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A series of novel, partially labeled amphiphilic triblock copolypeptides, PLL-b-PBLG-d7-b-PLL, has been
synthesized, where PLL and PBLG-d7 are poly(L-lysine hydrochloride) and poly(γ-benzyl-d7-L-glutamate),
respectively. The synthetic approach involved the sequential ring-opening polymerization (ROP) ofγ-benzyl-L-
glutamate andε-Boc-L-lysineN-carboxy anhydrides by a diamino initiator using high-vacuum techniques, followed
by the selective deprotection of the Boc groups. Combined characterization results showed that the copolypeptides
exhibit high degrees of molecular and compositional homogeneity. The synthesized copolypeptides had similar
molecular weights, while the composition of the middle block ranged between 19 and 74% with respect to the
monomeric units. Due to the macromolecular architecture of the copolypeptide and the rigid nature of the middle
block, the formation of monolayers was favored, and, surprisingly, vesicles were formed in water at neutral pH
over the entire compositional range. The vesicular structures were extensively characterized by static and dynamic
light scattering, small-angle neutron scattering, atomic force microscopy, cryo-transmission electron microscopy,
scanning electron microscopy, UV and Fourier transform infrared spectroscopy, and circular dichroism. In contrast
to other vesicular structures derived from conventional polymers, the formed polypeptidic vesicles possess the
unique feature of being stimuli-responsive to pH and temperature. When the copolypeptides were mixed with
plasmid DNA (pDNA), large vesicular structures were also formed. The molecular characterization of the vectors
was performed with most of the methods mentioned above, and indicated that the pDNA is both partially condensed
on the PLL phase and partially encapsulated inside the vesicle. Consequently, the synthesized vectors combine
the advantages of the polylysine-DNA systems to condense large amounts of genes, as well as those of the
liposome-DNA systems to better protect the encapsulated DNA. These vectors are expected to present better
gene transfection efficiency to the cell nucleus.

Introduction

Membranes and vesicular structures are the main components
of the basic building blocks of living creatures, the cells.
Vesicles are closed bilayers with a thickness of only a few
nanometers1 and play a critical role as nanocontainers to
transport or protect several cellular components. Although
phospholipids are the main building blocks for the formation
of cellular and other vesicular membranes, amphiphilic mac-
romolecules have attracted much attention since they have
properties that can extend the chemical and physical limits of
liposomes.2,3 Consequently, the synthesis of well-defined am-
phiphilic materials capable of forming vesicles in water with
tunable molecular characteristics is expected to boost biological
applications such as drug and gene delivery.4,5 Among them,
polypeptides are the most promising materials since they self-

assemble into hierarchically organized three-dimensional (3D)
structures that can mimic natural proteins. This property is the
most significant advantage over the conventional synthetic
polymeric materials.

A few reports on polymer vesicles in water from conven-
tional6,7 or hybrid diblock copolymers,8,9 as well as amphiphilic
diblock copolypeptides10-13 have been published. In most of
these reports, a series of amphiphilic diblock copolymers with
different compositions was synthesized; however, the formation
of vesicular structures was limited only to a very small
compositional window. It is our opinion that this is due to the
conformational barrier of the architecture of the diblock co-
polypeptides, where an antiparallel orientation is required for
the insoluble block in order to form the bilayer of the vesicle.

We reasoned that triblock copolypeptides of the ABA type,
where A is a charged hydrophilic block and B is a rodlike
hydrophobic block, could overcome the architecturally induced
barriers of the diblock copolymers. An ABA copolypeptide can
be considered as two A(B/2) diblock copolypeptides having an
antiparallel orientation, connected on the chain end of the B
block with a chemical bond. Therefore, due to the macromo-
lecular architecture, an ABA copolypeptide would easily form
a monolayer membrane similar to the bilayer formed by the
diblock copolypeptides, simply by the self-assembly of the
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insoluble middle block. Moreover, the rigid nature of the middle
block would prevent the formation of the conventional core-
shell micelle, since the molecule would not be able to bend.

In the past decade, DNA-based drugs have been developed
for a wide range of human disorders. One of the significant
advantages of these therapeutics over the low molecular weight
pharmaceuticals is their tremendous specificity of action and
lack of side effects associated with conventional drugs. The
transfer of DNA across cellular barriers is very difficult, thereby
preserving genomic information and preventing genetic con-
tamination. By using vesicular structures and proteins that
recognize cell surface receptors, viruses have the ability to
overcome the intra- and extracellular barriers and deliver their
DNA very efficiently to the nucleus of the invaded cell.14,15

The nonviral systems that have been developed so far for
gene delivery are characterized by low transfection efficiency
compared to the viral delivery vehicles, but are not associated
with the significant limitations such as mutagenesis, carcino-
genesis, and immune response.16,17The most successful nonviral
delivery systems used so far are the cationic liposome entrapped
DNA and polycation-condensed DNA-type vehicles.18-21 Al-
though poly(L-lysine)-DNA, a typical vector, can transfer large
amounts of genes, it presents low transfection efficiency because
DNA is exposed to lysosomal degradation in the intracellular
matrix before it approaches the membrane of the nucleus.
Liposome-type vectors can better protect their own entrapped
DNA; however, a drawback is their limited capability to entrap
large amounts of DNA.

We envisioned the amphiphilic triblock copolypeptides of the
poly(L-lysine hydrochloride)-b-poly(γ-benzyl-d7-L-glutamate)-
b-poly(L-lysine hydrochloride) (PLL-b-PBLG-d7-b-PLL) type
with the following desired characteristics: the ability to form
vesicles over a wide range of compositions and an efficient
virus-like carrier of DNA.

Herein, we provide the first report of the synthesis of well-
defined PLL-b-PBLG-d7-b-PLL, using high-vacuum techniques
(HVTs) and the sequential ring-opening polymerization (ROP)
of the correspondingN-carboxy anhydrides (NCAs) with a
difunctional initiator. This synthetic methodology presented
recently leads to well-defined triblock and star-block copolypep-
tides.22,23The molecular characteristics of the aggregates formed
in water at pH) 7.4 were determined by small-angle neutron
scattering (SANS), atomic force microscopy (AFM), static and
dynamic light scattering (SLS and DLS), cryo-transmission
electron microscopy (cryo-TEM), scanning electron microscopy
(SEM), circular dichroism, and UV and Fourier transform
infrared (FT-IR) spectroscopy. Vesicular structures were formed
in the entire hydrophilic/hydrophobic compositional range of
the copolypeptides and were pH/temperature-responsive. It was
found that mixtures of plasmid DNA (pDNA) and the triblock
copolypeptides also form vesicular structures containing both
encapsulated and condensed DNA.

Experimental

A. Polymer Synthesis: Methods and Instrumentation.PLL-b-
PBLG-d7-b-PLL triblock amphiphilic copolypeptides were produced

from poly(ε-Boc-L-lysine)-b-PBLG-d7-b-poly(ε-Boc-L-lysine), by se-
lective deprotection of theε-amine group ofε-Boc-L-lysine. The
precursors were synthesized by the sequential ROP ofγ-benzyl-d7-L-
glutamate NCA (BLG-d7 NCA) andε-tert-butyloxycarbonyl-L-lysine
NCA (BLL NCA) with the difunctional initiator 1,6-diaminohexane,
using HVTs.24 It has been shown that the HVT leads to polypeptides
with high degrees of molecular and compositional homogeneity. Using
this methodology, a series of amphiphilic triblock copolypeptides PLL-
b-PBLG-d7-b-PLL having similar molecular weights, but compositions
ranging from about 19 to 74% (monomeric units) for the middle block,
were synthesized. In the first two copolypeptides, the PLL was held
constant, whereas the PBLG-d7 of one was double that of the other.
Their solution in water was slightly turbid. In the case of the third
copolypeptide, where the water-insoluble block was 74%, the solutions
in water were highly turbid. It should be noted that PLL segments are
highly charged polyelectrolytes soluble in water, while PBLG-d7, when
larger than 80 monomeric units, adopts a regularR-helix conformation
insoluble in water.25

The protected triblock copolypeptides were excessively characterized
by membrane osmometry, size-exclusion chromatography that featured
a two-angle laser light scattering detector, (SEC-TALLS), and FT-IR
and UV spectroscopy. The molecular characteristics of the polypeptides
are given in Table 1. To our knowledge, well-defined orthogonally
side chain-protected triblock copolypeptides have not been reported
so far. Klok et al. prepared orthogonally protected diblock and random
copolypeptides.26

DLS measurements were conducted with a Malvern Series 4700.
Correlation functions were analyzed by the cumulant method and Contin
software. SLS measurements were performed with an Wyatt Dawn
Heleos 18-angle detector. AFM measurements were conducted in a
heating liquid cell under liquid mode with a Veeco Multimode
Nanoscope IIIa. All SANS experiments were performed at 25°C, in
pure D2O, H2O, or mixtures of the two, with a KWSII instrument
(research reactor FRJ2) at the Forschungszentrum Ju¨lich GmbH. Cryo-
TEM images were obtained with an FEI Tecnai 12 instrument operating
at a 120 kV accelerating voltage. The vitrified thin films were prepared
using an automated FEI Vitrobot system. A Hitachi S-4700 FE-SEM
scanning electron microscope was used for direct solution imaging using
WetSEM technology. UV spectroscopy was performed with a Perkin-
Elmer Lamda 650 spectrometer, from 190 to 500 nm, at room
temperature, with cells requiring 120µL. FT-IR spectroscopy was
performed with a Perkin-Elmer Spectrum One spectrometer. Circular
dichroism measurements were conducted with a Jasco model J-815-
150S.

Details regarding the materials, methods, and instrumentation are
provided in the Supporting Information.

B. Preparation of Gene Vehicles.The preparation of the gene
vehicles was performed as follows: a solution of the pDNA PUC19,
with an initial concentration of∼1000µg/mL, was further diluted with
Milli-Q water until the concentration became 30µg/mL. Under this
dilution, the concentration of the pDNA bases was approximately
8.2 × 10-8 bases/mL. Only the L131G137L131 polypeptide was used to
form gene vectors. The copolypeptide was dissolved in DMSO, and
its concentration was adjusted to that of the pDNA base solution. The
mixtures of copolypeptides and pDNA were performed by slowly
adding the pDNA solution to the appropriate solution of polypeptides.

Table 1. Molecular Characteristics of the Triblock Copolypeptides PBLL-PBLG-d7-PBLL

sample
Mn PBLG-d7

× 103

Total Mn

× 103

I
(Mw/Mn)

Mn PBLL/2
× 103

Mn total
deprotected

× 103

% PBLG-d7
per monomeric

unit

L134G64L134 14.4 75.8 1.14 30.6 58.2 19.3
L131G137L131 31.0 91.0 1.16 29.9 74.0 34.3
L64G181L64 67.4 91.6 1.15 12.1 84.7 73.7
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Thus, the polypeptides were not aggregated, and the PLL could interact
with the genes. The mixture was left to shake for 3 days, immersed in
the membrane, and finally was exhaustively dialyzed against Milli-Q
water.

Results and Discussion

DLS. There was no indication of the presence of unimers
from Contin analysis in the concentration range studied for all
samples. The polydispersity of the aggregates derived from
cumulant analysis was<0.15 for all angles and concentrations
in the cases of L131G137L131 and L134G64L134 and was<0.3 for
L64G181L64. There was insignificant (<5%) angular/concentra-
tion dependence of the diffusion constant and consequently of
the hydrodynamic radii (RH), indicating that the sample was
isotropic and spherical. Moreover, theRH was almost constant
(<5%) upon increasing the temperature to 50°C. The hydro-
dynamic radii obtained at 90° are shown in Table 2, indicating
the formation of large aggregates. Since the size of a single
polypeptide molecule is expected to be less than 30 nm,27,28

large spherical aggregates can only be formed if they are hollow.
SLS. The results of the SLS are shown in Table 3. The

obtained values of the radius of gyration (RG), the ratios ofRG/
RH, along with the apparent weight average molecular weights,
the apparent aggregation number, and the surface occupied by
each PLL chain are provided. The values of theRG/RH ratios
for L134G64L134 and L131G137L131 are close to unity, as theoreti-
cally expected for a hollow sphere. In the case of uniform
spheres or random coils, the expected corresponding values are
0.774 and 1.50.29 The apparent aggregation number obtained
was rather low for such large aggregates. The surface area values
of 65 and 81 nm2 for each polymeric chain are rather large
compared to the surface of the cylinder end of anR-helical
PBLG (πr2, wherer is the radius of the cylinder) ranging from
1.9 to 5.3 nm2, depending on the conformation of the benzyl
group.30 This difference could be due either to the underestima-
tion of the molecular weight of the aggregates, and therefore
of the aggregation number, or to the slanted orientation of the
cylinders along the monolayer. Due to the low concentrations
used, there might be unimers in the system, which would result
in underestimation of the molecular weight of the aggregates.

AFM. The vesicular structures of the aggregates were
confirmed using AFM. Representative height images of the
aggregates are shown in Figure 1. It was found that the operation
under liquid mode was very sensitive to the type of tips and to
the concentration of the solution. A significant amount of
destroyed vesicles was found on the surface of the glass
substrate, with height on the order of 4-4.5 nm. In many cases,
in our effort to break the aggregates, the structures were split
into two smaller spherical structures.

Therefore, small structures having heights less than 4 nm,
randomly distributed on the surface of the glass, were inevitable
and were considered noise in the presence of the larger
structures.

The results obtained from the AFM images concerning the
form, polydispersity, and dimensions of the aggregates are in
excellent agreement with those obtained by DLS. The structures
in the case of the first two copolypeptides present low
polydispersity and a diameter of about 250 nm, whereas higher
polydispersity and dimensions were observed for the third
copolypeptide with the highest insoluble block.

One indication of the vesicular structures is the image of the
phase as compared to that of the height. The height image of a
typical spherical structure is shown in Figure 2a, and the
corresponding phase image is shown in Figure 2b. Since the
phase depends on the energy that dissipates from the structures
to the tip, higher values correspond to harder structures.
Therefore, from the phase picture it can be concluded that the
structure is harder in the outer periphery than in the middle

Table 2. DLS Measurements at pH ) 7.4, 25 °C, and 90o

sample RH (nm)

L134G64L134 129 ( 6.8
L131G137L131 135 ( 7.5
L64G181L64 145 ( 8.2

Table 3. SLS Results at pH ) 7.4 and 25 °C

sample RG (nm) RG/RH Mw ap × 10-6 Nap Aap (nm2)

L134G64L134 131 ( 8.9 1.02 186 ( 5.6 3195 65
L131G137L131 137 ( 4.5 1.01 207 ( 4.5 2797 81
L64G181L64

Figure 1. Typical height images of the copolypeptides (a) L134G64L134,
(b) L131G137L131, and (c) L64G181L64.
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part due to the water contained in the vesicle, rendering the
surface of the vesicle softer on the interior than on the exterior.

The formation of vesicular structures was also supported after
disruption of the spherical aggregates (Figure 3). In Figure 3a,b,
the ruptured vesicles of the L134G64L134 and L131G137L131

copolypeptides are shown. It was found that, in the case of the
first copolypeptides, with the lowest insoluble block, the vesicles
were rather sensitive and the structures were easily disrupted
(Figure 3a).The vesicles of the second copolypeptide were less
sensitive and, when ruptured, gave the typical image of a hollow

sphere (Figure 3b). A two-dimensional (2D) representation of
Figure 3b is provided in Figure 3d. The height profile along
the line of the ruptured vesicle of Figure 3d is shown in Figure
3e. The height of the disrupted monolayer was always less than
4.5 nm. The width of the collapsed membranes was ap-
proximately 150 nm (Figure 3e) for the two copolypeptides with
a smaller amount of the insoluble block.

The space occupied by the collapsed monolayers on the glass
substrate is significantly larger than that of the vesicle membrane
in solution, and direct comparison of the dimensions cannot be

Figure 2. (a) Typical height image of the structures observed from the L134G64L134 copolypeptide; (b) the corresponding phase image of the
same structure shown in panel a; (c) schematic representation of a vesicular structure; (d) schematic representation of the membrane.

Figure 3. Typical 3D height image of a disrupted vesicle of the copolypeptides (a) L134G64L134 and (b) L131G137L131, after rupture of the vesicle
monolayer. (c) Typical phase picture of the vesicular structures obtained by the copolypeptide L64G181L64. (d) The 2D image representation of
panel b. (e) The height profile along the line shown in panel (d). (f) The schematic representation of panel c.
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made. In the case of the third copolypeptides, with the highest
proportion of the insoluble block, the structures were more
robust and could not be broken with the cantilevers used.

The vesicular form was confirmed by the phase image of
the AFM measurements. In the phase image of a typical vesicle
of L64G181L64 (Figure 3c) it can be seen that the species are
composed of two smaller vesicles inside a larger one. The
schematic representation of the structure is shown in Figure 3f.

SANS Results.We performed contrast variation measure-
ments of the three copolypeptides by varying the scattering
length density of the water by the addition of D2O. A
representative example for L131G64L131 is given in Figure 4. The
scattering profile depicted is typical of a spherical structure.
The size of the vesicular structures was too large for theQ range
measured by the instrument. Nevertheless, the intermediateQ
range measured (0.007-0.04 Å-1) was sufficient to draw
conclusions concerning the compactness of the vesicles.

In order to determine the compactness of the vesicles, it was
necessary to obtain the scattering length density (SLD) of the
two blocks. Their experimentally obtained contrast matches
could be simply explained by the calculated scattering length
densities of the individual PBLG-d7 midblock and the PLL
brushes, but only if we assume that the PBLG-d7 exchanges
two hydrogens with the deuterium of D2O, and PLL exchanges
five. Furthermore, the PLL is assumed to bind five water
molecules through hydrogen bonding: three with theε-amine
group, one with the amidic H, and one with the CdO group.
The water molecules attached to the PLL block represent the
so-called “hydration shell” found by SANS on natural peptides,31

which significantly increases the overall dimensions of the
molecules. After considering these factors, contrast matches with
densities of 1.31 and 1.12 g/cm3 were obtained for PBLG-d7
and PLL, respectively. The dependence of the SLD on the
D2O% in the D2O/H2O mixtures is illustrated in Figure 5a.

Since only the intermediateQ range was measured, we tried
to extract a power law at the scattering vectorQ ) 0.01 Å-1 to
reveal the degree of compactness of the vesicles. In Figure 5b,
the exponentR is a function of the D2O content for the three
different polymers. In pure H2O, almost surface-like scattering
is observed for L131G64L131, whereas L131G137L131 lies in the
intermediate range (semi-compact), and L64G181L64 is compact
(filled). This is in agreement with the AFM images, where the
vesicles of L64G181L64 were intrinsically structured, that is, two
or three vesicles were included in a larger one, rendering the
overall vesicle compact. At high D2O contents, a slightly lower
exponent was found compared to the initial H2O value. In
particular, the deviations at the contrast match are interesting

and can be explained by the kinetically slow exchange of the
included water. During the preparation of the samples, the D2O
content was simply changed by adding a certain amount of H2O/
D2O mixtures to the stock solution. The solvent exchange from
the interior to the exterior of the vesicles was kinetically slow,
and thus an additional contrast from the filled vesicle interior
part to the external solvent is created. This exchange is slower
for the more compact multilamellar vesicles compared to the
simple ones, and thus, the L64G181L64 polymer shows the greatest
contrast at the matching point.

We developed a model for isolated multilamellar vesicles,
in order to relateR with the compactness. Here we assume, for
a given overall sizeR and varying numberN of inner lamellae,
exactly concentric spherical shells (i ) 1...N), with radii of r )
R‚i/N, and infinitely thin shells. The resulting formula is as
follows:

Figure 4. Scattering cross section of the vesicle-forming polymer
L131G64L131 in water with different contrasts.

Figure 5. (a) The SLDs as determined from the contrast variation
experiment. Due to hydrogen exchange, the polymer SLD changes
with the D2O content, (b) Exponent R determined as a slope in a
log-log plot of the scattering intensity (such as panel a). The closer
R is to -2, the more open the structure is. The closer R is to -4, the
more compact the structure is. So R is a measure of compactness.
(c) Theoretical scattering model calculations for multilamellar vesicles
with different numbers of layers. For simplicity, the outer radius R )
1000 Å was kept constant. A 15% smearing of the intensities was
allowed to simulate polydispersity and instrument resolution. This
model should demonstrate how the compactness can be read from
slopes of the scattering intensity.

Formation of Gene Vehicles Biomacromolecules, Vol. 8, No. 7, 2007 2177

CDV



The graphical representation is shown in Figure 5c. The radius
was chosen asR) 1000 Å, and the number of shells was chosen
as 1, 3, 10, 30, and 100. At the middleQ range, a power-law
region appears, which reveals the compactness of the vesicle
and raises upon increasing the number of shells fromQ-2 for
surfaces toQ-4 for compact spheres.

This simple model explains how the compactness of the
vesicles appears in the measured SANS spectra. The deviations
from the experimental SANS results are due to the assumption
of infinitely thin and concentric spherical shells. In the formed
vesicles, depending on the composition of the copolypeptide,
the thickness of the monolayer is expected to be from 10 to
30 nm.27,28 In the case of L64G181L64, nonconcentric vesicles
were observed by AFM and consequently smeared out any peak
predicted by the model.

Consequently, the model supports the experimentally obtained
increase inR, which could be due either to the increased
thickness of the membrane (in the case of the first two polymers)
or to the formation of highly structured vesicles.

Cryo-TEM and SEM. As an example, a typical TEM image
of the vesicular structures formed by L131G137L131 in water is
shown in Figure 6a. The RuO4-stained PBLG-d7 block can be
seen on the outer periphery of the vesicular structure (indicated
by the arrow). Moreover, the size (∼250 nm) is in agreement
with the one obtained by SLS and AFM measurements. Similar
results were obtained by SEM (Figure 6b).

Moreover, the polydispersity of the aggregates is relatively
low, in agreement with the DLS measurements. Similar images
were obtained for the aggregates of L134G64L134. Unfortunately,
it was not possible to obtain reliable images for L64G181L64,

because crystallization of the insoluble block was induced.
Stimuli-Responsive Effect to pH and Temperature.It is

well established that polylysine adopts the random coil confor-
mation at pH) 7.4, whereas it becomes anR-helix at pH )
11.5. When the temperature is raised while the pH is maintained
at 11.5, PLL is transformed to aâ-sheet.32 The temperature at
which this transition occurs depends on the molecular weight:
the higher the molecular weight, the lower the temperature. For
a molecular weight of approximately 20× 103 g/mol (as in the
case of L134G64L134 and L131G137L131), at 37°C, more than 90%
of the chains are transformed from theR-helix to a â-sheet.
For lower molecular weight values (∼10 × 103g/mL), at
37°C, less than 5% of the chains adopt theâ-sheet conformation
(as in the case of L64G181L64).32

Samples of the solutions of the three copolypeptides initially
measured at pH) 7.4, were brought to pH) 11.7 upon the
addition of a concentrated solution of NaOH, and were
subsequently measured by DLS at various angles, at 25°C. As
in the case of the aggregates at pH) 7.4, no dependence of
the hydrodynamic radius on the angle or concentration was
observed, and only one population of aggregates was present
in the solution. TheRH values (Table 4) were significantly lower
than those found at pH) 7.4 (Table 2). The molecular weight
of the aggregates was monitored by SLS, and was found to be
identical to that at pH) 7.4. Although the PBLG-d7 block is
not sensitive to any pH or temperature change, the lower values
obtained for theRH are due to the reduced dimensions of the

polylysine block.32 Therefore, under these conditions, PLL is
transformed from the extended random coil to the compact
R-helical conformation (Figure 7).

The same solutions were immersed in a bath at 37°C, for 4
h, and were then analyzed by DLS. The sizes of the vesicles
were higher than those of the vesicles at pH) 7.4 and 25°C.
This is due to the transition of the PLL to theâ-sheet
conformation, which is significantly elongated in comparison
to the helical form (Figure 7).

In the case of L64G181L64, due to the low molecular weight
of the PLL block, the vesicle sizes were not changed, as
expected.

The secondary structure of the different blocks was obtained
by circular dichroism (Figure 8). The spectra obtained under
different conditions were the sum of the spectra of the insoluble
PBLG-d7 and that of the PLL block. The spectra of the PBLG-
d7 suspension is attributed to an aggregatedR-helix form.33 The
spectra from the PBLG part was subtracted for the visualization
of the PLL blocks.

The circular dichroism spectra confirm, on one hand, that
the PBLG-d7 block remains as it is in solid state, and, on the
other hand, that the PLL block adopts the same secondary
structure as that of the homopolymer, depending on the pH.

S(q ) QR/N) )
3

N3(N + 1
2)(N + 1)

(- 1
2

cos(q(N + 1
2))(N + 1

2) +

1
4

sin(q(N + 1
2))/tan(12 q))2

/(q sin(12 q))2

Figure 6. Cryo-TEM (a) and SEM (b) of the aggregates of L131G137L131

formed in water at pH ) 7.4.

Table 4. DLS Measurements at 90o

RH (nm)

sample 25 oC, pH ) 11.7 37 oC, pH ) 11.7

L134G64L134 92.5 148
L131G137L131 105 135
L64G181L64 117.5 117.5
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Polypeptide-DNA Vectors. In dimethyl sulfoxide (DMSO),
the copolypeptides are not aggregated, thus the PLL can interact
with the genes when the solutions of the two components are
combined. The pDNA is expected to condense onto the PLL
block through electrostatic interactions and be encapsulated in
the vesicular structures formed. Two different ratios of PLL
over pDNA bases (PLL/pDNA)s3:2 and 1:1swere used.

The quantitative condensation/encapsulation of the pDNA was
monitored by UV spectroscopy. The free DNA absorbs strongly
at 260 nm, whereas, after condensation, the pDNA-copolypep-
tide vector absorbs at 206 nm. The molecular characteristics of
the vectors were obtained by DLS, AFM, and UV spectroscopy.
The DLS results are provided in Table 5. It was found that the
vectors became more compact upon increasing the amount of
pDNA.

The polydispersity of the formed vectors was high and the
angular independence ofRH implies the spherical structure of
the aggregates.

The vesicular structure of the aggregates was verified by
AFM. A typical 3D height image of the aggregates of
L131G137L131with pDNA (charge ratio of 1:1) is shown in Figure
9a.

In this image, most of the vesicles have been disrupted, while
some are still intact. The diameters of the intact vesicular
structures were similar to those obtained by DLS, that is, about
320 nm.

Most of the ruptured aggregates were empty in the center,
indicating their vesicular structure. The ruptured vesicles that
appear to be filled are the result of the presence of pDNA. The
magnification of a disrupted vesicle is depicted in Figure 9b.
Figure 9d is the 2D representation of this image, while the height
profile along the line in Figure 9d is shown in Figure 9e. It is
clear that the space occupied (both height and width) by the
collapsed membranes (L131G137L131) increased significantly to
about 400 nm (width) and 6.0-6.5 nm (height, Figure 9e), as
compared to that of the corresponding collapsed monolayers
not containing the genes (Figure 3b). This increase is clearly
due to the complexation/encapsulation of the pDNA. The
position of the condensed pDNA was verified by examination
of the phase image of the ruptured vesicles (Figure 9c). It was
found that the inner and outer peripheries of the collapsed
membrane, (shown as yellow areas), are more rigid due to the
condensed pDNA on the PLL phase (Figure 9c). This is also
supported by the phase image of the disrupted L131G137L131

vesicle not containing the genes, which was homogeneous, since
all the species were polypeptides with similar rigidity (Figure
9g).

Inside every collapsed monolayer there are globular species
with heights of about 12 nm, which do not appear for those
vesicles without pDNA. These species correspond to the
encapsulated free pDNA, which exists inside the vesicle. By
disrupting the vesicle, the collapsed monolayers drag the
encapsulated pDNA molecules, which are then entrapped on
the substrate. The free pDNA in water does not interact with
the glass substrate, so it cannot be seen by AFM. Unfortunately,
the standard mica or highly oriented pyrolythic graphite (HOPG)
methodology used to examine DNA species could not be applied
because the vesicles were randomly ruptured upon reaching the
surface of the mica.34 However, with a glass substrate, controlled
rupturing of the vesicles was achieved, leading to the im-
mobilization and visualization of both condensed and globular
(encapsulated) pDNA.

There are some reports on the synthesis of polymeric hollow
capsules for drug or gene delivery.35-37 It has recently been

Figure 7. Schematic representation of the influence of the pH and temperature on the dimensions of the monolayer and, consequently, of the
vesicle: (a) pH ) 7.4, 25 °C, the PLL block has a random coil conformation; (b) pH ) 11.7, 25 °C, the PLL block has an R-helix conformation;
(c) pH ) 11.7, 37 °C, the PLL block has a â-sheet conformation. In all cases, the PBLG-d7 block has an R-helix conformation.

Figure 8. Circular dichroism spectra of (a) L131G137L131 in water at
pH ) 11.7 and 25 °C, (b) L131G137L131 in water at pH ) 11.7 and
37.5 °C, (c) PBLG137-d7 suspension in water at pH ) 7.4, (d)
L131G137L131 suspension in water at pH ) 7.4 and 25 °C, and (e)
PLL131 in water at pH ) 7.4, at 25 °C.

Table 5. DLS Measurements of the Vectors at pH ) 7.4, 25 °C,
and 90o

L131G137L131/Puc19 RH (nm)

3/2 390
1/1 320
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found that, when PLL homopolypeptide is mixed with plasmid
genes, the resulting condensates have a toroid form, due to the
increase in rigidity of the PLL block when oppositely charged
molecules condense on it.38-39 In the case of the triblock
copolypeptides, although the rigidity of the PLL block increased
with the condensation of pDNA, the hydrophobic interactions
still dominated and forced the overall system to form vesicular
structures.

In summary, a series of partially labeled amphiphilic triblock
copolypeptides, PLL-b-PBLG-d7-b-PLL, have been synthesized
using HVT, a diamino initiator, and the sequential ROP of BLG-
d7 NCA and BLL NCA, followed by the selective deprotection
of the Boc groups. The triblock copolypeptides had similar
molecular weights, but different compositions, and high degrees
of molecular/compositional homogeneity. The aggregates formed
in water were excessively characterized by SLS and DLS,
SANS, AFM, cryo-TEM, UV and FT-IR spectroscopy, as well
as circular dichroism. The formation of hollow spherical
aggregates was favored, and vesicular structures were formed
in all compositions. This is due to (a) the rigid middle block of
the copolypeptide, which prevents the chains from bending, (b)
the macromolecular architecture, which forms a monolayer more
readily than the corresponding diblock copolypeptides that must
adopt an antiparallel orientation to form a bilayer, and (c) similar
curvature induced by the equal PLL blocks, which promotes
the formation of planar monolayers rather than micelles.

Compared to other vesicular structures formed by conven-
tional amphiphilic copolymers, our vesicles possess the unique
feature of being stimuli-responsive to pH and temperature.
Another unique feature of these vesicles is the tunable thickness
of the monolayer, along with their thermodynamic preference
to adopt and maintain the vesicular structure. Consequently, they
are expected to be stable in different environments, making them
appropriate materials for the encapsulation and protection of
drugs or genes. The pH response of polylysine is indeed outside
the physiological range. Nevertheless, the results are very
interesting and can serve as a model for similar copolypeptides
containing, for example, polyhistidine, which is responsive at
pH ) ∼6.15.40 By mixing amphiphilic triblock copolypeptides

with pDNA, larger vesicular structures are formed. The pDNA
is partially condensed on the PLL phase, and partially encap-
sulated inside the vesicle, mimicking the viral counterpart.
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