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Anomalous small-angle X-ray scattering study on the
spatial distribution of hydrophobic molecules in
polymer micelles

Ryosuke Nakanishi, Ginpei Machida, Masaki Kinoshita, Kazuo Sakurai and Isamu Akiba

The spatial distribution of bromine-labeled hydrophobic molecules—bromobenzene (BrBz) and 4-bromobenzylalcohol

(BrBzOH)—incorporated in polymer micelles of poly(N,N-dimethylaminoethyl methacrylate)-block-poly(methyl methacrylate)

(PDMAEMA-b-PMMA) was investigated using anomalous small-angle X-ray scattering (ASAXS) near the Br K-edge. Both BrBz

and BrBzOH were miscible with PMMA at all concentrations. ASAXS analyses revealed that BrBzOH was homogeneously

dispersed in the hydrophobic PMMA core of the PDMAEMA-b-PMMA micelle, whereas BrBz was excluded from the vicinity of the

core–shell interface of the PMMA core. Because of its hydrophobicity, BrBz resisted contact with water penetrating the PMMA

core. Inevitably, a BrBz depletion layer formed in the vicinity of the core–shell interface. Conversely, because BrBzOH has an

affinity for water due to its hydroxyl group, it can exist even in the vicinity of the core–shell interface of the PMMA core. The

results of the present study suggest that the spatial distribution of hydrophobic molecules in polymer micelles can be controlled

by tuning the polarity of the encapsulated species.
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INTRODUCTION

When amphiphilic block copolymers are dissolved in water, they
undergo self-assembly into polymer micelles consisting of a
hydrophobic core and a hydrated corona.1 Because polymer
micelles can accept hydrophobic molecules into their hydrophobic
core,2,3 prolonging the blood circulation of the encapsulated
species,2–4 and their size allows them to accumulate around a
tumor,5–8 they have attracted attention as drug carriers in drug
delivery systems.
Regarding the design of drug delivery system carriers, the stable

retention and high concentration of drug molecules in polymer
micelles are key characteristics.9–11 The drug concentration of
polymer micelles can be controlled by tuning the intermolecular
interactions between drug molecules and the amphiphilic block
copolymers of the micelle.9–11 However, the retention of drug
molecules in polymer micelles is difficult to control, and minor
differences in the chemical structure of drug molecules cause
significant changes in the release properties of drugs from polymer
micelles.11 For example, although polymer micelles composed of
partially benzyl-substituted poly(ethylene glycol)-block-poly(aspar-
tic acid) (PEG-P(Asp(Bzl))) can incorporate almost the same
amount of synthetic retinoids Am80 and LE540, Am80 is rapidly
released from PEG-P(Asp(Bzl)) micelles compared with the extre-
mely stable retention of LE540.11 When hydrophobic drug mole-
cules are released from polymer micelles, they must pass through
the hydrophobic core, core–corona interface and corona layer.

Consequently, the retention or release rate of drug molecules
depends not only on the interaction between drug molecules and
block copolymers but also on the spatial distribution of drug
molecules in the polymer micelle.12 Therefore, the molecular
origin of the spatial distribution of hydrophobic molecules in
polymer micelles should be determined. Although the importance
of spatial distribution and its mechanism of origin have been
recognized, in situ techniques to determine how the drug molecules
became dispersed in the polymer micelles have not yet been
developed.
Anomalous small-angle X-ray scattering (ASAXS), which is the

energy dependence of the intensity of X-ray scattering in small-
angle regions measured at the energy of the incident X-ray near the
absorption edge of a targeted element, is a powerful tool for
analyzing the spatial distribution of a target element in nano-sized
particles such as metal nanoparticles and polymer micelles.13–25 Of
the elements that can be analyzed by ASAXS, Br is suitable for
polymer systems because it can be easily introduced into organic
molecules.22–25 Therefore, the ASAXS near the Br K-edge can be
used to determine the spatial distribution of Br-labeled
hydrophobic molecules in polymer micelles. In the present
study, we applied ASAXS near the Br K-edge to the polymer
micelles containing bromobenzene (BrBz) or 4-bromo-
benzylalcohol (BrBzOH) as Br-labeled hydrophobic molecules with
the aim of elucidating the effects of the polarity and hydrophobicity
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of hydrophobic molecules on their spatial distribution in polymer
micelles.

EXPERIMENTAL PROCEDURE

Materials
We used BrBz and BrBzOH as models of Br-labeled hydrophobic molecules.
Both chemicals were purchased from Wako Pure Chemicals Co. Ltd (Tokyo,
Japan) and used as received.
The amphiphilic block copolymer P(N,N-dimethylaminoethyl methacry-

late)-block-poly(methyl methacrylate) (PDMAEMA-b-PMMA) was synthesized
via reversible addition–fragmentation radical polymerization.26–28 A detailed
description of the procedures used to synthesize and characterize the polymer,
as well as the results, are provided in the Supplementary Information.
Table 1 shows the electron densities of each component in the block

copolymer and hydrophobic molecule. Because the electron density of
PDMAEMA was almost identical to that of water and much lower than that
of PMMA, the scattering contribution of the PDMAEMA corona layer in small-
angle X-ray scattering (SAXS) was ignored. Figure 1 shows the SAXS profile of
PDMAEMA-b-PMMA micelles in aqueous solution. The experimental SAXS
profile was in close agreement with the theoretical scattering curve calculated
for a solid sphere with radius of 6 nm (solid line), although the estimated
hydrodynamic radius of PDMAEMA-b-PMMA micelles according to dynamic
light scattering was 11 nm. These results indicated that the scattering
contribution of the corona in SAXS disappeared as a result of contrast
matching between the corona and the solvent.

Preparation of PDMAEMA-b-PMMA micelles containing Br-labeled
molecules
PDMAEMA-b-PMMA and BrBz or BrBzOH, which were soluble in PMMA,
were combined to obtain a hydrophobic compound concentration of 10 wt%
in PDMAEMA-b-PMMA. To produce micelles, the aforementioned mixture
was dissolved in tetrahydrofuran and stirred at ambient temperature to produce
a homogeneous solution. Subsequently, compared with the aforementioned
solution, a fourfold excess of Millipore water (Merck Millipore, Darmstadt,
Germany) was gradually added at a rate of 0.1 ml min− 1 via a syringe pump.
The resulting mixture was transferred to a dialysis tube (10 kDa molecular-
weight cutoff) and dialyzed in a large volume of Millipore water for 1 week to
remove tetrahydrofuran. During this procedure, precipitation did not occur.
Finally, Millipore water was added to the micelle solution to obtain a micelle
concentration of 1.0 mg ml− 1. PDMAEMA-b-PMMA micelles containing BrBz
and BrBzOH were denoted as M(BrBz) and M(BrBzOH), respectively.

SAXS measurements
SAXS measurements were performed at BL-40B2 of SPring-8, Hyogo, Japan.
A 30 cm× 30 cm imaging plate (Rigaku, Tokyo, Japan, R-AXIS VII) was
placed at a distance of 2.0 m from the sample to cover a q range of 0.09 to
2.0 nm− 1. A bespoke vacuum sample chamber was used to reduce the
scattering contribution of the background.12 The X-ray transmittance of
each sample was measured using an ion chamber located in front of the
sample and a Si photodiode placed behind the sample. The measurements
were carried out at five different incident X-ray energies: 12.40 keV
(0.1 nm), 13.383 keV (0.927 nm), 13.433 keV (0.923 nm), 13.463 keV
(0.921 nm) and 13.473 keV (0.920 nm). Except for 12.40 keV, the incident
X-ray energies were close to the Br K-edge (13.483 keV). The sample
solutions were packed in individual quartz capillaries with a light path
length of 2.0 mm (Hilgenberg GmbH, Malsfeld, Germany) that were placed
in the vacuum chamber. The exposure time of each SAXS measurement was
limited to 60 s to avoid radiation damage, and five SAXS data measured for a
sample at the same energy were integrated to improve the signal-to-noise
ratio. Using circular averaging, the two-dimensional SAXS images were
converted into profiles showing the intensity as a function of the magnitude
of scattering vector q. Here, q= (4π/λ)sin(θ/2), where θ is the scattering
angle and λ is the wavelength of the incident X-ray. To obtain the excess
scattering intensity, I(q), at each vector, q, scattering from the solvent and
the cell were subtracted after the appropriate correction for transmittance
was applied. I(q) was corrected to the absolute scale using the absolute

scattering intensity of water (1.632 × 10− 2 cm− 1). As shown below, I(q) can
only be compared using the same value of q in the ASAXS analysis, although
changes in the energy of the incident X-ray lead to a shift in the q value
assigned to a given pixel in the detector. Next, the SAXS profiles were
interpolated using the cubic-spline method, without any smoothing or
corrections to account for the q shift.22–24

ASAXS analysis
The theoretical background of ASAXS has been described in detail
elsewhere.13,29 The SAXS intensity, I(q), of homogeneously dispersed particles
can be described as follows:

I qð Þ ¼ NP qð ÞS qð Þ ð1Þ
where N is the number of particles per unit volume, P(q) is the form factor and
S(q) is the structure factor defined from spatial correlations between the
particles’ center of mass. In dilute solutions, S(q) can be assumed to be equal to
1. When the particles contain Br atoms and SAXS measurements are performed
at the energy (E) of the incident X-ray near the Br K-edge, the atomic scattering
factor f(E) indicates the energy dependence because of the anomalous
dispersion of Br.29

f Eð Þ ¼ f 0 þ f 0Br Eð Þ þ if 00Br Eð Þ ð2Þ
where f0 is the normal atomic scattering factor and f 0Br(E) and f 0 0Br(E) are the
real and imaginary components of the anomalous dispersion of Br, respectively.

Table 1 Electron densities (ρ) of components

H2O PMMA PDMAEMA BrBz BrBzOH

ρ/e− nm−3 333 380 334 434 456

Abbreviations: BrBz, bromobenzene; BrBzOH, 4-bromobenzylalcohol; PDMAEMA, poly(N,N-
dimethylaminoethyl methacrylate); PMMA, poly(methyl methacrylate).

Figure 1 Small-angle X-ray scattering (SAXS) profile of poly(N,N-
dimethylaminoethyl methacrylate)-block-poly(methyl methacrylate)
(PDMAEMA-b-PMMA) micelles in aqueous solution. The gray circles
represent experimental SAXS data. The solid line is the theoretical SAXS
curve calculated for a solid sphere (R=6.0 nm).
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In this case, the form factor represents the energy dependence, in accordance
with the following formula:13

P q; Eð Þ ¼ P0 qð Þ þ 2f 0Br Eð ÞF0 qð ÞV qð Þ þ f 0Br Eð Þ þ if 00Br Eð Þ� �
V 2 qð Þ ð3Þ

where P(q, E) is the energy-dependent form factor of the particle, P0(q) is
the nonresonant form factor of the particle obtained by normal SAXS
measurement and V(q) is the scattering amplitude of the spatial distribution
of Br atoms. Consequently, V2(q) corresponds to the form factor of the
spatial distribution of Br atoms. Figure 2 shows the energy dependence of
f 0Br(E) and f 0 0Br(E). The closed circles represent f 0Br and f 0 0Br at the energies
used in the present study, and the solid lines represent the effective f 0Br(E)
and f 0 0Br(E) obtained from the convolution of theoretical f 0Br(E) and f 0 0Br(E)
values22,30 and the energy spread of the primary X-ray beam at the BL-40B2
station of SPring-8 (ΔE/E= 1 × 10 − 4). V2(q) was obtained by solving the
simultaneous equations of P(q, E) that were measured using at least three
different incident X-ray energies near the Br K-edge, in accordance with the
following formula:16,17

V 2 qð Þ ¼ 1

K

DIðq; E1; E2Þ
f 0Br q; E1ð Þ � f 0Br q; E2ð Þ �

DIðq; E1; E3Þ
f 0Br q; E1ð Þ � f 0Br q; E3ð Þ

� �
ð4Þ

where

DI q; Ei; Ej
� � ¼ 2 f 0Br Eið Þ � f 0Br Ej

� �� �
F0 qð ÞV qð Þ

þ f 00Br
2
Eið Þ þ f 00Br

2
Ej
� �

2f 0Br
2
Eið Þ � f 0Br

2
Ej
� �h i

V 2 qð Þ ð5Þ

K ¼ f 0Br E2ð Þ � f 0Br E3ð Þ þ f 00Br
2 E1ð Þ � f }Br

2 E2ð Þ
f 0Br E1ð Þ � f 0Br E2ð Þ

� f }Br
2 E1ð Þ � f 00Br

2 E3ð Þ
f 0Br E1ð Þ � f 0Br E3ð Þ ð6Þ

Using V2(q) from the ASAXS analysis and P0(q) from the normal SAXS
analysis, which was performed at an incident X-ray energy of 12.40 keV
(0.1 nm), fitting analyses were conducted by applying theoretical scattering
functions of suitable model particles.

RESULTS AND DISCUSSION

Figures 3a and b show the energy dependence of SAXS profiles for
M(BrBz) and M(BrBzOH), respectively, measured at incident X-ray
energies near the Br K-edge (13.483 keV). The SAXS intensities of
these systems decreased when the energy of the incident X-ray
approached from lower energies to the Br K-edge. As shown in
Figure 2, f 0Br(E) decreased with an increase in the energy from the
Br K-edge, whereas f 00Br(E) remained nearly constant. Therefore,
the energy dependence of the SAXS intensities of M(BrBz) and M
(BrBzOH) originated from the f 0Br(E)s of BrBz and BrBzOH
incorporated in PDMAEMA-b-PMMA micelles. The energy depen-
dence of the SAXS intensities of M(BrBz) appeared in the high
q region, whereas that of M(BrBzOH) was homogeneously distrib-
uted throughout the entire q range. According to Equation (3),
differences in the energy-dependent SAXS profiles were attributable
to differences in V2(q)s that corresponded to the scattering
amplitude of the spatial distribution of Br atoms. Therefore, this
result suggests that the spatial distribution of hydrophobic mole-
cules incorporated in polymer micelles was dependent on the
presence or absence of hydroxyl groups. Thus, V2(q) profiles were
extracted from the SAXS profiles by solving simultaneous equations

Figure 2 Energy dependence of the real and imaginary components of
anomalous Br dispersion (f’ and f”). The Br K-edge was 13.483 keV.

Figure 3 Energy dependence of the small-angle X-ray scattering (SAXS) profiles of (a) M(BrBz) and (b) M(BrBzOH) near the Br K-edge. M(BrBz), poly(N,N-
dimethylaminoethyl methacrylate)-block-poly(methyl methacrylate) (PDMAEMA-b-PMMA) micelles containing bromobenzene; M(BrBzOH), PDMAEMA-b-PMMA
micelles containing 4-bromobenzylalcohol. A full color version of this figure is available at Polymer Journal online.
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of SAXS profiles measured at three different energies to determine
the spatial distribution of Br-labeled hydrophobic molecules in
PDMAEMA-b-PMMA micelles.
Figures 4a and b show the comparison between normal SAXS

profiles that correspond to P0(q) in Equation (3) and were
measured at 12.40 keV (0.1 nm) of incident X-ray energy, and the
resulting V2(q) profiles of M(BrBz) and M(BrBzOH), respectively.
As mentioned above, the normal SAXS profiles were considered
the form factors of hydrophobic cores containing Br-labeled
hydrophobic molecules, and the V2(q) profiles corresponded to
the form factors of the spatial distribution of Br-labeled molecules.
The V2(q) profile of M(BrBz) obviously deviated from the normal
SAXS profile, whereas the V2(q) profile of M(BrBzOH) could be
superimposed on the normal SAXS profile. Figure 5 shows the
Guinier plots of normal SAXS and V2(q) profiles, and the resulting
radii of gyration (Rg) for these two systems. Rg for the V

2(q) profiles
of M(BrBz) (4.0 nm) was slightly smaller than that of the normal
SAXS profile (4.5 nm). However, for M(BrBzOH), Rg obtained
from V2(q) was identical to that obtained from the SAXS profile
(5.8 nm). These results suggested that BrBzOH was homogeneously
dispersed in the hydrophobic PMMA core, whereas BrBz was
segregated in a domain within the PMMA core. Thus, we examined
the numerical analyses for the normal SAXS profiles and V2(q)
profiles to clarify radial distributions of components in the
hydrophobic core.
The solid lines in Figure 4 represent the theoretical SAXS curves

calculated for the spherical particles provided below, and Table 2
summarizes the adjustable parameters used in the fitting analyses.
Table 2 also lists the values of Rg/R, where Rg and R are the radius of
gyration and particle radius, respectively. Generally, for a spherical
particle, Rg/R= 0.775. Because the Rg/R values obtained from the
analyses were close to 0.775, we concluded that spherical models could
be used for the fitting analyses. For the V2(q) profiles, the fitting
analyses were performed using the given spherical models, as shown in

Equation (7).

P qð Þ ¼ 9
sin qRð Þ � qR cos ðqRÞ

ðqRÞ3
" #2

ð7Þ

where R is the radius of a sphere. The results of the analyses are shown
in Figure 4, with the red solid line indicating M(BrBz) and the solid
line M(BrBzOH). For M(BrBzOH), the normal SAXS profile was also
in agreement with the sphere model with a radius of 7.0 nm.
Consequently, BrBzOH molecules were homogeneously dispersed in
the PMMA core of the PDMAEMA-b-PMMA micelles. In contrast,
the normal SAXS profile of M(BrBz) did not agree with the fitted
results for the V2(q) profile. Thus, we analyzed the SAXS profile of

Figure 4 Comparison of normal small-angle X-ray scattering (SAXS) and V2(q) profiles of (a) M(BrBz) and (b) M(BrBzOH). M(BrBz), poly(N,N-
dimethylaminoethyl methacrylate)-block-poly(methyl methacrylate) (PDMAEMA-b-PMMA) micelles containing bromobenzene; M(BrBzOH), PDMAEMA-b-PMMA
micelles containing 4-bromobenzylalcohol. A full color version of this figure is available at Polymer Journal online.

Figure 5 Guinier plots for normal small-angle X-ray scattering (SAXS) (I(q))
and resonant terms (V2(q)) of M(BrBz) and M(BrBzOH). Open and filled
circles represent I(q) and V2(q), respectively. M(BrBz), poly(N,N-dimethyl-
aminoethyl methacrylate)-block-poly(methyl methacrylate) (PDMAEMA-b-
PMMA) micelles containing bromobenzene; M(BrBzOH), PDMAEMA-b-PMMA
micelles containing 4-bromobenzylalcohol. A full color version of this figure
is available at Polymer Journal online.
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M(BrBz) using a core–shell sphere model given by the following
equation:31

I qð Þ ¼ N rh � rCð ÞVh
3½ sin qRhð Þ � qRh cos qRhð ÞÞ

qRhð Þ3
(

þ rC � r0ð ÞVC
3½ sin qRCð Þ � qRC cos qRCð ÞÞ

qRCð Þ3
)2

ð8Þ

where VC is the volume of the hydrophobic core, Vh is the volume of
the BrBz-segregated region within the hydrophobic core, Rh and RC

are the radii of the BrBz-segregated domain and the hydrophobic core,
respectively, and ρh, ρC and ρ0 are the electron densities of the BrBz-
segregated domain, hydrophobic core and background, respectively.
Here, Rh was set to 5.1 nm, as estimated by the fitting analysis for V2

(q) of M(BrBz). The solid line in the normal SAXS profile of M(BrBz)
in Figure 4a shows the fitting result, and Figure 6 shows the radial
distribution of hydrophobic components in the hydrophobic core for
M(BrBz) and M(BrBzOH) that was estimated from the radial electron
density profiles obtained using the fitting analyses shown in Table 2. In

M(BrBz), a depletion layer of BrBz molecules existed in the vicinity of
the core–corona interface. Previous studies have reported that PMMA
was swollen with water at the interface;32 therefore, the depletion layer
of BrBz molecules should be formed to avoid contact with water
penetrating the PMMA core. In contrast, BrBzOH was homogeneously
dispersed in the hydrophobic PMMA core. The affinity of BrBzOH
molecules for water should be higher than that of BrBz because of the
presence of its hydroxyl group. Consequently, BrBzOH can homo-
geneously disperse in the hydrophobic PMMA core, even in the
vicinity of the core–corona interface. Thus, the difference in the spatial
distributions of BrBz and BrBzOH in the PMMA core was because of
the difference in hydrophobicity between BrBz and BrBzOH. The
results of the present study indicate that hydrophobicity enhances
segregation of hydrophobic molecules in the core. Therefore, drug
molecules with strong hydrophobicity should be stably retained in
polymer micelles owing to firm encapsulation in the hydrophobic
core. In our future work, we will examine the relationship between the
retention and spatial distribution of hydrophobic molecules in the
hydrophobic cores of polymer micelles.

CONCLUSION

The spatial distribution of BrBz and BrBzOH incorporated into the
hydrophobic PMMA core of PDMAEMA-b-PMMA micelles was
investigated using ASAXS near the Br K-edge. The region containing
BrBz molecules was slightly smaller than the hydrophobic core.
As a result, a depletion layer of BrBz formed in the vicinity of the
core–corona interface because of segregation of BrBz molecules from
water penetrating the PMMA core. In contrast, BrBzOH molecules
were homogeneously dispersed in the PMMA core. Because the
presence of a hydroxyl group in BrBzOH enhanced its affinity to
water present in the PMMA core, BrBz molecules existed in the
vicinity of the core–corona interface. The results of this work suggest
that the spatial distribution of polymer micelles can be tuned by
controlling the hydrophobicity or polarity of hydrophobic molecules.
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Table 2 Parameters from the numerical analyses with the model particles

Profile Model Rh/nm RC/nm ρh/e−/nm3 ρC/e−/nm3 ρ0/e−/nm3 Za Rg/nmb Rg/Rc

M(BrBz)
V2(q) Sphere 5.1 — — — — 25 4.0 0.78

I(q) Core–shell sphere 5.1 6.0 391 377 333 30 4.5 0.75

M(BrBzOH)
V2(q) Solid sphere 7.0 — — — — 30 5.8 0.83

I(q) Solid sphere 7.0 7.0 387 — 333 30 5.8 0.83

Abbreviations: M(BrBz), poly(N,N-dimethylaminoethyl methacrylate)-block-poly(methyl methacrylate) (PDMAEMA-b-PMMA) micelles containing bromobenzene; M(BrBzOH), PDMAEMA-b-PMMA
micelles containing 4-bromobenzylalcohol.
aZ is a parameter of polydispersity in Schultz distribution function. Z is related to the s.d. σ by σ= (Z+1)−1/2.
bRgs were obtained from the Guinier plots for V2(q) or I(q) shown in Figure 5.
cRg/R corresponds to Rg/Rh for V2(q) and Rg/RC for I(q).

Figure 6 Radial distribution of the volume fraction of components in
M(BrBz) and M(BrBzOH) obtained via normal small-angle X-ray scattering
(SAXS) and anomalous SAXS (ASAXS) analyses. M(BrBz), poly(N,N-
dimethylaminoethyl methacrylate)-block-poly(methyl methacrylate)
(PDMAEMA-b-PMMA) micelles containing bromobenzene; M(BrBzOH),
PDMAEMA-b-PMMA micelles containing 4-bromobenzylalcohol. A full color
version of this figure is available at Polymer Journal online.
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