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ABSTRACT: A double hydrophilic block copolymer was synthesized by controlled free radical polymerization,
namely by the RAFT method, from a poly(ethylene oxide) macromonomer and a cationic acrylate. Stoichiometric
complexes with sodium decanoate and with sodium perfluorodecanoate were prepared by self-assembly. Both
complexes are soluble in water forming cehell nanoparticles with hydrodynamic radii of 54 and 22 nm,
respectively, and neutrdl potentials. The complex containing decanoate decomposed upon dilution, while the
complex with perfluorodecanoate is stable even against dialysis and in salt solution. Only the nanoparticles
containing perfluorodecanoate show a strong contrast in small-angle X-ray scattering (SAXS). It is produced
from their cores that have an elliptical shape (short axe&5 nm, long axis= 23.3 nm) and a sharp density
transition to the shell. The cores exhibit an internal lamellar structure with a long period of 3.65 nm consisting
of fluorocarbon rich lamellaed{ = 3.00 nm) and lamellae enriched in ionic groups € 0.65 nm). These
fluorinated nanopatrticles coexist in physiological buffer with human serum albumin and fibrinogen without inducing
aggregation. Moreover, the contenioehelix of these serum proteins increased when in solution with the fluorinated
nanoparticles.

Introduction The described strategy was handicapped for long by the

. I . ) difficulties to synthesize the required double-hydrophilic charged
The complexation of ionic surfactants with oppositely charged block copolymers. Living anionic polymerization for instance,

polyelectrolytes has been known for a long tifiigy virtue of which is traditionally the method of choice to prepare well-
the possible versatile variations of the two reaction partners, a yofined block copolymers, is limited to a small pool of suited
wealth of supramolecular assemblies has been created over theyonomers. Also, it requires frequently the chemical protection
years. Still, the stoichiometric pairing of the ionic groups of ¢ the desired ionic groups during synthesis. Moreover, the
Fhe surfactant and the polyelectrolyte results ty_pically in water- typically accessible polyelectrolyte blocks, such as poly((meth)-
insoluble complexes. In order to overcome this problem, two acrylic acid) and poly(vinylpyridinejsare subject to protonation/
main strategies have emerged. In the classical approachgeprotonation equilibria and hence are charged only in a limited
nonstoichiometric complexes are produced, using generally anpH-window. This situation has changed dramatically with the
excess number of charged groups on the polyelectrolyte. Thisgrrival of the methods of controlled free radical polymerization,
results inevitably in charged supramolecular assemblies. Morewhich inherently are compatible with the presence of water and
recently, a second approach was developed based on doublgharged groups. Particularly useful in this context is the RAFT
hydrophilic block copolymers, in which one block is a poly- technique, which enables the convenient polymerization of
electrolyte while the other one is a nonionic water-soluble permanently ionic monomers, even in aqueous soldtién.
polymer? The latter strategy enables the assembly of nonchargedAlthough the synthesis of block copolymers with a permanently
water-soluble supramolecular structures, as even the stoichio-charged block has been reported only occasionally so far, the
metric complex of the polyelectrolyte block with the ionic potential of the method is obvious. Also, the RAFT technique
surfactant is solubilized by the second hydrophilic blédtis was shown to be suited for the polymerization of macro-
type of complex was termed block ionomer complex “BKC.”  monomerg$ 10
It can be considered as an amphiphilic block copolymer  polymeric micelles which are prepared by using the selective
(“macrosurfactant”) held together by secondary valences, namelyso|ubility of polymer blocks are one of the thriving topics of
ionic bonds, instead of by covalent bonds. In particular, BICs supramolecular assembly due to fundamental interests as well
give rise to amphiphilic supramolecular macrosurfactants with as due to potential applications, e.g., for catalysis, for surface
a brushy hydrophobic block. modification, or for use as pharmaceutical drug carférd
Polymeric micelles in water can be prepared from amphiphilic
*Corresponding  authors.  Telephone:  x-49331 5681327, copolym.ers bearing both hydrophilic and hydrophobic blocl'<§,
Fax: x-49331 5683000. E-mail: (A.L.) laschewsky@iap.thg.de; (A.F.T.) Or as pointed out above, from complexes of double hydrophilic

ancTireas_.thuenemann@bam.dg. ' copolymers bearing one ionic block with oppositely charged
Institute of Chemistry, University of Potsdam. surfactants. Importantly for uses in biological environments,
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8 Max Planck Institute of Colloids and Interfaces. such complexes should be noncharged to exhibit good biocom-
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biological environments is poly(ethylene oxide) PEO. Mostly, H
linear PEO chains have been described so far in this context, N‘C‘QH%CHZ‘CH—)X‘S‘@S

but an interesting alternative are PEO brushes which are KOS O <:3=
increasingly employe#10.2+25 0

In the context of biocompatible nanoparticles a coating of GHz
particles with poly(ethylene oxide)s is often used to avoid their 9% CHa
uptake by the reticuloendothelial system. The covalent binding HaC—N*CH; CI/Br
of PEO to molecules and particles is most often referred as polyM1 CHs

PEGylatior® (PEO and PEG are used as synonyms).
Being interested in nanoparticulate polymeric carriers for
biomedical uses, we explored therefore the complexation of

) o : o H @
sodium alkanoates as model ionic surfactants with a cationic ‘N—C— c|+écH2 CH%block+CHz CH%—s—c s
double hydrophilic block copolymer. The block copolymer is KOsS O CH3

made by sequential aqueous RAFT polymerization of an acrylate O o o
bearing a fully quaternized ammonium groupll) and a (:H2 CH

. L . | 2
nonionic PEO macromonomeM@). Sodium decanoate and  K0;S CH, 'CH2
sodium p(_erfluqrodecanoate were cho;en as surfactants for Hsc_’;lLCHs cr/er —|—n~8
complexation, in order to compare the influence of the nature polyM1-b-M2 CHs OCHj3

of the hydrophobic chain. It has been shown earlier that
polyampholytes with alternating cationic and anionic monomers
can be complexed with dodecanoic acid and perfluorodode-
canoic acid via self-assembly and generate nanoparticles with
sizes in the range of 35 nm (dressed micelled). The +CH2_CH) b'°°k+CH2'CH+

nanoparticles of the polyampholyte perfluorododecanoic acid ) S

complex induced an-helix-rich structure in the amyloid fibril &y |
forming B18 peptide. In contrast, the nanoparticles of the [z M
polyampholyte dodecanoic acid complex induced precipitation c|:+H2 _sz
of B1828 HaC7"CHs o
Here we present the initial step of a long-term project aimed  H-BIC: R = -(CHy)g-CH3 CHs (':H2
at the understanding of the influence of BICs on the secondary (oo CH,
structure of proteins and peptides. The supramolecular macro- T ¢ R =+(CF2)s-CFs R = n7
surfactant structured —BIC andF—BIC are shown in Figure CHy0

1. Because of the use of a macromonomer for the nonionic Figure 1. Structure of the macro RAFT agemiolyM1, block
block, the macrosurfactant has a double-brush structure (Schem&@PolymerpolyM1-blockM2, and the alkylated complexi(-BIC)
1). Such an architecture of polymeric amphiphiles has barely and the fluorinated complex*¢-BIC).
been described and studi€e?®

Scheme 1. Schematic Architecture of Amphiphilic Block

Experimental Section Copolymers (Macrosurfactantsy
Materials. Decanoic acid (capric acid, 98% Fluka) and

perfluorodecanoic acid (perfluorocapric acid, 9%¥%-luka) were wananan~~SENNNNNND

used as received. Monomer 2-acryloyloxyethylammonium chloride

(M1, M, = 193.67) was employed as 80% aqueous solution

(Aldrich). Inhibitor 4-methoxyphenol was removed by extracting
three times with diethyl ether prior to polymerization. Monomer
poly(ethylene oxide)monomethyletheracrylatd2( M, = 454,
average degree of polymerization of PE© 8.4, Aldrich) was
purified from inhibitor 4-methoxyphenol by filtration over basic

Al ;03 (activity |, 0.063-0.20 mesh, Merck). The synthesis of RAFT aAll linear (A), brush type hydrophobic block (B), brush type
agent dipotassium  7-(2-thiobenzoylsulfanylpropionylimino)- hydrophilic block (C), and double brush type (D).
naphthalene-1,3-disulfonate is described elsewhere.

The chromophore labeled macro RAFT agealy-M1 is made
by polymerization of 4.13 g of 80 wt % aqueous solution\it 271.19, Wako Pure Chemical Industries) as initiator and 1.39 g
(17.1 mmol) in 20 mL of 0.5 M aqueous NaBr at 55 for 3.5 h, (1.16 x 10~* mol) of polyM1 as macro RAFT agent. Yield: 3.45
using 1 x 1074 mol of 2,2-azobis(2-methyN-phenylpropriona- g (90%). The block copolymer was purified by dialysis against
midine)dihydrochloride\{(-545, M, = 423.39, Wako Pure Chemical  water (Zellu Trans, Roth (Germany), nominal cut off molar
Industries) as initiator and 4 10~4 mol of dipotassium 7-(2- mass 3500 g mol). Number-average molar mass3.9 x 10* g
thiobenzoylsulfanyl propionylimino) naphthalene-1,3-disulfonate as mol~* and polydispersity indexM./M,) was 1.45 according to
RAFT agent. The polymer is purified by dialysis against water MALLS —SEC.
(Zellu Trans, Roth (Germany), nominal cut off molar mass 3500 g  Nanoparticles oH—BIC were prepared as follows: decanoic
mol~Y). Yield: 2.9 g. According to elemental analysis, the poly- acid (0.23 g, 1.36 mmol) was dissolved in diethyl ether (15 mL),
cation bears a mixture of ClI(57%) and Br (43%) as counter 0.1 M aqueous NaOH (13.6 mL) was added, and the biphasic
ions. Number-average molar magly = 1.0 x 10* g mol* and system was stirred for 10 min. Then, it was added to 8@&®ot
polydispersity indexNl,/M,) was 1.22 according to MALLSSEC. solution of 1.00 g of copolymepolyM1-block-M2 dissolved in

The dihydrophilic copolymepolyM1-block-M2 was synthesized 100 mL of water. The mixture was stirred vigorously ® h at
via RAFT polymerization of 3.8 g (8.4 mmol) of macromonomer 60 °C. Finally, the solutions were cooled to ambient temperature
M2 in 25 mL of water at 55C for 6 h, using 3.2< 107° mol of while stirring. Nanoparticles dfF—BIC were prepared identically
2,2-azobis(2-methyl-proprionamidine)dihydrochlorid& %0, M, = using nonadecafluorodecanoic acid (0.70 g, 1.36 mmol). CDV
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Table 1. Composition and Molar Mass Data of the Synthesized
Block Copolymer and Macro RAFT Agent

a)

a b fg
-{—CHZ-QH-)X—bIock—(—CH;-?H-)V
¢=0 =0
]

amount of c Euz ¢ h
added block Mp DP, of d ch CH,
sample M2 (wt %) (103g-mol-?) blocks
polyM1 17 52
gb
1 c h id ok oe b.g af
polyM1-block-M2 75 3¢ 66 r T T - T T T T T
76 37 5 4 3 2 1 0
80
57

aDetermined by SEC-MALLS in 0.2 M aqueous 0, containing 1
wt % acetic acid® Calculated via end group analysis of the naphthalene
band at 251 nme Calculated via end group analysis of the=€ band at
485 nm.4 Calculated via end group analysis of the mixed band at 301 nm.
e Determined by'H NMR. f Determined by microanalysis. J

b)

©

g) c)

2

B J

30 32 34 38 38 40 42 5 4 3 2 ¥ 0
Elution Volume (mL) Chemical Shift [pprm]
Figure 2. Aqueous SEC traces of the macro RAFT agpalyM1 Figure 3. ™M NMR spectra of (from top to bottom): (a) block
(dashed line) andolyM1-block-M2 (solid line). Eluent 0.2 M aqueous ~ copolymerpolyM1-block-M2, (b) its complex with sodium decanoate
Na,SO;, containing 1 wt % acetic acid. (H—BIC), and (c) its complex with perfluoro decanoate—BIC)
in D,O.

HSA (albumin =96%, essential fatty acid free) and bovine . .
plasma fibrinogen were purchased from Sigma and used without Results and Discussion

further purification. HSA has a molecular WEIght of 6.6510* g Block Copo|ymer Synthes|s The preparation of block

mol™ and contains 585 amino acloll residues. Fibrinogen has a copolymers via RAFT is known to work smoothly if both blocks
;ncti)(ljerceu:iidrl}/\el)ilght of 3.40c 10° g mol™* and contains 2964 amino are based on monomers with the identical polymerizable moiety,
) . ) . or with polymerizable moieties of comparable reactivity.
Methods. The analytical equipment and the experimental setup Therefore, both blocks of the mixed cationic-nonionic double

for NMR spectroscopy, U¥vis spectroscopy, and aqueous size hydrophilic block copolymepolyM1-block-M2 were based on
exclusion chromatography equipped with a multiangle laser light

scattering detector (MALLSSEC) were described befo#é? acrylates. ) .
The d ic liaht scatteri t ied out with Macro RAFT agentpolyM1 was synthesized in aqueous
€ dynamic fight scattering measurements were carmed outwith o, ion i the presence of RAFT agent dipotassium 7-(2-
a particle sizer, model HPPS 3.3-ET from Malvern Instruments, at thiob Isulf | . limi hthal 1 3-disul
a temperature of 25C. Zeta potential measurements were made |/0P€NZ0Y f’u anylpropionylimino)naphthalene-1,3-disul-
with a Zeta Master S (Malvern Instruments, UK). The density of fonate at 55°C. The temperature was kept constant and the
nanoparticles was determined with a vibrating tube densimeter 'éaction time was limited to 3.5 h, since the RAFT agent is
model DMA 60/602 (Anton Paar, Graz, Austria). prone to hydrolysis at higher temperature for prolonged reaction

The small-angle X-ray scattering measurements (SAXS) were times/®!and the same risk exists for the active end groups of
performed with an Anton Paar HRPHK pinhole camera, which ~ the propagating polymers chains. The particular RAFT agent
was equipped with a xenon filled two-dimensional detector (512 Was chosen as it was shown before to be well suited for
x 512 pixel,A0 ~ 0.02), at a temperature of 20C. The sample controlling the polymerization of acrylates in aqueous solution,
to detector distance was 610 mm. The scattering vector is definedand the reinitiating “R” group bears a strong UV-chromophore
in terms of the scattering angtg and the wavelengtii of the (donor-acceptor substituted naphthalene moiety) that can be
radiation (Cu Ku = 0.154 nm) thuss = 2/4sin (6/2) (note thatg easily detected by UV-spectroscob¥he reinitiating group is
= 279). The SAXS measurements were repeated at the microfocus yermanently fixed to the polymer chains, and makes the vast
beamline at BESSY Il (Berlin, Germany) to verify the results and majority of the initiating end groups for the employed ratio of

to measure data of better statistics at hégralues. Dispersions of L PP
the particles with concentrations of 3 to 30 g'lwere transferred R?FTb agent ft% |n|t|atr?L. lTher?fore, quangflcatlon of . thg
into glass capillaries with a diameter of 1 mm. The intensity 2Psorbance of the naphthalene fragment at 251 nm (extinction

measured was corrected by subtracting the intensity from a capillary CO€fficiente = 47 100 L mof* cm™) enables the efficient

filled with pure water. determination of the number-average molar mdssf polyM1
Circular dichroism spectra were detected by a spectropolarimeter®Y €nd group analysis. Also, end group analysis is pOSSI*ble by

J715 from Jasco. The measurements were performed in the far-@nalyzing the weak absorbance band of thesSCn—x

UV range (196-260 nm). CD was measured at pH 7.0 isHPOy/ transition of the dithiobenzoate moiety in the visible{x =

KH,PO, buffer and the concentration of fibrinogen was 0.667 mM 483 nm in watere = 130 L mof~* cm™?). The comparison of

(0.5 g fibrinogen and 4.5 g1 F—BIC). the results derived from both end groups allows a g&(&/
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Scheme 2. Preparation of Particles by Complexation of Cationic Block of Copolymer polyMblock-M2 with the lonic Surfactants
Sodium Decanoate and Sodium Perfluorodecanoate, Named-HBIC and F—BIC, Respectively
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estimation of the content of active RAFT end groups in the
polymer. This information is important as the active chain end

by a C-C bond. Therefore, thel, value calculated by this end
group should be close to the true value, and match the value

groups must be preserved as much as possible to enable theerived from MALLS analysis, as is the case. In agreement with

efficient synthesis of block copolymers. The molecular data of
polyM1 measured by different methods are given in Table 1.
The M, values calculated by SEC/MALLS (10 10* g mol1,
polydispersity= 1.22) and by end group analysis using the
naphthalene band at 251 nm (%0L0* g mol~1) as well as the
visible band of the dithioester moiety at 485 nm (k210* g
mol~1) are consistent within the precision of the methods, thus
indicating a high dithioester end group functionality of the macro
RAFT agent.

V-50 was used as initiator for the blocking b2 at 55°C
in water. The SEC traces of the macro RAFT ageolyM1
and of the final polymer indicate the successful blocking of
nonionic macromonomeM2 on the cationic polyacrylate
polyM1 (Figure 2). The SEC peak of the polymer shifts to lower
elution volumes compared fwlyM1 after blocking, while still
being monomodal. According to evaluation by MALLSI,
increases from 1.0« 10* to 3.9 x 10* g mol%, and the
polydispersity stays reasonably low wikh,/M,, = 1.45. The

this analysis, end group analysis using the absorbance of the
UV —vis band at 301 nm, which has contributions from both
the naphthalene chromophore as well as the dithiobenzoate
group? gives an apparemil, of 5.7 x 10* g mol™%, in between
the two extremes. Thus, end group analysis shows that the
copolymer is no more suited for use as macro RAFT agent for
further blocking experiments, as many of the active chains ends
are hydrolyzed by the procedure chosen. This is an instructive
example for the usefulness of labeled RAFT agents and end
group analysis in addition to SEC/MALLS, since this informa-
tion is hard to get otherwise.

Consequently, double hydrophilic block copolynpetyM1-
block-M2 with a number-average molar mads of 3.9 x 10
g moi~1 was efficiently produced by aqueous RAFT polymer-
ization. According to combined SE®! NMR analysis (cf.
Table 1), the cationic block of the copolymer has a molar
mass of 1.0x 10* g moll (number-average degree of
polymerizationDP, = 52) while the polyethylene oxide based

weight percentages of polymer blocks are analyzed by different nonionic brushy block has a molar mass of 24.0* g mol!
methods. Consistently, the copolymer is composed of 24 wt % (DP, = 66).

of polyM1 block according to microanalysis, and of 25 wt %
of polyM1 block according the integration of thé1 NMR

Nanoparticles Formed by Complexation. The polyM1-
block-M2 was mixed at 60C in approximately stoichiometric

spectrum (based on signals “e” and “k”, see Figure 3). These amounts of the anionic surfactants sodium decanoate and sodium

values agree well with the increaseMf, deduced by MALLS
from the ASEC data (26 wt % gfolyM1). Additionally, end
group analysis was performed by B¥is spectroscopy for the
naphthalene chromophore of the initiating group, as well as for
the C=S moiety of the active chain end (Table 1). Interestingly,

perfluorodecanoate (based on the calculated number of charged
groups in the copolymer, the molar ratio of anionic to cationic
groups is 1.05:1). The resulting complexasdyM1-block-M2
decanoate{ —BIC) andpolyM1-block-M2 perfluorodecanoate
(F—BIC) self-assemble in water to form micellar nanoparticles

the resulting\M, values calculated from the different absorbance whose hypothetical structure is presented in Scheme 2. These

bands do not agredvi, = 3.7 x 10* g mol? at Amax = 251
nm; M, = 8.0 x 10* g mol?! at Ayax= 489 nm). This mismatch

particles are characterized by a water-swollen poly(ethylene
oxide) based corona and a hydrophobic hydrocarbon core for

strongly suggests that the dithioester end groups are partiallyH—BIC or a fluorocarbon core foF—BIC.

lost during the polymerization and purification steps (prolonged
reaction and dialysis in water). Since the band at 489 nm

IH NMR spectra of the complexes were compared to the
parent copolymermolyM1-block-M2. The solutions of the

depends on the conservation of the dithioester end groups,particles were lyophilized, and then redissolved gOdor the

apparently higherM,, values are calculated with ongoing
hydrolysis. In contrast, the UV band at 251 nm results from

the initiating naphthyl chromophore which is permanently fixed for the integration of proton signals. In tAel NMR spectrum

IH NMR measurements (Figure 3). The signal of theeOjO—
CH,, groups of thgpolyM2 block was used as internal reference

Cbv
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Figure 4. DLS analysis of(i) polyM1-block-M2 (dashed line)(ii) . . i : . .
the F-BIC (sl ) and(i) H —BIC (doted Ine) n aqueous  FOUTS S DLS ancysis ofpoliL blockiz i wter wit @
solution. The maxima are at 6, 22, and 54 nm, respectively. approximately stoichiometric amounts of sodium perfluorodecanoate.

Key: solid lines, sample after preparation (9 mg L. dotted lines,

O.f .H_BIC’ the prot_ons of cationic blockolyM1 are well ample diluted 3 times; dashed lines, sample after dialysis. The maxima
visible, as are the signals of decanoate (at about 2.3, 1.2, ancgre at 54, 9, and 6 nm in part a and at 22 nm in part b.

0.8 ppm; Figure 3b), though they are markedly broadened,

indicating the formation of hydrophobic aggregates. The de- The block copolymer and the nanoparticles were also
canoate chains and the cationic groups of the complex cannotcharacterized by potential measurements. The copolymer
be completely immobilized in these aggregates, as their signalssolution presents fluctuating positive values betwed®d and

are still visible in thelH NMR. Presumably, the aggregates + 40 mV reflecting the absence of aggregates for the polymer
groups are plasticized by water. The effect of water as a alone. The nanoparticles prepared with both surfactants presents
plasticizer in complexes has been demonstrated earlier byZ-potential values close to zero, namehl.1 + 1.0 mV for
temperature-dependent dynamic mechanical analysis of poly-H—BIC, and —1.3 & 1.0 mV for F—BIC. These values of
electrolyte-surfactant complexes in wet and dry state (e.g., the around zero are a strong indication that virtually stoichiometric

glass transition lowered from 78 in dry to 36°C in wet complexation was achieved; i.e., each cationic monomer group
state)3? of the polymer chain is complexed with one decanoate molecule.
In contrast, forF—BIC prepared with perfluorodecanoate, Because BICs made of single tail surfactants can disintegrate

the proton signals of the copolymer which stems from the upon dilution3® the effect of the dilution on the aggregates was
protons next to the ester moiety- C(=0)O—CH,— between examined. Figure 5 depicts the evolution of the particle size
4.1 and 4.6 ppm), and those of the copolymer backbone upon dilution followed by DLS. The nanoparticlestéf-BIC,
(between 1.4 and 2.6 ppm) disappear. Moreoverth&IMR i.e. made with the hydrocarbon surfactant, preserved their
signals of the trimethyl ammonium moiety-lN"(CHa)3) are hydrodynamic diameter when the solution was diluted by a
strongly attenuated. The stronger attenuation of the proton factor of 3 from 9 6 3 g mL™1. However, further dilution led
signals of F—BIC compared toH—BIC points to a more to their gradual disintegration (Figure 5 a). In contrast, the
reduced mobility of the cationipolyM1 block after complex- nanoparticles ofF—BIC, i.e. made with the fluorocarbon
ation with perfluorodecanoate than with decanoate. This ob- surfactant, were found to be stable, even when dialyzed
servation is a strong indication for the formation of solid-like extensively against large volumes of water (Figure 5b). Changes
hydrophobic domains in the core of the-BIC complexes in in the temperature and the salt concentration of the medium
water, differing markedly from the behavior of the analogous may affect the aggregation behavior of BICs, #édherefore,
complex with the hydrocarbon carboxyldte-BIC. We explain the stability of sodium perfluorodecanoate particles was exam-
this difference as a result of the much higher hydrophobicity ined by DLS in physiological salt solution. No change was
and higher chain stiffness of perfluorodecanoate compared toobserved for the measured hydrodynamic diameter of nanopar-
decanoate. Note that the critical micelle concentration of a ticles ofF—BIC at physiological sodium chloride concentration
fluorinated surfactant is much lower than that of the corre- and body temperature (0.15 M aq NaCl at &).
sponding alkyl surfactant, for example, it is 90104 M for Small-Angle X-ray Scattering. Further structure information
potassium perfluorodecanoate and .00~ M for potassium on the particles was obtained by small-angle X-ray scattering.
decanoaté® Also the Krafft temperature of the fluorinated The fluorinated nanoparticles produced a high scattering inten-
surfactant is much higher than of its hydrocarbon counterpart. sity (Figure 6) while the intensity of the alkylated nanoparticles
The aggregation of the block ionomer surfactant complexes is low (not shown). Such was observed earlier for nanoparticles
in water was studied by dynamic light scattering (DLS). formed by complexes of poli{,N-dimethylammoniunalt-N-
Accordingly, the pure copolymepolyM1-block-M2 has a phenylmaleamic carboxylate) and the sodium salt of (i) dode-
hydrodynamic diameter of ca. 6 nm and gives only a low canoic acid and (ii) perfluorododecanoic a&td he reason for
scattering signal. This proves that the parent copolymer chainsthe large difference in scattering intensity is the much higher
do not self-aggregate. In contrast upon mixing the copolymer electron density of the fluorinated nanoparticles compared with
with sodium decanoate and sodium perfluorodecanoate, intensehe alkylated particle’ Taking into account that the small-
scattering nanopatrticles (of visible light) are formed (Figure 4) angle scattering is proportional to the square of the electron
with hydrodynamic diameters of ca. 54 nidBIC) and 22 density difference between the particles and their surroundings
nm (F—BIC), respectively. Thé1—BIC andF—BIC nanopar- (water), the scattering intensity of the fluorinated particles is
ticles are stable at room temperature. Note that the Krafft expected to be at least an order of magnitude higher than that
temperature of 39C of sodium perfluorodecanodfelies of their alkylated analogues. On the basis of the present data,
considerably above room temperature, so that it precipitates uponwe can therefore only evaluate the SAXS of the fluorinated
cooling when not complexed witholyM1-block-M2. nanopatrticles (in a concentration range ef3® g L ™). CDV
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Figure 6. Small-angle X-ray scattering oF—BIC nanoparticles
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nm, dotted line), polydisperse spher&= 9.5 nm,o = 0.14, dashed
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23.8 nm,e = 2.8 nm, solid line). The=—BIC concentration was
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Figure 7. Small-angle X-ray scattering curve 6BIC (symbols).
Arrows indicate the scattering maxima at 0.274, 0.544, and 0.826.nm
The solid line corresponds to a stack of lamellae with a periodicity of
L = 3.65 nm and with thicknessels = 3.00 nm andd, = 0.65 nm of

the lamellae rich in perfluoroalkyl groups and ionic groups, respectively
(01 = 02 = 0.2 nm). The inset shows a sketch of the core structure of
F—BIC nanoparticles.

0.2

It can be seen in Figure 6 that the SAXS curveFofBIC
shows the typical scattering profile produced by noninteracting
particles for scattering vectors in the rangesef 0.016 to about
0.2 nnTl. However, equidistant reflections are found at higher
s values with maxima at 0.274, 0.544, and 0.820 Hm

corresponding to a lamellar nanostructure with a long period  Prolate Ellipsoidal-Shaped Nanoparticles.The simulta-

of d = 3.65 nm. Furthermore, at high values, the overall
scattering intensity decreases proportionastt as indicated
by a straight line in Figure 6. This™ scaling is in accordance

neous appearance of particle scattering and Bragg peaks is rare.
It has been observed for gels of perfluorinated liquids formed
with N-alkylated perfluoroalkanamidé®Therein the organic

to Porod’s law, which is only observed when sharp transitions gel-forming molecules (gelators) aggregate into lamellae within
in the electron density are present. A gradual transition in the a network of fibrils. In such a system the solution viscosity and
density between the core of the nanoparticles and their sur-the scattering pattern strongly depend on concentration. In
rounding shell, e.g., such as quantitatively described rgtEn contrast to such systems, the viscosity of EreBIC solution

for core-shell structures of polymeric micell8538 can be is low. We quantified the viscosity from a Huggins plot resulting
excluded forF—BIC. Small deviations from a sharp boundary in[7] = 18.11 cni g ! and a Huggins constant &f; = 2.59.
result in a significant deviation from Porod’s I&#&*°We can Further, the shape of the scattering curve is independent of the
therefore conclude that the transition (in terms of electron concentration, which is consistent with our results from DLS
density) between the cores and their surroundings is of the orderand & potential measurements.

of 1—2 atomic distances. At first this observation seems to be  For these reasons, we have to conclude that the scattering of
in contradiction to our assumption of a cershell particle F—BIC results from noninteracting individual particles; i.e., the
structure. However, when using X-rays to probe the structure, Structure factor is unity and the scattering is given by the form
we cannot expect to see the shell. The reason is the following; factor P(s) alone. We assume a spherical shape of the particles
A shell of water-swollen PEO chains has an electron-density S @ first step to estimate the particle size. In the case of
close to that of pure water when compared with the fluorinated Monodisperse spheres the scattering amplitude is
core. As a consequence, the presumed shell, which stericall .

stabilizes the part?cles in Waterpand prevents their aggregation),/ 3lsin (2rsR) — 2nsRcos(ZwsR]
is here practically invisible with SAXS. Note that steric (27sR?
stabilization by PEO chains is assumed because the Zero )

potential value recorded indicate that significant electrostatic  1ne form factor is equal to the modulus of the square of the
stabilization contributions must be excluded. The consideration SCattering amplitudmonds, R) = |®(s, R)|*. Polydispersity of

of only two phases is sufficient in our case, because the spherlcal.partlclleslls t.aken into account by averaging aver a
scattering power is a function of the square of the contrast SCNUIz-Zimm distributiorf®

between two phases (core and its surrounding of water-swollen

P(s,R) = 1)

PEO shell). We measured a density of 2.035 g3 dor Ppo|y(3)=f0 PmondS RN(R) dR )
F—BIC. This value is similar to that of amorphous polytet-

rafluoroethylen# (density ~ 2 g mol?). It is higher than with

reported earlier for polyelectrolyte-dressed perfluorododecanoate

micelles (1.442-1.754 g crd)?” and polyelectrolyte-perfluoro- h(R) = z+ 1R g+ R 3
decanoate complexes as bulk materials (+4487 g cn3).42 (R) = [IREHF(Z—F 1) exp{ (z+ )ﬁ[] )

The high density oF—BIC proves that the perfluorodecanoate

molecules must be tightly packed in the cores. Accordingly, Therein we have the average radiand the relative standard
the scattering from the small contrast between the second phaseleviationo = (z + 1)7%2

(water-swollen PEO shell) and the third phase (water) is It can be seen in Figure 6 that the scattering of monodisperse
negligible. A detailed argumentation for cases in which three spheres with a radius of 9.5 nm is suitable as a first estimate
phases instead of two have to be considered is given else-for the particle sizes (dotted line). The position of the first
where?#3:44 minimum, in particular, is reproduced. The general shap&B(/



Macromolecules, Vol. 39, No. 26, 2006 Lamellar Structured Nanoparticle9343

80

[6] x 10°° (deg cm” dmol™)

220 240
Wavelength (nm)

Figure 10. Circular dichroism of HSA without (dashed line) and with
F—BIC nanoparticles (solid line). The arrow indicates the decrease in
ellipticity at 222 nm due to incubation with the nanoparticles.

200 260
Figure 8. Atomic force microscope image with the height profile of
F—BIC nanopatrticles dried from aqueous solution on a mica surface.

The average height of the particles is about 9 nm.
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Ry can be determined independent of the particle shape from
SAXS but it is only valid if the particles are noninteracting.
Interacting values produce much higher (apparent) values. The
theoretical radius of gyration for our prolate ellipsoid nanopar-
ticles, Ry elipsoid = 1/5(2R2 + (eR)?), is Ry = 11.9 nm. This is

in accordance with our measured value and confirms the
assumption of a prolate ellipsoid structure.

Lamellar Structured Cores. Our analysis of the lamellar
structured core of the particles is based on the approach
developed by Ruland et &.This was successfully applied for
the analysis of extended lamellar nanocompogité¥e assume
that the core oF —BIC can be described by a stack of lamellae
on mica with a height of about 9 nm. The insets are a topography imageWlth a perlodlglty ofL formed' by alternating Iayers' of typ'e 1
(left) and phase contrast image (right). The arrows indicate sections @nd type 2, with average thickness#ysand d. (enriched in
along the horizontal (solid line) and vertical direction (dotted line). In  perfluoroalkyl chains and in ionic groups, respectively). The
the main figure, the corresponding height profiles of these sections thicknesses have the standard deviatinrendo,. For randomly
display three (solid line) and two particles (dashed line), respectively. yriented stacks given by freely diffusing nanoparticles one

obtains
the experimental curve (damping of the oscillation) is better

reproduced when taking the same radius, but with a polydisperse
size distribution according to eq 2 with a relative standard
deviation ofo = 0.14 (Figure 6, dashed line).

It can be seen there that the shape of the experimental
scattering curve at smadlis steeper than can produced by a wit
spherical object only. This is indicative of prolate (elongated)
ellipsoids. The form factor of elliptical particles with the
semiaxeR, R, and¢R, useful for the description of elliptical
cores of triblock copolymer micellé$,is given by’

/"".

10

Height (nm)

03 04 05 06 07
Distance (pm)

Figure 9. AFM sections of height images of tife-BIC nanopatrticles

0.2

I(s) O

1 Re[(l — Hi(9)(A — Hy(9)) )

s (1 = Hy(9H(9))

H.(s) = exp(2rid; — 27°0;°5°) (6)
Applying eq 5 to interpret the SAXS pattern froR-BIC,
we found that peak positions (sensitiveLip relative intensities
(sensitive to the ratio afl; to d,) and peak widths (sensitive to
o1 and o,) are well reproduced. The solid line in Figure 7
corresponds to a stack of lamellae with thicknessies 3.00
nm andd, = 0.65 nm and a periodicity = d; + d, = 3.65
nm. The standard deviations are= 0> = 0.2 nm. We assign

Pellipse(s1 Re)= j(‘)ﬂ/Z (1)2[5, r(R, €, a)]sin do 4)

wherer(R, €, @) = R(si? a + €2 cog a)Y2 Thee > 1 for
prolate ellipsoids and < 1 for oblate ellipsoids. When using

eq 4 we found that the scattering of prolate ellipsoids with two
short semiaxes oR = 8.5 nm and a long semiaxis efR =
23.8 nm € = 2.8) reproduces the experimental data well (see
solid line in Figure 6). It is obvious that the description of the
data can be further improved when polydispersity is introduced.
A distribution of R with a smallo of about 10% will already

d; to the nonionic lamellae which are enriched in the perflu-
orinated alkyl chains (in extended conformation) ahado the
lamellae enriched in the polyelectrolyte chains plus the car-
boxylic head groups. The values determineddpandd, are
typical for polyelectrolyte-surfactant complexes with a lamellar
solid-state structure in bulk materials and thin filfngn

dampen the oscillations of the scattering curve. To the best of principle, structure characteristics of stack height and width can

our knowledge there is currently no useful expression that

describes the scattering of polydisperse ellipsoids. Therefore,

we take the polydispersity of 14% derived from the polydisperse
sphere modeR as an approximation. The scattering intensity

at very small angles can be described by Guinier's approxima-

tion, which gives the radius of gyratioRy, of nanoparticles:
In[I(s)] = In[I(s = 0)] — 4/37?R?s. According to this we
determined?y = 11.7 nm from a Guinier plot (not shown). The

be also derived, but this overstresses the model. A sketch that
summarizes our final structure model of the-BIC nanopar-
ticles is given in the inset of Figure 7.

Visualization of the Nanoparticles.The dimensions of the
F—BIC nanoparticles are suited for visualization by atomic force
microscopy (AFM). The AFM in tapping mode allows nonde-
structive imaging of the surface of soft polymer samples and
was recently successfully used to characterize core(hatdll- CDV



9344 Laschewsky et al.

20
P (a) (b)
g
5 104
3
5
® 0 precipitation
() 3
z | /
? 1 2
2 -10-
x N ‘
=
-20 T T T T T T
200 220 240 260 200 220 240 260

Wavelength (nm)

Figure 11. Circular dichroism of fibrinogen in buffer (|kPOy/KH -
PQy) at pH 7: (@) in contact wittF—BIC nanopatrticles, and (b) in
contact with noncomplexegolyM1-block-M2. Key: dashed lines
(----), native state before incubation; solid lines—), state after 10
min of incubation; dotted line-{:----), state after 24 h of incubation.
In the case of addeablyM1-block-M2, the fibrinogen was precipitated
after 24 h of incubation.

(soft) morphology of hockey puck micelles formed by rod
coil block copolymers? For visualization of the nanoparticles,
one drop of thé&=—BIC dispersion was cast onto freshly cleaved
mica, the negatively charged surface of which offers good
adhesion for hydrophilic polymers like PEO. After evaporation
of the water, the sample was examined by AFM. A height profile
of a region of 2.6um x 2.6 um in size is shown in Figure 8

where spherical or slightly oval-shaped particles are densely

packed, displaying relative uniform particle heights and lateral
dimensions ok 100 nm. Obviously individual particles remain

Macromolecules, Vol. 39, No. 26, 2006

wondered whether the stablE—BIC nanoparticles might
influence also the secondary structure of HSA. In order to find
out whethef=—BIC change the secondary structure of proteins,
preliminary tests were carried out with HSA and fibrinogen,
two major blood plasma proteins. First, the particles were mixed
with HSA in KH,POy/K,HPO, buffer solution, and the circular
dichroism of this mixture was compared with that of HSA in
the same buffer solution. As is seen in Figure 10, the spectra
display two minima, one at 208 nm and the other one at 222
nm, characteristic afi-helical structure. These minima are more
pronounced in the presence of the-BIC indicating that the
amount ofo-helix in HSA was increased. The crystal structure
of HSA is well characterizeéd and has 28x-helical segments
which amount to 67%. Comparing the measured ellipticity
values at 222 nm with and witho&#—BIC we found that the
o-helix content increases by incubation with-BIC to a
constant value within a few minutes. The change of the mean
residue ellipticity at 222 nm,f]22,, varies linearly with the
a-helix content of a proteif? which allows to easily estimate
the change in the-helical content of a protein from thé]22.
When taking ar-helical content of 67% for HAS in its native
state then thea-helix content increases to 100% by the
incubation with F—BIC within minutes. The formula of
Greenfield and Fasmétis also very commonly used to estimate
the a-helix content of a proteif

-[6],,, — 4000

0, - -
(%) = 33000— 2000~

100 @)

Using eq 7, we determined aihelix content of about 55%

discrete even after drying. Only some aggregates where two orfor HSA without and 89% with incubation &—BIC. Messina
three particles seem to be merged on the mica surface can bealculated a similar value for pure HSA in buffer when using
observed. A height profile and a phase image with a higher the eq 7 (53.1%-helix).>* Despite the fact that the absolute

magnification of the particles are displayed in the insets of

values of then-helix content have to be discussed controver-

Figure 9. Representative height profiles through two nanopar- sially, we conclude thaE—BIC strongly increases the amount
ticles and two nanoparticles plus an aggregate of two particles of a-helix in HSA.

are shown in Figure 9 (dotted and solid line, respectively). It
can be seen clearly that the size of driedBIC nanoparticles

The second protein, fibrinogen, has frequently been investi-
gated in biomaterial interaction because of its relevance to

is 9 nm in height and about 100 nm in width. Taking into thrombotic interactions with blood-contacting materials and
account that the particles flatten strongly due to the drying because of its distinctive shape. While HSA is a globular protein,
process the overall size of the nanoparticle as determined fromfibrinogen is a flexible elongated molecule (dimensions are 47
AFM in its dry state and from DLS in solution are consistent. x 4.5 x 4.5 nn#). It highly adsorbs to surfaces with very low
Interestingly the shape anisotropy of the nanoparticle core is surface mobilitys5
much more pronounced than that of the overall nanoparticle.  Circular dichroism spectra of fibrinogen were measured under
This is not necessarily self-contradictory as has been reportedthe same condition as for HSA. It can be seen in Figure 11a
for hockey puck micelle$® Most likely the stretching of the  (dashed and solid line) that the CD spectrum of fibrinogen
neutral blockpolyM2 at the rod-coil boundary (i. . boundary  changes within 10 min of incubation witR—BIC. After
between complexegolyM1 andpolyM2), results in stretched  incubation it display the shape typical for a higthelix content.
linear polyM2 blocks in the vicinity of the core. ThpolyM2 It can be seen also that the further changes in the spectrum
block becomes more coiled with increasing distance from the within the next 24 h are small (Figure 11a, dotted line). No
core and canceling out the axial ratio anisotropy of the core aggregation was observed. For comparison, after 10 min of
itself to some degree. incubation with the noncomplexqublyM1-block-M2 (Figure
Increase of thea-Helix Content of HSA and Fibrinogen. 11, solid line in part b), the ellipticity around 222 nm increased.
Understanding and controlling protein adsorption is decisive for Accordingly the content adi-helix in fibrinogen had decreased
designing biocompatible nanoparticles. In particular, for any by incubation with the pure polymer. Finally the fibrinogen
potential in vivo application, the interactions of nanoparticles precipitated and no CD signal was obtained after 24 h. Similar
with natural proteins are crucial, as they may denaturate the results were obtained when usihiy-BIC.
natural proteins. In this context the effects of {Gffoups on For quantification of thex-helix content in fibrinoge”® we
the human serum albumin (HSA) secondary structure have beernused eq 7 resulting in 29% of-helix for the pure fibrinogen
investigated when in contact with surfaces of polymer fluoro- which is comparable to the value reported in the literature (e.g.,
surfactant complexé$.In general the secondary structure of Chen et aP” determined 35.4%). After 10 min of incubation
HSA was maintained, but in some cases théelix content we calculatedx-helix contents of 68% withr—BIC and 17%
increased. For one complex containing perfluorooctanoic acid, with polyM1-block-M2. This value increased slightly after 24
for example, it was possible to achieve 76% helix for adsorbed h of incubation withF—BIC to 70% while noa-helix content
HSA, a value~10% above the native one. Therefore, we could be detected after incubation with the pure polymer 8\59‘/
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to precipitation. Because of fibrinogen is known for its quick
adsorption to foreign materials and due to its vital role in clot
formation it is interesting that it behaves very unexpectedly by
forming a secondary structure highly enrichedximelix when

in contact withF—BIC. In the control experiment with pure
polyM1-block-M2, fibrinogen looses its ordered structure and
precipitated as expected. This proves thatotHeelix formation

is a distinct property of th&—BIC nanoparticles and not of
the block copolymer. A control experiment with the pure
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inducing property ofF—BIC, at least on the structure of
fibrinogen, is unique. A comparative study to other strong
o-helix forming agents like fluoro alcohols (trifluoroethanol and
hexafluoro-2-propandij may help to understand the mecha-
nisms of protein folding.

Conclusion

TheF—BIC nanoparticles exemplify the potential of functional/
complex polymers which can be synthesized via RAFT in water.

For any biomedical application of polymer-based nanopatrticles,
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this can be achieved via RAFT polymerization in water.

Importantly, all the steps for the preparation of nanoparticles

including polymer synthesis were carried out in water. There-
fore, the risk of having residual organic solvents in hydrophobic

core of particles, which may cause serious problems for any in

vivo application, can be excluded in this strategy, as well.
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