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ABSTRACT: A set of functionalized nanoparticles
(PEGylated dendrimers, d = 2.8—11 nm) was used to probe
the structural heterogeneity in Na*/K" induced k-carrageenan
gels. The self-diffusion behavior of these nanoparticles as
observed by 'H pulsed-field gradient NMR, fluorescence
recovery after photobleaching, and raster image correlation
spectroscopy revealed a fast and a slow component, pointing
toward microstructural heterogeneity in the gel network. The
self-diffusion behavior of the faster nanoparticles could be
modeled with obstruction by a coarse network (average mesh
size <100 nm), while the slower-diffusing nanoparticles are
trapped in a dense network (lower mesh size limit of 4.6 nm).
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Overhauser dynamic nuclear polarization-enhanced NMR relaxometry revealed a reduced local solvent water diffusivity near
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)-labeled nanoparticles trapped in the dense network, showing that heterogeneity
in the physical network is also reflected in heterogeneous self-diffusivity of water. The observed heterogeneity in mesh sizes and
in water self-diffusivity is of interest for understanding and modeling of transport through and release of solutes from

heterogeneous biopolymer gels.

B INTRODUCTION

Biopolymer hydrogels constitute cross-linked, percolating
networks, giving rise to a porous and tortuous microstructure.
Structural descriptors of these microstructures can be obtained
from the reduced self-diffusivity of nonsticky nanoparticles
with diameters on the order of the network mesh size."” These
descriptors of the microstructure complement spatial insights
obtained by optical or electron microscopy.’ If the nano-
particles are larger than the structural features of the polymer
network, they are immobilized.">* If the size of the
nanoparticles is smaller than, but on the order of the distance
between the polymer strands or fibers, the nanoparticles are
still free to diffuse in the water phase, but their mobility will be
determined by obstruction imposed by the polymer strands, as
well as by the local solvent properties. Several physical models
have been introduced to relate the reduced self-diffusion
coefficients of nanoparticles in hydrogels to the polymer
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concentration (volume fraction), polymer strand thickness,
nanoparticle diameter, and network mesh size.”™” “Obstruction
effect”-type models imply that the rigid polymer network is
tortuous and imposes an increased path length for nano-
particles moving between two points in the network but do not
account for interactions between the nanoparticles and the
polymer strain.' Other models provide scaling laws for the
hydrodynamic friction of the nanoparticles and the polymer
chains owing to nonnegligible attractive interactions." All these
models predict the convergence to a long-term, average
diffusion coefficient (assuming simple Brownian motion). To
date, however, none of these models have considered the
effects of network heterogeneity, in particular, at the nm length
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scale, and none have considered the existence of spatially
heterogeneous solvent water self-diffusivity within the
heterogeneous network.

In this work, we explore the use of nanoparticle diffusometry
for the assessment of network heterogeneity in k-carrageenan
gels. k-Carrageenan is a linear polysaccharide that is widely
used industrially as a gelling agent. Gelation of k-carrageenan
occurs upon cooling a warm aqueous solution, during which
the polymer coils first form helices that subsequently aggregate
in a side-by-side manner.*” The coil-to-helix transition, which
is essential for eventual gelation, is very sensitive to binding of
cations such as potassium, calcium, or sodium ions, which
hence strongly influence the network heterogeneity of the gels
and their elastic strength.'” Electron microscopy has shown
that the so-formed k-carrageenan gel network™'" is hetero§e-

. . 510
neous, with co-existing coarser and denser networks.
Populations of slow and fast diffusing nonsticky nano-
particles'>'” in these gels have been attributed to the
heterogeneity of the gel strand network.'* A pictorial
representation consistent with this view, as well as with the
current study, is given in Figure 1 for clarity—we will further

Figure 1. Schematic representation of self-diffusion of nanoparticles
in coarse (10* nm mesh) and dense (>4.6 nm mesh) regions in k-
carrageenan gels. Larger nanoparticles can be immobilized in the
dense regions (dark) but can also diffuse through the coarse network.
Smaller nanoparticles can probe both the coarse and dense networks.
Within the dense region (dark), self-diffusion of water is reduced.

discuss the veracity of this schematic on the basis of
experimental results. In this work, we aim to quantify the

physical as well as the solvent heterogeneity of the x-
carrageenan gel network at multiple length scales spanning
the sub-nanometer to micrometer scale by using spectroscopi-
cally active, nonsticky nanoparticles (2.8—11 nm in diameter)
as diffusional probes. In previous work, we have described the
design of these nanoparticles and have validated that they are
monodisperse and non-interacting with the x-carrageenan gel
matrix.'" To study the bimodal diffusion of the nanoparticles,
we use NMR diffusometry, fluorescence recovery after
photobleaching (FRAP), and raster image correlation spec-
troscopy (RICS). NMR diffusometry provides a means to
noninvasively obtain a bulk-averaged self-diffusion coefficient.
FRAP and RICS allow spatially resolved mapping of self-
diffusion coeflicients; these techniques are complementary in
the sense that they cover the large and small self-diffusion
regimes, respectively. To assess solvent (water) diffusivity
within this heterogeneous gel network, we deployed nano-
particles similar to the ones used in the other studies, except
that they were now functionalized with paramagnetic 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) moieties. The presence
of the paramagnetic TEMPO labels allows probing of water
dynamics within two to three solvent layers (0.5—1 nm) from
the surface of the nanoparticles by Overhauser dynamic
nuclear polarization (ODNP)-enhanced NMR relaxome-
try.">'® Using this toolkit, we describe whether a physical, a
solvent, or a combined model is needed to understand the
apparent heterogeneity in the nanoparticle diffusivity within x-
carrageenan gel networks.

B MATERIALS AND METHODS

Sample Preparation. x-Carrageenan gels were prepared by
suspending k-carrageenan powder (2 wt %) in a solution of sodium
chloride (between 0 and 200 mM), potassium chloride (20 mM), and
dendritic nanoparticles in water followed by stirring and heating to 80
°C for 15 min. The nanoparticles were dosed at 0.1-0.2 wt % for
G1-"F, G3-"F, GS-°F, 0.05 wt % for G5-ATTO 488, and 0.1 wt % of
GS-TEMPO. The solutions were subsequently allowed to cool down
to room temperature during which gelation (together with the
nanoparticles) took place. “Washed” gels were prepared by keeping a
~3 X 3 X 3 mm gel cube in a ~50X larger volume of corresponding
salt solution for a week and refreshing the medium daily. Washing had
no apparent effects (swelling or shrinkage) on the gels.

poly(propylene imine) ) 19F |apel
dendritic core

NVVV\ poly(ethylene glycol) * ATTO 488
corona

spacer (%) TEMPO spin label

Figure 2. Schematic illustrations of nanoparticles with GS PPI dendrimer cores used in this study (these illustrations are not intended to reflect the
conformation of the nanoparticles in solution): (A) '°F-labeled PEGylated dendrimers (GS-'’F, d = 6.9 nm) that can be observed by '°F and 'H
NMR via the signal of the PEG corona, (B) PEGylated ATTO 488-labeled dendrimers (GS-ATTO 488, d = 6.0 nm, Supporting Information,
section S$2.4.1) that can be observed by FRAP and RICS, and (C) PEGylated TEMPO-labeled dendrimers for ODNP-enhanced NMR
spectroscopy, with a spacer to slightly increase their diameter (GS-TEMPO, d ~ 11 nm).
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Labeled Dendritic Nanoparticles. Besides !°F-labeled
PEGylated generation-1, -3, and -5 (G1-'°F, G3-'F, and GS-'°F)
poly(propylene imine) dendritic nanoparticles (d = 2.8, 4.6, and 6.9
nm, respectively) as presented and characterized in our previous
work,'" we prepared additional labeled analogs (SyMO-Chem B.V.,
Eindhoven, Netherlands). These nanoparticles contained a core based
on a GS dendrimer and a brush-like polyethylene glycol (PEG)
corona, where the labels were introduced underneath the PEG
corona. One particle contained ATTO 488 fluorescent dyes at the
interface between the core and corona, while the other contained
TEMPO spin labels and a spacer between the same core and corona,
where a spacer was introduced to slightly increase the particle size.
The diameter increase was aimed at increasing the fraction of
immobilized nanoparticles in the k-carrageenan gel (see the Results
and Discussion section). The synthetic procedures are included in the
Supporting Information, section S2, and cartoons of the three
nanoparticles are presented in Figure 2, where the locations of the '°F,
ATTO 488, and TEMPO labels within the nanoparticles have been
indicated.

Pulsed-Field Gradient NMR Diffusometry. Because of the high
'H loading of the nanoparticles, spin echo pulsed-field gradient (SE-
PFG) NMR measurements on ‘F-labeled dendrimers (G1-, G3-, and
GS-"°F) were initially carried out on 'H instead of ’F. We used 'H
NMR because the "H NMR signal of the PEG corona provides a high
signal intensity, while the signal of the rigid x-carrageenan matrix can
be filtered out because its associated T, is much shorter than that of
the highly mobile PEG—"H. 'F NMR measurements, which have
lower sensitivity and hence slightly longer acquisition times, were
subsequently used to cross-check for the absence of the background
signal in the '"H NMR measurements. 'H SE-PFG NMR and '°F STE-
PFG NMR experiments were performed with a Bruker Avance II
spectrometer operating at 7 T B, magnetic field strength (resonance
frequencies 300 MHz for 'H and 282 MHz for '°F), equipped with a
Bruker Diff25 gradient probe [maximum PFG intensity 9.60 T/m].
The probe was equipped with a 10 mm RF insert tuned to the 'H or
YF resonance frequency. Experiments and data analysis were
performed using standard procedures.” In short, 'H SE-PFG NMR
experiments were based on spin echo detection by stepwise variation
of the gradient pulse amplitude at an effective gradient pulse duration
of 5 ms, while keeping the diffusion-observation time between the
gradient pulses at 200 ms. The minimum gradient amplitude was
chosen to be high enough to attenuate the 'H signal of water almost
completely. The attenuation of the 'H echo intensity of the PEG
corona as a function of increasing gradient amplitude is described by a
sum of Stejskal—Tanner-type exponentials (I/I,) = A ¢ and b =
(y5¢)*(A — &/3), where (I/I,) is the signal attenuation, D is the
diffusion coefficient, ¥ is the gyromagnetic ratio, ¢ is the duration of
the gradient pulse, g is the gradient amplitude, and A is the diffusion-
observation time.'” Error estimates of the self-diffusion coefficients D
were obtained via bootstrap resampling as described previously."’
Using the same experimental settings but starting from a lower initial
gradient amplitude, so as not to suppress the water signal, '"H SE-PFG
NMR on water itself was performed in gels without dissolved
nanoparticles. '’F STE-PFG NMR experiments were based on
stimulated echo detection with the same observation time but did
not require suppression of the background signal.

According to the obstruction model of Johnson,'® the k-
carrageenan polymer strand radius r; can be obtained from the
reduced diffusion coefficients D/D, using

D e70A84(1]'09 o+ 2
© 14 (—2) 4L i
K 3k
and k = 0.31r 9~ (1)

where r, is the nanoparticle radius and ¢ is the polymer volume
fraction. A length scale for the mesh size d,, can be estimated from"’

4 2)

Fluorescence Recovery after Photobleaching. FRAP was
carried out on the gels before washing. A Leica SPS AOBS setup was
used with a 10X, 0.4 NA water objective using the following settings:
1024 X 1024 pixels, a zoom factor of 6 (with a zoom-in during
bleaching), and 1400 Hz, yielding a pixel size of 0.253 ym and an
image acquisition rate of 0.372 s/image. The FRAP images were
stored as 16 bit tif-images. A 488 nm Ar-laser was used to excite the
ATTO 488-labeled dendritic nanoparticles. The bleached regions of
interest (ROIs) were SO ym large discs. The measurement routine
consisted of S0 pre-bleach images, 10 bleaching images [wherein a
high intensity laser pulse using all available laser lines (458, 476, 488,
496, 514, 561, and 633 nm) bleaches the fluorophores in the ROI],
and 1000 post-bleach frames to record the fluorescence recovery. A
FRAP model using a pixel-based likelihood framework™ was utilized
for data analysis.

Raster Image Correlation Spectroscopy. RICS®' was carried
out on washed gels only. A Leica SPS AOBS setup was used with a
63X, 1.2 NA water objective using the following settings: 512 X 512
pixels, a zoom factor of 10, and a scan rate of 10 Hz, yielding a pixel
size of 0.0482 ym and a pixel dwell time (f,) of 0.48 ms. A 488 nm
Ar-laser was used to excite the ATTO 488-labeled dendritic
nanoparticles. The laser power on the stage was 10 4W during the
experiments. The recorded RICS data were analyzed to yield one
diffusion coeflicient per 512 X 512 pixel data set. Furthermore, ca. 70
X 70 pixel-sized ROIs were analyzed separately in order to segment
the data and estimate local diffusion coefficients.

Electron Paramagnetic Resonance and ODNP-Enhanced
NMR Spectroscopy. cw-Electron paramagnetic resonance (EPR)
spectra were measured on a Bruker EMX X-band spectrometer
equipped with a cylindrical (TE011) cavity. Samples were irradiated
at 9.8 GHz with the center field set at 3480 G and a sweep width of
150 G. The field modulation amplitude was kept below 0.2 times the
center peak line width to acquire the intrinsic EPR lineshape and
amplitude without distortion. Room-temperature N, gas was streamed
through the cavity at 14 L/min for temperature control, and all
spectra were acquired at 298 K.

Local water diffusion coefficients within 0.5—1 nm of nitroxide
radical-based TEMPO spin labels were measured by ODNP-enhanced
NMR relaxometry. The same samples and instrument were used as
described for the X-band EPR experiments. The magnetic field and
frequency for irradiation were set to the center resonance of the
nitroxide EPR spectra. Samples were positioned in a home-built U-
shaped NMR coil (Cu wire, 28 AWG) tuned to 14.8 MHz and
connected to a broadband channel of a Bruker Avance NMR
spectrometer, as described in detail elsewhere.”>** The longitudinal
relaxation time of water—'H, in the presence (T;) and absence (T )
of the nitroxide spin labels, was carefully measured using an inversion
recovery pulse sequence. The 'H NMR signal enhancement E of
water was recorded as a function of increasing microwave power p
that was varied using a home-built X-band microwave amplifier with a
power output between 0.1 mW and 1.5 W. '"H NMR spectra were
integrated over their absorption peak and the absolute values plotted
versus the input microwave power. We point the reader elsewhere'®**
for a more comprehensive discussion and derivation of the manner in
which the DNP data are processed to extract a local diffusion
coefficient—here, we present a practical guide. The measured NMR
signal enhancement E(p) extrapolated to infinitely high microwave
power (E(o0)), together with T, and T, is used to extract the key
DNP parameter termed the dipolar coupling factor (&), which
corresponds to the dipolar electron—"H cross relaxation efficiency
with respect to all '"H NMR relaxation processes. The manner in
which the timescale of the local dynamics between the spin labels and
the water protons affects the measured value of the dipolar coupling
factor is contained in the spectral density function for the dipolar
interaction between the spin label and the water protons—this
function can be used to directly translate the coupling factor in a local
correlation time 7y, representing the translational diffusion dynamics
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Figure 3. Plots of 'H SE-PFG NMR signal attenuation (I/,-,) as a function of b for 0.1 wt % GS-'°F (d = 6.9 nm) nanoparticles in 2 wt % k-
carrageenan gels that were (A) induced at different Na* and constant 20 mM K* concentrations. The initial part of the curves is missing because a
finite initial gradient amplitude was used to suppress the '"H NMR signal of water and solutes with higher diffusion coefficients. The curves have
been normalized to the back-predicted amplitude at zero gradient amplitude and fitted with a sum of two Stejskal—Tanner exponentials. Note that
instead of a conventional Stejskal—Tanner plot, a double-logarithmic plot was used that turned out to provide a clearer view of the bimodal signal
attenuation. (B) '’F STE-PFG NMR signal decays of GS-'°F particles dosed at 0.1 and 0.2 wt % (blue and red curves, respectively) in 2 wt % k-

carrageenan gels induced with 0 mM Na* and 20 mM K" concentrations.

of the local water in the dipolar coupling vicinity of the spin label. The
analytical expression for the dependency of coupling factor & on the
spectral density function J is given by

6](0, — wy; Tdip) - J(@, + wy; Tdip)

(o, — oy Typ) + 3 (0 13) + J (@, + o5 74,)

(3)

wherein @, and @y are the electron and proton Larmor frequencies,
respectively, and ] is the spectral density function given by the force
free hard sphere model*®
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As demonstrated elsewhere,”* coupling factor & can be separated
into two relaxation rates k, and k,

k, (%)
The two relaxation rates can be accessed experimentally because
they are related to measurable parameters via
-1 @y E(c0)
L

k,=C
a)esmax

(6)
7)

where C is the concentration of the unpaired electron of the spin
labels and S,,,,, is the maximal electron spin saturation factor.
Local diffusion coefficients D were determined via the relation

—1/rm—1 -1
kpzc (Tl — 4,0

D= ﬂz/Tdip

(8)

where y = 3.0 A represents the distance of the closest approach of the
water to the radical electron spin label.'** The experimental error on
the DNP measurements is approximated to fall between 3 and 5%
from the quality of the curves fitted to extract E(c0) and T).

B RESULTS AND DISCUSSION

Network Heterogeneity Probed by Nanoparticle PFG
NMR Diffusometry. In previous work, we have shown that

11113

the self-diffusion coefficients of nonsticky °F-labeled G1-, G3-,
and GS-nanoparticles with diameters of 2.8—6.9 nm decrease
with the increased k-carrageenan concentration.'”"” In the
current work, we carried out NMR diffusometry experiments
using the same nanoparticles in gels induced at lower sodium
concentrations (<200 mM Na*)—it is well-established that
this condition results in a more heterogeneous network
structure.'® For these experiments, performed with G1-, G3-,
and GS-"’F nanoparticles (d = 6.9 nm), we used a single «-
carrageenan concentration of 2 wt %, a K concentration of 20
mM, and a varied Na* concentration. The resulting 'H SE-
PFG NMR attenuation curves for GS-'”F nanoparticles are
shown in Figure 3A. At 0, 50, and 100 mM Na*
concentrations, a significant amplitude offset is seen at higher
b-values, while this offset is hardly visible at 150 and 200 mM
Na® concentrations. This indicates that at lower Na*
concentrations, a significant fraction of GS-YF particles
become immobilized. In order to quantify this effect, a sum
of two exponentials was fitted to describe the shape of the
attenuation curves. In recent work,"' we have shown that this is
an adequate approach to quantify multimodal self-diffusive
behavior of nanoparticles. The offset is not flat, but slightly
decreases as a function of b, indicating that the slower GS-F
nanoparticles are not completely stationary on the time scale of
the experiment (200 ms). Furthermore, a biexponential fit
seems to be not optimal for the 0 mM Na*-curve, suggesting
that the slower particle fraction component represents a
distribution of low diffusion coeflicients, and not complete
immobilization (D ~ 0 m*/s) of particles over the A = 200 ms
diffusion-observation time. No slow-diffusing fraction was
observed for the smaller G1-'°F (d = 3.4) and G3-"F (d = 4.6
nm) nanoparticles with a similar nonsticky design as the
GS-'°F nanoparticles (see the Supporting Information, section
S4). This indicates that the immobilization of nanoparticles is
size-dependent, which is known to occur when diameters of
nanoparticles approach the mesh sizes in hydrogels.”*® In
Figure 3B, E STE-PFG NMR attenuation curves are shown
for a gel induced with 0 mM Na* (and a base concentration of
20 mM K, as before) with G5-'°F nanoparticles, now at two
different particle concentrations of 0.1 and 0.2 wt %. The
results show that a 2-fold difference in the GS-'°F nanoparticle
concentration has no effect on the amplitude of the slow
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particle fraction, while the amplitude of the rapid fraction
increases by a factor of 2. This indicates preferential
partitioning of GS-'°F nanoparticles into the dense network
of k-carrageenan. In previous work, we established that the
coating of the G1, G3, and GS-"°F particles with ethoxylate
groups was effective in preventing attractive interactions with
the k-carrageenan matrix.'' A common observation for
nanoparticles diffusing in gels is that a fraction becomes
immobilized, which was attributed to the presence of matching
voids within heterogeneous networks.””® Recent modeling
work established that no strong interactions are needed to
promote trapping of particles in matching voids in hetero-
genous gel networks,”” which is in agreement with our current
explanation of immobilization of a fraction of the GS particles
in heterogeneous k-carrageenan networks. In this model, all
available voids are occupied by the particles before the surplus
can move freely through the coarser network. Because the ratio
between the particle concentration and available voids in the
dense network is difficult to control, care should be taken with
directly deriving the phase volumes of dense and coarse
networks from the fraction of slow nanoparticles.

The reduced diffusion coefficients (D/D,) obtained from a
two-component fit to the PFG decays shown in Figure 3A are
summarized in Figure 4A. The plot shows that the slower
fraction displays diffusion coefficients for the GS-'’F nano-
particles that are more than 3 orders of magnitude lower
(~107"* m?/s) than the faster fraction (~107'' m?/s). These
diffusion constants were measured using A = 200 ms for the

A 10°%—eo—o—oo—29
o -2
g 10
Q)
104FF~\\ﬂa__—_$\\\\4r—~—4J
0 100 200
[Na+] [mM]
B.E40
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n
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£
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5
>
® 0
0 100 200
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Figure 4. (A) Self-diffusion coefficients D of GS-'°F (d = 6.9 nm)
nanoparticles (0.1 wt %) in 2 wt % k-carrageenan gels induced at
different Na* concentrations and a constant 20 mM K" concentration
(normalized to the diffusion coefficient in water, 5 X 107*' m?/s);
both the faster (O) and slower () fractions are indicated. (B) Mesh
sizes for the coarse network (O) as estimated by Johnson’s
obstruction model; the lower limit of the mesh size of the dense
network is indicated with a dashed line.

diffusion-observation time window, which implies that for the
faster diffusing nanoparticles, the root-mean-square-displace-
ment (rmsd), (2Dt)"?, of the nanoparticles is >5 um. From
the reduced diffusion constants (D/D,) of this faster diffusing
GS-"F nanoparticle fraction, the average mesh sizes of the
coarse network can be estimated using Johnson’s obstruction
model.'® These mesh sizes were on the order of tens-of-nm,
and are presented in Figure 4B. These mesh sizes correspond
to the coarse network schematically presented in Figure 1. The
lower limit of the mesh size of the dense network can also be
estimated from the diameter of the largest nanoparticle (G3)
that does not get trapped, that is, 4.6 nm (indicated as a dashed
line in Figure 4B). The rmsd of the slower fraction over the
course of A = 200 ms lies in the tens-of-nm range, indicating
that in this time window, the GS-'°F particle can move only
several times its diameter (6.9 nm) in the dense network
depicted in Figure 1 (dark gray domain). Such small
displacements suggest pore hopping mechanisms*® and/or
small movements of the dense network itself,*® so for the slow-
diffusing fraction, we refrained from using Johnson’s
obstruction model to estimate a mesh size because it demands
elastic collisions.

Next, we kept the k-carrageenan gel cubes (approximately 3
X 3 X 3 mm) in a much larger volume of salt solution and
waited for a week, while daily refreshing the salt medium, to
allow all nontrapped nanoparticles to escape from the gel.
Upon washing, the faster component could not be observed
anymore in the PFG attenuation curves, and only the slowly
diffusing component remained, which points toward quasi-
permanent entanglement of nanoparticles in the dense
network. From the amplitudes of the two-components fit,
the fraction of the fast and slowly diffusing GS-'°F dendrimers
could be obtained (Supporting Information, Figure S1.1). The
fractions of slowly diffusing GS-'°F nanoparticles as obtained
by SE-PFG NMR decreased with the increasing Na*
concentration from 0.15 at [Na*] = 0 mM to 0.02 at [Na*]
= 200 mM, confirming the initial hypothesis that Na" ions
reduce the phase volume of the dense network. Beyond this
analysis, we did not quantify the phase volumes of the dense
networks from the fraction of slowly diffusing nanoparticles,
given their strong dependence on the particle concentration
itself.

Network Heterogeneity Probed by FRAP and RICS.
We repeated similar experiments as the PFG NMR studies
using fluorescent GS-ATTO 488 nanoparticles, which are of
the same design and size as GS-'"F. The presence of the
ATTO 488 fluorophore enabled confocal laser scanning
microscopy (CLSM) measurements that allow for the spatial
localization of the trapped nanoparticles. In the gel samples
loaded with fluorescent GS-ATTO 488 nanoparticles, the
CLSM-based techniques FRAP and RICS complement each
other with respect to the range of self-diffusion coeflicients
they can probe. By FRAP, after a bleaching pulse, the
fluorescence is seen to recover, but only partly. Figure SA
shows a representative fluorescence recovery curve, indicating
a very low diffusion coefficient for the slower fraction, which is
difficult to quantify from FRAP because of background
bleaching effects. To further shed light on this slow diffusing
population, we used RICS to determine the diffusion
coefficient of the slow fraction. RICS is an image correlation
technique that works well for the determination of the
diffusivity of diluted fluorescent particles by analysing their
intensity fluctuations. For this reason, RICS measurements are
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Figure 5. (A) Example of a FRAP curve (GS-ATTO 488 nanoparticle in a 2 wt % k-carrageenan gel prepared with 20 mM K* and 0 mM Na*)
showing initial recovery of fluorescence after bleaching, after which the recovery levels off. The pre-bleach part of the curve shows gradual decay of
fluorescence over the course of the measurement (bleaching during scanning), because of which, it is problematic to reliably determine a diffusion
coefficient for the slow fraction. (B) Diffusion coefficients of GS-ATTO 488 (d = 6.9 nm) nanoparticles in 2 wt % k-carrageenan gels. The fast
diffusion coefficient is determined by FRAP (O) whereby only the first 10 post bleach images were analyzed—via this approach the slow fraction,
and the influence of bleaching during scanning could be disregarded during data analysis. These data are compared to the fast component from the
'H PFG NMR data from Figure 4A (A). The diffusion coefficient of the slow fraction is determined by RICS on washed gels ((). These data are
compared to the slow component from the '"H PFG NMR data from Figure 4A (V).

performed on washed gels. The bright regions in the RICS
image in Figure 6A,B contain the G5-ATTO 488 nanoparticle

Figure 6. Localized estimation of diffusion coefficients of GS-ATTO
488 nanoparticles in k-carrageenan gels prepared with 20 mM K" and
0 and 200 mM Na* via RICS. (left) 0 mM Na*, D,,, = 2 X 107"* m’/s

(averaged over the whole image). (right) 200 mM Na*, Dy =3 X
10™"* m?/s. Bright/red regions correspond to a stronger fluorescent
signal, whereas dark/purple regions correspond to a weaker signal.
The field of view is 24.7 pm.

probes, for which the self-diffusion coefficients of D ~ 107**
m?/s (Figure SB) were 3 orders of magnitude smaller than the
ones determined by FRAP. This is in good agreement with the
differences in diffusion constants found for the fast and the
slowly diffusing component observed by PFG NMR (Figure
4A). Figure 5B shows the reduced diffusion coefficients for the
fast and slow fractions obtained by FRAP and RICS,
respectively. It can be seen that the self-diffusion coeflicients
of the fast and slow fractions differ by 3 orders of magnitudes,
in agreement with the PFG NMR diffusometry results.
Furthermore, the fraction of slowly diffusing G5-ATTO 488
probes decreases with the increasing Na* concentration in the
gels, corroborating earlier findings by PFG NMR. The total
fraction of slowly diffusing GS-ATTO 488 nanoparticles
according to FRAP is higher than for the comparable G5-'°F
nanoparticles according to PFG NMR (Supporting Informa-
tion, Figure S1.1). This can be explained by the lower dose
(0.05 wt %) of fluorescent GS-ATTO 488 nanoparticles used,
as compared to GS-TEMPO, which will lead to a relatively

11115

high fraction of GS-ATTO 488 particles in the dense network,
if the GS particles are attracted to the dense network fraction
of k-carrageenan (as established in the discussion surrounding
Figure 3B which showed that the nanoparticles first populate
the dense network).

Heterogeneity of Water Self-Diffusion Probed by
ODNP-Enhanced NMR Spectroscopy. In order to probe
the solvent water self-diffusivity at the location of the GS
dendrimers, nanoparticles spin-labeled with paramagnetic
TEMPO were employed. Figure 7 shows an example of a
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Figure 7. cw-EPR spectra of GS-TEMPO in 2 wt % k-carrageenan gel
induced with 0 mM Na*/20 mM K* before (black line) and after (red
line) the washing step.

cw-EPR spectrum of these G5-TEMPO nanoparticles in a 2%
k-carrageenan gel (in the presence of 20 mM K*, 0 mM Na*).
Both a broad and a narrow component can be observed in the
cw-EPR spectrum initially, but upon washing, the narrow
features disappear from the spectrum. We assign the broad
features of the remaining lineshape to particles immobilized in
the dense network—this is corroborated by PEG NMR, FRAP,
and RICS measurements that identified and described the
immobilization of G5 nanoparticles in the dense network.
From the difference between the double integral of both
spectra, the fractions of immobilized GS-TEMPO particles can
be estimated to be of the order 0.4—0.6 (Supporting
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Figure 8. Retardation of local (reduced) water self-diffusion (D/Dy)opnp s probed by GS-TEMPO in k-carrageenan gels using ODNP-enhanced
NMR spectroscopy in (A) 2 wt % k-carrageenan gels induced with 0 mM Na*, 20 mM K, before (O) and after ((J) washing. The lines serve as
guides the eyes. (B) k-Carrageenan gels with weight fraction between 1 and S wt % induced at 200 mM Na*/20 mM K*. The solid line is a guide
for the eyes. (C,D) Reduced self-diffusion coefficients of water (D/Dy)pgg as determined by PFG (blue circle, solid lines) and fraction of water in
dense networks f1; o gense (red square, dashed lines) for (C) 2 wt % k-carrageenan gels induced with 20 mM K* and 0—200 mM Na’*, (D) 0—5 wt %

k-carrageenan gels induced at 20 mM K, 100 mM Na*. The solid and dashed lines are linear fits to the data.

Information, Figure S1.1). The fraction of immobilized GS-
TEMPO particles as observed by EPR is higher than observed
by PFG NMR (GS-'"°F particles, d = 6.9 nm) and FRAP (GS-
ATTO 488 particles, d = 6.9 nm), which may be attributed to
their larger diameter (d = 11 nm). However again, given the
apparent attraction to G5 nanoparticles to the dense network
of k-carrageenan, it is difficult to reliably extract the volume
fraction of the dense network from the nanoparticle fraction.
Critically, the presence of the TEMPO label allows for the
probing of the short-range (nanometer scale) self-diffusivity of
water within less than 1 nm of the spin labels attached to the
G5 particles by the ODNP relaxometry effect,'® as discussed
next.

The dashed line in Figure 8A shows the ODNP-derived local
water self-diffusion constants of water in the vicinity of the GS-
TEMPO probes in 2% k-carrageenan gels, induced with 0—200
mM Na* (fixed 20 mM K" concentration), over that of the
same GS-TEMPO particles in solution. Of note, the local water
diffusivities near GS-TEMPO in the k-carrageenan gel was
found to be D = 1.3—1.4 X 107'® m*/s compared to D = 2.9 X
107 m?/s near GS-TEMPO in bulk aqueous solution.
Compared to the self-diffusion constant of water 2.3 X 107°
m?/s, the latter value entails a retardation factor of ~8, which is
toward the higher end, but still within the range, of surface
water diffusivity found on biomolecular surfaces by
ODNP.”>** Whereas excluded volume effects are believed to
only account for a reduction of a factor of 2, larger retardation
factors can originate from the modulation of hydrogen bonding
strength of water at hydrophilic surfaces, to date reported on
protein, liposome, and silica nanoparticle surfaces.”**’
Furthermore, in the GS-TEMPO nanoparticles, the para-
magnetic moiety is positioned near the dendrimer surface; as a
consequence, the reduced diftusivity of water in the PEG
corona is also contributing to the basal diffusion retardation

11116

observed on the surface of these nanoparticles. However, of
focus here is the change in the retarded surface water
diffusivities near GS-TEMPO nanoparticles in the «-
carrageenan gel compared to in solution, with their ratio D/
D, found to be 0.5. Because the effect of the GS surface itself is
already accounted for by taking the ratio of diffusion from the
GS-TEMPO surfaces, this additional diffusion retardation of a
factor of ~2 reflects on the altered solvent diffusivity around
the local environment of the nanoparticles. Interestingly, the
observed reduced diftusivity around GS-TEMPO surfaces
remains at D/D; & 0.5 irrespective of the Na* concentration,
that is, with changes in the coarse mesh size, at 2% k-
carrageenan. Furthermore, the ODNP-derived local water self-
diffusivity was measured again after a washing step that
removes the mobile dendrimers. As indicated with a solid line
in Figure 8A, no significant effect was observed on the
apparent surface water diffusion coefficient around GS-
TEMPO nanoparticles upon washing. This was unexpected
because before the washing step, the apparent local water
diffusivity was expected to be an average of the diffusivity
around the mobile and immobile nanoparticles. Given that the
washing step has been shown to remove the freely diffusing
nanoparticles from the coarse pores of k-carrageenan, we
conclude that the ODNP effect around GS-TEMPO is
dominated by the self-diffusion of water near dendrimers
trapped within the dense network domains, and that the
fraction or effect of the fast diffusing dendrimers in the coarse
pores of k-carrageenan is small (dashed vs solid lines in Figure
8A). This result shows that the diffusivity of water within the
dense network of k-carrageenan, in the vicinity of the polymer
strands, is slowed by a factor of 2 compared to in the coarse
pore volumes of the k-carrageenan gel. This finding is the basis
for the dark coloring given in the schematic representation of
the dense network of k-carrageenan in Figure 1 to illustrate
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that the solvent diffusivity itself, and according to the Stokes—
Einstein relation (even if valid approximately only for the local
volume) the solvent viscosity, is altered in the dense network,
not only the physical density of the strands. In other words, the
hydrogen bond property of the water network is altered in the
dense network of k-carrageenan.

Next, local water diffusivities as probed by ODNP with G5-
TEMPO particles are presented in Figure 8B in gels prepared
with increasing (1—5%) k-carrageenan levels. These gels were
induced with 200 mM Na*/20 mM K*, which favors the
formation of a coarse network. On this occasion, when the
total concentration/density of the k-carrageenan gel is varied,
the reduced local water diffusion constants around GS-
TEMPO remains robustly at D/D, = 0.5 at 2 and 5% k-
carrageenan levels irrespective of Na® concentrations but
increases to D/D, = 0.7 at 1% k-carrageenan levels. This result
shows that decreasing the x-carrageenan concentration below a
threshold value leads to a significant loss in the dense network
domains, leading to D/D, = 0.7 (i.e., smaller diffusion
retardation).

The intricate relation between the fraction of slow diffusing
nanoparticles and their concentration and size impedes
straightforward estimation of the relative phase volume of
the dense network. ODNP experiments performed with the
GS-TEMPO particles yield a key unknown, namely, the
relative (nanoscale) self-diffusion coefficient of water in the
dense network, (D/Dg)y,0,denser X0.5. We consider this value
equivalent to the measured relative self-diffusion coefficient of
water in the dense network. In contrast to ODNP, PFG NMR
measures the water diffusivity averaged over the observation
time, here A = 200 ms, spanning an rmsd of tens of
micrometers. CLSM images showed that the size of the
heterogeneities in k-carrageenan gels are well below 10 pm.
Hence, we can safely assume that the self-diffusion coeflicients
of water as probed by PEG NMR are averaged by diffusional
exchange throughout these (sub-)micronscale heterogeneities.
The averaged self-diffusion coefficients of water as measured
by PFG NMR are presented in Figure 8C (dashed lines) for
gels induced at different Na* concentrations (0—200 mM), and
in Figure 8D for gels prepared with different k-carrageenan
concentrations (0—5 wt %). Small but distinct effects of the
Na® concentration and K-carrageenan concentrations on the
reduced self-diffusion coefficient (D/Dg)y,0ppc can be

observed (in solid line) with the expected trends. Given this,
we can write (D/Dg)y,oprc as a weighted average of (D/

DO)HZO,coarse and (D/DO)HZO,dense

D B D .
FO ~ JH,0,dense 50 + ( -
H,0,PFG H,0,dense

[
DO H,0,coarse (9)

Here, f13,0 gense i the fraction of water in the dense network,

f H,0,dense )

which we assume to be proportional to the phase volume of
the dense network (dark region in Figure 1). We estimate that
Di1,0,course 15 €qual to the bulk diffusion coefficient of water (D,
= 2.7 X 107° m?/s), while (D/Dg)1,0,4ense is set to be 0.5,
informed by ODNP measurements using GS-TEMPO in
washed x-carrageenan gels. Taken together, we can calculate
SfH,0,dense In a straightforward manner using the relationship

shown in eq 9. The results of the so calculated fy o gense

fractions of k-carrageenan gels prepared with different Na*
concentrations (0—200 mM) and K-carrageenan concentra-
tions (0—S wt %) are shown in Figure 8D. At a k-carrageenan
concentration of 2% and with an increasing Na* concentration
from 0 to 200 mM, we observe a decrease of fi o gense from

approximately 0.2 to less than 0.1, that is, a reduction by 50%
(Figure 8C), while at a Na* concentration of 200 mM and for
K-carrageenan concentrations between 0 and 5%, we observe
S 11,0,dense to increase from 0 to approximately 0.1 (Figure 8D).

We reiterate that the presence of a dense network was verified
by means of CLSM with fluorescent G5-ATTO 488 nano-
particles. When these gels were washed, a fluorescence signal of
trapped nanoparticles remained visible. Integration of the
fluorescence level in these CLSM images showed an
approximate 50% decrease in their concentration with the
increasing Na' concentration (Supporting Information, S5),
independently corroborating the just discussed trend for
fH,0,dense With the Na* concentration. We note that eq 9 also

describes the averaging of the self-diffusion constants of G1-'°F
and G3-"F due to exchange between the dense and coarse
domains (Figure S4.1,2). Because no independent estimate can
be given for the self-diffusion constants of G1 and G3 in the
dense domains, we have refrained from further modeling our
experimental results for the G1-'°F and G3-"F particles.

Interaction of a Low-Molecular Weight Solute with
the k-Carrageenan Network. We also assessed the
interaction of the k-carrageenan network with paramagnetic
and nonparamagnetic analogues of low-molecular weight
solutes. The ODNP-derived local water diffusivities for free
paramagnetic 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
(4A-TEMPO) were measured and found to decrease with
the k-carrageenan concentration (Figure 9A, []), however,
with smaller effect size compared to the retardation observed
with GS-TEMPO particles (Figure 8A). Given the small size of
4A-TEMPO, we can expect rapid exchange between the coarse
and dense networks, while ODNP will faithfully capture the
weighted average diffusivity experienced by 4A-TEMPO.
Given that ODNP-derived measurement of the local water
diffusivity relies on the flip-flop rate between the electron and
nuclear spins in the ps regime, 4A-TEMPO probes will capture
the distinct diffusivities of water in these domains. Hence, the
measured D/D, by ODNP, (D/D)4s1tempoopne €an be
considered the weighted average between 4A-TEMPO in the
dense versus coarse phase of the network

D

[ D, 0 ]
4A-TEMPO,0ODNP

D

= fdense,4A—TEMPO ( ]
0 GS-TEMPO,dense

D
+ (1 - fdense,4A-TEMPO )[F]
coarse (10)

Here, (D/Dy) s EMPO,dense 18 the local (reduced) water self-
diffusion probed by GS-TEMPO in the dense network, as
earlier determined to be 0.5, (D/Dy)couse is equal to one, and
Saenseqa-TEMPo i the fraction of 4A-TEMPO in the dense
network. The fractions fy.,.4a-TEMpo are presented in Figure
9B ([J) and are approximately four times as larger as
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A 1z 12 quantitative confirmation of the weak affinity of 4A-TEMPO
o for the dense domains.
208 . The presence of significant volumes (10—20%) of dense
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Figure 9. Effect of the k-carrageenan concentration on (A) the
chemical shift (5) of (diamagnetic) 4A-TMP (right axis, red circle,
data points are fitted with a two-site fast chemical exchange model)
and local water self-diffusion [(D/Dy)opxp) as probed by (para-
magnetic) 4A-TEMPO using ODNP-enhanced NMR spectroscopy
(left axis, blue square, solid curve serves as a guide for the eyes). (B)
Population of TEMPO analogues present in the dense network
(faense) as determined from local water self-diffusion (4A-TEMPO, (1)
and chemical shift perturbations (4A-TMP, O). The solid line
represents the binding curve obtained by fitting the chemical shifts
perturbations of 4A-TMP by means of a two-site fast chemical
exchange model. The dashed line indicates the phase volume of the
dense network (Figure 8D).

previously observed for the phase solvent volume of the dense
network of k-carrageenan, fi; o gense (presented in Figure 8B,

and also as a dashed line in Figure 9B). This suggests a weak
affinity of 4A-TEMPO to the dense domains, which calls for
confirmation by chemical shift experiments. For 4A-TEMPO,
such experiments are however impeded because of para-
magnetic line broadening by the free electron on the nitroxide
moiety. The diamagnetic analogue of 4A-TEMPO, 4-amino-
2,2,6,6-tetramethylpiperdine (4A-TMP), provided us with an
experimental handle to observe chemical shift perturbations.
We indeed observed that the '"H NMR signals of 4A-TMP
shifted with the increasing k-carrageenan concentration
(Figure 94, red circle), in line with rapid exchange between
the chemical environments experienced by this molecule in the
coarse and dense networks. The fraction of 4A-TMP present in
the dense network (fjense4atmp) can be obtained by modeling
the chemical shift effect by a two-site fast chemical exchange
model (Figure 9B, O), yielding fraction fy.,.4a.tmp With an
estimated (monomer-based) association constant of K, ~ 10
[M] for the weak binding of 4A-TMP to k-carrageenan. The
fractions derived from chemical shift perturbations
(faenseqatEmpoy Q) are similar to those obtained for 4A-
TEMPO by ODNP (fienseaatempos 1), and thus provide

modeling approaches so far considered gels as homogeneous
networks—our results indicate that microstructural hetero-
geneity in terms of network density and spatially varying local
water diffusivity needs to be considered to acquire a complete
understanding of transport through biological networks, and to
predict or design properties for applications, such as sensorial
actives in similar biopolymer network systems.

B CONCLUSIONS

We demonstrated the presence of heterogeneity in the
microstructure and solvent water diffusivity in Na*/K*-induced
k-carrageenan gels. At low Na™ levels, these gels comprise both
coarse and dense networks as observed by bimodal self-
diffusion of dendritic nanoparticles (d = 6.9 nm). The addition
of Na® led to a more homogeneous coarse network, and a
decrease of bimodal diffusion. The self-diffusion of the fast
moving nanoparticles could be fully described by obstruction
by a coarse network of gel strands. At short time scales (up to
hundreds of milliseconds), the slow moving nanoparticles were
found to diffuse ~10° times slower than the faster nano-
particles. However, at longer time scales, these slower moving
nanoparticles were found to be essentially immobilized,
verified by significant washing and subsequent detection that
identified these nanoparticle fraction to be trapped in the
dense network. Furthermore, ODNP-amplified NMR relax-
ometry measurements showed that the water self-diffusion, and
by extension the local solvent viscosity, near the trapped
TEMPO-functionalized nanoparticles in the dense network is
retarded by about a factor of 2. From the so determined local
diffusivities of water in the dense network according to ODNP,
and by utilizing the apparent water diffusivity measured by
PFG NMR to be a weighted average of water in the dense and
coarse phase of the k-carrageenan network, the phase volumes
of water in the dense network could be estimated to be
between 0.1 and 0.2. These findings together are captured by
the schematic in Figure 1 that shows heterogeneous structures
of coarse and dense volumes in k-carrageenan gels, with the
latter making up a nonnegligible fraction and displaying
reduced solvent water diffusivity, as illustrated with a darker
coloration. The reduced local water self-diffusion observed by
ODNP NMR measurement of freely dissolved TEMPO spin
labels in k-carrageenan could be explained by their weak
affinity to the dense network. The significant volume of the
dense networks with nm-scale mesh sizes and retarded solvent
diffusivities bears relevance for understanding and modeling
the transport and release of high- and low-molecular solutes
from heterogeneous k-carrageenan gels. We may conjecture
from the conclusion of our studies that the loading and release
of small solutes may be effectively achieved by tuning their
affinity to the dense x-carrageenan network regions rather than
their physical size, while the physical size of solutes will play a
role above a threshold dimension.
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