lengths and typically ranged be-
tween 1 and 2 days per block. The reaction mixture was con-
centrated by rotary evaporation. THF was added to the crude
product and stirred for 30 min. The solution was then filtered
in order to remove urea. The filtrate was concentrated again to
1–2 mL of solution and placed into a dialysis bag. The poly-
mer was purified by dialysis against distilled water for 2 days
using a Spectra/Por CE membrane (MWCO 3500 g/mol) and
isolated by freeze-drying. The polymer was characterized by
1H NMR: (TFA-d, 500 MHz): δ/ppm=1.06–1.12 (m, 6H,
(CH3)2–), 1.77–1.78 (br, 2H, –CH2–CH–(CH3)2), 1.81–1.89
(br, 1H, –CH–(CH3)2), 2.13–2.35 (m, 2 H, –CH2–CH2–CO–),
2.63–2.77 (m, 2H, –CH2–CO–), 3.72 (s, 3H, CH3–O–), 4.05
(s, 4H, –O–CH2–CH2–), 4.83–4.86 (t, 2H, –CO–CH–NH–),
5.24–5.37 (m, 2H, C6H5–CH2–), 7.38–7.47 (m, 5H, C6H5–);
yields 89–95 %.

Results and discussion

Polymer synthesis

NCAs used throughout this workwere produced following the
Fuchs-Farthing method [44] and were polymerized by ROP
under anhydrous conditions at room temperature [45]; the
general reaction scheme is provided in Scheme 1.
Depending on the PAA block length, reaction times ranged
between 24 and 48 h per block with a total reaction time of
72–96 h and with the triblock copolymers with a total of 40
amino acid units taking the longer times. The polymerization
method used here is similar to that described by Wooley [46],
but polymerizations were performed under an argon blanket,
in the presence of urea, and the progress of the ROPs was
monitored via the CO2 development. Reactions were consid-
ered complete when no more CO2 was released from the re-
action mixtures. As shown in Table 1, the block length of the
respective PAA blocks matches closely the monomer feed

ratios of Bz-L-Glu NCA: L-Leu NCA=20:10 (samples 1, 3,
and 5) or 20:20 (samples 2, 4, and 6), respectively. Degrees of
polymerizations and molecular weights were calculated from
1H NMR data by comparing the integrals of the backbone
methine groups (chiral carbons) of the PAA blocks at
4.8 ppm with the protons of the terminal methoxy group of
PEG, 3.6 ppm, and the main PEG signal at 3.4 ppm; the results
were further verified using the proton signals of the benzyl
ester L-Glu protective group with the phenyl ring protons at
7.4 ppm and protons of the benzyl methylene proton at 5.2–
5.3 ppm. A representative 1H NMR spectrum of mPEG114-b-
p(Bz-L-Glu)20-b-p(L-Leu)10 is shown in the Supplemental
Information, Figure SI 1.

Our previous research has shown that amino-terminated
PEG with a molecular weight of 5000 g mol−1 (degree of
polymerization of 114) is a suitable macroinitiator for NCA
ROP yielding PEGylated PAA di- and triblock copolymers
[33–36]. Diblock copolymers, PEG-b-p((Bz-L-Glu)x-co-(L-
Leu)y), form when the NCAs of benzyl-L-glutamate and L-
leucine are added as a mixture, triblock copolymers form
when the two respective NCAs are added successively. The
formation of PEGylated PAA triblock copolymers is readily
possible as the chain ends of the respective PAA blocks re-
main living after the first NCA monomer is consumed. The
ROP of amino acids is typically characterized by low polydis-
persities [47], and the results obtained by GPC show PDI
values for triblock copolymers range between 1.04 and 1.09.
If the NCAs of Bz-L-Glu and L-Leu are added as a mixture,
yielding a PAA copolymer and an overall diblock copolymer,
the PDIs are slightly higher ranging between 1.10 and 1.15.
These higher polydispersities have been observed before for
PAA copolymers [34] and are attributed to differences in the
reactivity of the two amino acid NCAs.

Previous research has also shown that the formation of
secondary structures (β-sheets) in the early stages of the po-
lymerization interferes with chain growth leading to broad
molecular weight distributions. Hence, ROPs were conducted
in the presence of 0.2 M urea, which efficiently suppresses the
hydrogen bond formation between nascent chains, the cause
for the formation of these secondary structures [48]. The mo-
lecular architecture of the resulting block copolymers can be
further controlled, as the p(Bz-L-Glu) block can form the cen-
tral, mPEG114-b-p(Bz-L-Glu)x-b-p(L-Leu)y, as well as the ter-
minal block, mPEG114-b-p(L-Leu)y-b-p(Bz-L-Glu)x. The
p(Bz-L-Glu) block is highly hydrophobic when protected as
a benzyl ester.

Dynamic light scattering and small-angle neutron
scattering measurements

DLS measurements on 1 wt.% polymer solutions in H2O
show a clear bimodal distribution of particles for all samples
independent of block length and molecular architecture
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(Table 2). A typical DLS spectrum is shown for mPEG114-b-
p(Bz-L-Glu)20-b-p(L-Leu)10 in Fig. 1. Graphs for all other sam-
ples can be found in the Supplementary Information
(Figure SI 2). Overlaying the DLS data with the results of
SANS, Fig. 1, shows that the maxima of the DLS particle size
distribution (hydrodynamic radius RH) are in good agreement
with the SANS data (radius of gyration RG). A representative
analysis is shown in Fig. 1. The radius of gyration is obtained

from SANS scattering intensity I by I ¼ ∑aie−R
2
Giq

2=3
for three

species (i=1–3) after background correction with the intensi-
ties ai and the scattering vector q ¼ 4π

λ sinθ. The fit of the
SANS data assuming three entities is shown in Fig. 2 for
sample mPEG114-b-p(Bz-L-Glu)20-b-p(L-Leu)10, all other

fitting curves are shown in the Supplementary information
(Figure SI 3).

The dimensions of the structures should be compared with
characteristic dimensions of the molecules. For amino acids, a
contour length of unfolded structures can be estimated with
~3.8 Å per monomer unit [49]. This number agrees with the
persistence length of PEG or approximately one monomer
unit of PEG [50, 51]. For a rough estimation of the size of a
single-block copolymer chain in water, the results of neat PEG
fromDevanand and Selser [52] for RG=1.95 n

0.583Å and RH=
1.26 n0.571Å are used with the degree of polymerization n.
The RG values of 3.5–3.8 nm measured for our polymers
consisting of 144 to 163 monomer units (PEG and PAA) are
in agreement with RG1 values from SANSmeasurements. The

Scheme 1 Synthesis of PEGylated PAAs using a monofunctional α-
methoxy-ω-amino PEG with a molecular weight of 5000 g mol−1 as
macroinitiator. Amino acid NCAs were synthesized from the respective
amino acid and triphosgene. The amino acid NCAs were added

successively yielding an mPEG114-b-PAA1-b-PAA2 triblock copolymer
(samples 1, 2, 3, and 4) or as a mixture yielding mPEG114-b-PAA1-co-
PAA2 diblock copolymer (samples 5 and 6)

Table 1 List of block copolymers
synthesized, their composition, and
chemical characteristics. The
macroinitiator α-methoxy-ω-
amino poly(ethylene glycol),
mPEG114-NH2, with a molecular
weight ofMw=5000 g mol

−1 was
used in the synthesis of all block
copolymers

Sample Polymer composition Molecular weight, Mn,
by NMR [g mol−1]

PDI by
GPC

1 mPEG114-b-p((Bz-L-Glu)20-b-p(L-Leu)10) 10,500 1.04

2 mPEG114-b-p((Bz-L-Glu)24-b-p(L-Leu)23) 12,900 1.06

3 mPEG114-b-p((L-Leu)12-b-p(Bz-L-Glu)22) 11,200 1.05

4 mPEG114-b-p((L-Leu)23-b-p(Bz-L-Glu)24) 12,800 1.09

5 mPEG114-b-p((L-Leu)12-co-(Bz-L-Glu)23) 11,400 1.11

6 mPEG114-b-p((L-Leu)23-co-(Bz-L-Glu)26) 13,300 1.15
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corresponding RH signals at around 2.2 nm have not been
observed by DLS, which may have two reasons: in DLS mea-
surements, the signal intensity of single chains is strongly
suppressed, when larger particles are observed at the same
time, and therefore, the signal of single molecules is too weak
to be detected. On the other hand, it should be kept in mind
that DLS measures particle sizes based on diffusion and there-
fore detects only free particles, whereas SANS also observes
inner structures of aggregates [53], which could be either a
single chain or the core of a small micelle, formed by the PAA
part of several polymer chains (i.e., about five molecules in
case of a flexible structure or less for stiff PAA blocks).

Amphiphilic PEGylated PAAs solutions in H2O show a
bimodal distribution in DLS upon exposure to the selective
solvent water, with two distinct effective hydrodynamic radii
RH; one ranging at a size that is characteristic for polymeric
micelles (RH,1 ~7 to 10 nm), and the other one is indicative of
agglomerates (RH,2 ~26 to 40 nm). The radius of gyration, RG,
obtained from SANS measurements in D2O, gives also an
indication for even smaller structures (RG,1 ~3 to 5 nm), which
can be identified as single molecules.

Assuming a micellar structure with a core formed by a
larger number of amino acids and a shell of PEG, the

maximum core radius can be estimated from the PAA contour
length, i.e., 30×0.38 nm=11.4 nm for sample 1 or 49×
0.38 nm=18.6 nm for sample 6. The thickness of the PEG
shell should be of the order of two RH of a single PEG chain,
1.9 nm, assuming a similar equilibrium formation of the PEG
chain in water. Of course, copolymers with a more hydropho-
bic part than the PAAs used here have a higher tendency for
core formation which results in a stress on the PEG block
leading to more extended structures and therefore thicker
shells. Nevertheless, the observed radii of 7–10 nm (RH,1 from
DLS and RG,2 from SANS, Table 2) are in good agreement
with the expected dimension of a micelle. The larger struc-
tures of 26–40 nm (RH,2 from DLS and RG,3 from SANS,
Table 2) cannot be explained by a simple micellar shape,
i.e., micelles interact to form aggregates, see Scheme 2.

Transmission electron microscopy analyses

The negative stain TEM image of sample 1 (mPEG114-b-
p(Bz-L-Glu)20-b-p(L-Leu)10) that is shown in Fig. 3 is repre-
sentative for the PEGylated PAA block copolymers investi-
gated here and is very similar to the images published by Gu
et al. [54] for their PEG-b-poly(racemic leucine) diblock co-
polymers. The sample was cast onto a carbon grid from an
aqueous solution and dried at room temperature. Then, the
sample was subjected to a ruthenium tetroxide, RuO4, vapor
phase, which preferentially stains the aromatic rings of the
benzyl-protected p(Bz-L-Glu) blocks [55]. Conducting TEM
analyses on the deprotected block copolymer yields no con-
trast, and no polymeric structures can be observed (see inset of
Fig. 3a). The image a in Fig. 3 shows micelles and larger
aggregates with similar dimension as observed for the two
populations by DLS in water. Of course, only the core of the
micelles is observed, the hydrophilic PEG corona does not
provide any contrast for TEM. The large aggregates are also

Table 2 Hydrodynamic radii and radii of gyration for PEGylated PAAs

Sample RH,1 [nm] RH,2 [nm] RG,1 [nm] RG,2 [nm] RG,3 [nm]

1 7.3 33.3 3.0 9.3 32.4

2 9.2 40.2 3.2 9.5 41.2

3 9.2 32.9 3.9 8.6 38.5

4 12.0 35.6 4.5 10.2 27.4

5 10.2 30.6 4.8 12.9 33.8

6 8.7 26.8 4.9 11.7 25.3

2 4 8 16 32 64 128
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Fig. 1 Apparent hydrodynamic radius (RH) distribution from DLS
analysis (open bars) and radius of gyration (RG) from SANS analysis
(black bars) with their relative intensities for mPEG114-b-p(Bz-L-
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intermediate, and small size. The sum of all three components is also
shown in the graph
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heterogeneous so that the formation of polymersomes can be
excluded. It appears that aggregates of micelles are formed. It
is reasonable to assume that the micelle core has similar di-
mensions in the dried TEM sample and in water since the core
is formed by strongly hydrophobic blocks [56]. Nevertheless,
it is necessary to state that the dimensions of micelles and
aggregates obtained by scattering methods and by TEMmight
differ significantly due to strong influences of the evaporation
conditions of the solvent. The image b provides a higher mag-
nification, indicating already that the cores of the micelles do
not form perfect spheres. Possible intermediate structures of
the aggregation process are depicted for characteristic exam-
ples in image c of Fig. 3. The larger aggregates show how

micelles add themselves onto existing polymer aggregates.
Both the p(Bz-L-Glu)20 and p(L-Leu)10 blocks are very hydro-
phobic and exist as stiff molecules in an aqueous environment.
Furthermore, these blocks are not miscible with each other,
which leads to a phase separated micelle core. This can be
seen in the image d, where the sample was stained with
RuO4 vapor for only 10 min as opposed to the 20 min expo-
sure used for all other samples. Because RuO4 stains prefera-
bly aromatic rings, it can be assumed that the dark entities are
formed by the p(Bz-L-Glu)20 block. It is clearly visible that the
stained fractions of the core are not spherical. This irregularity
may lead to an inhomogeneous distribution of the PEG corona
around the micelle core, see Scheme 2. Thus, in aqueous so-
lution, the micelle cores are not completely shielded by giving
rise to micelle core contacts and finally to the fusion of mi-
celles into large inhomogeneous aggregates seen in the TEM
images.

Conclusions

Di- and triblock copolymers of PEG and p(Bz-L-Glu), p(L-
Leu), and p(Bz-L-Glu-co-L-Leu) have been prepared success-
fully by ROPs of the NCAs of the respective amino acids with
mPEG114-NH2 serving as the macroinitiator. The molecular
weight of the PAA blocks was tightly controlled and matched

- PEG114 - P(Bz-L-Glu)20 - P(L-Leu)10

Micellization

Aggregation

Scheme 2 Graphical depiction of the formation of polymeric aggregates:
single chains form micelles, which then aggregate into larger structures

Fig. 3 TEM images of stained
polymer particles of mPEG114-b-
p(Bz-L-Glu)20-b-p(L-Leu)10 at
different magnifications after 20
(a,b,c) and 10 (d) min incubation
with RuO4. ATEM image of the
deprotected copolymer is shown
in the inset of (a)

Colloid Polym Sci (2015) 293:2147–2155 2153



the monomer feed ratios. The structure formation of these
block copolymers in water was consistently analyzed by
DLS and SANS. All block copolymers form in addition to
micelles larger aggregates with radii in the range of 25 to
40 nm. The driving force for this process was analyzed by
TEM and is summarized in Scheme 2. It should be noted that
also nonequilibrium structures might be frozen in during the
solvent evaporation when the samples are prepared for TEM
analyses.

The block copolymers are formed from the water-soluble
PEG block and two mutually immiscible blocks of p(Bz-L-
Glu) and p(L-Leu) as well as p(Bz-L-Glu)-co-p(L-Leu), which
form the core of the micelle. The block length of the p(Bz-L-
Glu) block was kept at 20 repeat units, and the length of the
p(L-Leu) was varied between 10 and 20 repeat units. It has
been known from literature [57] that p(Bz-L-Glu) is a rigid
polymer chain, which is able to form liquid crystalline struc-
tures. Both facts, the mutual immiscibility of the blocks and
the self-assembly of p(Bz-L-Glu), led to the formation of a
microphase separated micelle core. This in turn led to a non-
uniform distribution of PEG blocks in the corona of the mi-
celles, which seems to be a precondition for the formation of
the large aggregates. Thus, the large aggregates can be de-
scribed as clusters of micelles derived from hydrophobic in-
teractions of the microphase separated micelle core.
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