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Location of Cholic Acid Sequestered by Core—Shell Nanoparticles Using

REDOR NMR
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ABSTRACT: Solid-state 3C{!°F} rotational-echo double-resonance (REDOR) NMR was used to locate
[24-13C]cholic acid that had been absorbed by nanoparticles with a core—shell morphology. The
nanoparticles were composed of poly(4-fluorostyrene)-block-poly(acrylic acid) copolymers in which 15%
of the poly(acrylic acid) shell functionality had been cross-linked with 2,2'-(ethylenedioxy)bis(ethylamine).
The REDOR data were consistent with no cholic acid in the core, approximately 28% located at or near
the core—shell interface, and the remaining 72% of the cholic acid farther than 25 A from the interface.

Introduction

Shell cross-linked (SCK) spherical nanoparticles with
a core—shell morphology are created by cross-linking
micelles formed from diblock copolymers.t=* Typically,
the core is hydrophobic and the shell hydrophilic, but
SCKs with hydrophilic or hollow cores have also been
synthesized.>~7 The size distribution of SCKs is usually
narrow with a mean diameter between 10 and 100 nm.
Larger diameters, on the order of 1 um, have been
synthesized.® The size distribution is dependent on the
copolymer and micelle formation, both of which can be
controlled.® Other routinely controlled properties include
the surface functionality and the hydrophilicity, density,
and porosity of the core and shell.1° The ability to control
these variables, and the mechanical stability of the
SCKs, combine to make them attractive candidates for
both biological and industrial use.!!

One such use involves the sequestering of metabolites.
The micelle-like structure of SCKs allows the absorption
and sequestering of small molecules. A previous study
has shown that the cross-link density of the shell is an
important factor affecting the location of the small
molecule in the SCK.12 Generally, the nature of the core,
shell, solution, and small molecule all affect the parti-
tioning of guests in SCKs.

In this study, we are interested in the location of
cholic acid, a cholesterol metabolite, which has been
absorbed by SCKs synthesized from poly(4-fluorosty-
rene)-block-poly(acrylic acid) copolymers. We determine
the location by measuring the dipolar couplings between
the core fluorines and 13C-labeled cholic acid using
rotational-echo double-resonance (REDOR) solid-state
NMR.1314 The dipolar coupling is then related to the
internuclear separation and the location of the cholic
acid.
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Experiments

The anionic polymerization, micelle formation, and cross-
linking with 2,2'-(ethylenedioxy)bis(ethylamine) to form SCKs
were similar to those of previous reports.*®> The only notable
differences were the substitution of 4-fluorostyrene for styrene
and the hydrolysis of poly(tert-butyl acrylate) with HCI in
p-dioxane instead of a p-toluenesulfonic acid in toluene.'® The
M, and polydispersity of the poly(4-fluorostyrene) block of the
copolymer were 13.8 kDa and 1.55, respectively (measured by
GPC using polystyrene standards). On the basis of this M,
and the relative ratio of styrene to acrylic acid from *H NMR,
the average numbers of 4-fluorostyrene and acrylic acid units
per chain were 115 and 130, respectively. Loading of the SCKs
was done by mixing 15 umol of [24-13C]cholic acid (Cambridge
Isotopes) with 133 mL of an aqueous solution of SCK (0.86
mg/mL). After 2 weeks of stirring, the mixture was lyophilized
and packed into 7.5 mm (0.d.) zirconia rotors for examination
by solid-state NMR.

The 3C{°F} REDOR experiments were performed at 50
MHz for 13C, at ambient temperature, 5 kHz magic-angle
spinning, a single 10 us **C x refocusing pulse, and 10 us *°F
7 pulses which were xy-8 phase cycled. Other experimental
parameters are the same as previously reported.’

The positions of the °F nuclei relative to the °C are
required to quantify the REDOR data. Although a random
spherical distribution? of the '°F nuclei could probably have
been fit to the data, a molecular model of an SCK was
developed to provide a more accurate '°F density distribution
and to help visualize the SCK. The modeling restraints were
based on a spherical particle that had a core 11 nm in radius
with a density of 1.1 g/cm® and a shell 3 nm thick with a
density of 0.8 g/cm3.22 The dimensions of the core and shell
were established by the composition and the overall size of
the nanoparticle, as measured by atomic force microscopy.®
With these parameters, a molecular model consisting of nine
chains was developed using Insight 11 (MSI, San Diego, CA).
The polymer chains consisted of a poly(4-fluorostyrene) block
120 units long connected by a diphenylethylene spacer to a
poly(acrylic acid) block 136 units long. The chains were folded
both manually and through simulated dynamics, which were
followed by energy minimizations (cvff and cff91 force fields),
until the appropriate bulk densities and particle radii were
reached. After the structure matched the selected parameters,
approximately 10 cross-links per chain (15%) were added.
Finally, 12 cholic acid molecules were inserted, and the energy
of the system was again minimized.

The dephasing, S(t,r), as a function of the radial distance,
r, of a 13C label from the core—shell interface was calculated
for each REDOR dipolar evolution time, t, using the °F
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Figure 1. Molecular model (left) described in the text and a schematic representation of the REDOR calculation (right). The
darkest circles in the model are the °F's of the core whose coordinates are extracted (right) for the REDOR calculation. Only
about 50% of the length of the core is shown. The REDOR dephasing is calculated as a function of the position of a *3C cholic acid
nucleus on the Z axis which is normal to the core—shell interface. The lines between the 3C and °F nuclei represent dipolar

vectors which vary with the '3C position.

coordinates from the above molecular model and eq 22 of ref
17. The calculation included all dipolar couplings between a
13C label and °Fs that were within 30 A of the interface
(approximately 230). We define the interface as the average
position of the last '°F in the core or, essentially, the beginning
of the diphenylethylene spacer. In the calculations, the 3C
position was varied along a normal to the core—shell interface,
i.e., radially outward from the center of the nanoparticle as
illustrated in Figure 1 (right). The dephasing for a distribution,
G(r;rm,0), of 13C distances is

S(t;r,,0) = f G(r;r,,,,0) S(t.r) dr 1)

where rn, and o represent generalized mean and width
parameters, respectively. Once S(t,r) is known for each ex-
perimental t, it is straightforward to optimize the parameters
of the distribution. For the cholic acid data, the parameters
were optimized using a least-squares implementation of Math-
ematica’s (Wolfram Research, Champaign, IL) nonlinear op-
timization procedure.

Results and Discussion

Figure 2 shows example spectra of the SCKs both
with (left) and without (center and right) absorbed cholic
acid. For all the spectra, the resonances between 100
and 165 ppm are from the aromatic core carbons and
serve only to measure the relative amount of SCK in
each sample. For the center and right spectra, the broad
resonance around 180 ppm is from shell acrylic acid
carbonyls, and for the left spectrum this resonance is
from both the shell acrylic acid and [24-13C]cholic acid
carbons. Because the shell carbonyl and cholic acid
resonances are unresolved, the cholic acid REDOR
dephasing must be background-corrected as follows:

ASSC — AGSCK

holic _
[AS/So]C =1 SOS/c _ SOSCK

)

where Sy is the reference or full-echo, nondephased
spectrum; S is the dephased spectrum; AS is difference
between Sy and S; and the superscripts SCK, S/C, and
cholic denote quantities without cholic acid (SCK alone),
with cholic acid (SCK and cholic acid), and without SCK
(background corrected, cholic acid alone), respectively.
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Figure 2. Carbonyl and aromatic carbon regions of the SCK
B3C{*°F} REDOR spectra with [24-*3C]cholic acid (left) and
without cholic acid (center and right) for those values of the
dipolar evolution time. The bottom full-echo spectra, So, were
obtained without °F pulses and are used as references. The
top row shows the corresponding difference spectra, AS, which
represent the dephased intensity. The AS spectra were gener-
ated by subtracting the spectra obtained with °F pulses (i.e.,
with dipolar evolution) from the Sy spectra (no dipolar evolu-
tion). Both the cholic acid Sp and AS spectra must be corrected
for contributions from the natural-abundance 3C'’s of the shell
acrylic acid carbonyls.

Figure 3 shows the background-corrected REDOR
dephasing for bound cholic acid as a function of dephas-
ing time. Qualitatively, the maximum dephasing (t =
28.8 ms) indicates that only approximately 30% of the
cholic acid is close to the core—shell interface.

To quantify the location of the cholic acid, the REDOR
data were fit to a distribution of 13C distances extending
radially outward from the core 1°Fs. Calculations based
on unimodal distributions (Gaussian, linear, square, or
exponential) could not reproduce the data. The solid line
in Figure 3 is the calculated REDOR dephasing from a
bimodal distribution in which one mode was Gaussian
and the other was a delta function (i.e., intensity at a
single distance). Figure 4 shows the 13C radial distance
distribution from this fit. The arrows on the line
representing the 25 A fraction indicate that the fit was
insensitive to the shape of this mode as long as most of
its intensity was beyond 25 A. Essentially, the 25 A
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Figure 3. Background-corrected (eq 2 of the text) REDOR
dephasing for [24-'3C]cholic acid absorbed by SCKs from
aqueous solution (O). The solid line represents the calculated
dephasing for a distribution of cholic acid distances from the
core—shell interface.
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Figure 4. Distribution of distances of the cholic acid '*C-labels
from the core—shell interface resulting from the fit of the model
of Figure 1 to the REDOR data of Figure 3. Approximately
28% of the [24-13C]cholic acid labels are near the interface.
The remaining 72% are at least 25 A away.

distance represents the closest that all of this fraction
could be to the interface. Some or most of this fraction
could, in fact, be farther away. As stated earlier, the
origin of the graph represents the average position of
the last 19F in the core, and the calculation included all
of the dipolar couplings to the selected 1°F's that were
within 30 A of this origin. Including more distant 1°F’s
that were deeper inside the core in the calculation
slightly decreased the width of the Gaussian mode but
had no significant effect on its mean or weight. Because
the °F density within the first few angstroms of the
interface primarily governs the dephasing of the 13C’s
at 25 A, adding distant °F's had no effect on this
fraction.
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A surprising result of the model calculation was the
25 A distance required to reproduce the experimental
dephasing. Calculations with a fraction of 13C’s closer
than 25 A to the interface resulted in significantly more
dephasing at longer times. Sensitivity to a distance this
long is unusual for 13C{1°F} REDOR and results from
the presence of many 1°F dephasing centers. For ex-
ample, for a 13C label that is 20 A from the interface of
the SCK model, the calculated dephasing was 5% at 20
ms and 12% at 30 ms. By comparison, for an isolated
13C—19F pair with an internuclear separation of 20 A
(which corresponds to a dipolar coupling of 3.5 Hz), the
dephasing is only /,% at 20 ms and 1% at 30 ms.

The results of the fit indicate that 28% of the cholic
acid is absorbed by the SCKs under the loading condi-
tions used. The absorbed cholic acid is at or near the
core—shell interface; none of it is in the core. The results
also suggest that about 72% of the cholic acid is
adsorbed on the surface of the SCKs or in the surround-
ing free volume between SCK particles. Future work
will involve surface labels and could distinguish between
these two possibilities.
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