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Hybrid Block Copolymer Micelles with Partly Hydrophobically Modified Polyelectrolyte
Shells in Polar and Aqueous Media: Experimental Study Using Fluorescence Correlation
Spectroscopy, Time-Resolved Fluorescence, Light Scattering, and Atomic Force Microscdpy

s

Pavel Mat§icek, Jana Humpolitkova, and Karel Prochazka*

Department of Physical and Macromolecular Chemistry and Laboratory of Specialty Polymers,
School of Science, Charles Usrsity in Prague, Alberto 6, 128 43 Prague 2, Czech Republic

Zdeng& Tuzar and Milena Spirkova

Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republicydig@quare 2,
162 06 Prague 6, Czech Republic

Martin Hof

The Jarosla Heyravsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic,
Dolej&ova 5, 182 23 Prague 8, Czech Republic

Stephen E. Webber
Department of Chemistry and Biochemistry, bbisity of Texas at Austin, Austin, Texas 78712

Receied: October 14, 2002; In Final Form: May 2, 2003

The structure and behavior of amphiphilic block copolymer micelles with partly hydrophobically modified
polyelectrolyte shells were studied in 1,4-dioxateater mixtures and in purely aqueous media by a
combination of several experimental techniques. The studied hybrid micelles are formed by 20 wt % of a
modified polystyrendslockpoly(methacrylic acid), PS-N-PMA-A, double-tagged by one pendant naphthalene
between blocks and one anthracene at the end of the PMA block and by 80% of either nontagged PS-PMA
or polystyrenedlockpoly(ethylene oxide), PS-PEO. The cores of micelles contain pure PS, while the shells
contain either PMA-A/PMA or PMA-A/PEO mixed chains. The double tagging by naphthalene and anthracene
allows for a nonradiative energy transfer (NRET) study aimed at the estimate of donor-trap distances within
one micelle. The fluorometric study suggests that the hydrophobic anthracene tag at the end of shell-forming
PMA block tries to avoid the agueous medium and is buried in the shell, forcing the PMA chain to loop back
toward the core. Since the stability of hybrid micellar solutions is guaranteed by favorable interactions of
stretched unmodified shell-forming chains (which are in excess in the system) with the aqueous solvent, the
reduced entropy of the loop-forming chains does not play such an important role as in micelles with 100%
tagging. Hence, we conclude that a higher fraction of the anthracene-tagged chains may return closer to the
core—corona interface than in the case of 100% tagged micelles.

Introduction was aimed at understanding basic principles of the micellization
behavior and stability of micellar solutions at different conditions
Self-assembled coreshell nanoparticles in aqueous media because this knowledge is necessary for developing suitable drug
and various micelle-based amphiphilic nanostructures have beerdelivery systems based on self-assembling polymers.
the subject of numerous studies in the past few y&dfs. Amphiphilic block copolymer samples containing a long
Considerable interest of a number of groups in self-assembling hydrophobic block, such as polystyrene, PS, and a long
water-soluble polymers is motivated by interesting functional polyelectrolyte block, such as poly(methacrylic acid), PMA, are
properties of prepared nanoparticles and by their potential usejnsoluble in aqueous media; nevertheless, multimolecular as-
in drug and gene delivery/~32 Biocompatible self-assembling  sociates with kinetically frozen PS cores and PMA shells may
systems are usually complex, and their behavior is not under- pe prepared indirectly, e.g., by stepwise dialy&ishe structure
stood enOUgh to allow for safe biomedical applications. There- and pH_dependent behavior of the shell is Comp|ex and very
fore, studies on relatiVer Simple and well-defined model rich due to the fact that PMA is not on|y a weak po|ye|ectro_
systems are needed. We have been studying micellization Of|yte,44,45,53—61 but it has some properties of polyso&ps/t
amp_hiphilic block copolymers in aqlzjeous and nonagueous polar Recently, we studied micellization of hydrophobically modi-
media for more than one deca#e>? Our long-term research fied block polyelectrolyte copolymers in aqueous media,

T Part of the special issue “International Symposium on Polyelectrolytes”. particularly the behavior of a double-tagged polystyrbesk
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thracene at the end of the PMA blo#k>2 Anthracene and CHART 1: Structures of the Copolymers (a)
naphthalene form a very suitable pair of fluorophores and have PS-N-PMA—An, (b) PS-N-PMA, (c)PS-PEO, and (d)
been often used for studies on polymer systems by nonradiativePS-PMA

energy transfef?~’7 In this paper, we report on the behavior ()

of mixed micellar systems formed by (i) modified PS-N-PMA-A

and unmodified PS-PMA chains of very similar lengths and

composition and (ii) modified PS-N-PMA-A, unmodified PS-

PMA, and PS-PEO (poly(ethylene oxide)) chains. Because some CHsC CHzCH CH,CH CHzC

authors have been considering the attachment of recognition or COOH

modifier groups at the ends of shell-forming blocks in micellar

systems for drug and gene delivery, the results of our study

may be relevant also for these systems if the recognition groups

have some degree of hydrophobicity32 m=300, n=340

Experimental Section

Materials. Sokbents.1,4-Dioxane (for fluorescence spectros-
copy; Sigma-Aldrich, Int.) was used as purchased. Deionized HSC CHZCH CHZCH‘|}:HZC
water and aqueous buffers (analytical grade; Sigma-Aldrich, Int.) COOH
were used for all measurements in agueous media.
FluorophoresOctadecylrhodamine B (ORB) was purchased
from Molecular Probes.
Block Copolymer Sample®&iblock copolymer samples of =220, 5=365
polystyreneblock-poly(methacrylic acid), (i) a single-tagged ()
sample, PS-N-PMA, with one pendant naphthalene tag between
blocks, (ii) a double-tagged sample, PS-N-PMA-A, with one
pendant naphthalene tag between blocks and one anthracene AlliCHz GH CHzCHy~ OjLH
polymerization in tetrahydrofuran at78 °C in the N, atmo-
sphere, as described earlfé£’ The structure of copolymers

tag at the end of the poly(methacrylic acid) block, and (iii)

by Dr. C. Ramireddy at the University of Texas using anionic

used in our study is depicted in Chart 1. Their molar masses,

polydispersity, and composition are given in Table 1. CH3(P CH2
Techniques.Dynamic Light Scattering (DLSAn ALV 5000 CHs COOH

polystyrenaslock-poly(ethylene oxide), PS-PEO were prepared

a=190, h=435
multibit, multitau autocorrelator (Langen, Germany) and ar-He
Ne laser [, = 633 nm) were employed. The solutions for
measurements were filtered through 0:28 Millipore filters. =275, d=155
Measurements were performed with solutions of the lowest

possible concentration (ca. 0.1 mg/mL) at different angles and TABLE 1: Characterization of Polymers?
a temperature of 25C. Analysis of the data was performed by

+ U ‘ ! sample Mw/kg moit Xps Muw/Mn
fitting the experimentally measuredy(t), the normalized 55 PMA 116 0.68 105
intensity autocorrelation function, which is related to the PS-N-PMA-An 60.6 0.52 109
electrical field correlation functiong;(t), by the Siegert rela- PS-N-PMA 54.4 0.42 1.15
tion?4.48 PS-PEO 39.0 0.51 1.08
gz(t) 1= ﬂ|91(t)|2 (1) aM,/Mn, determined by size exclusion chromatograpkys = mass

fraction of PS determined by NMR.

where  is a factor accounting for deviation from ideal
correlation. Two different mathematical procedures were used
for evaluation of results. (i) For polydisperse sampig§) can

be written as the inverse Laplace transform (ILT) of the
relaxation time distributiontA(7)

and refractive index of 1,4-dioxanavater mixtures (for evalu-
ation of Ry values) were determined experimentally in our
previous studie&!

Steady-State Fluorometr$gteady-state fluorescence spectra
(i.e., corrected excitation and emission spectra and steady-state

g,(t) = STA(T)exp(—t/r)dInt 2) anisotropy) were recorded with a SPEX Fluorolog 3 fluorometer
in a 1 cmquartz cuvette closed with a Teflon stopper. Oxygen
wheret is the lag-time. The relaxation time distributiam\(z), was removed by 5 min of bubbling with nitrogen before the
is obtained by performing an inverse Laplace transform (ILT) measurement.
with the aid of a constrained regularization algorithm (REPES), Time-Resaled Fluorometry. The time-correlated single-

which minimizes the sum of the squared differences between photon-counting technique was used for measurements of
the experimental and calculategi(t). The individual mean fluorescence lifetimes. The time-resolved fluorescence decays
diffusion coefficients, D, are calculated from the second were recorded on a ED 299 T time-resolved fluorometer,
moments of the peaks, and the average diffusion coefficient andEdinburgh Instruments, Inc., equipped with a nanosecond
polydispersity were evaluated using the cumulant method. The coaxial discharge lamp filled with hydrogen at 0.5 atm (half-
hydrodynamic radiusRy was evaluated from the diffusion  width of the pulse ca. 1.2 né}:*3 A reconvolution procedure
coefficient using the Stoke<Einstein formula. The viscosity = was used to get the true fluorescence decays that were further
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fitted to multiexponential functions using the Marquardt T y T
Levenberg nonlinear least-squares method using the ED soft-
ware. Low values of? (close to 1.0) and random distribution

of residuals were used as criteria of the fit.

Fluorescence Correlation Spectrosco@yll measurements
were performed with a Confocor | apparatus, Carl Zeiss, Jena,
Germany, which is a binocular microscope AXIOVERT 135
TV equipped by an adjustable pinhole and a special optics for
monitoring fluorescence and a detection diode SPCM-200PQ.
An argon laser beam (514 nm) was used for excitation.
Autocorrelation curves were obtained using a correlator ALV- % 25 =0 P T00
5000 (ALV, Langen, Germany) and fitted by means of formulas vol. % 1,4-dioxane in water
given below (using a software FCS Access Fit (Evotec, Figure 1. Hydrodynamic radii of polymeric micelle®y (in nm), as
Biosystems, Germany). functions of the composition of the 1,4-dioxaneater solvent. Curves

Atomic Force MicroscopyAll measurements were performed 1 and 2: 20% modified PS-N-PMA/PS-PMA and PS-N-PMA-A/PS-
in the tapping mode under ambient conditions using a com- PMA micelles, respectivel_y, curves 3 an_d 4 hybrid PS-N-PMA/PS-
mercial scanning probe microscope, Digital Instruments Nano- 7 EQ and PS-N-PMA-A micelles, respectively.

Scope dimensions 3, equipped with a silicon cantilever,
Nanosensors, typical spring constant 40 N/m. Polymeric micelles
were deposited on a fresh (i.e., freshly peeled out) mica surface
(flogopit, ideal formula KMgAISi3;0;0(0OH),, Czech Republic,
Geological Collection of Charles University in Prague) by a
fast dip coating in a dilute micelle solution in pure watep (

ca. 102 mg/mL). After the evaporation of water, the samples
for AFM were dried in a vacuum oven at ambient temperature
for ca. 5 h.

R /nm

a function of the composition of 1,4-dioxaneater solvent.
The shape of all curves compares well with our older data for
PS-PMA system&*3>Solvents with less than 10 vol % of water
are common solvents for PS and PMA, and all studied
copolymers dissolve as single chains. In mixtures with-20

vol. % of water, reversible multimolecular micelles with swollen
PS cores form spontaneously, which is manifested by large
hydrodynamic radii. In later dialysis stages the micellization
equilibrium freezes, the PS cores de-swell, and hydrodynamic
radii, Ry, shrink. In the last dialysis step, the pendant carboxylic
groups partially dissociate and the size of micelles increases

Preparation and Characterization of Polymeric Micelles due to the counterion-mediated (entropy driven) electrostatic
in Solutions by QELS and FCS.The micellization behavior ~ repulsion between the charged pendant groups of the shell-
of a 100% double-tagged PS-N-PMA-A and a 100% single- forming chaing!556.58.59
tagged PS-N-PMA was the subject of our previous stutfieg. Fluorescence Correlation Spectroscopy StudyFluores-

In this paper we study mixed systems as follows: (i) 20 wt % Ccence correlation spectroscopy is not a currently used technique
tagged PS-N-PMA-A copolymer and 80% PS-PMA with similar  in polymer science. To our knowledge, it was used only by A.
lengths of both blocks and (i) 20% PS-N-PMA-A and 80% Muller et al. for determination of the sizes of polymeric micelles
polystyreneblockpoly(ethylene oxide), PS-PEO, with a shorter as an auxiliary technique of minor importance in his complex
length of the PEO block (see Table 1). The mixed micelles were Studies?®*3* although it has frequently been used to study
prepared using the following recipe: single-component micelles colloidal and biological systent§:-%° Therefore, we briefly
were prepared in a 1,4-dioxane (80 vol-%yater (20 vol %) outline the principle advantages and limitations of this technique
mixed solvent and characterized by QELS. Individual micellar and explain the determination of the number-average molar
solutions were mixed in the required proportions and stirred masses of micelles by FCS.

for 2 days. In this mild selective solvent a relatively fast FCS is a technique in which temporal fluctuations in the
exchange of unimer chains between micelles occurs, and sinceluorescence measured from a very small volume (ca'®1@?)

the swollen cores are formed of PS only, the exchange of chainsOf & dilute solution (ca. 1@ M) of fluorescent molecules are
leads to the formation of uniform hybrid micellg?14647|n analyzed to obtain information on processes that give rise to
the case of the PMA-A/PMA shell, the compatibility of both ~ fluorescence fluctuatiorf§-87 Under conditions of a typical FCS
types of chains is obvious. Concerning the micelles with mixed €xperiment, the irradiated volume contains only a few fluoro-
PMA-A/PEO shells, both polymers are fairly compatible and Phore molecules and each time the fluorescent particle enters
form hydrogen-bond-stabilized interpolymer complexes if PMA Or leaves the active volume, a sudden change in the fluorescence
is protonated (at low pH}®-82 Recently, we studied analogous ~intensity is registered. Therefore, we are interested mainly in
hybrid micelles based on nonmodified PS-PMA and PS-PEO fluctuations due to translation diffusion in micellar solutions
using a combination of various techniques (size-exclusion and also by photobleaching as a complicating factor. Time-
chromatography, capillary zone electrophoresis, etc.). We foundfluctuating fluorescence intensity measured from a small ir-
that the full equilibration of the system and formation hybrid radiated volumeF(t), is given by the following formufd

micelles is completed in less than 1 d&y8 Hybrid micelles

were transferred into aqueous buffers by dialysis as described F(t) = «Q f W(r ,t)C(r t) dr 3
earlier3*35In hybrid aqueous PS-PMA/ PS-N-PMA-A systems,

we did not detect any traces of original single-component where« is the proportionality constanf is the product of
micelles. In hybrid PS-N-PMA-A/PS-PEO systems, both QELS absorbtivity, fluorescence quantum yield, and experimental
and AFM data indicate a coexistence of hybrid micelles with a collection efficiency,C(r t) is the concentration of fluorescent
fairly low-weight fraction of single-component PS-PEO micelles species at position in time t, and W(r t) is a product of the
(see below). intensity profile of the incident laser beam (usually assumed to

Hydrodynamic radiiRy, measured by QELS at different steps be a Gaussian profile) and functions that characterize irradiated
of the dialysis are shown in Figure 1 for all micellar systems as volume. The autocorrelation function of fluctuations, which is

Results and Discussion
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used for the evaluation of the diffusion coefficients is given by 60 .
the following generic equation

G(z) = 1 + [F(t)-F(t + 7)IF(t)E (4) o

whereF(t) is the fluorescence intensity in time@ndF(t+7) is 2 30t 08 /5, .
the intensity in timett+-7) and the averaging is performed over
all measured time intervalf a roughly cylindrical volume of
the radiusw; and height @, (corresponding to the focused 0.k -
beam) containing two types of fluorescent particles with the 0 . 5
same probabilities of the intersystem crossing, quantum yields 0 45 90

¢1 and ¢;, and the absorption cross sections and o, 4

respectively (typically a probe distributed between two mi- Figure 2. Typical dependence of the particle numbdk, on the
croenvironments), is irradiated by a beam with Gaussian concentration of the ORB used for the determination of the number-

intensity profile, the functio(t) assumes the following foréf average molar mass of hybrid PS-PMA/PS-N-PMA-A micelles. (Insert)
Effects of (i) the Poisson distribution of ORB among polymeric micelles

Lisible

0.4

1 . and (ii) the fluorescence quenching on the measured cétv€sirve
Gr)=14+——{1-TA-e ")} x 1" (Xvisile = N/Nmax VS €): this dependence assumes only the Poisson
N(1—T) distribution and no impurity quenching, i.e., each single-tagged micelle
1-Y (¢101)2 is registered. Curve 2': on average only the double-tagged micelles
are registered because of the impurity quenching. Curve 3': only the
1+ (dlr) 1+ S_Z(r/rl)]llz triple-tagged micelles are registered. The leveling-off part of the curve

for high & yields correctM, in all cases.

Y (¢202)2
1+ (t/t) [1 + S (alr,))M?

(®)

considerable advantage of this technique is the fact that it does
not require knowledge of the refractive index increment for the

whereN is the total number of fluorescent particles in the active Studied copolymers. This fact is very important and convenient
irradiated volume)Y and (1Y) are molar fractions of both N complex multicomponent systems, since the value of the
speciesT is the fraction of molecules converted to the triplet r_efractlve index increment obta_lned_ under the osmotic equilib-
state,zo is the characteristic time for the transitiony(* is the ~ "um, (dn/dc),, should be used in mixed solvents for a correct
transition rate)Sis the ratio of half-axesS = w-lw, and the evaluation of experimental dat&1%If the preferential sorption
irradiated volume/ = 27w 2,. Mathematical treatment of the ~ ©f Some components is strong and refractive properties of
experimental curve requires a simultaneous fitting of several components differ, use of the refractive index increment at
parameters and is very sensitive and tricky. It was recently the cOnstant composition may lead to significant errors. The same

subject of several theoretical pap&¥s3 The diffusion coef- applies also for micelles in mixed aqueous solvents and in
ficient of theith componentD;, may be calculated aB; = aqueous buffers containing small ions. The principle offihe

12/47;, and the hydrodynamic radius can be recalculated using Méasurement is the following: Increasing amounts of a
the StokesEinstein formula,Ry = kT/(67xDy), wherek is fluorescent probe that strongly bind to micelles are added to
Boltzmann'’s constanT, is the temperature, angiis the viscosity ~ the measured solution containing a constant concentration of
of the solvent. micelles and the particle number (i.e., the average number of

When using fluorescent probes with a low rate of intersystem fluctuationsper second) _is monitored. For probe-t_o-micelle rat@os
crossing and a strong tendency to bind to micelles (e.g., lower tha_ln 1, the fraction n_)f tagged mlcelles,_l.e., the particle
octadecylrhodamine B), the number-average hydrodynamic number, increases almost linearly. When all micelles are at least
radius of micelles can be determined. We have found that QELS Single-tagged, fluorescence fluctuations become larger but their
data for strongly scattering nanoparticles are usually more @verage frequency (particle number) does not change and the
accurate than FSC dat®191 However, hydrodynamic radii ~ curve levels off. Erom the amount of copolymer and the limiting
obtained by QELS represent mean values recalculated from thevalue of the. particle number, the number-average molar mass
z-average diffusion coefficient. They are strongly affected by a Mmay be easily calculated.
low content of larger particles (i.e., larger than the average) but  We have shown recently that th, determination based on
are insensitive to the presence of smaller particles. The FCSthe limiting particle number obtained from the leveling-off part
values are number averages, weighted evenly by particles ofof the curve is not affected by the distribution of probes among
any mass and size. The great advantage of FCS measuremenigdividual micelles, not by various quenching processes which
is the possibility of determining the diffusion coefficients of are likely to be met under extreme dilutions used for the
small and only weakly scattering particles or of specifically measurement (unless an important self-quenching occurs at high
fluorescent-tagged particles in multicomponent polymer mix- probe-to-micelle ratios)?* The accuracy oM, measurement

tures. depends on the determination of the scattering volume (i.e., on
In contrast to the measurement Bf; (for which QELS the calibration precision) only. A typical dependence of the
usually dominates in accuracy), the accuracyWhfmeasure- particle numberN, on the concentration of the fluorescent probe

ments by FCS is fairly high since it is based only on the directly (octadecylrhodamine B) is shown in Figure 2 for mixed PS-
monitored number of scattering particles in the irradiated volume PMA/PS-N-PMA-A micelles. The insert in Figure 2 illustrates
(which is evaluated from the average rate of fluctuations), i.e., the role of quenching processes on the particle number for the
it does not require fitting the autocorrelation curve. Further, it Poisson distribution of probes in micelles. A brief explanation
is fast, consumes negligible amounts of samples, and does nois given in the pertinent figure caption; a detailed explanation
require a careful filtration (which may be accompanied by the may be found in ref 101. However, theoretical analysis proves
adsorption of a certain amount of micelles on the filter and by unambiguously thatl, obtained from the constant part of the
uncontrollable changes in polymer concentration). Another curve for high¢ yields correctM, values.
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TABLE 2: Characterization of Micelles (determined by
QELS and FCS (in water)y

sample of micelles Mn/'kg mol* Ra/nm
PS-N-PMA-ANn/PS-PMA 1.66< 10° 38.0
PS-N-PMA/PS-PMA 1.0% 1¢° 39.5
PS-N-PMA-ANn/PS-PEO 1.12 1¢° 42.0
PS-N-PMA/PS-PEO 1.58 10° 26.8

aM, determined by FCSRy determined by QELS.

The number-average molar masses of micelles were measured

by fluorescence correlation spectroscopy (FCS) in an alkaline
borate buffer (pH ca. 9.2, ionic strengths 0.1). The weight-
average molar masses of the parent PS-N-PMA-A and PS-N-
PMA, PS-PEO (SE 5) and PS-PMA (SA 34) micelles were
measured in earlier work using static light scattet®tgand
were compared with FCS daté) The M, values of hybrid
micelles obtained by FCS together wigq values in pure water
are given in Table 2. All micelles studied have molar masses
larger than 16 g/mol.

Study of the Nonradiative Energy Transfer (NRET) by
Time-Resolved Fluorometry and the Proposed Structure of
PMA/PMA-A and POE/PMA-A Shells in Aqueous Media.

In our earlier papers we studied NRET in 100% modified PS-
N-PMA-A micelles by steady-sate and time-resolved fluorom-
etry2950\We are using the time-resolved donor (naphthalene)
fluorescence decays for evaluation of the energy-transfer ef-
ficiency in hybrid systems since they provide reliable data and
do not require complicated corrections provided that quenching
by impurities is roughly constant in all studied systems. We
perform a detailed analysis aimed at distributions of traps in
the shell in the accompanying paper devoted to a computer-
based simulation stud? In this communication we simply fit
the NRET-quenched experimental decky(t), by multiexpo-
nential functions

0= A expralt ©)

where the sum of preexponential factdsis normalized to
unity andzg are the lifetime components. By comparing the
naphthalene fluorescence decay in PS-N-PMA-A micelles
(Ip4(t)) with the reference (nonquenched) decay in PS-N-PMA
micelles (p°(t)), we are able to draw qualitative conclusions
on the behavior of the trap-modifier ends of the shell-forming
blocks. The energy-transfer efficiency may be calculated from
the relationship

.90

2.0 )

X =1

where@P0and Fr90= Y A5 are linear mean lifetimes of the
reference and the modified systems. Typical naphthalene
fluorescence decays from PS-N-PMA/ PS-PMA (curve 1) and
PS-N-PMA-A/PS-PMA micelles (curve 2) are shown in Figure
3a in a common solvent for both blocks (1,4-dioxane with 5
vol. % water mixture). In this solvent, both samples dissolve
as random coils. The average naphthatesngthracene distance

vy
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Figure 3. (a) Experimental time-resolved naphthalene fluorescence
decays form partially modified PS-N-PMA(20%)/PS-PMA (curve 1)
and PS-N-PMA-A(20%)/PS-PMA micelles (curve 2) in a 1,4-dioxane
(95 vol %)—water mixture. In this good common solvent for PS and
PMA, both curves overlap. (b) The corresponding time-resolved
naphthalene fluorescence decays in water which is a strong selective
precipitant for PS (curves 1 and 2, same as in part a).
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Figure 4. Energy transfer efficiencyy, (calculated from the time-
resolved fluorescence data), as a function of the 1,4-dioxeser
solvent composition. Curve 1: PS-N-PMA-A (20%)/PS-PMA micelles.
Curve 2: PS-N-PMA-A (20%)/PS-PEO micelles.

that NRET is negligible in common solvents and increases with
increasing water content. The comparison shows that energy
transfer is very efficient even in partially modified systems.
Presumably the majority of the NRET in partially modified PS-
PMA micelles occurs between N and A that are tethered together
on the same polymer chain. The QELS and fluorometry study
suggests that the structure and size of hybrid micelles with mixed
PMA-A and PMA shells is controlled mainly by the behavior
of the majority nonmodified PMA chains (weight fraction is
80%). The modified chains loop back, and since the stability
of aqueous micellar solutions is amply secured by the solvation
of stretched nonmodified PMA chains with dissociated periph-
eral COO groups, the modified chains loop back even more
as compared with the 100% tagged system. Therefore, the
measured energy-transfer efficiengy, is very high i ca.
0.35 in pure water), taking into account the dilution of both
donors and traps in hybrid systems as compared with the fully
tagged systems¢ ca. 0.25 in pure watePf.

Concerning PS-N-PMA-A/PS-PEO micelles, we have shown

is large, NRET is negligible, and the curves overlap. Analogous in our earlier papers that the mixed shell has a distinct bilayer
curves in water (a strong selective precipitant for PS) are shownstructure?”#8 Dissociation of PMA is suppressed close to the
in Figure 3b. The NRET quenching at early times is quite core, and PMA forms a fairly rigid and relatively nonpolar
pronounced. This result suggests that the anthracene tags try taomplex with PEO. Since PEO blocks are longer and in excess
avoid the agueous medium and the hydrophobic chain ends loop(weight fraction 80%), parts of PEO chains stretch into the bulk

back toward the core/shell interface.
Energy-transfer efficiency, calculated from eq 4, is shown
in Figure 4 as a function of the solvent composition. It is evident

solvent and stabilize the hybrid micelles. Some anthracene traps
return close to the core and seem to be trapped in the fairly
rigid PMA-PEO complex around the core. This fact is witnessed
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not only by strongly quenched naphthalene decays and a fairly (a)
high NRET efficiency, but also by very high steady-state
anthracene fluorescence anisotropyr ) of ca. 0.25 in pure
water) and almost negligible anthracene fluorescence quenching
efficiency, both for the iodide or thallium quenching.

Tapping Mode Atomic Force Microscopy Study and the
Structure of Micelles on a Hydrophilic Mica Surface. To
further characterize the size distribution of our mixed micelles,
we investigated the hybrid micellar systems by atomic force
microscopy (AFM). We performed the tapping-mode (TM
AFM) studies on micelles deposited on a hydrophilic mica
surface by a dip-coating technique. The samples for AFM study
were prepared from dilute micellar solutions in pure water in
the concentration range 18-10"3 mg/mL. The size and shape
of surface-adsorbed micelles are expected to differ from the
solution (see ref 101), but we were interested mainly in the
relative size distribution to account for differences between the
number- and weight-average molar masses found in our recent 2:5
studiest®! For hybrid micelles, we were further interested in
whether hybridization is complete in mildly selective solvents
as the QELS data suggested the possibility of a bimodal
distribution of micellar sizes in aqueous PS-N-PMA-A/PS-PEO
mixtures.

It is generally recognized that the highly hydrophilic mica
surface is negatively charged in aqueous solutions and has often
been used for binding polycatio#¥:107 Although our PS-PMA
micelles are highly charged polyanions, they stick to the fresh
mica surfaces. Mica (flogopit-type) is composed of 2D layers
of covalently bound aluminum silicate polyanion networks. The
layers are kept together by electrostatic forces with small cations
(alkaline metals, mainly K, and alkaline-earth metals, ¥ig
inserted between the aluminum silicate layers. The freshly peeled
off mica surface is covered by metal cations, and its net charge
is either neutral or slightly positive. The adhesion of polyanion
chains (see below) suggests that during the removal of the thin
upper layer, excess cations presumably accumulate on the
steady, flat, and atomically smooth lower surface (in comparison
with the layer which is deformed during the separation process).
The surface cations may be washed out, but our time-dependent
pH measurements with grained flogopit particles dispersed in
water showed that within the first few seconds only a small
fraction of cations is released into the aqueous phase. o

The unmodified PS-PMA micelles (SA 34 sample, character-
ized in refs 43 and 44) and the 100% modified PS-N-PMA-A
micelles were studied previously, and the results have been
published elsewhe®:51 The AFM scans of the mixed micelles
demonstrated a low polydispersity of sizes in both cases,
although not as low as for the SA 34 PS-PMA single-component
micelle. Figure 5a shows a 2:8n x 2.5um scan of partially
modified micelles of PS-N-PMA/PS-N-PMA-A. A &m x 1
um scan (Figure 5 b) reveals that their average size is ca. 100
nm and compare fairly well with sizes of either PS-PMA or
PS-N-PMA-A micelles. However, it is clear from both scans
that the polydispersity of mixed micelles is appreciably higher.
Figure 5c¢ depicts the corresponding cross-section analysis to
show details in the structure of mixed micelles. The maximum
vertical distances are almost 25 nm, which compares quite well
with the diameter of the rigid (hondeformed) PS core based on
the molar mass of micelles and the PS bulk den$ityThe Figure 5. (a) Large tilted 3D (landscape) 2/6n x 2.5um x 100
hybrid micelles do not seem to be displaced or deformed during "™ TM AFM scan of PS-N-PMA-A (20%)/PS-PMA micelles on a mica
the AFM scan since they keep their round shape and the scang{"face- (b) A detailed Am x 1um x 100 nm scan of the same system.

. . c) The corresponding cross-section analysis.
are sharp. The measured profiles show only a small sign of the
core/shell structure (almost negligible in comparison with PS-  Evaluation of larger scans allows for the determination of
PMA micelles)1%0 histograms of horizontal diametedsand heights of surface-
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Figure 6. Histogram of micellar sizes evaluated by AFM. (a) 1

Histogram of horizontal radiR, evaluated on the basis of 300 micelles. _ )

(b) Corresponding histogram of heights, (c) Cross-correlation of ~ Figure 8. A1um x lum x 60 nm AFM scan of hybrid PS-N-PMA-A

horizontal and vertical values. (20%)/PS-PEO micelles on a mica surface. Concentration of the aqueous
solution used for the dip coating was ca. 10 times lower than that in

0.3 previous cases.

In Figure 8, hybrid PS-N-PMA-A/PS-PEO micelles are shown
° ] onalum x 1um scan. In our preliminary AFM studies, we
. ] found that micelles with surface-active PEO chains tend to
. aggregate on the surface. Therefore, we lowered the concentra-
tion ca. 10 times as compared with the previous depositions.
We succeeded in preventing the aggregation, but the coverage
. . . is lower than that in previous figures. The hybrid micelles are
0 am 02 fairly monodisperse, but the scan reveals a low-weight fraction
' of small micelles, which probably are the single-component PS-
PEO micelles, since their size is identical with that of the parent
PS-PEO micelles (measured independently, but not shown). On
O O the basis of several Bm x 5 um scans, we can estimate the
0.0 * > 0x10° 2.0x10° ' P 0)'(106 ' s 0)'(106 number ratio of small-to-large micelles as 4/1. Since the radius
' ) -1 : of the former is ca. 34 smaller than that of the latter, we may
A/[i/g'm()l conclude that the weight fraction of small nonhybridized PS-
Figure 7. Approximate distribution function of molar masses of hybrid PEO micelles is less than 10%. This finding is in agreement
PS-PMA/PS-N-PMA-A micelles based on AFM data. This function With QELS results from aqueous solutions of hybrid PS-N-
was evaluated assuming the proportionality between molar vass, PMA-A/PS-PEO micelles, as the distribution of relaxation times
and the volume of a micelle, i.eM 0 R’z Absolute values were indicated the presence sfL0% of smaller particles. Concerning
obtained by comparing)ex, measured by FCS with the first moment  the jncomplete hybridization of micelles, supplementary studies
8; tiggisi'gggiurﬂ?crg"%gsert) Correlation of experimergandR values are in progress. So far we can offer only a tentative explanation.
' The PEO blocks are longer than PMA blocks, and therefore,
their lower number is needed (as compared with PMA) for the
deposited micelles and their cross-correlation. The histogramsformation of the most convenient complex. Since entropy of
evaluated on the basis of ca. 300 micelles are shown in Figuremixing favors the presence of several different species and the
6a and b. The cross-correlation@fndR, (based on one scan, incorporation of more chains in micelles does not lower the
i.e., on ca. 60 micelles) is shown in the insert in Figure 7. It €nergy any more, two types of micellesybrid micelles and
clearly proves the linear statistical dependence af R (if all single-component PS-PEO micelles are formed.
points were included, the correlation would be basically identical  The AFM study proved that the partially modified PS-N-
but too many points would obscure the figure). If we assume PMA-A/PS-PMA and hybrid PS-N-PMA-A/PS-PEO micelles
that the density of the surface-deposited micelles is spatially @€ appreciably more polydisperse than the reference PS-PMA
constant and that the mass is therefore proportional to the Micelles (SA34), which may explain differences between molar
volume (i.e., to the produd®?z), we can estimate the relative ~Masses, hydrodynamic radii, and radii of gyration measured by
distribution of molar masses of mixed micelles. The comparison different techniques. When compared with the study for
of the average molar massi{).;, with experimental value ”Oand";"?d PS-PMA and fully modified PS-N-PMA-A mi-
(Mn)exp measured by SCF allows for its recalculation in the Celles?®* it also showed that the hydrophobic modification
absolute distribution functiofi(M). The distribution function  affects the structure of micelles not only in the solution but
obtained by AFM is shown in Figure 7. The weight-average &/S0 0n a hydrophilic surface.
molar mass based on the FCS-estimdikd= 1.66 x 10° kg
mol~! and on the AFM-evaluated distribution yields the value
M,, = 2.88 x 10® kg mol~! and the polydispersity indebd,,/ (1) Using a combination of several experimental techniques,
M, = 1.70. we found that the hydrophobically end-tagged PS-N-PMA-A

0.2

s

0.1

Conclusions
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spontaneously in a weakly selective solvent (80 vol % dioxane: ' "(12) wilhelm, M.: Zhao, C.-L.; Wang, Y.; Xu, R.; Winnik, M. A.; Mura,
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of the PMA-A chains differs from that of nontagged chains 8(%51)2$5tafieva, I.; Khougaz, K.; Eisenberg, Macromoleculesl995
because the _anthracene tags tend to be located in the rela_tl_vel)? (16) Yu, Y. S.: Zhang, L. F.: Eisenberg, Aangmuir1997 13, 2578.
hydrophoblc inner shell close to the PS core. Thus,.the modified  (17) zhang, L. F.; Eisenberg, AMacromoleculed999 32, 2239.
chains are forced to loop back toward the core. Since both the (18) Shen, H. W.; Zhang, L. F.; Eisenberg, A Am. Chem. S0d999
enthalpy and entropy of the system are controlled mostly by 12%13)7 258Hen H. W.; Eisenberg, A Phys., Cher. 5999 103 8473
the pehawor of nonmod_lfled PMA s_hell-formlng blocks, which _ (20) Shen. W. H.. Eisenberg, Macromolecule200q 33, 2561.
are in a great excess in our hybrid systems, the decrease in (21) Antonietti, M.; Heinz, S.; Schmidt, M.; Rosenauer,Macromol-

entropy due to the formation of PMA-A chain loops is not as ecules1994 27, 3276.

disfavored as in a micelle composed solely of PS-N-PM#-A (22) Antonietti, M.; Faster, S.; Gtrich, S.Macromol. Sympl1997, 121,
and 'Fhe extent of NRET in hybrid micelles is even higher than '(23) Regenbrecht, M.; Akari, S.”Fater, S.; Mohwald, HJ. Phys. Chem.
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the design of drug and gene delivery systems based on self- (25) Lee, A. S.; Gast, A. P.; Buthun, V. Armes, S\Pacromolecules

assembly of copolymers. Some authors have been consideringi99g 32, 4302.
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