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Abstract

Nanoparticles were formed by the complexation of poly(L-arginine) (PLA), poly(L-histidine) (PLH) and poly(L-
lysine) (PLL) with dodecanoic acid (C12). Dynamic light scattering, { potential measurements, atomic force
microscopy, fluorescence, and circular dichroism spectroscopy were used for their characterization. It was found that
the diameters of the poly(L-arginine) dodecanoate (PLA-C12), poly(L-histidine) dodecanoate (PLH-C12), and
poly(L-lysine) dodecanoate (PLL-C12) complex nanoparticles were in the range 120—200 nm. Furthermore, the
pH-sensitive dissolution and the surface charges can be adjusted by choosing PLA, PLH and PLL. The particle
stability against basic pH values increases with increasing pK, value of the poly(amino acid) in the series PLH-C12,
PLL-CI12 and PLA-C12. The particles as such show a core-shell morphology. Their cores are formed by stoichiomet-
ric poly(amino acid) dodecanoate complexes while the shells stabilizing the particles are formed by cationic
poly(amino acid) chains in an uncomplexed state. The particles were tested as containers for hydrophobic molecules
such as pyrene, which served as a fluorescence probe for measuring the polarity within the particles, and Q,, which
functioned as a model drug. The maximum uptake of Q,, into the nanoparticles is about 13% (w/w), thereby making
the complexes attractive as simple drug carriers for controlled release purposes. Circular dichroism measurements
revealed that the poly(amino acid) chains of PLA-C12 and PLL-C12 adopt predominantly an o-helix and that of
PLH-C12 a B-sheet. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction trolytes has been a subject of intense research, in
particular related to the complexation of DNA

The immobilization of pharmacological active (Byk and Sherman, 2000). Poly(amino acid)s,
compounds by their complexation with polyelec- such as PLL, are frequently utilized cationic poly-

mers in gene delivery investigations (Seymour et
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49-331-5671-)9502. ¢ T o lated to date indicates that poly(ethylene imine)
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homopolymers complexed with DNA provide a
high degree of transfection when compared with
optimized cationic liposome formulations or with
poly(amino acid)-DNA complexes (Boussif et al.,
1995; Remy et al., 1998). Recent publications,
discussing colloidal dispersions, introduced these
composites as suitable carriers for pharmacological
active substances of low molecular weight in phar-
maceutical applications. Block-co-polymers, for
example, poly(ethylene  oxide)-block-poly(L-
lysine)s have been used to immobilize retinoic acid
(Thiinemann and General, 2000). Another recent
approach for drug delivery purposes is to combine
the encapsulation of drugs with lipids and polymers
using mixtures of liposomes and polyelectrolytes
(Gao and Huang, 1996; Nakamura and Osanai,
2000; Kawashima et al., 2000).

It was an important finding that the electrostatic
interactions of polyelectrolyte complexes are
switchable by changing the pH value of the sur-
rounding media (Tirrell and Linhardt, 2000) in a
way that the complexes can be dissolved. Incorpo-
rated drugs are released easily when these com-
plexes dissolve. Further, the pH dependent release,
particularly the endosomal release of therapeuti-
cally used molecules via membrane fusion or the
destabilization of pH sensitive liposomes, has been
studied extensively (reviewed in Drummond et al.,
2000).

The aim of our study is to design nanoparticles
formed by poly(amino acid) homopolymers and
dodecanoic acid (C12) as relatively simple contain-
ers suitable for the incorporation of hydrophobic
drugs. C12 was chosen because it is a natural
medium chain fatty acid (Muraoka et al., 2000) and
found to be appropriate for the complexation of
poly(ethylene imine) (Thiinemann and General,
2001). Accordingly, C12 was assumed to be useful
for the complexation of the cationic homopolymers
poly(L-lysine) (PLL), poly(L-arginine) (PLA) and
poly(L-histidine) (PLH). These poly(amino acid)s
were selected because they are easily accessible and,
in principle, biocompatable. For clarity the chem-
ical structures of all compounds are shown in Fig.
1. The complexes used in this study were prepared
in analogy to poly(ethylene imine) dodecanoate
complexes (Thiilnemann and General, 2001), using
a 2:1 stoichiometry of polymer to C12 which is an

optimum for particle formation. The same stoi-
chiometry was used here for PLA-C12, PLH-C12
and PLL-C12. Our study further investigated the
dependency of the complex stability as a function
of the pK, values of the poly(amino acid)s.

2. Materials and methods
2.1. Materials

Poly(L-arginine) hydrochloride (M, = 36400 g
mol "), poly(L-histidine) hydrochloride (M, =
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Fig. 1. Chemical structures of the building blocks for the
formation of the nanoparticles: poly(L-arginine) (PLA),
poly(L-histidine) (PLH), poly(L-lysine) (PLL) and dodecanoic
acid (C12). The hydrophobic molecules Q,, and pyrene were
used for testing the carrier properties of the nanoparticles. The
lower figure is a sketch of a possible formation mechanism of
the nanoparticles. First, block-like structures of partially com-
plexed poly(amino acid) chains are formed. Second, these
block-like structures aggregate and finally form core-shell par-
ticles with a shell of uncomplexed poly(amino acid) segments.
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15000 g/mol), poly(L-lysine) hydrobromide
(M, = 29800 g/mol), dodecanoic acid ( > 99.5%),
sodium hydroxide, hydrochloric acid, pyrene, Q,,
(ubiquinone 50), and tetrahydrofuran (THEF,
HPLC grade) were supplied by Sigma/Aldrich
and used as received. The purity of the dode-
canoic acid was checked by determining its melt-
ing point and melt enthalpy by using differential
calorimetry. It was found that the melting point
(44.2 °C) and the melt enthalpy (36.7 kJ mol 1)
are identical to the data reported in the literature
(Small, 1986).

2.2. Nanoparticle preparation

A total of 40 ml of a 2 mmol 1! solution of
the three poly(amino acid)s in distilled water
were used for nanoparticle preparations. The sto-
ichiometries were calculated with respect to the
charges. Then 4 ml of an aqueous 10 mmol 17!
solution of the dodecanoic acid (pH adjusted to
9.5 with sodium hydroxide) were slowly added to
each of the solutions. Nanoparticles of PLA-C12,
PLH-C12 and PLL-CI2 complexes were immedi-
ately obtained as opaque solutions, stirred for 60
min at a temperature of 25 °C and filtered by
using a 800 nm membrane filter. The pH was
adjusted to 6.5 with diluted hydrochloric acid.

2.3. Incorporation of model compounds

For the incorporation of the model com-
pounds, 3.4 mg of Q,, dissolved in § ml THF
and 0.3 mg of pyrene dissolved in 10 ml of THF
were added to the dodecanoate solution before
mixing it with the polymer solutions. The solu-
tions obtained were stirred slowly (1-2 s—!) at
35 °C for 24 h to remove the THF (evaporation
method, Ferdous et al., 1998). The evaporated
water was replaced and the dispersions of the
complexes were filtered using a 800 nm mem-
brane filter.

2.4. Methods
The size of the nanoparticles was determined

by dynamic light scattering, using a fixed angle
(90 °) Nicomp 370 submicron particle sizer. The

samples were loaded into the measuring cell at a
concentration (usually 100 mg/l) that yields an
optimum signal output (current count rate, 300
kHz). Intensity-averaged size was derived by us-
ing the Nicomp distribution analysis provided by
version 12.0 of the Nicomp software. The num-
ber of replicants was five. The standard devia-
tions of the particle size distributions were
~ 13% of their mean sizes. The { potentials of
the nanoparticles were determined with a Zeta-
master (Malvern Instruments) averaging five
measurements. The same solutions were used for
dynamic light scattering and { potential measure-
ments. The scanning force microscopy was per-
formed with a Nano Scope IIla microscope
(Digital Instruments, Santa Barbara, CA), oper-
ating in tapping mode. The instrument was
equipped with a 10 x 10 um E-scanner and com-
mercial silicon tips (model TESP, the force con-
stant was 50 N/m, the resonance frequency was
300 kHz, and the tip radius was <20 nm). The
samples were prepared by letting droplets of di-
luted aqueous solutions (100 mg/1) dry on freshly
cleaved muscovite mica surfaces at room temper-
ature. The differential scanning calorimetry mea-
surements were performed on a Netzsch DSC
200. Each sample was examined at a scanning
rate of 10 K min~! by applying two heating
scans and one cooling scan. The onset of the
exothermic peak in the second heating cycle was
used to determine the melting transition. Analyti-
cal ultracentrifugation was carried out using a
Beckman Optima XL-I ultracentrifuge (Beckman
Counter, Palo Alto, CA) at 25 °C and 5000,
20000 and 60000 rpm (2000, 31800 and
286 000 x g). Detection of the particles was car-
ried out by applying UV-vis absorption detection
at wavelengths of 285 and 400 nm and simulta-
neously with the Raleigh interference optics. The
luminescence of complexes was analyzed using a
Perkin-Elmer LS-50B luminescence spectrometer.
Emission spectra were collected in the range
350-500 nm with an excitation wavelength of
335 nm and slits of 2.5/2.5 nm. Circular dichro-
ism was detected by a spectropolarimeter (J715
from Jasco, Gross-Umstadt). The measurements
were performed in the far-UV range (190-
260 nm).
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Table 1

Sizes of the PLA-C12, PLH-C12, PLL-C12 nanoparticles, their { potentials and the pK, values of the side chains of the poly(amino
acid)s

Complex Particle diameter [nm)] C potential [mV] pK, of side chains®
PLA-C12 180 + 25 67 +7 12

PLH-CI2 200 + 25 4247 6.5-7.0

PLL-C12 205+ 15 59+7 10.0-10.2

# Goddard and Ananthapadmanabhan (1993).

3. Results and discussion

3.1. Particle characterization

The addition of C12 to the poly(amino acid)
solutions results in the spontaneous formation of
nanoparticles, even if the concentration of C12 is
an order of magnitude below its critical micelle
concentration at 2.8 x 10~2 mol 17! (Goddard
and Ananthapadmanabhan, 1993). This is charac-
teristic for the formation of polyelectrolyte-surfac-
tant complexes, which occur typically at
surfactant concentrations up to three orders of
magnitude lower than the CMC of the surfactant
(Goddard, 1986; Watanabe et al., 1996). The
mean diameters of the nanoparticles obtained of
PLA-C12, PLH-C12 and PLL-C12 were in the
range of 180-205 nm with standard deviations of
+ 15 to +25 nm (Table 1). A significant change
of the particle sizes could not be observed when
changing the temperature during the particle for-
mation in the range of 20 to 45 °C and while the
sheering rate of the stirrer was between 1 and 10
s—!. A macroscopic precipitation of the com-
plexes was observed, for example, when the solu-
tions were boiling during the particle formation.
Interestingly the particles of the three complexes
did not differ in their sizes. A similar effect was
reported earlier for the preparation of particles
formed by polyelectrolyte complexes whose sizes
at low salt concentrations are independent of the
type of the polyelectrolytes (Buchhammer et al.,
1999). In addition particles with constant diame-
ters of ~ 120 nm were found for nanoparticles of
poly(ethylene imine)-DNA complexes (Hellweg et
al., 2000). Other investigations have also shown
that there is a preferred diameter of the particles

formed by complexes depending on the polyelec-
trolyte and the counter ion size (Bloomfield, 1991;
Tang and Szoka, 1997). When a 1-1 stoichiome-
try of poly(amino acid) to C12 was approached,
precipitation of the charge neutralized complexes
was observed as is typically found for many
polyelectrolyte-surfactant complexes (Antonietti
et al., 1994). It is not yet clear what determines
the particle size of the different complexes, but
kinetical components are likely to play a major
role. For example, when reducing the concentra-
tions of the poly(amino acid)s from 2.0 to 0.4
mmol 1~ !, while keeping the stoichiometries con-
stant, a reduction of the resultant particle sizes
from 200 to ~ 120 +30 nm was observed. By
contrast, the particle sizes remained constant
when the solutions of the complexes were diluted
after complex formation. Taking into account
that the sizes of the nanoparticles depend signifi-
cantly on their preparation conditions, but not on
the dilution of the dispersions, it was concluded
that these nanoparticles are kinetically stable. By
analogy to non-equilibrium structures of block
copolymers in aqueous solution (Jada et al., 1996)
the poly(amino acid)-C12 complex nanoparticles
may be characterized as so-called ‘frozen mi-
celles’. Once these kinetically stable aggregates are
formed they do not change in size or composition
while diluting the dispersion due to the hindered
exchange dynamics of single molecules and aggre-
gates. The same trend, namely the observation of
smaller particle sizes at lower concentrations of
the compounds at preparation, was obtained in
our previous investigation on poly(ethylene
imine)-C12 complex particles (Thiinemann and
General, 2001). In the case of poly(ethylene
imine)-C12 the particles were stabilized by an
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excess of poly(ethylene imine) above a 1:1 stoi-
chiometry. The excessive poly(ethylene imine)
molecules form a cationic corona which protects
the charge neutralized cores of the particles from
precipitation.

{ potential measurements were carried out in
order to investigate the type of stabilization of the
poly(amino acid)-C12 nanoparticles. The { poten-
tials were 67+7 mV (PLA-CI12), 42+7 mV
(PLH-C12) and 59 + 7 mV (PLL-CI12) at a pH of
6.5. Obviously the { potentials correlate to the
pK, values of the amino acid side chains, which
are ~ 12 (PLA), 6.5-7.0 (PLH) and 10.0-10.2
(PLL), when they are attached to poly(amino
acid)s (cf. Goddard and Ananthapadmanabhan,
1993). The data is summarized in Table 1. The
potentials of the nanoparticles are unusually high
when compared, for example, with PLL coated
poly(e-caprolactone) nanocapsules showing a (
potential of ~ 30 mV (Calvo et al., 1997). But (
potentials as high as 60 mV and higher have
already been reported in adsorption measure-

ments on charged surfaces using poly(dial-
lyldimethylammonium chloride) with a molar
mass of ~ 2.4 x 10° g/mol (Schwarz et al., 1998).
The high £ potentials of the poly(amino acid)-C12
complexes indicate that the surfaces of the
nanoparticles are covered with uncomplexed
poly(amino acid)s as a stabilizing shell.

Scanning force microscopy measurements were
carried out on dispersions dried on a negatively
charged mica surface in order to reveal the mor-
phologies of the particles. A typical topography
picture of the PLL-C12 complex nanoparticles
can be seen as an example in the insert in Fig. 2,
which resembles two ‘fried eggs’. It can be seen
there that the two particles are of a core-shell
type. The cores appear bright and seem to be
relatively compact while the shells appear rela-
tively diffuse. The height profile of the particles
along the straight line in the insert is represented
by the graph in Fig. 2. Further, the cores, each
having a height of 12 nm and a diameter of ~ 100
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Fig. 2. AFM image of PLL-CI2 core-shell nanoparticles dried on mica surfaces (insert). The lower curve displays the height profile

of a single particle along the solid line in the insert.
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nm, have the typical profile of well-defined parti-
cles that flatten during drying. By contrast the
elevation of the shells is <1 nm above the mica
surface. We suppose that the cores are formed by
a PLL-C12 stoichiometry of nearly 1:1 and that
they interact only weakly with the mica. The
shells, on the other hand, contain uncomplexed
PLL that interacts strongly with the mica. It
therefore seems to be justified to conceive the
particles of core-shell morphology. AFM images
of the two other poly(amino acid)-C12 complex
particles showed no differences in the particle
morphologies, revealing that the conformation of
the poly(amino acid)s had no influence.

We propose two limiting mechanisms for creat-
ing the core-shell particles with a stabilizing
poly(amino acid) shell. In the first mechanism
single poly(amino acid) chains are complexed to a
I:1 stoichiometry. These complexed chains then
assemble to larger hydrophobic domains. If these
hydrophobic domains reach a certain-concentra-
tion dependent-size they act as deposition sites for
uncomplexed poly(amino acid) chains which are
still in solution after all dodecanoate ions are
complexed. These poly(amino acid) chains deposit
onto the surfaces of the hydrophobic domains,
forming stabilizing cationic shells, which stop fur-
ther aggregation of hydrophobic domains. The
shell-forming step can be considered similar to
that found for protein-polyelectrolyte core-shell
particles prepared by stepwise layer adsorption
techniques (Caruso and Mohwald, 1999). Oppo-
sitely charged polyelectrolytes and fluorescein
isothiocyanate-labeled bovine serum albumin and
immunoglobulin G were adsorbed on polystyrene
latex particles in an alternating fashion forming
uniformly coated colloids.

In the second mechanism the formation of
macromolecular amphiphiles is the first step. The
aggregation of partially complexed chains starts
before the poly(amino acid) chains are fully com-
plexed. This means that for a limited time during
the complexation a partially complexed
poly(amino acid) chain appears like a block co-
polymer chain with a hydrophilic and a hydro-
phobic block. The hydrophobic block is
represented by a poly(amino acid)-C12 section
and the hydrophilic block by an uncomplexed

poly(amino acid) section. Then the hydrophobic
blocks aggregate to hydrophobic domains, that
are surrounded by the uncomplexed cationic
chains. This also results in core-shell particles.
Obviously complexation and aggregation are in
competition and the particle sizes therefore de-
pend on the concentrations during preparation. It
is likely that a combination of these limiting
mechanisms is close to the experimental particle
formation mechanism. The complexation itself, in
both particle formation mechanisms, is a zipper
mechanism, based on the finding that the pre-
ferred complexation binding site along a polyelec-
trolyte chain is the next closest position to an
occupied site. The initiation of the zipper mecha-
nism is caused by hydrophobic interactions of the
alkyl tails of dodecanoic acid (e.g. Philipp et al.,
1982; Hayagawa et al., 1983). A Sketch of the
particle formation is given in Fig. 1.

3.2. Saline stability

The saline stability of the nanoparticles is of
interest when evaluating their possible utility as
drug carriers. One can expect that the highly
positively charged nanoparticles aggregate after
the addition of sodium chloride due to a reduc-
tion of their charge stabilization. Therefore their
diameters at different salt concentrations were
investigated. It was observed that the particles of
PLA-C12, PLH-CI12 and PLL-C12 are stable, at
least in sodium chloride solutions of concentra-
tions up 0.25 mol 1-!, and for a period of 30
days. This concentration is considerably higher
then that of a physiological sodium chloride solu-
tion (0.15 mol 1-'). For comparison the data is
summarized in Fig. 3. From the increase of the
particles sizes at the highest salt concentrations
(> 0.4 mol 17") it can be tentatively assumed that
the salt stability increases slightly in the line PLA-
C12, PLH-C12, PLL-C12.

3.3. pH stability

A major aim of this study is to cause the
dissolution of the nanoparticles by varying the pH
value. Therefore the pH value of their surround-
ings was adjusted by using hydrochloric acid and



S. General, A.F. Thiinemann / International Journal of Pharmaceutics 230 (2001) 11-24 17

/o
--0--PLA-C12 s
8004 -~ O+ PLH-C12 son)
— -4 - PLL-C12 .
IS /ol
C 3 o/
< 600 y
5 O
3 s
£ 4004 S
3 LR
[a) e
2004% -‘-6._?.; = é e
- precipitation
0, .

00 01 02 03 04 05 06
-1
Cpacy [mol L]

Fig. 3. Diameters of the PLA-C12 (circles), PLH-C12 (squares)
and PLL-CI12 nanoparticles (triangles) in sodium chloride
solutions as determined by dynamic light scattering.

sodium hydroxide. After that we determined the
particle diameters as well as their { potentials. The
results are shown in Figs. 4 and 5. It can be seen
in Fig. 4 that the PLA-C12 nanoparticles are
stable in the pH range of 4.3—11, the PLH-CI2 in
the range of 4.3-6.8, while the PLL-C12 is stable
in the range of 4.3-9.8. This means that the
stabilization limit at higher pH values is roughly
determined by the pK, values of the poly(amino
acid)s while the stability at lower pH values is
close to the pK, value of dodecanoic acid (Table
1). The sizes of the particles were constant, at
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Fig. 4. Diameters of the PLA-C12 (circles), PLH-C12 (squares)
and PLL-CI12 nanoparticles (triangles) as a function of the pH
values. The arrows indicate the range in which discrete parti-
cles were observed. Lines are plotted to guide the eye.
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Fig. 5. { potentials of the PLA-C12 (circles), PLH-CI2
(squares) and PLL-C12 nanoparticles (triangles) as a function
of the pH values. The lines are plotted to guide the eye.

least for 2 days after changing the pH value. A
precipitate of white crystals was obtained for all
complexes below a pH value of 4.3. It was formed
from pure dodecanoic acid as revealed by DSC
measurements. In addition, no particles of submi-
cron size were detected in the remaining solutions
below a pH of 4.3. This indicates that the
nanoparticles were completely broken down into
their compounds. Although the pK, value of alkyl
carboxylic acids is 4.9 or higher (Small et al.,
1986) all complexes were stable down to a pH of
4.3. At this pH, according to the Henderson-Has-
selbalch equation, only 20% of the carboxylic
functions are in an ionic state and can therefore
bind electrostatically to the poly(amino acid)s.
This means that not all of the C12 molecules in
the complexes have to be in their deprotonated
state in order to maintain the stability of the
nanoparticles. Obviously, the break-down of the
particles in the lower pH region is independent of
the poly(amino acid), as it had been expected.
The situation is different, however, in the re-
gion of higher pH values. It can be seen in Fig. 4
that the PLA-CI12 particles are stable up to a pH
value of 11.1, the PLH is stable up to 6.8 and the
PLL-C12 up to 9.9. Above these values the com-
plexes aggregate. No residue remained after filtra-
tion (800 nm cutoff size). This indicates that the
complexes were precipitated quantitatively at the
regions of high pH values. The pH dependent
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stability regions of the particles are depicted by
arrows in Fig. 4.

In addition to the particle size measurements
we recorded the { potentials of the particles at
different pH-values (Fig. 5). It was observed that
the particles display positive { potentials dropping
sharply towards zero on the lower pH side, while
they decrease smoothly on the side of higher pH
values. The nanoparticles dissolve at a pH below
4.3 due to the potonation of C12, which is inde-
pendent of the poly(amino acid). Accordingly the
{ potentials drop sharply. By contrast, the de-
crease to zero at higher pH values depends
strongly on the poly(amino acid). The { potential
decreases in the line PLH-C12, PLL-C12, PLA-
C12 according to the increase of the pK, values.
The zero values of the { potentials in the region of
higher pH values were found at pH 7.6 (PLH-
C12), 10.1 (PLL-C12) and 12.0 (PLA-C12), which
are close to the values above for which the aggre-
gation of the particles was observed. The particles
with { potentials below + 20 mV were found to
be unstable (cf. particle sizes). They start to aggre-
gate after 30 min. The highest { potentials were
found at relatively low pH values. At pH 4.7 the
particles derived from the PLA-C12 complex ex-
hibited the highest observed { potential (70.3 mV)
found in this study.

3.4. Q,, doped nanoparticles

We incorporated up to 13% [w/w] of Q,, into
the hydrophobic domains of the particles (Section
2.3). No differences in their sizes or their size
distributions were found between pristine and Q,,
doped PLA-C12, PLH-C12 and PLL-CI2
nanoparticles when using dynamic light scatter-
ing. The sizes of the particles were found to be
constant for a period of at least 30 days. No
precipitation was observed. The UV spectra of the
dispersion was constant in height and shape, pre-
senting the typical absorption maximum of Q,, at
A =272 nm. Filtration of the dispersion through a
800 nm filter had no significant effect on the
particle sizes and the UV spectra. Therefore we
can exclude larger aggregates of crystalline Q.
Analytical ultracentrifugation measurements were
used as a further test to reveal that the Q,, is

dissolved in the nanoparticles. The sedimentation
profiles of pristine particles were determined at
first by using an interference optic and an UV
detector (detection of 285 nm). The maxima of
the sedimentation coefficients were found to be in
the range of 70 x 10~ 13-90 x 10~ 3 s~ !, Rela-
tively broad distributions (standard deviations of
~20 x 10~ 13 s~ 1) indicated that the particle size
distributions were broad as was expected from the
results of the dynamic light scattering
measurements.

The experiments were repeated with nanoparti-
cles doped with Q,,. It was found that the doped
particles were UV active at 400 nm, while the
pristine particles were inactive at this wavelength.
The determination of the sedimentation coeffi-
cients of the doped particles was carried out as for
the pristine particles and, additionally, at a wave-
length of 400 nm. The same range of sedimenta-
tion coefficients was found for doped and
non-doped particles. Therefore the results of UV-
vis spectroscopy, dynamic light scattering and ul-
tracentrifugation are therefore consistent with the
interpretation that the Q,, is dissolved homoge-
neously in the nanoparticles. The next question
was how to get information about the surround-
ings of hydrophobic molecules within the
nanoparticles.

3.5. Pyrene fluorescence

Fluorescent molecules, in particular pyrene,
have been widely used to probe the microenviron-
ments of organized host media such as polyelec-
trolyte complexes (Caruso et al., 1998). Pyrene
has the ability to measure the polarity of its
microenvironment. This makes it useful for gain-
ing information about the nanoparticles as carri-
ers for typical hydrophobic compounds. The
pyrene was incorporated in the nanoparticles in
the same way as Q,, to confirm the incorporation
of the model compound. In order to obtain infor-
mation on how the pyrene is located, steady-state
fluorescence measurements on pyrene-doped
nanoparticles of the complexes were carried out.
The n—=n* emission spectrum of monomer
pyrene exhibits five major vibration bands be-
tween 370 and 400 nm, labeled I-V. The vibra-
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tion bands I and III are located at wavelengths of
372.4 and 382.9 nm. It is known that the peak of
I shows a significant decrease in its intensity com-
pared with peak of III when the polarity of the
surroundings of the pyrene decrease. Thus the
ratio of the emission intensities of the vibration
bands I and III (Z,/1;) serves as a measure for the
polarity of the surroundings of pyrene. For exam-
ple, the I;/I; ratio is 1.02 to 1.13 in n-butanol
and 1.69-1.87 in water (Kalyanasundaram and
Thomas, 1977; Dong and Winnik, 1982; Tedeschi
et al., 2001) Dipole-induced interactions (Ham
effect) between pyrene and its microenvironment
are responsible for the changes in the intensity
ratio I;/I;;; (Mast and Haynes, 1975; Hollas et al.,
1998).

3.6. The I,/1,; ratios of the nanoparticles as a
function of the pH values are plotted in Fig. 6

It can be seen there that the 7;/1;, ratios follow
a comparable trend as found for the { potentials.
The I;/I;;, ratios have their lowest values at pH 4.5
(1.00—1.05) for all complexes. This is attributed to
a semipolar microenvironment that can be iden-
tified as the cores of the nanoparticles. It can be
seen in Fig. 6 that the peak ratios increase sharply
to values of 1.65-1.70 for all the complexes when
the pH was reduced to 3.8. These values are close
to that of pure water and result from a strong
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—A—PLL-C12 O
<" 1.6 O /AA/
S /KA
B 1.4 O N O/O
x / /
§ 121 /E| EKAO/
o DB
4 6 : 10 12

8

pH
Fig. 6. Plot of the peak ratio I;/Ij;; of the vibration fine
structure for the emission of pyrene incorporated in PLA-C12

(circles), PLH-C12 (squares) and PLL-C12 nanoparticles (tri-
angles) as a function of the pH value.

increase in the polarity of the pyrene microenvi-
ronment. We interpret this finding as a conse-
quence of the dissolving of the nanoparticles
accompanied by a release of pyrene when the pH
is reduced form 4.3 to 3.8. This is consistent with
the results of the measurements of the particle
sizes and the { potentials.

An increase of the [/l ratios was also found
in the region of higher pH values. But it can be
seen there that the pH dependent sensitivity of the
I/I;;; value in this region is the strongest for
PLH-C12, medium for PLL-C12 and the lowest
for PLA-C12. The increase is obviously in the
same line as the pK, values of the poly(amino
acid). The microenvironment of pyrene becomes
more and more polar with increased pH. It has
about the same polarity of water when the pH is
7.3 (PLH-C12), 10.4 (PLL-C12) and 11.8 (PLA-
C12). This is also consistent with the break-down
of the complexes and the release of pyrene at
higher pH values. The continuous increase of the
I,/ ratio at higher pH value can be ascribed to
the water uptake of the nanoparticles. On the low
and on the high side of the pH value, the I}/l
ratios increase drastically up to values of 1.65 to
1.70. At pH values below 4.3 the carboxylate
becomes protonated to the acid, which then pre-
cipitates from the solution. The poly(amino acid)s
remain uncomplexed in the solution. At pH val-
ues higher than the pK, values of the poly(amino
acid)s the { potentials of the particles decreases to
0 and the particles aggregate. At high pH values
the poly(amino acid)s become deprotonated, the
ionic bonding between the polymer and the fatty
acid is destroyed and the pyrene is released into
the aqueous surroundings when the particles ex-
pand and aggregate.

3.7. Secondary structures

The secondary structures of poly(amino acid)s
are essentially a combination of a-helical, B-sheet
and random coil segments. External parameters
that affect them in connection with the present
work are the pH value and the interaction with
surfactants (Satake and Yang, 1973). It is well
known that the amide groups of poly(amino
acid)s show characteristic zz* and nz* transitions
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Fig. 7. Circular dichroism spectra of PLA (dashed line) and
PLA-C12 (solid line) at pH 6.5. The curve of PLA with a
characteristic minimum at 198 nm and a maximum at 218 nm
results from a random coil conformation. By contrast, the
curve of PLA-C12 with a maximum at 190 nm and the two
minima at 208 and 224 nm results from a ao-helical segments as
predominant structure.

in their circular dichroism (CD) spectra that are
sensitive to their secondary structures (Fasman,
1996). Circular dichroism measurements were car-
ried out in order to determine whether the sec-
ondary structures of PLA, PLH and PLL differ
from those of PLA-C12, PLH-C12 and PLL-C12,
and further, whether the pH value influences com-
plexed and uncomplexed poly(amino acid)s differ-
ently. Examples are shown in Fig. 7 (PLA,
PLA-CI12), Fig. 8 (PLH, PLH-CI12) and Fig. 9
(PLL, PLL-C12). All spectra were measured at a
temperature of 25 °C and in a pH regime in
which the nanoparticles are stable. It can be seen
that the CD spectra of PLA, PLH and PLL in
their complexed states differ clearly from those in
their uncomplexed states. The secondary struc-
tures of complexed and uncomplexed PLA, PLH
and PLL are obviously different.

The CD curve of PLA at pH 6.5 (Fig. 7, dashed
line) is characterized by a strong negative band at
~ 198 nm (zzx* transition) and a small positive
band at 218 nm (nz* transition). This spectrum is
characteristic for a random coil structure, a find-
ing which is consistent with the expectation that
PLA has a random coil structure at pH 6.5, where
it is positively charged. By contrast, it can be seen
in Fig. 7 (solid line) that the PLA-CI12 is charac-
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Fig. 8. Circular dichroism spectra of PLH (dashed line) and
PLH-CI12 (solid line) at pH 4.3. The curve of PLH with a
minimum at 190 and a maximum at ~ 220 nm results from a
random coil conformation while the two minima at 190 and
220 nm and the maximum at 205 nm in the curve of PLH-C12
result form B-sheet segments as the predominant secondary
structure.

terized by a strong positive band at 190 nm (z7jf
transition), and two weaker negative bands with
maxima a about 208 nm (nz*% transition) and 224
nm (nz* transition). This proves that the predom-
inant structure of PLA-C12 is an a-helix at pH
6.5 and not a random coil as it is the case for
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Fig. 9. Circular dichroism spectra of PLL (dashed line) and
PLL-CI12 (solid line) at pH 6.5. The characteristic minimum at
198 nm and the maximum at 218 nm in the curve of PLL
results from a random coil conformation while the maximum
at 190 nm and the two minima at ~ 208 and 224 nm in the
curve of PLL-CI12 result form a o-helical segments as the
predominant secondary structure.
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PLA. Tentatively, we interpret the presence of
a-helices within the PLA-C12 complex as resulting
from a stabilization of the a-helix due to the C12
moieties that are attached to the polymeric chains.
Recently, we have made a similar observation for
poly(ethylene oxide)-block-poly(L-lysine) com-
plexes of retinoic acid (Thiinemann et al., 2000),
which show an enhanced stability of their a-helical
PLL segments against lowering the pH of their
surroundings.

Considering the corresponding pair PLH and
PLH-C12 it can be seen in Fig. 8 that the CD curve
of PLH (pH 4.3) is not as distinct as that of PLA.
A clear maximum is, however, present at about 220
nm (n7* transition), the curve is negative below 210
nm and it has its lowest values around 190 nm (77 *
transition). These characteristics are in agreement
with the interpretation that the PLH chains are
predominantly in a random coil conformation. By
contrast, the CD spectrum of PLH-C12 (Fig. 8,
solid curve) has a strong negative band at 190 nm,
a positive band at 205 nm and a negative band at
about 220 nm. This proves that significant amounts
of B-sheets, which are characterized by a negative
band near 215 nm (nn” transition) and positive
band a 198 nm (zz* transition), are present in the
PLH-C12 complex at a pH of 4.3. Random coil
conformations dominate the PLH and B-sheets the
PLH-C12. This is indicative for the preference of
higher ordered secondary structures in the complex
than in the pure polymer. It is probable that the
higher ordered conformation allows for a better
packing of the surfactants in the complexes. Fi-
nally, we considered the CD spectra of PLL and
PLL-Cl12 ata pH 7.6 (Fig. 9, dashed and solid lines,
respectively). It can be seen there that PLL, which
shows a strong minimum at 198 nm (nz* transi-
tion) and a weak maximum in the range of 215-220
nm (n7* transition), is in a random coil stage. For
the pure PLL the pH dependant conformational
change from an a-helix (non-charged chains) to a
random coil structure (positively charged chains)
was determined to occur in range from pH 10.6 to
9.5 (not shown). Kataoka reported the same pH
range for the conformational transition of PLL
(Kataoka et al., 1996). In contrast to PLL the
PLL-C12 show maximum values around 190 nm
(mmjf transition), a pronounced minimum at 201 nm
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Fig. 10. Variation of the content of a-helices in the PLL-C12
nanoparticles (triangles) and the uncomplexed PLL (dia-
monds). PLL-C12 displays a high amount of a-helical seg-
ments at low pH values in contrast to pristine PLL.

(mm% transition) and almost constant negative
values in the range of 212 to 228 nm (nn* transi-
tion). For a first approximation we assume that the
dominating structure elements of PLL-CI12 are
a-helical and random coil segments. The crossover
wavelength, when varying the pH, remained at 204
nm. This agrees well with that of the pH-induced
helix-coil transition of PLL and poly(ethylene ox-
ide)-block-poly(L-lysine) reported in the literature
(Greenfield and Fasman, 1969; Kataoka et al.,
1996; Kataoka et al. 1998). A contribution of
B-sheet structures to the spectra was not found. We
concluded that the PLL conformation in the PLL-
C12 adopts an a-helix for pH values higher than
10 and a random coil at a pH lower than 4.3, while
between these limiting values a mixture of a-helical
and random coil structures is present. According to
Greenfield and Fasman (Greenfield and Fasman,
1969), the content of a-helices was estimated from
the mean molar ellipticity at a wavelength of 222
nm. It can be seen in Fig. 10 that the a-helix content
of PLL-C12 has nearly constant values of about
35% in the range of pH 4.8-9.8 whereas it is 0-20%
for PLL. This finding is consistent with the inter-
pretation that the chains are protected against
conformational transitions as long as they are
complexed. The chains that are located in the center
of the cores of the nanoparticles are protected.
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When the particles were dissolved, we were
unable to determine significant differences be-
tween the conformations of PLL and PLL-CI12.
The stability of the a-helix within the complexes is
remarkable when bearing in mind that the helix-
coil transition of poly(L-lysine) homopolymers is
found at pH 10.3 and 25 °C when the polymer is
35% charged (Chou and Scheraga, 1971) We as-
sume that the o-helix of the complexes is stabi-
lized by protecting dodecanoate molecules. This
process ends when the dodecanoate moieties be-
come protonated. This assumption is supported
by the pK, of dodecanoic acid that is ~4.9
(Small et al., 1986). It must be stated, though,
that our simple evaluation of the content of the
a-helix in PLL-C12 is not transferable to PLA-
C12 and PLH-C12. This is probably due to the
contributions of B-sheets and B-turns. The pres-
ence of more than two conformations can be
verified by the fact that no isobestic point can be
detected for PLA-C12 and PLH-C12 when the pH
is varied. A summary of the predominantly sec-
ondary structures of the pure and complexed
poly(amino acid)s as determined using the evalua-
tion of the characteristic minima and maxima of
their CD spectra while changing the pH value is
given in Table 2.

Numerous attempts have been made in the
literature to explain the contributions of the dif-
ferent structural elements. However a detailed
interpretation of CD spectra, that would result in
the quantitative assignment of the contributions
of the different conformational segments is a
difficult task. The results significantly depend, for

Table 2

example, on the evaluation method as has recently
been discussed (Sreerama and Woody, 2000). The
evaluation of the contributions of the different
conformations to the CD spectra is a task that
would need a comprehensive study of its own. At
this point, we essentially restrict our interpreta-
tion to a qualitative discussion of the CD spectra.

4. Conclusions

We have presented the preparation of nanopar-
ticles consisting of complexes of poly(L-arginine),
poly(L-histidine) and poly(L-lysine) with dode-
canoic acid. It was shown that the particles are of
the core-shell type. The cores are formed by spe-
cific complexes and the shells are formed by un-
complexed polymeric chains. The structure of the
core is relatively compact while that of the shell is
diffuse and highly positively charged. It was also
shown that the salt stability of the nanoparticles is
high enough for drug delivery purposes and that
their dissolution can be triggered by a change in
the pH values. It was furthermore pointed out
that the pH-sensitive { potentials and the dissolu-
tion properties of the particles correlate with the
pK, values of the poly(amino acid)s as well as
with the pK, value of dodecanoic acid. Using Q,,
as a dopant for the nanoparticles it was also
shown that up to 13% (w/w) Q,, could be incor-
porated into the particles without changing their
properties. Information about the local surround-
ings of a hydrophobic dopant in the particles was

pH-sensitivity of the predominant secondary structure of the poly(amino acid) chains in their complexed state as PLA-C12,
PLH-CI12 and PLL-C12 nanoparticles and those of the uncomplexed PLA, PLH, PLL

pH PLA PLA-C12 PLH PLH-CI2 PLL PLL-C12

3.8 Random coil Random coil Random coil Random coil Random coil Random coil

43 Random coil a-helix 4+ random coil Random coil B-sheet Random coil a-helix +random coil
5.4 Random coil a-helix+random coil B-sheet B-sheet Random coil a-helix +random coil
6.8 Random coil a-helix 4+ random coil - - Random coil a-helix +random coil
10.2  Random coil a-helix +random coil - - a-helix a-helix

11.2  Random coil a-helix - - - -

124 B-sheet - - - - -

—, cannot be assigned clearly.
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obtained by using pyrene as a fluorescence probe.
It was also suggested that the complexation of
poly(amino acid)s by dodecanoic acids can result
in a significant protection of the ordered chain
conformations.
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