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ABSTRACT: The controlled shaping and surface functional-
ization of colloidal particles has provided opportunities for the
development of new materials and responsive particles. The
possibility of creating hollow particles with semipermeable
walls allows modulating molecular transport properties on
colloidal length scales. While shapes and sizes can typically be
observed by optical means, the underlying chemical and
physical properties are often invisible. Here, we present
measurements of cross-membrane transport via pulsed field

gradient NMR in packings of hollow colloidal particles. The work is conducted using a systematic selection of particle sizes, wall
permeabilities, and osmotic pressures and allows tracking organic molecules as well as ions. It is also shown that, while direct
transport of molecules can be measured, indirect markers can be obtained for invisible species via the osmotic pressure as well.
The cross-membrane transport information is important for applications in nanoconfinement, nanofiltration, nanodelivery, or

nanoreactor devices.

B INTRODUCTION

Colloids are exceptionally versatile materials of broad relevance
to many areas of modern science and industry.'”* Many
biological and industrial processes rely fundamentally on the
properties of colloidal suspensions. The unique behavior of
colloids is rooted in the high surface area and soft interaction
potentials that have the magnitude of thermal fluctuations.
Colloidal interactions can be tuned by chemically modifying the
particle surfaces, for example, via the addition of polymer
brushes, charged surface groups, and even DNA strands. The
result is a suspension of particles engineered to display a wide
range of behaviors, from simple hard spheres’ to atomic
analogues that interact via a complex mix of directional and
selective bonds.® These colloidal fluids can self-assemble into
elaborate three-dimensional architectures and undergo phase
transitions that are similar to those observed in atomic and
molecular systems.” The generation of colloidal membrane
particles with hollow interiors opens a pathway toward
exploiting their permeability properties in terms of delivering
a “payload” to a point of interest, to act as nanofiltration agents
for molecules, ions, and perhaps even viruses or bacteria, or to
produce nanoreactor environments.” '

While colloid and emulsion sizes can be determined reliably
by optical means, such as using light scattering or confocal
microscopy,16 their chemical properties often remain invisible
to these methods. In particular, cross-membrane transport and
the relative distribution of molecules between intra- and
interparticle space is difficult to measure without a significant
perturbation of the system. Fluorescence imaging is a powerful
technique for monitoring the permeability of capsules,'” but a
fluorescent probe is needed and its presence can alter the
dynamics and limit the functional chemical space. In this work,
we study molecular cross-membrane transport in packings of
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hollow colloidal shell particles with time-dependent NMR
diffusometry.

Pulsed field gradient (PFG) NMR has been used, for
example, to study the permeability of human erythrocytes,'® the
transport through Nafion mesoporous membranes,'” or the
transference numbers in ionic liquids.”* Although quasi-elastic
neutron scattering (QENS) can be used to probe molecular-
level dynamic information on scales ranging from A to nm,
PFG-NMR is sensitive to dynamics on length scales of a few
pum to mm, is chemically specific, and is a more easily accessible
method.”'~** Time-dependent diffusion measurements have
been used to study porous media, giving access to information
such as the surface-to-volume (S/V) ratio, tortuosity/
porosity,”* and permeability.*®

Diffusion experiments are widely used in heterogeneous and
multicompartment systems, such as, for example, in porous
media or tissues.””*’” Generally, two types of models are used to
interpret the data. The first type uses well-defined assumptions
about the system geometry, which makes the application and
interpretation straightforward. This model has been applied to
several different systems, for example, porous media,”® packed
erythrocytes,”” and bovine optic nerve,” among others. On the
other hand, the second approach is not concerned with the
geometry and treats the system as an abstract multisite
exchange model. The two-site exchange model was first applied
by McConnell”” to determine cell membrane permeabilities,
and later on, Kiirger‘w’31 and Andrasko'® studied the two-
compartment exchange to analyze diffusion-weighted imaging,
using the so-called Kirger model.” The standard diffusion PEG
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Figure 1. Bright-field (top) and electron (bottom) microscopy images showing the three colloidal model systems used in this study. (A) Solid TPM
spheres, (B) hollow TPM particles with a wall thickness of approximately 100 nm, and (C) hollow TPM particles with a hole in the surface. All scale
bars are 3 ym. The outer diameters are as follows: solid TPM spheres, d = 2.9 & 0.1 ym; hollow TPM particles, d = 2.7 + 0.2 ym; hollow TPM
particles with a hole (PS inclusions removed), d = 5.6 + 0.5 um with the hole diameter being approximately 650 nm.
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Figure 2. (A) Normalized signal attenuation in a PFGSE experiment for S0 ms of diffusion time for solid and hollow colloids. The diffusion
dynamics in solid particles can be described with only one diffusion coefficient, while two are necessary for hollow colloids. The diameter of solid
particles is 2.9 ym, while for hollow particles it is 2.7 gm. The decay of the signal for bulk water is added for comparison (solid black line). (B) The
diffusion dynamics in particles with a hole shows a biexponential decay. For all particles, the presence of NaCl or glucose changes the diffusion
coefficients as well as their relative contributions. The diameter of the particles with a hole shown in part B is 5.6 ym. (C) Scheme of a 2D slice of the
3D packing geometry used in the Monte Carlo simulations for hollow colloids. Water molecules can diffuse inside the particles or in the interparticle
space. White space represents the allowed regions for molecules to diffuse freely, and the gray region represents the polymeric shell. The box
represents the unit cell used for the MC simulations with periodic boundary conditions.

sequence can also be applied in two dimensions, where D—D
maps are obtained and, varying the storage time, the exchange
between different environments can be calculated.**** This
method is useful for many applications, but it is time-
demanding because a 2D data set has to be acquired at each
storage time. Furthermore, diffusion experiments can be
combined with relaxation experiments and exchange times
can be determined, for example, in a system of phenol
molecules in a colloidal dispersion of hollow polymeric
capsules.’® In that case, the phenol is binding to the capsule
wall rather than encapsulated in the interior.

Here, we use time-dependent NMR diffusometry to study
multicompartment colloidal systems and probe the molecular
transport across the colloidal membranes noninvasively. We
make no a priori assumptions about the diffusion and relaxation
parameters. From the time-dependent diffusion, we obtain not
only the exchange dynamics but also the S/V ratio.
Furthermore, the inner diameter of the void space and the
wall thickness can be inferred through measurements of the S/
V ratio in the two compartments. A Monte Carlo (MC)
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computational model is used to reproduce the experimental
results, to provide estimates of the membrane permeability, and
to provide further insights into the membrane permeation
process.

B EXPERIMENTAL SECTION

Three different systems were used to study the dynamics: (i)
solid 3-(trimethoxysilyl)propyl methacrylate (TPM) polymer
spheres, (ii) hollow TPM particles of different sizes, and (iii)
hollow TPM particles with a hole on the surface (Figure 1).
The colloidal model systems are synthesized by emulsion
templating” using monodispersed emulsions of 3-
(trimethoxysilyl)propyl methacrylate (TPM) prepared similar
to the procedure described in ref 36. The process involves
droplet nucleation and growth in water, TPM cross-linking, and
controlled polymerization via radical or UV initiation. The size
ranges can be adjusted by the exact conditions, and size
standard deviations are in the range 4—9% (see Figure 1). The
procedure and conditions are summarized in the Supporting
Information. Colloidal packings were prepared by centrifuging,
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Figure 3. (A) Fast diffusion coefficient as a function of diffusion time for hollow particles (outer diameter of 2.7 ym) imbibed in pure H,O, S mM
NaCl, 10 mM NaCl, 10 mM glucose, and 1 M glucose. Closed symbols show the data from monoexponential fitting for the curves acquired for solid
particles with a diameter of 2.9 ym for comparison. (B) Slow diffusion coefficient as a function of diffusion time for hollow colloids. (C) The relative
contribution of the slow diffusion component. MC simulations showing (D) fast and (E) slow diffusion coefficients in hollow colloids and (F) the
relative contribution of the slow diffusion component. Black and solid lines show the results from simulations mimicking the experimental samples
imbibed in pure water and S mM NaCl, respectively. The corresponding self-diffusion coefficients and the relaxation effects for each solution were

used.

and packings were checked by NMR relaxation measurements
to diagnose changes in surface-to-volume ratios. The packing
procedure, packing density, uniformity, and degree of
crystallinity were examined by SEM (Figure S1).

The NMR experiments were carried out on a Bruker Avance
I spectrometer (Bruker, MA, USA) operating at 400.13 MHz
for 'H. Diffusion experiments were collected with a Bruker
Micro2.5 gradient assembly with a maximum gradient intensity
of 1 T/m. The applied gradients were calibrated using water. A
PFGSE sequence was used for the diffusion experiments where
the diffusion time was varied from 2 to 100 ms and the duration
of the gradient was set to 1 ms. The temperature was controlled
at 24 °C for all measurements. Diffusion coefficients were
determined by fitting PFGSE experimental curves to a mono-
or biexponential function using MATLAB and determining the
amplitudes (A;) and diffusion coefficients (D;) of the
components.

B RESULTS AND DISCUSSION

The signal attenuation curve for a PEGSE experiment at a fixed
diffusion time (S0 ms) with increasing gradient strengths is
shown in Figure 2 for a range of particle samples. The signal
attenuation for solid particles (black closed circles in Figure
2A) shows a monoexponential decay over a large range until
the sensitivity limit is reached. The monoexponential decay for
these solid spheres indicates that the packing is sufficiently
uniform, and no significant restricted diffusion behavior is seen,
which implies that the interparticle space is sufficiently
connected. The decay is less steep than that for bulk water
(solid black line) because of the tortuosity in the colloid
sample. The same experiment performed on packings of hollow
particles (black open circles in Figure 2A) shows a markedly
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different behavior, namely, clear evidence of restricted diffusion,
which can be attributed to the volume fraction inside the
particles. It is thus reasonable to assume that the curve consists
of two components, one with slow diffusion (volume inside the
particles or restricted diffusion fraction) and one with fast
diffusion (interparticle space). Marked changes are seen when
the particles are suspended in NaCl or glucose solutions where
the self-diffusion coefficient varies (in line with the variation in
bulk solutions, as seen in Table S1). Figure 2B demonstrates
the behavior of the hollow TPM particles with the hole on the
surface, showing clear evidence of compartment exchange.
Some restriction is seen, as expected, because of the relative
scales of the hole in relationship to the particle size (see Figure
1C). The probability of leaving the particle simply based on
relative hole size would be given by 0.0034. In Figure 2C, the
2D scheme of the hollow particle system can be seen, where the
box represents the unit cell used for the MC simulations
discussed below.

In order to further analyze the restricted diffusion behavior
and molecular interchange between compartments, time-
dependent diffusion measurements were carried out. In Figure
3, the time-dependent diffusion coefficients for both the fast
and slow components as well as the fraction of the slow
diffusion component (A,,,) are plotted for solid and hollow
particles in different aqueous solutions. Figure 3A shows that
the fast component of the diffusion can be assigned to the
interparticle space, since the diffusion curve of the interparticle
space from solid particle samples agrees with the curve of the
fast diffusion compartment in hollow particles imbibed in pure
water. Furthermore, one can deduce from this result that the
packing behavior of the different particles is very similar
because both diffusion coeflicients appear to reach a similar
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plateau value (solid and open black symbols). At long diffusion
times, D g/D, tends to a value of 1/a, where a is the tortuosity.
In simple model systems (for example, spherical bead packs),
can be calculated as ¢p~/2, where ¢ is the volume fraction of the
pore space, i.e., the porosity.”” For a closely packed system, the
porosity is ¢ = 0.259. The porosities calculated from the data in
Figure 3A are ¢ = 0.28 for hollow particles and ¢ = 0.33 for
solid spheres. Some deviations from the close packing values
seen in the SEM images in Figure S1 would explain the
somewhat larger measured porosity values.

The limiting value of the fast diffusion coefficient is still
larger than the fastest component of the slow diffusion values
obtained (Figure 3B) by a factor of 2. The slow diffusion
component for hollow colloids further shows a more rapid
decrease, thus indicating a strong restriction for a large fraction
of particles. The behavior of the fraction of the slow
components is shown in Figure 3C as a function of diffusion
time (the fast diffusion fraction would simply be 1 — Agq,)-
One can see that after initially big changes (over ~5 ms) the
slow component fraction appears to rise. This effect can be
attributed in part to differential relaxation effects, which will be
further explored below.

From the time-dependent diffusion measurements, informa-
tion about the spatial restriction can be obtained via*®

D (t 4,/Dyt S
_SES_Z =1- ____2___ = ax + b

D, T V,
Assuming a spherical internal volume, such is the case for
intraparticle void space, the inner diameter of the hollow

spheres can be calculated via d = 2% where ais the slope of
VT a

the linear curve for Dy, (black line in Figure 3B), giving, as a
result, d = 2.6 + 0.2 pm. Knowing that the diameter of the
sphere is 2.9 pm, the wall thickness can be estimated as 0.15
pum, which is in agreement with the SEM pictures. For the
fitting at short diffusion times from Dg,, the interparticle S/V
ratios can be determined for both solid and hollow colloids, as
shown in Figure 3A (the black line corresponds to the fitting of
the hollow colloid data). For solid TPM spheres, S/V,, = 1.95
um™", while S/V,;; = 2.1 um™" for hollow TPM particles. The
theoretical value for a close-packed system of spheres with that
diameter is S/V, = 2.7 um™". The lower experimental values
are consistent with the porosity calculations, together with the
SEM images, showing a crystalline but not close-packed
arrangement.

As a next step, we examined the ability to assess the
penetration of salt ions and glucose through the shell wall and
the role of osmotic pressure on the diffusion dynamics. In
Figure 3A, it is clearly observed that the fast diffusion
coefficients vary depending on the type of solution used for
imbibing. Higher salt concentrations and higher glucose
concentrations lead to smaller diffusion coefficients in the
interparticle space (Dy,y, Figure 3A). The ratios of the diffusion
coefficients correspond to the expected ratios obtained from
the self-diffusion coeflicients measured in the respective pure
solutions (Table S1). Figure 3B, on the other hand, shows that
the restricted diffusion component is almost the same for all
samples. This finding clearly indicates that neither salt ions nor
glucose enter the hollow particles. Direct measurements of
glucose diffusion support this finding (Figures S2 and S3A).
Another important distinction is that the fraction of the
restricted diffusion component (Figure 3C) is much lower than
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that in the pure water results (open circles). This effect is not as
strong for glucose samples, and overall, it does not appear to
change much over the examined concentration range. At a
higher salt concentration, such as 1 M NaCl, the slow diffusion
fraction is almost constant over the whole observation time
because of the high osmotic pressure that compresses the
particles, thus leading to a bigger space for molecules in the
interparticle pores (data not shown).

As a further control experiment, hollow particles with a hole
on the surface were examined (Figure S3B), and the slow
diffusion coefficient is shown in two different solutions: pure
water and S mM NaCl solution. Since the hole is sufficiently
large to allow for permeation of salt ions but still retain
diffusion restriction, biexponential diffusion is again observed
(Figure 2B). It is now clearly seen that the slow diffusion
component shows the presence of salt ions, since the diffusion
coefficient changes with the change of imbibing solution (as
opposed to the case shown in Figure 3B). Therefore, in
combination with the results from Figure 3B, we can conclude
that salt ions do not enter the inside compartment when there
is no hole in the surface. In Figure S4, the complete fast and
slow diffusion time-dependent results are shown for the
particles with the hole on the surface. In addition, the
comparison with the hollow particles with the same diameter
is shown.

MC simulations can now be used to model the observed
effects in order to extract wall permeability values. Parts D—F of
Figure 3 show the MC simulations for hollow colloids. For
these calculations, 10° trajectories were considered where the
maximum diffusion time is 100 ms and the length of a single
step j; is 10 nm. The simulation details are summarized in the
Supporting Information. Both diffusion curves start from the
same value because, at very short times, the diffusion can be
considered to be free (Figure 3D,E). This point cannot be
reached experimentally because of the longer minimum
diffusion time required. In Figure 3F, the contributions for
slow diffusion are calculated.

It is important to note that the relative amplitudes shown in
Figure 3C,F depend not only on diffusion but also on the
differential effect of relaxation between the compartments (see
also the unnormalized decays in Figure SS). For samples with
NaCl or glucose, the signal arising from molecules inside the
particles decays much faster than when pure water is used as a
solvent (a factor of almost 4). To reproduce this effect, the MC
model was modified to assign a particular decay for every wall
crossing (R,;) and a different one for wall reflection. The black
line in Figure 3D—F shows the result considering the self-
diffusion coefficient for pure water (Table S1) and the
corresponding relaxation found experimentally (Figure SS),
while the red line shows the MC results using the diffusion
coefficient for 5 mM NaCl solution with the respective
relaxation effect. By comparing these simulations with the
experimental results in Figure 3, it can therefore be concluded
that the factor that dominates the longer-term relaxation
behavior is the molecular wall traversal. This parameter could
be of further use to determine the effective wall thickness. It is
also found that, when the osmotic pressure is high, the slow
diffusion component is more strongly affected by relaxation.

Finally, from MC simulations, the permeability of the TPM
shell can be estimated. The permeability value is calculated
from eq 1 in the Supporting Information, where it is shown that
the permeability with respect to a particular molecule is a
function of both the rate of diffusion toward the membrane (D)
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and the rate of exchange across it (probability p in MC).** To
reproduce experimental results, the probability of exchange p
was chosen as 107" in the simulations of pure water, from
which a wall permeability of P = 2.30 X 107 m/s is obtained.
Details on the MC simulations are provided in the Supporting
Information.

B CONCLUSIONS

In conclusion, we have demonstrated here that NMR
diffusometry allows monitoring inter- and intraparticle
dynamics and molecular transport across colloidal membranes.
Time-dependent diffusion experiments of particles with differ-
ent properties and in different solutions indicated that both
direct and indirect measurements allowed molecular pene-
tration properties into the interior particle space to be
determined. Monte Carlo simulations reproduced the exper-
imental findings and provided access to the membrane
permeability factor and to relaxation parameters during wall
permeation. These studies address the need to examine
molecular-level properties of colloidal shell particles, which
could be used for nanofiltration, as nanoreactors, or as
molecular delivery vehicles.
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