Biomacromolecules 2007,8, 2173-2181 2173

Architecturally Induced Multiresponsive Vesicles from
Well-Defined Polypeptides. Formation of Gene Vehicles

Hermis latrou,*t Henrich Frielinghaus,* Sirkku Hanski,® Nikos Ferderigos,’
Janne Ruokolainen,? Olli Ikkala,® Dieter Richter,* Jimmy Mays,"# and
Nikos Hadjichristidis* '

Chemistry Department, University of Athens, Panepistimiopolis Zografou, 15771, Athens, Greece, Institut
flir Festkérperforschung, Forschungszentrum Jiilich GmbH, D-52425 Jiilich, Germany, Helsinki University
of Technology, P.O. Box 2200, FIN-02015 HUT, Espoo, Finland, Chemistry Department, University of
Tennessee at Knoxville, Knoxville, Tennessee 37996, and Center for Nanophase Materials Sciences, Oak
Ridge National Laboratory, Oak Ridge, Tennessee 37831

Received April 1, 2007; Revised Manuscript Received April 24, 2007

A series of novel, partially labeled amphiphilic triblock copolypeptides, BERBLG-d7%b-PLL, has been
synthesized, where PLL and PBLG-d7 are poly(L-lysine hydrochloride) and jpblzyl-d7-L-glutamate),
respectively. The synthetic approach involved the sequential ring-opening polymerization (ROBgmdyl-L-
glutamate and-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 polylysin®NA 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 assemble into hierarchically organized three-dimensional (3D)
. ) structures that can mimic natural proteins. This property is the
Membranes and vesicular structures are the main componentsy,ost significant advantage over the conventional synthetic

of the basic building blocks of living creatures, the cells. hoymeric materials.

Vesicles are closed bilayers with a thickness of only a few = A fow reports on polymer vesicles in water from conven-
nanometers and play a critical role as nanocontainers to tionaP” or hybrid diblock copolymer&? as well as amphiphilic
transport or protect several cellular components. Although yipjock copolypeptidé§-13 have been published. In most of
phospholipids are the main building blocks for the formation ihage reports, a series of amphiphilic diblock copolymers with

of cellular and other vesicular membranes, amphiphilic mac- gigterent compositions was synthesized: however, the formation
romolecules have attracted much attention since they havenss yesicular structures was limited only to a very small

properties tghat can extend the chemical and physical limits of .o mhositional window. It is our opinion that this is due to the
liposomes::* Consequently, the synthesis of well-defined am- onformational barrier of the architecture of the diblock co-

phiphilic materials capable of forming vesicles in water with o\ heptides, where an antiparallel orientation is required for
tunable molecular characteristics is expected to boost biological ia"insoluble block in order to form the bilayer of the vesicle.

applications such as drug and gene delieétyimong them, We reasoned that triblock copolypeptides of the ABA type,
polypeptides are the most promising materials since they self-\, .00 A is a charged hydrophilic block and B is a rodlike

hydrophobic block, could overcome the architecturally induced
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Table 1. Molecular Characteristics of the Triblock Copolypeptides PBLL-PBLG-d7-PBLL

M, total % PBLG-d7
M, PBLG-d7 Total M, / M, PBLL/2 deprotected per monomeric
sample x 108 x 108 (M M) x 108 x 103 unit
L134Geal 134 14.4 75.8 1.14 30.6 58.2 19.3
L131G137Ll131 31.0 91.0 1.16 29.9 74.0 34.3
LeaG1s1lea 67.4 91.6 1.15 12.1 84.7 73.7

insoluble middle block. Moreover, the rigid nature of the middle from poly(e-Boc-L-lysine}b-PBLG-d7b-poly(e-Boc-L-lysine), by se-
block would prevent the formation of the conventional core lective deprotection of the-amine group ofe-Boc-L-lysine. The
shell micelle, since the molecule would not be able to bend. precursors were synthesized by the sequential RORh&nzyl-d7-L-

In the past decade, DNA-based drugs have been developedlutamate NCA (BLG-d7 NCA) ane-tert-butyloxycarbonyl-L-lysine
for a wide range of human disorders. One of the significant NCA (BLL NCA) with the difunctional initiator 1,6-diaminohexane,
advantages of these therapeutics over the low molecular weightusing HVTs?* It has been shown that the HVT leads to polypeptides
pharmaceuticals is their tremendous specificity of action and with high degrees of molecular and compositional homogeneity. Using
lack of side effects associated with conventional drugs. The this methodology, a series of amphiphilic triblock copolypeptides-PLL
transfer of DNA across cellular barriers is very difficult, thereby b-PBLG-d7b-PLL having similar molecular weights, but compositions
preserving genomic information and preventing genetic con- ranging from about 19 to 74% (monomeric units) for the middle block,
tamination. By using vesicular structures and proteins that were synthesized. In the first two copolypeptides, the PLL was held
recognize cell surface receptors, viruses have the ability to constant, whereas the PBLG-d7 of one was double that of the other.
overcome the intra- and extracellular barriers and deliver their Their solution in water was slightly turbid. In the case of the third
DNA very efficiently to the nucleus of the invaded cEW® copolypeptide, where the water-insoluble block was 74%, the solutions

The nonviral systems that have been developed so far forin water were highly turbid. It should be noted that PLL segments are
gene delivery are characterized by low transfection efficiency highly charged polyelectrolytes soluble in water, while PBLG-d7, when
compared to the viral delivery vehicles, but are not associated larger than 80 monomeric units, adopts a regakirelix conformation
with the significant limitations such as mutagenesis, carcino- insoluble in watef?

genesis, and immune respon$é/ The most successful nonviral The protected triblock copolypeptides were excessively characterized
delivery systems gsed so far are the cationic Ilposome entrappechy membrane osmometry, size-exclusion chromatography that featured
DNA and polycation-condensed DNA-type vehiclés?! Al- a two-angle laser light scattering detector, (SEC-TALLS), and FT-IR

though poly(L-lysine} DNA, a typical vector, can transfer large  and UV spectroscopy. The molecular characteristics of the polypeptides
amOUﬂtS of genes, it presents low transfepthﬂ ef‘fICIQnCy becauseare given in Table 1. To our knowledge, well-defined orthogonally
DNA is exposed to lysosomal degradation in the intracellular side chain-protected triblock copolypeptides have not been reported
matrix before it approaches the membrane of the nucleus. so far. Klok et al. prepared orthogonally protected diblock and random
Liposome-type vectors can better protect their own entrapped copolypeptideg®
DNA; however, a drawback is their limited capability to entrap  p.s measurements were conducted with a Malvern Series 4700.
large amounts of DNA. . Correlation functions were analyzed by the cumulant method and Contin
We envisioned the amphiphilic triblock copolypeptides of the  g4fryare. SLS measurements were performed with an Wyatt Dawn
poly(L-lysine hydrochloridep-poly(y-benzyl-d7-L-glutamate)-  gjeos 18-angle detector. AFM measurements were conducted in a
b-poly(L-lysine hydrochloride) (PLLb-PBLG-d7b-PLL) type heating liquid cell under liquid mode with a Veeco Multimode
with the following desired characteristics: the ability to form Nanoscope Illa. All SANS experiments were performed af@5in
vesicles over a wide range of compositions and an efficient pure DO, H0, or mixtures of the two, with a KWSII instrument

virus-like carrier of DNA. . (research reactor FRJ2) at the ForschungszentiliohdsmbH. Cryo-
Herein, we provide the first report of the synthesis of well- gy images were obtained with an FEI Tecnai 12 instrument operating
defined PLLb-PBLG-d7b-PLL, using high-vacuum techniques 4 5 120 kv accelerating voltage. The vitrified thin films were prepared
(HVTs) and the sequential ring-opening polymerization (ROP) ging an automated FEI Vitrobot system. A Hitachi S-4700 FE-SEM
of the correspondind\-carboxy anhydrides (NCAs) with @  gcanning electron microscope was used for direct solution imaging using
difunctional initiator. This synthetic methodology presented \yetsgMm technology. UV spectroscopy was performed with a Perkin-
recently leads to well-defined triblock and star-block copolypep- gimer Lamda 650 spectrometer, from 190 to 500 nm, at room
tides?223The molecular characteristics of the aggregates formed temperature, with cells requiring 126L. FT-IR spectroscopy was
in water at pH= 7.4 were determined by small-angle neutron  hertormed with a Perkin-Elmer Spectrum One spectrometer. Circular

scattering (SANS), atomic force microscopy (AFM), static and gichroism measurements were conducted with a Jasco model J-815-
dynamic light scattering (SLS and DLS), cryo-transmission 1595

electron microscopy (cryo-TEM), scanning electron microscopy
(SEM), circular dichroism, and UV and Fourier transform

infrared (FT-IR) spectroscopy. Vesicular structures were forme i . i
B. Preparation of Gene Vehicles.The preparation of the gene

in the entire hydrophilic’hydrophobic compositional range of ] _ )
the copolypeptides and were pH/temperature-responsive. It was/€hicles was performed as follows: a solution of the pDNA PUCLS,
found that mixtures of plasmid DNA (pDNA) and the triblock with an initial concentration of1000xg/mL, was further diluted with

copolypeptides also form vesicular structures containing both Milli-Q water until the concentration became @@/mL. Under this
encapsulated and condensed DNA. dilution, the concentration of the pDNA bases was approximately

8.2 x 1078 bases/mL. Only the 13:G137131 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
A. Polymer Synthesis: Methods and Instrumentation.PLL-b- mixtures of copolypeptides and pDNA were performed by slowly
PBLG-d7b-PLL triblock amphiphilic copolypeptides were produced adding the pDNA solution to the appropriate solution of polypepti(teﬁ.v

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

Experimental
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Table 2. DLS Measurements at pH = 7.4, 25 °C, and 90°

sample Ry (nm)
L134Gesl 134 129 + 6.8
L131G137b131 135+ 7.5
L64Gig1lea 145 + 8.2

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

sample Rs(nm) Ro/Ry Mwap x 1076 Nap  Agp (NM?)

L134Gegl13s 131 4+8.9 1.02 186 + 5.6 3195 65
L131G137b131 137 +£45 1.01 207 £ 4.5 2797 81
L64G1s1lea

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 (b)
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 was0.15 for all angles and concentrations
in the cases of 131G137-131 and Li34Ge4l134 and was<0.3 for
Le4Gisiles. There was insignificant{5%) angular/concentra-
tion dependence of the diffusion constant and consequently of
the hydrodynamic radiiRy), indicating that the sample was (©)
isotropic and spherical. Moreover, tRg was almost constant
(<5%) upon increasing the temperature to°&0 The hydro-
dynamic radii obtained at 9Gare shown in Table 2, indicating
the formation of large aggregates. Since the size of a single
polypeptide molecule is expected to be less than 3¢,
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 gyratidRs], the ratios oRg/
Ry, 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 BgRy ratios
for L134Geal 134 and Ly3:G137131 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, ) L :
0.774 and 1.5@° The apparent aggregation number obtained Ft')gl:_re 1('5 T{p'cal h‘;'ght 'Tages oLfthe copolypeptides (2) Liz4Geal1as,
was rather low for such large aggregates. The surface area valueg) 91Gus7bass, and (€) LeaGaarlos.

of 65 and 81 nrhfor each polymeric chain are rather large  Therefore, small structures having heights less than 4 nm,
compared to the surface of the cylinder end ofcahelical randomly distributed on the surface of the glass, were inevitable
PBLG (r?, wherer is the radius of the cylinder) ranging from  and were considered noise in the presence of the larger
1.9 to 5.3 nm, depending on the conformation of the benzyl structures.
group®° This difference could be due either to the underestima-  The results obtained from the AFM images concerning the
tion of the molecular weight of the aggregates, and therefore form, polydispersity, and dimensions of the aggregates are in
of the aggregation number, or to the slanted orientation of the excellent agreement with those obtained by DLS. The structures
cylinders along the monolayer. Due to the low concentrations jn the case of the first two copolypeptides present low
used, there might be unimers in the system, which would result polydispersity and a diameter of about 250 nm, whereas higher
in underestimation of the molecular weight of the aggregates. polydispersity and dimensions were observed for the third
AFM. The vesicular structures of the aggregates were copolypeptide with the highest insoluble block.
confirmed using AFM. Representative height images of the  One indication of the vesicular structures is the image of the
aggregates are shown in Figure 1. It was found that the operationphase as compared to that of the height. The height image of a
under liquid mode was very sensitive to the type of tips and to typical spherical structure is shown in Figure 2a, and the
the concentration of the solution. A significant amount of corresponding phase image is shown in Figure 2b. Since the
destroyed vesicles was found on the surface of the glassphase depends on the energy that dissipates from the structures
substrate, with height on the order of4.5 nm. In many cases, to the tip, higher values correspond to harder structures.
in our effort to break the aggregates, the structures were split Therefore, from the phase picture it can be concluded that the
into two smaller spherical structures. structure is harder in the outer periphery than in the mi%ﬂbev

- B WP Tamsam
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X 479.5nm

Figure 2. (a) Typical height image of the structures observed from the L134Gesl134 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.
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Figure 3. Typical 3D height image of a disrupted vesicle of the copolypeptides (a) L134Geal134 and (b) L131G137L131, after rupture of the vesicle
monolayer. (c) Typical phase picture of the vesicular structures obtained by the copolypeptide LssGis1lea. (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.

part due to the water contained in the vesicle, rendering the sphere (Figure 3b). A two-dimensional (2D) representation of
surface of the vesicle softer on the interior than on the exterior. Figure 3b is provided in Figure 3d. The height profile along
The formation of vesicular structures was also supported after the line of the ruptured vesicle of Figure 3d is shown in Figure
disruption of the spherical aggregates (Figure 3). In Figure 3a,b, 3e. The height of the disrupted monolayer was always less than
the ruptured vesicles of the134Gesli134 and Lyj31GizAl i3 4.5 nm. The width of the collapsed membranes was ap-
copolypeptides are shown. It was found that, in the case of the proximately 150 nm (Figure 3e) for the two copolypeptides with
first copolypeptides, with the lowest insoluble block, the vesicles a smaller amount of the insoluble block.
were rather sensitive and the structures were easily disrupted The space occupied by the collapsed monolayers on the glass
(Figure 3a).The vesicles of the second copolypeptide were lesssubstrate is significantly larger than that of the vesicle membrane
sensitive and, when ruptured, gave the typical image of a hollow in solution, and direct comparison of the dimensions cannoéB?/
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Figure 4. Scattering cross section of the vesicle-forming polymer 20F 4 LOul 1
L131Gesl131 in water with different contrasts. 25k ]
made. In the case of the third copolypeptides, with the highest 30 [
proportion of the insoluble block, the structures were more 8 st ]
robust and could not be broken with the cantilevers used. 40, 1
The vesicular form was confirmed by the phase image of ' {
the AFM measurements. In the phase image of a typical vesicle B m) ]
of LesGisilea (Figure 3c) it can be seen that the species are 50 L L L L
composed of two smaller vesicles inside a larger one. The o DMO‘7601 8 10
schematic representation of the structure is shown in Figure 3f. , 2o 7oVO
SANS Results.We performed contrast variation measure- ol i " !
ments of the three copolypeptides by varying the scattering 10° e 1
length density of the water by the addition of:@ A 10° Number of layers: |
representative example foidiGedl 131 is given in Figure 4. The ' fo 100,30,10,3,1 ]
scattering profile depicted is typical of a spherical structure. o .
The size of the vesicular structures was too large fotinange ol | 1
measured by the instrument. Nevertheless, the intermeQiate 0’y 1
range measured (0.06D0.04 A1) was sufficient to draw 10“!- 1
conclusions concerning the compactness of the vesicles. 0E (o 1
In order to determine the compactness of the vesicles, it was 10 e .
necessary to obtain the scattering length density (SLD) of the 10° 10° 10"
two blocks. Their experimentally obtained contrast matches QIA"]

could be simply explained by the calculated scattering length Figure 5. (a) The SLDs as determined from the contrast variation
densities of the individual PBLG-d7 midblock and the PLL experiment. Due to hydrogen exchange, the polymer SLD changes
brushes, but only if we assume that the PBLG-d7 exchanges:""th Ithe ?2? ]??h”te”t’ tgb). Ex.p(i”e”.tt O‘(detﬁrm'”ed als ?'Is'lr?pel In a
g - og—log plot of the scattering intensity (such as panel a). The closer
two hydmgens with the deme_num ok, and PLI_‘ exc_hanges o is to —2, the more open the structure is. The closer a is to —4, the
five. Furthermore, the PLL is assumed to bind five water more compact the structure is. So a is a measure of compactness.
molecules through hydrogen bonding: three with ¢kemine (c) Theoretical scattering model calculations for multilamellar vesicles
group, one with the amidic H, and one with the=O group. with different numbers of layers. For simplicity, the outer radius R =
The water molecules attached to the PLL block represent the 1000 A was kept constant. A 15% smearing of the intensities was
M . " . allowed to simulate polydispersity and instrument resolution. This
50'93”99' h)/_dfat'on _She” found by SANS on natura! peptlﬂes, model should demonstrate how the compactness can be read from
which significantly increases the overall dimensions of the siopes of the scattering intensity.
molecules. After considering these factors, contrast matches with
densities of 1.31 and 1.12 g/émwvere obtained for PBLG-d7  and can be explained by the kinetically slow exchange of the

and PLL, respectively. The dependence of the SLD on the included water. During the preparation of the samples, #@ D

D20O% in the BO/H,O mixtures is illustrated in Figure 5a. content was simply changed by adding a certain amount©f H
Since only the intermedia® range was measured, we tried D,O mixtures to the stock solution. The solvent exchange from
to extract a power law at the scattering vedor 0.01 A1 to the interior to the exterior of the vesicles was kinetically slow,

reveal the degree of compactness of the vesicles. In Figure 5b,and thus an additional contrast from the filled vesicle interior
the exponentt is a function of the RO content for the three  part to the external solvent is created. This exchange is slower
different polymers. In pure O, almost surface-like scattering for the more compact multilamellar vesicles compared to the
is observed for k3iGgl 131, Whereas kziGizA 13 lies in the simple ones, and thus, thg4Gisils4 polymer shows the greatest
intermediate range (semi-compact), andQysile4 is compact contrast at the matching point.

(filled). This is in agreement with the AFM images, where the ~ We developed a model for isolated multilamellar vesicles,
vesicles of lg4Gis1l64 Were intrinsically structured, that is, two  in order to relatex with the compactness. Here we assume, for
or three vesicles were included in a larger one, rendering the a given overall siz& and varying numbeN of inner lamellae,
overall vesicle compact. At highdD contents, a slightly lower  exactly concentric spherical shelis 1..N), with radii ofr =
exponent was found compared to the initiagQHvalue. In R-i/N, and infinitely thin shells. The resulting formula is as
particular, the deviations at the contrast match are interestingfollows: CDV
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The graphical representation is shown in Figure 5c. The radius

was chosen aB = 1000 A, and the number of shells was chosen
as 1, 3, 10, 30, and 100. At the midderange, a power-law

region appears, which reveals the compactness of the vesicle

and raises upon increasing the number of shells feyrh for
surfaces tdQ~* 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?728 |n the case of k4Gigiles, NONCONCENtric vesicles

were observed by AFM and consequently smeared out any peak

predicted by the model.

Consequently, the model supports the experimentally obtained

increase ina, 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 byskGizA 131 in water is
shown in Figure 6a. The Rugtained 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 @§4Ge4l 134 Unfortunately,
it was not possible to obtain reliable images fafiGasgilea,
because crystallization of the insoluble block was induced.

Stimuli-Responsive Effect to pH and Temperature.lt is
well established that polylysine adopts the random coil confor-
mation at pH= 7.4, whereas it becomes anhelix at pH=

latrou et al.

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 90°

Ry (nm)
sample 25°C, pH=11.7 37°C,pH=11.7
L134Ggal 134 92.5 148
L131G1a7Ll131 105 135
Le4Gisiles 117.5 117.5

11.5. When the temperature is raised while the pH is maintained polylysine block?2 Therefore, under these conditions, PLL is

at 11.5, PLL is transformed toshee€? 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 10° g/mol (as in the
case of l134Gp4l 134 and L331G137131), at 37°C, more than 90%
of the chains are transformed from thehelix to a-sheet.
For lower molecular weight values~(0 x 10°g/mL), at
37°C, less than 5% of the chains adopt fheheet conformation
(as in the case of 4Gigil e4).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, aC2Bs
in the case of the aggregates at pH7.4, no dependence of
the hydrodynamic radius on the angle or concentration was

transformed from the extended random coil to the compact
o-helical conformation (Figure 7).

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

In the case of k4Gigiles, 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-

observed, and only one population of aggregates was presentl7 suspension is attributed to an aggregatéutlix form33 The

in the solution. ThéRy values (Table 4) were significantly lower
than those found at pH 7.4 (Table 2). The molecular weight

spectra from the PBLG part was subtracted for the visualization
of the PLL blocks.

of the aggregates was monitored by SLS, and was found to be The circular dichroism spectra confirm, on one hand, that

identical to that at pH= 7.4. Although the PBLG-d7 block is

the PBLG-d7 block remains as it is in solid state, and, on the

not sensitive to any pH or temperature change, the lower valuesother hand, that the PLL block adopts the same secondary

obtained for theRy are due to the reduced dimensions of the

structure as that of the homopolymer, depending on the pé-bv
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pH=11.7, pH=11.7,
215°C 37°C
—_—
pH=7.4, 25 °C, a-helix-random coil pH=11.7, 25 °C, a-helix - a-helix pH=11.7, 37 °C, o-helix - p-sheet

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 a-helix conformation;
(c) pH = 11.7, 37 °C, the PLL block has a -sheet conformation. In all cases, the PBLG-d7 block has an a-helix conformation.

L. G.L_ inwateratpH=117amd 25 °C The vesicglar structurg of Fhe aggregates was verified by
3,5x10° - 191 ar At ’ | AFM. A typical 3D height image of the aggregates of
30101 ® | T LGl In water at pH=11.7 and 37.5 °C L131G137131 With pDNA (charge ratio of 1:1) is shown in Figure

. 25x10° —— PBLG,-d7 suspension in water at pH=7.4 9a.

Ty 2,0x10°] LGyl s, in water at pH=7.4 and 25 °C In this image, most of the vesicles have been disrupted, while
E 1,5x10%- ——PLL,,, in water at pH=7.4 and 25 °C some are still intact. The diameters of the intact vesicular
S 1,0x10%- structures were similar to those obtained by DLS, that is, about
B 5,0x10' - 320 nm.

NE 0,0 Most of the ruptured aggregates were empty in the center,
'j’., -5,0x10' - indicating their vesicular structure. The ruptured vesicles that
3 1,0010° appear to be filled are the result of the presence of pDNA. The
%’ 1,5x10 magnification of a disrupted vesicle is depicted in Figure 9b.
= 20x10°- Figure 9d is the 2D representation of this image, while the height

25x10°] profile along the line in Figure 9d is shown in Figure 9e. It is
T T T T T T clear that the space occupied (both height and width) by the
190200 210 220 230 240 250 260 collapsed membranes {1:Gi31 131) increased significantly to
wavelength about 400 nm (width) and 6-66.5 nm (height, Figure 9e), as

Figure 8. Circular dichroism spectra of (a) L131G1s7L131 in water at compared to that of the corresponding collapsed monolayers

pH = 11.7 and 25 °C, (b) L131Gag7L1z1 in water at pH = 11.7 and not containing the genes (Figure 3b). This increase is clearly

37.5 °C, (c) PBLG1gr-d7 suspension in water at pH = 7.4, (d) due to the complexation/encapsulation of the pDNA. The

L131G137L131 suspension in water at pH = 7.4 and 25 °C, and (e)

PLLys: in water at pH = 7.4, at 25 °C position of the condensed pDNA was verified by examination

of the phase image of the ruptured vesicles (Figure 9c). It was

Table 5. DLS Measurements of the Vectors at pH = 7.4, 25 °C, found that the inner and outer peripheries of the collapsed
and 90° membrane, (shown as yellow areas), are more rigid due to the
L131G137L131/Puclo Ry (nm) condensed pDNA on the PLL phase (Figure 9c). This is also
3/2 390 supported by the phase image of the disruptegiGasA 131
1”1 320 vesicle not containing the genes, which was homogeneous, since

all the species were polypeptides with similar rigidity (Figure

Polypeptide—DNA Vectors. In dimethyl sulfoxide (DMSO), 99). _ )
the copolypeptides are not aggregated, thus the PLL can interact Inside every collapsed monolayer there are globular species
with the genes when the solutions of the two components areWith heights of about 12 nm, which do not appear for those
combined. The pDNA is expected to condense onto the PLL Vesicles without pDNA. These species correspond to the
block through electrostatic interactions and be encapsulated inéncapsulated free pDNA, which exists inside the vesicle. By
the vesicular structures formed. Two different ratios of PLL disrupting the vesicle, the collapsed monolayers drag the
over pDNA bases (PLL/pDNAY3:2 and 1:+were used. encapsulated pDNA molecules, which are then entrapped on

The quantitative condensation/encapsulation of the pDNA was the substrate. The free pDNA in water does not interact with
monitored by uv spectroscopy_ The free DNA absorbs strong|y the glaSS SUbStrate, so it cannot be seen by AFM. Unfortunately,
at 260 nm, whereas, after condensation, the pDNA-copolypep- the standard mica or highly oriented pyrolythic graphite (HOPG)
tide vector absorbs at 206 nm. The molecular characteristics of methodology used to examine DNA species could not be applied
the vectors were obtained by DLS, AFM, and UV spectroscopy. because the vesicles were randomly ruptured upon reaching the
The DLS results are provided in Table 5. It was found that the Surface of the mic&* However, with a glass substrate, controlled
vectors became more compact upon increasing the amount oftupturing of the vesicles was achieved, leading to the im-

pDNA. mobilization and visualization of both condensed and globular
The polydispersity of the formed vectors was high and the (encapsulated) pDNA.
angular independence &, implies the spherical structure of There are some reports on the synthesis of polymeric hollow

the aggregates. capsules for drug or gene delivelyf37 It has recently bee%DV
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Figure 9. (a) Typical 3D height picture of a disrupted vesicle of the mixtures of the copolypeptide L134Ggsl134 with the pDNA PUC19. (b)
Magnification of the 3D height picture of a ruptured vesicle. (c) The phase image of panel b. (d) The 2D height picture of panel c. (e) The height
profile along the line in panel d. (f) Schematic representation of the encapsulated and condensed pDNA on the vesicular structure. (g) Phase
picture of the ruptured vesicle of the copolypeptide Li3aGgal 134, without the pDNA.

found that, when PLL homopolypeptide is mixed with plasmid with pDNA, larger vesicular structures are formed. The pDNA
genes, the resulting condensates have a toroid form, due to thes partially condensed on the PLL phase, and partially encap-
increase in rigidity of the PLL block when oppositely charged sulated inside the vesicle, mimicking the viral counterpart.
molecules condense on3f:3° In the case of the triblock
copolypeptides, although the rigidity of the PLL block increased ~ Acknowledgment. We acknowledge funding from the Marie
with the condensation of pDNA, the hydrophobic interactions Curie Network BioPolySurf, and the NoE “Softcomp”.
still dominated and forced the overall system to form vesicular
structures. Supporting Information Available. Details regarding the

In summary, a series of partially labeled amphiphilic triblock experimental materials, methods, and instrumentation. This
copolypeptides, PLb-PBLG-d%b-PLL, have been synthesized material is available free of charge via the Internet at http://
using HVT, a diamino initiator, and the sequential ROP of BLG- pubs.acs.org.
d7 NCA and BLL NCA, followed by the selective deprotection
of the Boc groups. The triblock copolypeptides had similar ~ Note Added after ASAP Publication. This article was
molecular weights, but different compositions, and high degrees released ASAP on June 21, 2007 without the Supporting
of molecular/compositional homogeneity. The aggregates formed Information description paragraph. The corrected version which
in water were excessively characterized by SLS and DLS, includes the paragraph posted on June 28, 2007.
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as circular dichroism. The formation of hollow spherical References and Notes
aggregates was favort_ad,_ and vesicular structures were formed (1) Discher, D.; Eisenberg, AScience2002 297, 967-973.
in all compositions. This is due to (a) the rigid middle block of  (2) Ahmed, F.: Photos, P.: Discher, D. Btug Dev. Res2006 67, 4—14.
the copolypeptide, which prevents the chains from bending, (b) (3) Putnam, DNat. Mater.2006 5, 439-451.
the macromolecular architecture, which forms a monolayer more  (4) Luo, D.; Saltzman, WNat. Biotechnol200Q 18, 33-37.
readily than the corresponding diblock copolypeptides that must (%) Merdan, T.; Kopéek, J.; Kissel, TAdv. Drug Delivery Re. 2002

: : : ) - 54, 715-758.
adopt an antiparallel orientation to form a bilayer, and (c) similar () (a) yu, K.; Eisenberg, AMacromoleculesi998 31, 3509-3518.
curvature induced by the equal PLL blocks, which promotes (b) Luo, L.; Eisenberg, ALangmuir2001, 17, 6804-6811.
the formation of planar monolayers rather than micelles. (7) Cornelissen, J. J. L. M.; Fischer, M.; Sommerdijk, N. A. J. M.; Nolte,
Compared to other vesicular structures formed by conven- R. J. M. Sciencel99§ 280, 1427-1430.

. S . . (8) Kukula, H.; Schlaad, H.; Antonietti, M.; Fster, S.J. Am. Chem.
tional amphiphilic copolymers, our vesicles possess the unique Soc 2001, 124, 1658-1663.

feature of being stimuli-responsive to pH and temperature. (9) cheot, F.; Lecommandou, S.; Gnanou, Y.; Klok, H.-Angew.

Another unique feature of these vesicles is the tunable thickness Chem., Int. Ed2002 41, 1340-1343. _

of the monolayer, along with their thermodynamic preference (10) gheioh Fi BfUE:jt, A ?Lberdlssevéld;ogEn(zusyo\gi‘l'\/'gigdaln-'\ﬂonvah
H H H ., Lecommandoux, S.angmuir s .

to adopt and maintain the _ves_|cular struc'gure. Consequeptly, they (11) Holowka, E.: Pochan, D.: Deming, J. Am. Chem. So8005 127,

are expected to be stable in different environments, making them 12423-12428.

appropriate materials for the encapsulation and protection of (12) Rodriguez-Herfradez, J.; Lecommandoux, $.Am. Chem. So2005

drugs or genes. The pH response of polylysine is indeed outside 127, 2026-2027. _ _

the physiological range. Nevertheless, the results are very (13) 321'2:“36&?3"’%’?:&2"3? Pakisis, L.; Pochan, D.; DemingNat.

interesting and can serve as a _mc_)d_el for S|_m|la_1r copolypgptldes (14) Stull, R. A Szoka, F. CPharm. Res1995 12, 465-483.

containing, for example, polyhistidine, which is responsive at (15 pastil, S. D.: Burgess, D. AAPS Newsmagazir2003 6, 27.

pH = ~6.154% By mixing amphiphilic triblock copolypeptides (16) Schaltzlein, A. GAnti-Cancer Drugs2001, 12, 275-304. cDV



Formation of Gene Vehicles

(17) Vijayanathan, V.; Thomas, J.; Thomas, JBiochemistry2002 41,
14085-14094.

(18) Meyer, M.; Wagner, BEHum. Gene TheR006 17 (11), 1062-1076.

(19) zauner, W.; Orgis, M.; Wagner, Bdv. Drug Delivery Re.. 1998
30, 97—-113.

(20) Park, G.; Hoon Jeong, J.; Wan Kim, &dv. Drug Delivery Re.
2006 58, 467-486.

(21) Kabanov, A. V.; Kabanov, V. ABioconjugate Cheni.995 6, 7—20.

(22) Aliferis, T.; latrou, H.; Hadjichristidis, NBiomacromolecule2004
5, 1653-1656.

(23) Aliferis, T.; latrou, H.; Hadjichristidis, NJ. Polym. Sci., Part A.:
Polym. Chem2005 43, 4670-4673.

(24) Hadijichristidis,N.; latrou, H.; Pispas, S.; Pitsikalis, M. Polym.
Sci., Part A.: Polym. Chen200Q 38, 3211.

(25) Lecommandoux, S.; Achard, M.; Langewalter, J.; Klok,M&cro-
molecule2001, 34, 9100-9111.

(26) Rodfguez Herhadez, J.; Klok, HJ. Polym. Sci., Part A.: Polym.
Chem.2002 41, 1167-1187.

(27) Libbert, A.; Castelletto, V.; Hamley, I.; Nuhn, H.; Scholl, M.;

Bourdillon, L.; Wandrey, C.; Klok, HLangmuir2005 21, 6582
6589.

(28) Papadopoulos, P.; Floudas, G.; Schnell, I.; Aliferis, T.; latrou, H.;

Hadjichristidis, N.Biomacromolecule2005 6, 2352-2361.

Biomacromolecules, Vol. 8, No. 7, 2007 2181

(29) Burchard, WAdv. Polym. Sci1983 48, 1-124.

(30) Chang, Y.; Frank, CLangmuir1996 12, 5824-5829.

(31) Weik, M.; Lehnert, U.; Zaccai, GBiophys. J.2005 89, 3639~
3646.

(32) Dzwolak, W.; Muraki, T.; Kato, M.; Taniguchi, Biopolymers2004
73, 463-469.

(33) Cho, C.; Nah, J.; Jeong, Y.; Cheon, J.; Asayama, S.; Ise, H.; Akaike,

T. Polymer1999 40, 6769-6775.

(34) Yang, W.; Hwang, S.; Chen, F.; Chang, S.; TsaN&otechnology
2007, 18 (8), article no. 084009.

(35) Zelikin, A.; Quinn, J.; Caruso, Biomacromolecule200§ 7, 27—
30

(36) Haynie, D.; Palath, N.; Liu, Y.; Li, B.; Pargaonkar, Nangmuir
2005 21, 1136-1138.

(37) Shchukin, D.; Patel, A.; Sukhorukov, G.; Lvov, ¥. Am. Chem.
Soc.2004 126, 3374-3375.

(38) Tang, M.; Li, W.; Szoka, FJ. Gene Med2005 7, 334-342.

(39) Golan, R.; Pientrasanta, L.; Hsieh, W.; HasmaBidchemistry1999
38, 14069-14076.

(40) Patchornik, A.; Berger, A.; Katchalski, B. Am. Chem. S0d.957,
79, 5227-5230.

BMO070360F

Ccbv



