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ABSTRACT: Fluorescence spectroscopy is used to probe the polarity and local friction in agueous solutions of
three amphiphilic polymers. Aggregate core polarity and local friction on the nanoscale are observed by measuring
the steady-state and time-resolved fluorescence spectroscopy of coumarin 153 (C153) in three amphiphilic polymers
as a model for hydrophobic drug encapsulation. Three solutions of polymers are studied: one amphiphilic scorpion-
like macromolecule (AScM), M12P5, and two amphiphilic star-like macromolecules (ASMs), NC12P5 and NC6P5.
Both ASMs and AScMs consist of hydrophobic segments of acylated mucic acid and hydrophilic poly(ethylene
glycol) chains. In agueous solution, the scorpion-like M12P5 forms micellar aggregates through hydrophobic
interactions, while the star-like polymers are covalently bonded macromolecules that form higher order aggregates.
Micelle and aggregate sizes are compared using dynamic light scattering measurements. A shift in the steady-
state emission wavelength of C153 indicates distinct differences in polarity between the core environments of the
scorpion-like polymer micelles and those of the two star-like polymers. The two reorientation time constants
from C153 fluorescence anisotropies show that the hydrophobic cores of M12P5 micelles are relatively flexible.
The covalently linked, rigid cores of the two star-like macromolecule nanocarriers, NC6P5 and NC12P5, show
a third reorientation time constant for which the local friction of the dye is remarkably higher.

Introduction Il
A number of amphiphilic polymers have been designed to o—fg"S
solubilize hydrophobic molecules for applications in drug o qu‘
0% )

deliveryl=* Because poly(ethylene glycol) (PEG) is highly
water-soluble, it is ubiquitous in these synthetic copolyniers. oo o

PEG and its conjugates are widely used in the areas of small- o % 2
molecule encapsulation, drug formulation, modification of :

proteins and pharmaceutical molecules, cosmetics, biomedical =

coatings, and other surface modificatidn& The hydrophilic, u o7 o

nontoxic, biocompatible, and biodegradable nature of PEG has
led to its use in amphiphilic polymers for encapsulation of Figure 1. Structure of fluorescence dye C153 (left) and amphiphilic
hydrophobic drug$2 Many molecules considered as drug Scorpion-like macromolecule, M12P5 (right).

candidates are insufficiently water-soluble to be absorbed
effectively into biological systems, and one must take into
account the solubility and biological interactions of both the

drug and its delivery mediaSuch delivery media must be of C153 has been used previously by our group to investigate
biocompatible, nontoxic, and able to solubilize but not inhibit ; previously by our group . 9
the local polarity and microviscosity in different regions of

the drug molecule. Each of these attributes depends on ap'aqueous solutions of poly(ethylene oxideply(propylene
propriate selection of the PEG functionalfty” Another goal oxide)—poly(ethylene oxide) triblock copolymetsiBy mea-

of drug delivery systems is to simultaneously increase the suring the steady-state fluorescence emission, time-dependent
circulation time while decreasing the dosdgEhis can enable g th ay . . - P
polarization anisotropy, and reorientation time constants of

a reduction of cytotoxicity, such as for chemotherapy dfugs. C153, it is possible to clearly distinguish between a flexible,
Amphiphilic polymers with PEG hydrophilic blocks have  pojar, water-like environment and a more rigid, nonpolar
been used for increased solubility of hydrophobic molectiés.  onvironment of the dye moleculé1®
Here, we examine three such amphiphilic polymers with the |5 the following, C153 is solubilized by three different
coumarin 153 (C153) fluorescence probe encapsulated as aymphiphilic polymers designed for encapsulation of hydrophobic
reporter of local environment within the core of each of three yygs. The first of the three polymers is an amphiphilic scorpion-
polymer solutions. C153 is used as a hydrophobic drug model jike macromolecule (AScM) composed of a hydrophilic, meth-
for observation of the local friction and local solvent polarity oxy-terminated PEG tail of molecular weight 5000 g/mol and
in the core of each nanocarrier:® a hydrophobic constituent consisting of acylated mucic acid with
C153 is a well-characterized solvatochromic fluorescence 12 aliphatic carbons on each of four ester groidhis polymer
probe that has a hydrophobidogP value of 4.08% The is called M12P5 and is shown in Figure?1M12P5 forms
structure of C153 is shown in Figure 1. This extrinsic fluoro- micelles in aqueous solution with a cmc of 1.2510~7 mol/L
phore has a broad absorption peak near 425 nm. The emissiorat room temperaturé.

maximum ranges from 450 nm in a nonpolar solvent such as
perfluorohexane to 567 nm in a polar solvent such as ethylene
glycol >1516The ability to probe the local solvent environment
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compared to the volume of a single unimer and to the effective
volume of coumarin 153 reorientation found from time-resolved
fluorescence anisotropy measurements. This last effective
volume provides insight into the local friction felt by an
encapsulated hydrophobic molecule in each of the three nano-
carriers in question. This local friction is relevant to the capacity
for each polymeric nanocarrier to encapsulate and release
hydrophobic molecules in solution.

The local friction experienced by C153 solvated in each
nanocarrier differs from the bulk viscosity of these dilute
solutions. As shown by Horng et al., the reorientation of a polar
molecule such as C153 is governed by dielectric friction with
its surrounding solvent environments of various polaritieghis
friction strays from typical hydrodynamic theory in many cases,
thus causing a difference in macroscopic and nanoscale viscosi-
ties10.27

The purpose of the following study is to use C153 fluores-
cence to characterize the local environment in the core of each
drug-delivery polymer. Properties of the C153 local environment
such as solvent polarity, microviscosity, and effective size serve
as a model for probing the core environment of an encapsulated
drug moleculé/~1° By revealing the nature of the local
environment inside each nanocarrier, the polarity and flexibility
of each drug delivery vehicle may be compared relative to each
other for the purpose of encapsulating a hydrophobic molecule.
The aggregation properties and size scales are explored by
dynamic light scattering, by van der Waals molecular volume
calculations, and by investigating the fluorescence and reori-
entation of C153 inside each polymer solution.

Materials and Methods

Sample Preparation. NC12P5 and NC6P5 amphiphilic star-
like macromolecules (ASMs) and the M12P5 amphiphilic scorpion-
like macromolecule (AScM) were synthesized and purified accord-
ing to the previously published proceduf&8? Aqueous solutions
) o . of each of the three polymers were prepared using Fluka Nanopure
Figure 3. Structure of amphiphilic star-like macromolecule, NC6PS.  \yater and stirred in the dark at room temperature for at least 48 h.

The polymer solutions were filtered through a @u& Whatman

The second drug-delivery polymer shown in Figure 2 is called PTFE filter to remove impurities. Molar concentrations for these
NC12P5 and is one of two amphiphilic star-like macromolecules three solutions are 2 10~ mol/L for M12P5, 5x 10-° mol/L
(ASMs)2223Like M12P5, NC12P5 has a hydrophilic PER{ for NC12P5, and 5¢< 10~ mol/L for NC6P5, giving all solutions
5000 g/mol) tail attached to the acylated mucic acid @re. approximately the same weight-to-volume ratio of 1.2 to 1.3 g/L.

Unlike an AScM, NC12P5 has four amphiphilic branches The concentration of M12P5 solution is well above the cmc value
covalently joined in the center to form a single star-like ©Of 1:25> 1077 mol/L2 Solid coumarin 153 (C153) from Acros

macromolecule that behaves like a “unimolecular micele® Organics was added to each polymer solution in a sealed vial and

. - . stirred for at least 24 h until dissolved into solution.
The third polymer is another ASM called NC6P5 and differs o aggregation properties of ASMs and AScMs depend on the

from NC12P5 by having only six carbon chains on each of the oncentration of each polymer in solution. For all of the fluores-
four mucic acid acylation site®. The structure of NC6P5 is  cence measurements reported here, we have used polymer concen-
shown in Figure 33 Both the two ASM molecules and the trations above the critical aggregation concentration for each of
AScM molecule that we have studied here have methoxy- the measurement temperatures. For the present fluorescence experi-
terminated PEG chair8.23 ments, we have not studied any ASM or AScM solutions at unimer

The difference in hydrophobic cores between the star-like concentrations, only at higher concentrations for which our DLS
macromolecules and the scorpion-like macromolecules leads tores'UItS prove the presence of higher-order aggregates.

. . . The polymer concentrations for each set of fluorescence experi-
questions about the resulting structures, the size scales, and thg,ents were selected using several criteria. First, only at higher

aggregation properties of each of the polymers in agueousoncentrations of polymer can we avoid more than a single C153
solution. M12P5 scorpion-like macromolecules aggregate in fluorescence probe per polymer aggregate, as lower concentrations
water to form spherical micelles, as seen by transmission reduce the optical signals to unacceptable levels. Second, the goal
electron microscopy (TEM) in a previous stuth?*In the case of our work was to study aggregates and micelles of the ASM and
of the TEM study, the images taken were done in vacuum, with ASCcM polymers in aqueous solution, since these are the relevant
samples prepared by freeze-fracture mettddéln this study, target size for good bioavailability and drug encapsulation purposes.
we use dynamic light scattering to measure particle size Dynamic Light Scattering (DLS). A Nicomp 380 submicron

distributions of each of the three polymers in solution. particle sizing system with drop-in sample loading and a 532 nm
. ) . ) laser was used for particle size analysis of all polymer solutions.
The volume for each polymeric unimer is estimated from For DLS studies at 37C, polymer concentrations ranged from 1
incremental van der Waals calculaticfig®The volume of each  x 1073 to 1 x 10°° mol/L. Temperature-dependent DLS studies
aggregate obtained from analysis of the DLS data can then bebetween 5 and 55C were done using polymer concentrations of
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2 x 104 mol/L for M12P5 and 5x 105 mol/L for both NC12P5

and NC6P5. Nicomp volume-weighted distributions are used for
determination of polymer aggregate sizes. Before measurement, all
solutions were centrifuged and filtered through @ syringe
filters. All samples were allowed to equilibrate at the temperature
set point for at least 10 min before measurement. 2

Viscosities. A Cambridge Applied Systems model ViscolLab §
4100 automated viscometer was used for all viscosity measure- 10%
ments. A Lauda Brinkmann RMT-6 recirculating chiller provided
temperature control a£0.1°C. Each of the three polymer solutions
was held at each temperature for at least 15 min for proper 10
equilibration. A steel piston of 0.310 in. diameter was selected to . : ! : . : . :
measure viscosities in the range G-ZbcP for all polymer solutions. 40 80 120 160

Steady-State Emission and Excitation SpectraSteady-state ns
fluorescence emission and excitation spectra of C153 in eachFigure 4. Time-resolved decay transients of C153 emission iR 5
solution were measured with a Spex Fluoromax-3 fluorometer with 10~ mol/L solution of NC6P5 at 20C at magic (green), horizontal
425 nm excitation and 510 and 530 nm emission wavelengths for (red), and vertical (blue) angles of polarizatioRm(t), Ivu(t), and
ASMs and AScM samples, respectively. Calcite polarizers were Iw(t)). Reduced residuals are plotted at the top.
used in the spectrophotometer for steady-state anisotropy measure- o ) .
ments. The temperature of the sample was controlled using ashow_n concatenatgd in Figure 4 with the reduced residuals from
Wavelength Electronics thermoelectric temperature controller to the simultaneous fit.
+0.1 °C. Sample equilibration time at each temperature was 10 N
min. To determine the peak wavelength, the steady-state spectra _ —t
were graphed, and the full width of the intensity at 90% the peak M= Zri ex;(g—)
maximum was fit to a Gaussian line shape with Igor software from = 1o
Wavemetricg8

Time-Resolved Fluorescencelhe time-correlated single photon
counting (TCSPC) apparatus was previously described in &t
Samples were excited at 425 nm. A 70 ns time window having
4096 data points was used. The measured instrument tempora
response was typically 80 ps at full width half-maximum. The C153
emission decay transients were detected at 510 nm for NC12P5
and NC6P5 polymer samples and 530 nm for M12P5 polymer
samples. Sample temperatures were controllet@d °C using a
Quantum Northwest TLC 50/100 thermoelectric temperature con-
troller with 10 min thermal equilibration times.

Time-resolved emission decay transients at vertical (VV), magic
(VM), and horizontal (VH) polarization angles of detection were
simultaneously fit using Igor softwai®by a generalization of the
simultaneous VV and VH transient fitting described by Cross and
Fleming3? Equations 35 were used for simultaneous fitting of
the three decays. Equations 1 and 2 Kgt) and Iym(t) represent
the fit to the emission decay transient measured at magic angle
polarization, where the; are the normalized amplitudes that sum
to unity and ther; are the component time constants.

®)

The value of theg,.qranged between 1.02 and 1.14 for the
nonlinear least-squares fits of the data to eg®1Simulations of
time-resolved fluorescence data made using the experimental data

arameters were fit to establish the robustness of the fitting method.

ime-resolved emission decays were measured at five temperatures
(5, 20, 37, 55, and 7€C) to obtain a range of reorientation data in
different conditions corresponding to refrigeration, room temper-
ature, body temperature, and a heated environment. The range of
temperatures also permits variation of the rigidity of the polymer
cores due to thermal motion of both the polymer and water. While
the window for the time-resolved fluorescence decays of C153 is
70 ns in this case, correct parameters were recovered from simulated
data with given longer reorientation time constants beyond this
window. Using simulated data sets, reorientation time constants as
long as 250 ns can be retrieved accurately from simulated data using
our simultaneous fitting method. While the error in accurately
obtaining the longer reorientation time constants was greater than
obtaining the faster rates within the window of measurement, the
error was well within the range of the original calculations.

Results and Discussion

n
K(t) = Zai exp(j) 1) Dynamic Light Scattering. Particle size dependence on
& T polymer concentration and temperature was characterized by
DLS. Hydrodynamic radii were obtained from the DLS diffusion
lym () = K(®) (2) coefficients assuming Stoke&instein hydrodynamic¥:34The
Stokes-Einstein equation (eq 6) relates the translational diffu-
The emission decay transients measured at vertical and horizontaSion coefficients Do) to the hydrodynamic radiiRy), whereT
polarization angles are fit to eqs 3 and 4, respectively, and theseis the absolute temperatuig; is the Boltzmann constant, and
are functions oK(t) andr(t), wherer(t) is the time-resolved decay 7 is the solvent viscosit§?-34
of polarization anisotropyy; are amplitudes that sum to the

fundamental anisotropy, aréij,, are the component reorientation D ke T ©)
im nstant32—34 =
time constantd 0 677R,
IW=%K(t)(1+2r(t)) (3) Particle diameters were measured for aqueous solutions

ranging in polymer concentration from> 10°to 1 x 1073
1 mol/L. Figure 5 shows the volume-weighted distribution of
lv = 3KOQ = 1) 4 particle diameters found for all three polymer solutions at
37 °C at the same concentrations used for fluorescence

Fits to a multiexponential model for the VM fluorescence decay EXPeriments. The polymer aggregate diameters obtained from
rates were combined with a multiexponential anisotropy decay law, DLS data at 37C are plotted vs concentration in the top graph
given in eq 51832 This fitting was done to calculate fluorescence Of Figure 6. These data indicate that aggregates begin to form
decay rates and amplitudes as well as reorientation rates andn each of the three polymer solutions, as the concentration
amplitudes. The emission transientg, (t), lym(t), andlyu(t), are approaches Ix 107% mol/L, and that the polymers exist as
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Figure 5. Volume-weighted particle size distributions of M12P5,
NC12P5, and NC6P5 polymer solutions at°®7, obtained from DLS

data.
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Figure 6. Particle diameters from DLS data vs concentration (top) at
37 °C and vs temperature (bottom) at210~* mol/L of M12P5 and
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unimers in solution below 100 nM concentration. For concentra-
tions in the range from & 1077 to 1 x 10-% mol/L, micellar

T
20

1
30

40 50

Temperature (°C)

Macromolecules, Vol. 40, No. 10, 2007

— M12P5
—— NC12P5
—— NC6P5

Emission {au)

I 1 1
450 550 600 650
nm
Figure 7. Steady-state emission spectra of C153 in aqueous solutions

of M12P5, NC12P5, and NC6P5 solutions at &7,

500

aggregates ranging in diameter from 14 to 47 nm over the same
concentration range. NC6P5 aggregates are smaller compared
to the NC12P5 aggregates due to the smaller number of aliphatic
carbons present in the NC6P5 molecule. The lower bound for
hydrodynamic radii obtained from the analysis of DLS data is
~1 nm for both ASMs and AScMs. This radius is consistent
with the size estimated for ASM and AScM unimers.

For comparison with fluorescence experiments, the temper-
ature dependence of particle size for all three polymer solutions
was measured at the same concentrations used for fluorescence
samples. In the range of-%5 °C, M12P5 aggregates are
trimodal, with unimers, micelles, and larger aggregates present
at ~100 nm diameters. The micellar aggregates, which are
dominant in solution, have a diameter of 9 nm at&G The
diameters increase to 21 nm at85. NC12P5 and NC6P5 also
display trimodal particle size distributions. The dominant
diameter of NC12P5 aggregates is 40 nm. NC6P5 aggregates
have an average diameter of 28 nm over the same temperature
range. The average diameter of NC12P5 aggregates is larger
than the aggregates of NC6P5 due to the greater number of
hydrocarbons in the hydrophobic core of the NC12P5 molecule.
Again, a small population of larger aggregates are also present
around 100 nm particle sizes. The temperature dependence of
the dominant aggregate diameters is shown in Figure 6 for all
three polymer aggregates. The particle size distribution of each
polymer solution at the concentrations of 2 104 mol/L
M12P5, 5x 1075 mol/L NC12P5, and 5¢< 10~> mol/L NC6P5
showed relatively little change with increasing temperature.
Details of the polymer particle size distributions are provided
in the Supporting Information.

Viscosities.The shear viscosity of each of the three polymer
solutions at high concentration (¥ 1072 mol/L) and the
concentrations used in fluorescence measurements 124
mol/L M12P5 and 5x 107> mol/L NC12P5 and NC6P5) were
used to calculate the effective volume of each polymer aggregate
from reorientation time constants found from fluorescence
anisotropy measurements. At high polymer concentrations of
0.001 mol/L, the viscosity of each of the three solutions was
increased to 1.7 cP for M12P5, 2.8 cP for NC12P5, and 2.5 cP
for NC6P5 at 5°C (see Supporting Information). At the dilute
polymer concentrations used in fluorescence measurements, the
viscosities of all three polymer solutions were the same as the

aggregates are formed. On increasing polymer concentration,viscosity of pure water within experimental error.

the M12P5 aggregates increase and then decrease in size, Steady-State Emission SpectraSteady-state fluorescence

ranging from 10 to 28 nm in diameter.
The NC12P5 and NC6P5 ASM polymers form larger ag- polymer solutions and are shown in Figure 7. The emission

gregates at approximately the same polymer concentration. Thewavelength of C153 is a sensitive reminder of the polarity of

star-like NC12P5 forms aggregates ranging in diameter from its local environmen?:3> From a previous study done with

23 to 45 nm. The other star-like macromolecule NC6P5 forms coumarins in amphiphilic triblock copolymers, the broadened

emission spectra were measured for C153 in each of the three
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Figure 8. Temperature dependence of steady-state emission peak
wavelength of coumarin 153 in M12P5, NC12P5, and NC6P5 aqueous
solutions.

line shape results from the coumarin dye experiencing more
than one environment and therefore experiencing a distribution
of local polaritiest” The C153 emission maximum is 535 nm

r(0) (time-dependent)

for the M12P5 aqueous solution. This peak wavelength indicates 0.1

that C153 is localized in a polar, water-like environment in the

core of the M12P5 micell@17-35Although the core is composed 0.0, , , : : , , .
of hydrophobic, aliphatic carbons, water is likely present in or 0 10 20 30 40 50 60 70
near the interior of the micelle. When C153 is solubilized in Temperature (°C)

the cores of each of the two star-like macromolecule aggregates Figure 9. Temperature dependence of the limiting anisotropy from
the emission maximum is 510 nm. This peak wavelength value steady-state (top) and time-dependent (bottom) fluorescence depolar-
corresponds to a less polar environment around C15%¥The ization of coumarin 153 in M12P5, NC12P5, and NC6P5 solutions.
cores of NC12P5 and NC6P5 macromolecule aggregates are ) _ )
more hydrophobic and do not contain polar water molecules to Polarity between C153 in the ASMs and C153 in the AScM
the extent that the core of M12P5 doesy according to the nanocarriers 1S reminiscent of the shift observed forﬁé}ﬁof
fluorescence emission of C153. The peak emission of C153 in €153 during aggregation of poly(ethylene oxicgply(propy-
both ASM solutions corresponds to a dry core, much like the lene oxide)-poly(ethylene oxide) triblock copolymers undergo-
cores of Pluronic F88 amphiphilic triblock copolymer micelles, ing the unimer-to-micelle nanoscale phase transitian. this
as seen in a previous studfy. case, the local solvation environment of C153 in M12P5
The broad frequency width at half the maximum of the micelles is more polar than the triblock copolymer micelle cores

emission spectra of C153 in both NC12P5 and NC6P5 Suggestsoreviously studied, and the local environment of C153 in both
that C153 may be in a range of nonpolar environments within ~SM Polymer aggregates is less polar than the presumably “dry

i 7
the hydrophobic cores of the two star-like macromolecule Micelle cores.

aggregate$ (see Supporting Information for further details of ~ The temperature dependence of the local polarity of C153
the emission spectral widths). shows thatz* increases slightly with increasing temperature.

This rise in polarity is consistent with the rearrangement of
ordered water molecules closest to the core of each nanocarrier,
f causing increased penetration of polar waters toward the
hydrophobic coré® The emission spectrum of C153 is sensitive

maximum absorption and emission frequencies of CILB3. to the proximity as well as the electr.ic field of polar water
examples of two extremes of thé: polarity scale, cyclohexane molecul'es thatlgffect the local solvation polarity around the
has ar* of 0.0 and dimethyl sulfoxide hasz* of 1.00.237 We coumarin dye: o _ )

can compare the local polarity of the C153 probe molecule while ~ €153 Fluorescence Polarization AnisotropiesThe fluo-
encapsulated in the polymeric aggregate using the effegtive ~ '€Scence anisotropy is defined bft) = (lvw(t) — Ivu(D))/
empirical polarity scale discussed by Horng et hi.this way, (Ilw(t) + 2lyn (1) and is a measure of the amount of depolar-
we can compare the polarity of the molecular probe environment ization of emitted light due to reor_ler)t_anonal motion of the
with the values for common organic solvents using the relation fluorophore?* The values of the limiting (or fundamental
Vem [1073 cm1 ] = 21.217 — 3.505¢*. By means of this anisotropy)r(0) range from 0.373 to 0.378 for C153 in a rigid,

relationship, ther* values of the local environment of C153 in glassy solvation environmeht3°Steady-state anisotropy values
M12P5 micelles ranges from 0.72 to 0.74 from 5 to°20 This were measured with 425 nm excitation and 510 nm emission

effectives* value is similar to the polarity of dichloromethane, for the star-like NC12P5 and NC6P5 polymers and at 530 nm
which has a value of* = 0.73937 In NC6P5 and NCc12p5  for the M12P5 polymer. These values are plotted in Figure 9
aggregates, the local environment of C153amalues ranging  (top). The limiting value of the time-dependent anisotropy (eq
from 0.43 to 0.55 over the same temperature range. The more/). measured from the TCSPC data, is plotted in Figure 9
polar end of this range with* = 0.55 reflects a local polarity ~ (bottom).
similar to THF or benzen23’ The lower end of this range is

similar to the polarity op-xylene and ethyl acetate, which both

haver* = 0.45237 A plot of the effectiver* vs temperature is r0)= er (7)
given in the Supporting Information. The difference in local =

The peak wavelengths of the C153 emission spectra at
37 °C are shown in Figure 8. The* scale is a well-known
empirical solvent polarity scale used for a wide variety o
common solventd’ Values of z* correlate linearly to the

n
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Figure 10. Temperature dependence of reorientation time constants, Figure 12. Temperature dependence of effective diameters of C153
60;0t'S, for C153 in aqueous solutions of M12P5, NC12P5, and NC6P5. reorientation in M12P5, NC12P5, and NC6P5 polymer solutions.

100+ to be the case for a number of other micelle systéimns.
80- Because the cores of ASMs are more rigid, the fluorescence of
C153 is not as depolarized as the emission of C153 in the more

;" 601 flexible M12P5 micelle core. The degree of depolarization and,
40 therefore, the fundamental anisotropf@), is dependent on the

20 rotational motion of the fluorophor#:*41f the C153 molecule
oA is reorienting relatively rapidly in a water-like environment such
100+ ' o ' o ' as the core of the M12P5 micelle, the emission is more
e M12PS depolarized and(0) is lower3* If C153 is reorienting slowly
80+ —m— NC12P5 in a rigid environment, such as the core of a star-like

&~ 604 —A— NC6PS macromolecule aggregate, the degree of depolarization is
X 40- reduced and(0) is closer to the theoretical maximum value of
0.43444
20

C153 Fluorescence DynamicsThe time-resolved fluores-

04, T T T T T T | cence emission decay at 530 nm of C153 in M12P5 was
1001 measured over a 70 ns TCSPC time window. The decay
80- transients measured at magic angle polarization were fit to a

three-exponential equation. The average fluorescence time
~ 607 T . S
o constant,[#nyo[[) was calculated using intensity weighting, as
& 404 W expressed in eq 8:34
204
n o

0O 10 20 30 40 50 60 70 Biuor = 4ot ®

Temperature (°C) o
Figure 11. Temperature dependence of percent amplitudes; &b Fluorescence transients for C153 in both NC12P5 and NC6P5
r(0)) for C153 time constants in agueous solutions of M12P5, NC12P5, ¢ tions were measured at 510 nm. and these decay transients
and NC6P5. . . "

were fit to a four-exponential equation. The values®io]
Both the steady-state and time-resolved limiting anisotropies from 5 to 70°C for C153 in the M12P5 solution ranged from

for C153 in M12P5 micelles are lower than those for C153 in 4.6 to 4.0 ns. The values &ffyo/[from 5 to 70°C for C153 in
the two star-like macromolecule aggregates. The plot of the the NC12P5 star-like macromolecule aggregate solution ranged
limiting anisotropy from TCSPC methods vs temperature has from 5.6 to 5.1 ns. The values &f,o[Jfrom 5 to 70°C for
the same trend as those values found from steady-state anisotro©153 in NC6P5 solution ranged from 5.5 to 4.1 ns.
pies. This phenomenon can be attributed to the two star-like The solvatochromic behavior of C153 in solvents representing
macromolecules having a more rigid and hydrophobic core than a range of polarities and solvent viscosities is detailed in other
the scorpion-like polymer micelles. We presume that the AScM articles!®16:18|n one previous studi® the fluorescence time
micelles are flexible and undergo frequent reorganization and constant of C153 in a polar (water-PEG) environment was
exchange among the monomer constituents, as has been showmeasured and shown to be different than the time constant of
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Table 1. C153 Reorientation Time Constants, Associated Fractional Amplitudes, and Anisotropies in Solutions of M12P5, NC12P5, and NC6P5
Ranging from 5 to 70°C

polymer 01,0t (NS) 02,0t (NS) 03 ot (NS) r r rs r(0y
M12P5 0.18-0.48 1.36-4.07 0.078-0.120 0.056-0.109 0.17+0.211
NC12P5 0.240.41 2.073.07 106-248 0.086-0.124 0.088-0.109 0.095-0.154 0.296-0.355
NC6P5 0.23-0.29 1.68-2.42 85.6-216 0.073-0.107 0.066-0.077 0.09%-0.181 0.249-0.356
aSeeeq 7.

C153 in a water-free, hydrophobic micelle core environment.  The C153 emission decay transients detected at three angles
In this study of the ABA triblock copolymer Pluronic F88, the of polarization were concatenated and simultaneously fit to the
fluorescence time constant of C153 was shown to shift from multiple exponential equations given in eqs-3 Best fits

2.8 ns in a polar, water-like environment te4.6 ns in the yielded three fluorescence time constants and two reorientation
hydrophobic, nonpolar core of an ABA triblock copolymer time constants for C153 in aqueous M12P5 solution. For C153
micelle!® From the comparison of intensity-weighted average in NC12P5 and NC6P5 solutions, best fits yielded four
fluorescence time constants of C153 in the three drug delivery fluorescence time constants and three reorientation time con-
polymers in the present discussion, M12P5 micelles show a stants. Because the fluorescence anisotropy decay of C153 in
relatively nonpolar core environment while NC12P5 aggregates each solution has multiple fluorescence and reorientation time
have a more extremely nonpolar environment. The fluorescenceconstants, we deduce that C153 is in multiple solvation
time constants show that C153 is in a more polar environment environments within each polymeric nanocarfet

in the M12P5 micelle than in the NC12P5 aggregate. The  The most significant difference between the two classes of
NC6PS5 aggregate core polarity, according to C153 lifetimes lies polymers is in the reorientation time constants of C153 between
somewhere between the relatively polar M12P5 micelle core the AScM solution in contrast to ASM solutions. C153 shows
and the nonpolar core of the NC12P5 aggregate. This may resulty thjrd, longer reorientation time constant in both ASM
because NC6P5 has 96 fewer aliphatic carbons in the Coreaggregates, indicating that C153 is moving more slowly, likely
relative to the NC12P5 star-like macromolecule. The fluores- experiencing motion with higher local friction in the two ASM
cence lifetimes of C153 correlate well with steady-state sojytions than in the more flexible core of the M12P5 micelles.
fluorescence measurements corresponding to local polarity of | many cases, it is useful to report the amplitude-weighted
the fluorescent probe molecule. average of multiple reorientation time constaf## In this
Graphs of the fluorescence time constants vs temperature forstudy, we report a; (s separately, since the long reorientation
C153 in aqueous solutions of M12P5, NC12P5, and NC6P5 time constants of C153 in the two ASM solutions greatly
are available in the Supporting Information, along with plots dominate such an average and the full range of C153 reorienta-
of the component amplitudes;, time constants nwor, and the  tion time scales would be distorted. Figure 10 shows the
intensity-weighted average time constarit§yor[J individual reorientation time constants of C153 in all three
C153 Reorientational Dynamics.Drug delivery systems  polymers: three in each ASM and two in the AScM solution.
require sequestration and solubilization of hydrophobic drugs Figure 11 shows the percent amplitudes for each reorientation
as well as the ability to ultimately release the drug. Thus, in time constant. These data illustrate that each reorientation time
successful drug delivery systems, the drug cannot be tightly or constant has a similar contribution to the total reorientation of
chemically bound so as to prevent drug release from the deliverythe fluorophore.
system. We expect that the association characteristics of a drug  the values of o and individual anisotropy contributions
(or C153 drug model) in ASM aggregates and AScM micelles gre jisted in Table 1. The two fastest reorientation time constants
will display a complex range of orientational dynamics, for C153 in all three polymer solutions are on similar time
consistent with the existence of weak association of the drug scales, meaning that the faster motions of the C153 dye are
to multiple sites in the carrier. To investigate the nature of the gimjjar in all three nanocarriers. The fastest reorientation time
model drug association with the hydrophobic macromolecular constant ranges from about 0.2 to 0.5 ns, and the second
core, we measured the fluorescence depolarization anisotropiegeorientation time constant ranges from about 1.3 to 4.1 ns over

of C153. the temperature range from 5 to 70. The slowest reorientation
time constant, which is only present for C153 in the two ASM
0., = Vi 9) aggregate solutions, ranges from approximately 86 to 248 ns.
ro
kT DLS measurements indicate trimodal particle size distribu-

tions for all three polymer solutions; however, the distributions
The StokesEinstein-Debye (S-E—D) equation (9) for of unimers and large aggregatesl00 nm) are minimal in each

small reorienting systems relates the reorientation time constantcase. While the trimodal distribution may affect the distribution
(6500 of a fluorescence probe to the effective volume of of local environments measured, we believe that this is a
reorientation Y), the bulk viscosity of the solutiony§, and the minimal effect since the hydrophobic C153 will preferentially
temperaturé®26.:33.34The viscosities measured for all polymer localize within the more nonpolar micelle or aggregate core that
solutions were close to that of pure water because the solutionsdominates the particle size distribution in all three polymers.
are dilute. Thus, the reorientation time constants give informa- We maintain that the C153 and polymer dynamics will remain
tion about the local friction of the fluorophore environment. similar in both aggregate and macroaggregate environments.
Reorientational dynamics studied by fluorescence depolarizationWith this said, we keep in mind that the hydrodynamic volumes
are relatively uncomplicated for the case of a fluorophore that of ASM and AScM unimers and aggregates found from DLS
is rigidly attached to a spherical macromolecule (or nanopar- are a result of measuring the translational diffusion of these
ticle). For this case, SE—D hydrodynamics predictions are  solutions while the hydrodynamic dimensions estimated from
often quite accurate. The case of a fluorescence probe that isghe analysis of the TCSPC data result from measuring reorien-
labile is rather more complex. tational diffusion of the coumarin dye. The similarities and
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Table 2. Calculated Effective Diameters from C153 Reorientation (Method= C153), Diameters of Polymer Aggregates from DLS (Method=
DLS), and Diameters of Unimers from van der Waals Incremental Volumes (Method= vdW) over the Temperature Range from 5 to 70°C2526

polymer method di (nm) dz (nm) ds (nm) dunimer (NM)
M12P5 C153 0.190.33 (£0.01) 1.5-2.4 (+0.05)
DLS 5.8-6.7 (+0.8) 9.2-21 (+1.8) 50-340 24)
vdw 2.11
NC12P5 C153 0.150.48 (0.04) 1.2-3.9 (+0.19) 43-285 (439)
DLS 5.7-5.8 (+0.8) 29-49 (48) 83-164 +17)
vdw 3.82
NC6P5 C153 0.140.43 40.02) 0.973.3 (+0.09) 49-309 (44)
DLS 2.3-11.1 &0.2) 26-31 (45) 53-95 (+14)
vdw 3.44
differences that arise in these two methods are displayed in Table The dimensions obtained from this analysis of the C153
2 (vide infra). fluorescence anisotropy data, assumirgeS-D hydrodynamic

Several possibilities may occur that lead to reorientation time behavior, can be compared to the hydrodynamic radii obtained
constants that are faster than are predicted by th&-D from the DLS data. For the DLS particle size distributions, the
equation (eq 9). The probe may be localized within a region of smaller diameters obtained are much larger than the diameters
lower viscosity, such as the water pool in a reverse mitéetté inferred from the C153); .o values. Applying the methods of
or within a fluid-like micellar coré? Another possibility is that ~ BondP® and Edward® the van der Waals volumes for AScM
the probe is weakly associated with the macromolecule suchand ASM unimers were estimated to be 5.6%far an M12P5
that there is a more rapid “wobble-in-cone” torsional motion unimer, 29.3 nifor an NC12P5 unimer, and 21.3 &rior an
that is sampled by the probe depolarizatid#? This effect may NC6P5 unimer. Assuming that the random-coil polymers are
be combined with a slower time constant correlated with the spherical, the corresponding diameters for an M12P5 unimer,
overall motion of the macromolecule. an NC12P5 unimer, and an NC6P5 unimer respectively are 2.2,

Other possibilities include weak association of the C153 to 3.8, and 3.4 nm at 37C.

the polymer. The reorientational dynamics of a probe may show  Because the polymers exhibit flexible random coil behavior
the probe to be rigidly coordinated to the macromolecule and i, sojution, the fastest reorientation time constafiise; from

its motion punctuated by bursts of rapid “free” reorientation c153 fluorescence represent a smaller volume and a faster
during brief moments when the probe is unassociéftédcase  mpotion than the reorientation of an entire unimer for each of
such as this could arise from a probe undergoing sequentialhe three polymers. These time constants range from 0.2 to 0.5
release and geminate recombination to the same association sitgs and are assigned to hindered orientational diffusion of C153
of a macromolecule. Alternatively, a weakly associated fluo- molecules loosely associated with the ASM or AScM polymers.
rescence probe may be sampling a multiplicity of association The corresponding diameters are therefore in the range 0.2

conformations and/or multiple sites. For any of these cases of .5 nm, approximately the diameter of the coumarin molecule
weak association to be experimentally observable, associationjiself.
and release must be occurring during the temporal window for . . . .
o - Assuming that the bulk viscosity also is an accurate measure
fluorescence, which is about 10 times the average fluorescence o . S
. . of the local friction, the second reorientation time constégts
time constant. The -SE—D hydrodynamics law for molecular - . :
. . ; S . . correlate to slightly larger effective volumes in all three polymer
reorientation dynamics does not provide information exclusively . ; .
) . . solutions. For C153 in M12P5 solutiof; o correlates well
about the molecular volume of the reorientation species or about - . ; S
. . o o . with the volume of a unimer having a diameter of 2.2 nm. The
the effective local viscosity: rather-&—D indicates that time - . . . -
: X . . _effective diameters obtained from C153 reorientation in the
constants obtained by measurement of reorientational dynamics )
. second mode are on the order of 39 nm, approximately
should scale as the product of effective volumes and local - . . . i
. " . o the same dimensions of each polymeric unimer according to
viscosities. We consider each limiting case below.

2 . . : incremental van der Waals molecular volurdes.
Considering the case of a single, rigid unimer of each

the estimated incremental van der Waals volume of one unimertWo ASM polymer solutions corresponds to effective diameters
and the measured viscosity of each polymer sollff@fThese  larger than a single ASM unimer and approximately the same

predictions range from 0.5 to 2.2 ns for an M12P5 unimer, 2.5 Of slightly larger than the dominant aggregate sizes indicated
to 11.6 ns for an NC12P5 unimer, and 1.8 to 8.4 ns for an Py DLS. For NC12P5, the range of diameters predicted from
NC6P5 unimer over the temperature range from 5 t6@0 C153 reor_ientational dynamics is 4285 nm. Likewise, _the
The predicted values for the observed reorientation time constantrange of diameters deduced from C153 fluorescence anisotropy
of unimers are between the second and third time constants ofin NC6P5 solution is from 49 to 309 nm. The existence of the
C153 found by TCSPC methods (see Supporting Information). third, longer reorientation time constafi, o, in the two ASM
Effective Diameters for C153 Reorientation.If the C153 polymer solutions further indicates that aggregation is occurring
were tightly associated with the M12P5, NC6P5, or NC12P5 and that C153 is experiencing local reorientation on a size §ca|e
unimers or aggregates, then each reorientation time constanflose to that of an aggregate. A comparison of the predicted
might be identified with an effective volume (or diameter) for diameters for each of the polymers in solution is presented in
the particles. If this assumption holds true, then this leads to Table 2.
two and three effective volumes of reorientation for M12P5 and  Microviscosity in ASM and AScM Cores. The Stokes
for NC6P5 and NC12P5, respectively. The effective diameters Einsteinr-Debye (S-E—D) equation has shown to be quite
derived from these volumes assuming spherical dimensions areuseful for correlating the viscosity, temperature, and molecular
plotted in Figure 12. With regard to the fastest motion of C153 volume of the reorienting species with the orientational cor-
measured with time-resolved fluorescence anisotropy, similar relation time constant for aqueous and organic solvent solu-
reorientation time scales are present in each of the polymertions10:3334 The local friction actually experienced by a
solutions. (For calculated volumes, see Supporting Information.) molecular probe is often poorly correlated to the bulk solution
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Table 3. Calculated Local Frictions of C153 in Each Aqueous while the local friction as reported by C153 in solutions of ASM
Polymer Solution from Individual Reorientation Time Constants'® and AScM aggregates is substantially higher for each of three

polymer Mocal,1 (CP) Mocal,2 (CP) Mocal,3 (CP) orientational motions of C153 detected.

M12P5 3.29.1 26-84 Analysis of time-resolved fluorescence anisotropy measure-

NC12P5 4.47.6 41-63 2500-6050 ments yielded multiple rates of fluorescence and multiple

NC6PS 4.2-54 33-49 2000-5250 reorientation time constants for C153 in each of the polymer

aggregate local environments. The fluorescence lifetimes do not
reflect any nanoscale phase changes such as micellization or
demicellization at the polymer concentrations studied but
indicate that the C153 probe is in a more polar core environment
in the M12P5 micelle than in the NC12P5 star-like macromol-
ecule aggregate. The lifetimes also show that the core of the
NC6P5 aggregate has an intermediate polarity in comparison
to the other two nanocarriers.

It is likely is that C153 is experiencing multiple solvation
sites within polymer aggregates. Though unimers are likely to
be diffusing in and out of different aggregates, C153 seems to
localize in the covalently bonded core of each polymer, near
the hydrocarbon chains at each acylated mucic acid region, or
at the interface between the hydrocarbon core and the PEG
corona of each nanocarrier.

In comparing the ASMs and AScMs, the individual reorienta-
tion time constants found from polarization anisotropy measure-
ments show that C153 is more rigidly associated with the
nonpolar core of each ASM polymer and in a more polar
environment in the flexible core of the AScM micelle. The

viscosity. In polymer solutions, the-<¥£—D equation is applied

in a different way than for the simpler case of organic solvents.
Horng et al. have derived an empirical equation for obtaining
the effective solvent viscosity from the measured reorientational
time constants obtained from C153 fluorescence anisotropy
experiments? Their equatiori®olgolar = (58.14 1.6);0-96£0.03
holds for a wide range of polar organic solvent environméhts.
We have shown above that the effective polarity of these
environments ranges from about 0.4 to 0.7 onsthempirical
solvent polarity scale, which shows that our C153 probe is
always experiencing a moderately polar environment.

One interpretation of the multiple exponential orientational
time constants that we observe for C153 in the ASM and AScM
solutions is that the C153 is distributed heterogeneously among
sites with different microviscosities. Making this assumption,
we can predict the effective microviscosity experienced by the
C153 using the equation of Horng et al. abd%@he results
from applying this equation are presented in Table 3. The fastest
reorientation time constants lead to microviscosity valygs
the 3.2-9.1 cP range, consistent with weak entanglement in a

hydrophilic polymer solution. The second time constants lead Efféctive diameters from C153 reorientation applyingeS-D
to predicted microviscosities, in the range from 26 to 84 cP. hydrodynamics correlate to multiple reorientational motions of

Only in the ASM aggregates, NC6P5 and NC12P5, are the C153 in bOt_h ASMs and ASCM soluti_ons. T_hese d"’.‘ta support
higher friction values observed. For these solutions, the third the conclusion that 0153 IS solvate(_:i in multiple regions ms@e
reorientational time constant can be used to predict a micro- the core of each polymerllc nanocarrier. The longer reorientation
viscosity ranging from 2500 to 6050 cP. These values are larger!iM€ constants of C153 in NC12P5 and NC6P5 polymers are
than we observed in the micellar cores of PEEPO-PEO evidence that C153 is rigidly solvated in the core of the star-
triblock copolymer model systems, for which the maximum like nanocarriers, wh.ile the dye is loosely solvated in the polar
microviscosity of 890 cP was found for a bee lattice hydrogel €Ore of the AScM micelles. _ _ _
solution of micelled? The measured bulk viscosities of the These C153 fluorescence studies provide the details of the
aqueous polymer solutions are available in the Supporting local polarity and microviscosity within the encapsulatqd sites
Information and range from 0.4 to 1.6 cP. The local friction of ©Of the ASM and AScM polymer aggregates and micelles,
C153 experienced in these polymer solutions is much larger _respectlvely. If an enca_lpsulate_d drug requires mcrease_d sc_>|t_Jb|I-
than the bulk solution viscosity for all solutions and temperatures ity, but a longer retention profile, the more hydrophobic, rigid
measured. The difference in local friction of C153 between the core of the two ASM aggregates may be more useful than the
three polymers is a further indication that C153 is more rigidly fléxible core of AScM micelles. The local drug solvation

encapsulated inside the two amphiphilic star-like macromolecule Properties of future derivatives of these and most other
aggregates than in the scorpion-like M12P5 micelle. polymeric macromolecules can be methodically characterized

using the methods described in this study.
Summary and Conclusions
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“”d?r thz..lobq[ ’?mo'l';”" for g?oq bl?ngasnszM Hydrody- d dependent data from DLS measurements; shear viscosity values at
namic radii obtained from analysis o ala were compared 455 temperatures are presented for two concentrations of each

to those deduced from C153 polarization anisotropy as well as pjk polymer solution; broad spectral line widths of steady-state
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are presented for the local environment of C153 in each polymer (20) Tian, L.; Yam, L.; Zhou, N.; Tat, H.; Uhrich, K. Blacromolecules
solution; fluorescence time constants of C153 are presented as 2004 37, 538-543. )

intensity-weighted average as well as individually for all three (21) ;—(')%”’ '1-4 ;gTi—Lz';s\zAzllang' J.; Tat, H.; Uhrich, K. 8. Mater. Chem.
polymers; from the estimated van der Waals volumes of single ASM 22) Liu 4|l_| jiang A Guo. J.: Uhrich. K. B. Polym. Sci., Part A: Polym.
and AScM unimersf,o; can be predicted from-SE—D hydrody- Chem.1999 37, 703-711. ' ’

namics, and these predicted values are presented for a range 0f23) Tao, L.; Uhrich, K. EJ. Colloid Interface Sci2006 298 102-110.
sample temperatures; from the C153 reorientation time constants(24) Djordjevic, J.; Barch, M.; Uhrich, K. EPharm. Res2005 22, 24—
measured with TCSPC, the effective volumes of C153 reorientation 32.

are calculated with eq 9 and presented with changing temperature;(25) Bondi, A.J. Phys. Cheml964 68, 441-451.

. . '(26) Edward, J. TJ. Chem. Educl97Q 47, 261—270.
from Horng et al., the local friction of C153 is calculated for polar (27) Ben-Amotz, D.; Drake, J. MI. Chem. Phys198§ 89, 1019-1029.

solvation from 6 values and are presented graphically. This (58) |gor Pro 5.04b Edition Wavemetrics, Inc., Lake Oswego, OR, 2005.
material is available free of charge via the Internet at http:// (29) Sun, Y.; Castner, E. W., Jr.; Lawson, C. L.; Falkowski, PFGBS

pubs.acs.org. Lett. 2004 570, 175-183.
(30) Shirota, H.; Castner, E. W., 3. Chem. Phys200Q 112 2367
2376.
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