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Characterizing the microstructure and porosity of hydrogels in their fully hydrated state remains a major
challenge. We present a robust platform based on pulsed field gradient (PFG) NMR combined with
200 nm, liquid-filled nanocapsules to non-invasively measure mesh sizes of hydrogels. By explicitly
accounting for particle polydispersity, the method enables accurate interpretation of PFG NMR data.
Fluorinated reporter molecules in the liquid core enable the background-free detection via fluorine-19
(**F) NMR in proton-rich polymer matrices. The microstructure of methacrylated hyaluronic acid (HAMA)
hydrogels of varying concentrations is determined via PFG NMR diffusion measurements of the
nanocapsules. A clear, HAMA concentration-dependent decrease in mesh size is observed and estimates
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of the mesh size are obtained using the liquid-core nanocapsules. This approach offers a non-
destructive means to probe porous soft materials, offering a valuable tool for the characterization of
hydrogels and complex soft tissues.
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1 Introduction

The diffusion of micro- and nanoparticles through soft, dis-
ordered environments is of major importance for drug delivery
applications in biological tissues and to understand the function
of biomaterials like hydrogels.'™ Diffusion not only governs
transport but also serves as a probe for underlying particle-
environment interactions, revealing critical insights into the
microstructure of porous and inhomogenous media.

Biogenic gels such as mucus or the extracellular matrix, as
well as synthetic hydrogels, are examples of materials that give
rise to complex diffusion effects. These materials form dense
and dynamic polymer networks that restrict motion through
steric hindrance, hydrodynamic resistance, and transient non-
covalent interactions.® ™" Tracking how particles navigate these
networks can provide information on the gel microstructure
and thereby the mesh size.

To determine nanoparticle diffusion, optical methods, such
as fluorescence correlation spectroscopy, dynamic light scatter-
ing, or single particle tracking are widely used.'> However, their
utility falls short in opaque and heterogeneous media, as they
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require fluorescent labeling and often only measure a limited
number of particles.'*™**

Pulsed-field gradient (PFG) NMR, in contrast, offers a non-
invasive alternative. It has the key advantage of operating
independently of optical transparency or fluorescent labeling,
thus having the potential to probe diffusion in opaque, hetero-
geneous, and even crowded biological environments. PFG NMR
measures large ensembles and yields diffusion coefficients
directly, without relying on additional models. It is widely used
for molecular systems and arguably can be considered the
gold standard for studying molecular diffusion in complex
media.'®*"*>"2* However, its use at the colloidal scale has been
a longstanding challenge. The main reason is that for solid
particles anisotropic dipolar couplings dominate, causing
broadening of peaks, suppressing spin mobility and shortening
relaxation times, making the NMR signal overall hard to
detect.">?>™?7

One way to overcome NMR signal loss from dipolar coupling
in solid particles and to obtain a ‘“sharp” signal that can be
tracked for diffusion measurement is to use mobile molecules
physically associated with the particles. Over long timescales,
these molecules move with the particle and act as diffusion
reporters. Two main strategies follow this principle: attaching
flexible polymers to the particle surface,*®* ! or using particles
with liquid cores.>*™** Coatings like PEG polymers allow the
detection in this case, but hinder further chemical modifica-
tion of the particle surface, which is critical to understand
interactions with the external environment. In this regard,
the second approach of using liquid cores is more general,
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but its success depends on the stability of the core-shell
colloids. Liposomes, for example, often leak, such that the
signal of the tracer molecules is not reliably connected to the
particle movement. This reduces their use in more viscous or
complex environments, where longer diffusion and hence
observation times are needed.**%*

Liquid-filled, polymer-shelled particles (nanocapsules) offer
a more stable alternative, preventing leakage and enabling
reliable tracking via their mobile liquid cores.*® This makes
them strong candidates as NMR diffusion probes. However,
they are typically produced at micron scale, where diffusion is
too slow for nanoscale transport studies using non-invasive
PFG NMR. Their dimensions are also too big for most natural
and synthetic hydrogels which are characterized by sub-micron
mesh sizes. As a result, their use has been limited to flow-
assisted setups.>>™*! One study has tested liquid-core particles
in polymer foams at high volume fractions (15-45%), which
affected the rheological properties.*

Here, we prepared hexadecane-filled poly(methyl methacry-
late) (PMMA) nanocapsules with a diameter of about 200 nm
and employed them as mobile probes to characterize hydrogels
using PFG NMR. The measurement principle, illustrated in
Fig. 1a, relies on a two-step confinement strategy. First, fast-
diffusing reporter molecules (e.g., hexadecane or a perfluorosi-
lane) are confined within the nanocapsule solid polymer shell.
While their motion at very short times is fast, at longer time-
scales their apparent mean squared displacement (MSD) is
governed by the much slower movement of the nanocapsule
that contains them (Fig. 1b). This allows us to use the signal as
a precise proxy to measure the diffusion of the entire particle
(Fig. 1c). When the nanocapsule is confined within the polymer
network of a hydrogel, then the diffusion of the particle is
further restricted by the surrounding mesh. At sufficiently long
observation times, its MSD will plateau at a maximum value
dictated by the dimensions of the cavity it is trapped in.
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The value of this MSD “plateau” thus provides a direct measure
for calculating the hydrogel mesh size.

In order to apply the nanocapsules to hydrogels and biolo-
gical media, we chose a fluorine-19 (*°F) reporter molecule.
This provides a superior, background-free signal in hydrogen-
rich media, like hydrogels. Importantly, the nanocapsules we
designed are of a similar size to extracellular vesicles or many
drug carriers,"**® making them useful as NMR model particles.
To demonstrate this, we examine the diffusion of our nano-
capsules in agarose and methacrylated hyaluronic acid (HAMA)
hydrogels.

Lastly, we show how these measurements allow us to estimate
the mesh size of hydrogels in their native state. Existing methods
determine this property using electron microscopy, which suffers
from dehydration artifacts and limited penetration depth.*”*®
Other approaches including scattering,® rheology,*®*°
swelling-experiments,””°>* are indirect and model-dependent.
In contrast, our approach uses nanoparticle diffusion as a direct,
non-invasive probe of the hydrogel microstructure, providing
access to mesh size under native conditions and in bulk media.

or

2 Material and methods
2.1 Materials

Poly(methyl methacrylate) (PMMA, Sigma-Aldrich, MW 350 000),
hexadecane (HD, Sigma-Aldrich, 99%), dichloromethane (DCM,
Carl-Roth, 99%), 1H,1H,2H,2H-perfluorooctyltriethoxysilane (Sigma,
98%), and sodium dodecyl sulfate (SDS, SERVA Electrophoresis
GmbH, Research Grade), were used as received without further
purification. Glycerol was purchased from Merck. Low-melting
temperature agarose powder was purchased from Lonza Rockland,
Inc. (NuSieve® GTG® Agarose). Sodium hyaluronate (100 kDa) was
purchased from Lifecore Medical. Lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) was purchased from TCI. Methacrylic

t=A c)

free
molecule

molecule in
nanocapsule

molecule in
nanocapsule
in hydrogel

a) b) 4
7
nanocapsule reporter A
molecule
; . ! molecules Q
displacement - displacement : o 2
! liquid core
/ |
d
L b
.
solid polymer
e shell
Nanocapsule in Hydrogel T
approx. £ nm

>
time

Fig. 1 Schematic explanation of the measurement principle: (a) nanocapsules act as diffusion probes, which can be measured by PFG NMR due to their
liquid core. While the liquid molecules diffuse inside the particle core, they also follow the translational motion of the particle which diffuses in a complex
environment. From the signal of the molecules in the liquid core, the diffusion of the particle can be determined. (b) By investigating the MSD of the
molecules, one can distinguish between free and trapped molecules, with the latter representing the diffusion coefficient of the nanocapsules. If the
capsule is restricted in its motion due to the microstructure of the medium (hydrogel), the diffusion is further slowed down. (c) By measuring the NMR
peak intensity as a function of increasing gradient strength, the diffusion coefficient of the nanocapsules can be determined from the signal of the

liquid core.
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anhydride was purchased from Sigma. Phosphate buffered sal-
ine (PBS) was purchased from Gibco. Type 1 ultrapure water was
obtained from a Lab Water Purification System.

2.2 Particle fabrication

The following procedure is adapted from the literature®*>® and

modified in order to fabricate smaller particles. PMMA-
hexadecane nanocapsules with liquid cores and solid shells
were fabricated using an internal phase separation method
optimized for PFG NMR measurements. First, 0.1 g of sodium
dodecyl sulfate (SDS) was dissolved in 50 g of water to prepare a
0.2% aqueous surfactant solution. Separately, 0.166 g of PMMA
was dissolved in 4.582 g of dichloromethane (DCM), followed
by the addition of 0.25 g of hexadecane and 100 pl of
1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS). The mixture
was gently stirred to form a uniform organic phase. Using an
ultrasound homogenizer (cycle 0.5, amplitude 100%), the SDS
solution was stirred while the organic phase was slowly added
over 60 seconds to form a stable oil-in-water emulsion.
To reduce foaming, 0.25 g of acetone was added, followed by
40 seconds of additional ultrasonication to reduce particle size
to the nanometer scale. To further stabilize the dispersion, 7.5 g
of aqueous surfactant solution was added, resulting in a milky
emulsion. The mixture was transferred to a crystallization dish
and left overnight in a fume hood to allow for DCM evapora-
tion. As PMMA has low solubility in hexadecane, its phase
separation during solvent removal led to the formation of a
solid PMMA shell around the liquid hexadecane core.

2.3 Sample preparation

For all measurements, except for the measurements in agarose
gel, the particles were diluted to 5 x 10'" particles per ml,
which corresponds to a volume fraction of around 0.15%
(depending on the exact particle size). For the agarose measure-
ments, the concentration was roughly 2 x 10'? particles per ml.
Using this concentration, the effect of particle-particle interac-
tions can be estimated to be negligible.

For nanoparticle tracking analysis (NTA) measurements, the
particle stock solution was diluted by a factor 10%, for dynamic
light scattering (DLS) by factor 1000.

The samples of PMMA-hexadecane particles in glycerol were
diluted in aqueous solutions containing 0, 20, 40, 60, 80% v/v of
glycerol.

For the samples with particles in agarose gel, a higher
concentrated agarose stock solution was prepared by dissolving
the agarose powder in water and heating the solution to its
boiling point. The required amount of agarose was added to the
diluted particles. To prevent the final hot liquid from gelling in
the NMR tube, both sample container and NMR tube were
heated before transferring the sample to the NMR tubes using a
pipette.

The HAMA polymers were obtained by functionalization of
hyaluronic acid using the following protocol in analogy to the
literature.”” 100 kDa sodium hyaluronate was dissolved in
MilliQ water to obtain a concentration of 1% w/v. The pH was
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adjusted to 9 and monitored during continuous and vigorous
stirring. A 5x molar excess of methacrylic anhydride was slowly
added. Due to phase separation, the solution turned opaque.
To keep the pH between 7 and 9, 1 N NaOH was regularly
added. After 2.5 h, the mixture was centrifuged and hyaluronic
acid methacrylate was precipitated using a 5x volume excess of
cold acetone. Afterwards, cold acetone was used for washing
the precipitate (two times). The precipitate was dissolved in
MilliQ water and lyophilized. The resulting white powder was
stored at —20 °C. For the gel preparation, a stock solution of 4%
w/v in PBS buffer was used. The degree of functionalization was
14% as investigated using 'H NMR. The NMR spectrum further
revealed a small amount of methacrylic anhydride in the
product. The effect for the final mass ratio of the polymer in
the gel samples can be estimated to be negligible.

The HAMA gel samples were prepared by mixing HAMA
polymer, particles, and LAP (photoinitiator). Gel concentrations
of 0.8%, 1.0%, and 1.2% were prepared. The photoinitiator was
always added to reach a final concentration of 2.5 mg ml ™. The
samples were illuminated with UV light at 405 nm for one
minute.

2.4 Size and concentration measurements

The size of PMMA-hexadecane particles suspended in water was
measured by DLS and NTA. The DLS measurements were
performed on a Malvern Zetasizer Nano Z using a scattering
angle of 173° and a temperature of 25 °C. Ten measurements
were recorded to calculate the number-weighted hydrodynamic
diameter. The NTA measurements were performed on a Nano-
sight NS300 from Malvern Panalytical. The installed sCMOS
camera records videos with a frame rate of 25 frames per s.
A laser wavelength of 488 nm was used. The temperature was
set to 20 °C. Two measurements of 3 min were recorded using a
flow speed of 2.4 pl s'. The camera level was set to 11, the
detection threshold was 10, and a blur of 5 x 5, a max jump
distance of 20, and a min track length of 8 were used. The
measurements were evaluated using the built-in software Nano-
sight NTA 3.4.

2.5 Imaging

For the scanning electron microscopy (SEM) images, the parti-
cles were diluted in MilliQ water to obtain a final concentration
of 2 x 10® particles per ml. 10 pl of the diluted sample were
transferred to a silicon wafer, allowed to dry, and sputtered
with a 3 nm iridium layer. The imaging was performed in a Carl
Zeiss 1540 EsB Crossbeam SEM.

2.6 Diffusion measurements

The PFG NMR technique is used to measure diffusion coeffi-
cients D of NMR active nuclei. Performing the stimulated echo
pulse sequence, magnetic field gradients in the z direction are
used to label the nuclear spins of interest by their z position.>**
NMR spectra are recorded for different strengths of the magnetic
field gradient g and allow the determination of the diffusion

This journal is © The Royal Society of Chemistry 2025
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coefficient from the echo attenuation in the integrated intensity /

of a resonance peak following®*®!

1(g) = Io-exp(—b(g)-D). (1)

Here, I, is the intensity in the absence of a gradient and b(g)
is an experimental parameter given by>>%>"%*

blg) = 7’607 (4~ 30, ). 2)

It includes the amplitude of the gradient pulse g, the
diffusion time 4, given by the separation of the gradient pulses,
and the effective gradient time J, = 20,/m, where J; describes the
duration of the half-sine function gradient pulse. The gyromag-
netic ratio y is dependent on the type of measured nuclei and
holds y1y = 26.75 x 107 T ' s7* and y1op = 25.18 x 10’ T * s *
for the different nuclei used in the context of this paper.®’
In each PFG NMR experiment, all parameters except g are kept
constant, which allows fitting the attenuation of I(g) to obtain
the diffusion coefficient.> 60616667

The measurements were performed using a Bruker AVANCE
III 400 MHz spectrometer and a Bruker wide-bore magnet.
Magnetic field gradients were generated by a DiffBB broad-
band diffusion probe and a Great60 gradient amplifier from
Bruker BioSpin. The instrument allows magnetic field gradient
values of up to 17 T m~". To improve the signal-to-noise ratio,
up to 64 signals were added prior to the Fourier transformation.
Each experiment was repeated three times. The sample tem-
perature was maintained at 25 °C using a digital PID controller.
The temperature was monitored with a thermocouple below the
sample, which was calibrated to about £0.1 K with a high-
precision platinum resistor placed in the gas flow at the actual
sample position. The maximum temperature drift during
measurement was £0.2 K. The settings used for the measure-
ments mentioned in the context of this manuscript can be
found in the SI.

3 Results and discussion
3.1 Diffusion probe fabrication and characterization

We fabricated nanocapsules suitable for diffusion measure-
ments by adapting the internal phase separation method
originally developed for production of NMR active PMMA
microcapsules.’*>*%® In what follows, we examined liquid
cores of hexadecane with and without fluorinated tracer mole-
cules. In this approach, PMMA, hexadecane, and dichloro-
methane (DCM) are combined to form a homogeneous
hydrophobic phase, which is then dispersed in water to create
an oil-in-water emulsion. The obtained micron size droplets are
typically stabilized against coalescence using an emulsifier
(typically poly(vinyl alcohol) (PVA)). Thus, as the volatile DCM
evaporates, PMMA, which is only sparingly soluble in hexa-
decane, migrates to the interface along with PVA, resulting in
stable hexadecane-filled microcapsules.

We hypothesized that to achieve the desired particle diameter
of 200 nm it is necessary to reduce the droplet size during
emulsification, since the initial droplets serve as templates for

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of the nanocapsule system. (a) SEM image of the
particles. Particles were dried on a silicon wafer and sputtered with a 3 nm
iridium layer. The scale bar is 200 nm. (b) Number-weighted particle size
distribution of the particles suspended in water, measured by DLS. Each
line represents one scan. (c) *H NMR spectrum of the PMMA-hexadecane
particles suspended in an agueous 0.2% SDS solution at a concentration of
4.1 x 10" particles per ml. Eight scans were performed. Gray arrows show
the peaks that are generated by SDS, green arrows denote the hexadecane
signal. (d) Stacked spectra measured by PFG NMR of the sample shown in
(c). For the peaks at 1.3 ppm and 0.9 ppm, a fast decay (representing free
SDS diffusion) and a slow decay (following the hexadecane diffusion,
limited by the diffusion of the particles) is visible, indicating that the
encapsulation of hexadecane is successful.

the final particles. Therefore, instead of using the large PVA
chains as emulsifiers, we used the smaller sodium dodecyl sulfate
(SDS), which offered better control over droplet size at the
submicron scale. Additionally, we found that emulsification by
ultrasound homogenization combined with the addition of acet-
one, to reduce foaming, consistently produced stable nanocap-
sules with the required size distribution. This was confirmed by
measuring the size of the obtained particles after evaporation of
the DCM. The resulting nanocapsules showed a mean diameter
close to the target value of 200 nm, as confirmed by imaging using
SEM (Fig. 2a), as well as by DLS as shown in Fig. 2b.

Although reducing the size of PMMA-hexadecane nanocap-
sules lowers the number of signal-carrying spins, the measure-
ments shown in Fig. 2 confirm that the particles remain
detectable by PFG NMR and are suitable for use as diffusion
probes. To demonstrate this, we first identified the distinct
'H NMR signals present in the system, and then applied pulsed-
field gradients to evaluate which peaks could reliably track nano-
capsule motion. Fig. 2c shows the 'H NMR spectrum of the
nanocapsules in an aqueous 0.2% SDS solution. In addition to
the dominant water peak, which was used to align the spectra by
setting it to 6 = 4.8 ppm, hexadecane contributes characteristic
signals at chemical shifts of 6 ~ 1.3 ppm and 0.9 ppm.® Further,
SDS shows peaks at 4.0 ppm, 1.7 ppm, 1.3 ppm, and 0.9 ppm.”
Notably, the SDS peaks at 1.3 ppm and 0.9 ppm overlap with
signals from hexadecane, the encapsulated oil core of the particles.
Peak assignments were made by comparison with reference spectra
and established chemical shift values from the literature.*>”°

Soft Matter, 2025, 21, 8148-8158 | 8151
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After identifying and assigning the different chemical shifts,
we performed PFG NMR experiments to evaluate nanocapsule
diffusion. As shown in Fig. 2d, signal attenuation with increas-
ing gradient strength reflects molecular mobility: the water
peak decays quickly, while signals associated with the particle
core persist longer, indicating slower diffusion. This behavior is
consistent with the Stokes-Einstein—-Sutherland relation, where
diffusion scales inversely with particle size. To quantify particle
diffusion, we sought to monitor a 'H signal unique to the
nanocapsules. However, the proton spectrum shows overlap-
ping signals from both hexadecane and SDS (see Fig. 2c), due to
similar methylene (-CH,-) environments, preventing unambig-
uous assignment of an isolated, particle-specific peak. Never-
theless, by applying a biexponential fit to the signal decay we
were able to deconvolve the contributions from the faster-
diffusing SDS molecules (D; = (1.51 &+ 0.15) x 107 m”* s7?)
and the slower nanocapsules (D, = (2.38 & 0.04) x 10°?> m?>s™ ),
yielding a quantitative diffusion coefficient for the particles (see SI
for a detailed analysis). In the case of particle suspensions of lower
SDS concentration, the SDS contribution can be neglected if the
applied gradients have values larger than the threshold where the
SDS signal is completely attenuated, which was tested by optical
inspection of the echo attenuation plots for the experiments
discussed in the following sections.

These results confirm that the nanocapsules are readily
detectable and that a characteristic diffusion coefficient can
be measured from PFG NMR spectra. We first consider the
effect of nanocapsule polydispersity to establish practical
measurement limits.

3.2 Limits and resolution of PFG NMR-based nanoparticle
tracking

To establish the robustness of using PFG NMR for our nano-
capsule diffusion analysis, we examined two factors that can
significantly influence its performance: the ability to resolve
size distributions in polydisperse samples, and the perfor-
mance under increasingly viscous conditions. These factors
are paramount because they directly test the accuracy of the
method against inherent sample heterogeneity and define its
practical limits in viscous environments where the diffusion
time is a critical constraint.

3.2.1 Obtaining a particle size distribution from PFG NMR
measurements. The fabrication of the tracer particles via ultra-
sound homogenization inherently produces a polydisperse
population (see Fig. 2), which correlates with a distribution of
diffusion coefficients. This effect leads to a curvature of the
echo attenuation shown in Fig. 3a, which shows the 'H PFG
NMR data for PMMA-hexadecane nanocapsules suspended in
water. None of the curves exhibit a single-exponential decay,
indicating that the signal arises from particles with varying
diffusion behavior. We found this to be consistent for two
different proton peaks, both corresponding to hexadecane,
after performing three independent measurements. To account
for the polydispersity, we followed Rdding et al.”* and assumed
a gamma distribution of diffusion coefficients P(D;x,0). The
gamma distribution gives comparable results to the log-normal
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Fig. 3 Results of PFG NMR measurements using the number-weighted
gamma distribution and comparison to other methods. (a) Echo attenua-
tion measured by H PFG NMR of the PMMA-hexadecane particles
suspended in water, evaluated using the number-weighted gamma dis-
tribution model. Each data set of the two hexadecane peaks for the three
measurements is evaluated individually. Parameters for PFG NMR are
4 =50 ms, §5 = 2.5 ms, 32 scans per gradient strength, and a particle
concentration of 5 x 10 particles per ml. (b) From the fitting parameters,
the number-weighted gamma distribution of diffusion coefficients is
obtained, yielding a mean diffusion coefficient of (D) = 355 x 1072 m? s71
and a standard deviation of op = 1.15 x 1072 m? s7%. (c) PSD of the particles
measured by DLS, the curve shows the averaged result of the ten measure-
ments presented in Fig. 2b. (d) PSD measured by NTA, averaged over two
measurements. (e) PSD measured by PFG NMR as obtained from change of
variables of the curves shown in subfigure (b). The average of the six curves is
shown here. The error bars in (c) and (d) and the shaded area in (e) represent
the standard errors of the mean.

distribution and is hence assumed to be a reasonable model for
the distribution of diffusion coefficients in case of polydisper-
sity. Moreover, it is analytically solvable for a PFG NMR
intensity attenuation.”"”> However, this approach yields a
volume weighted distribution of diffusion coefficients, since
the signal intensity of each particle is dependent on the
number of spins inside it and hence on its inner volume. This
leads to an over-representation of larger particles in the mea-
sured signal. We therefore introduce here a modified gamma
distribution that compensates this volume effect by applying a
normalization approach:
D¥  D*"2exp(—D/0)

ﬁ(Dvae):P(DaKve)Diox_ D03 F(Kﬁ)@" » (3)

where I'(x) is the gamma function, and x and 60 are shape and
scale parameters, respectively. D, is chosen to normalize the
distribution. The PFG NMR signal attenuation weighted by this
distribution of diffusion coefficients then becomes

" P(D) exp(—bD)AD = Io(1 + h0)~* (4)
0

I(b):IO-J

as shown in the SI.

By obtaining the parameters x and 6 from the fit, it is
possible to calculate the mean diffusion coefficient (D) and
its standard deviation o, of the distribution B(D;x,0). Fig. 3b

This journal is © The Royal Society of Chemistry 2025
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shows the distributions of diffusion coefficients calculated
from the fits to the echo attenuation of the particles in water
shown in Fig. 3a. Each curve corresponds to the evaluation of
the same color in subfigure (a). The curves shown here are not
normalized, but in the following their mean is used.

In order to asses the validity of this approach, we convert the
output of the analysis to a particle size distribution (PSD) using
the Stokes-Einstein-Sutherland equation D = kgT/6mnR. As
shown in the SI, from the distribution of diffusion coefficients
one can calculate the distribution of radii A(R;«,f) with char-
acteristic mean particle radius (R) and standard deviation og.
The averaged distribution of particle sizes in water as calcu-
lated from the distribution of diffusion coefficients in Fig. 3b is
shown in Fig. 3e, where the shaded area represents the stan-
dard error of the mean of the six evaluations.

The PSD curves obtained by complementary methods are
shown in Fig. 3c (DLS) and Fig. 3d (NTA), where the error bars
represent the standard error of the mean. All three PSD plots
show a single maximum, which represents a population of one
size. The positions of the maxima are well aligned, despite
slight differences in the shape of the curves. This shows that
the PFG NMR diffusion measurements closely match conven-
tional light-based methods, when a distribution of diffusion
coefficients is used for size distribution measurements.

3.2.2 Particle diffusion in viscous systems. In samples of
higher viscosity, longer diffusion times are required to observe
meaningful displacements of the diffusing particles. However,
the range of operation is limited by relaxation processes.
We prepared a series of aqueous glycerol solutions (0-80% v/v)
to systematically increase the sample viscosity over two orders
of magnitude.” The distinct "H NMR signals of the hexadecane
core in this environment allowed for a clear, interference-free
measurement of particle diffusion, as the glycerol signals in the
"H NMR spectrum do not overlap with the hexadecane peaks.”
The hexadecane signal was evaluated to obtain the particle
diffusion as described above.

The glycerol solutions are, as expected, homogeneous and
isotropic, as the diffusion coefficient is independent of the
diffusion time (see SI). The diffusion time was adjusted for
the different samples to compensate for slower diffusion in
media of higher viscosity and be able to compare the diffusion
coefficient in the glycerol solutions. The diffusion time was set
to 4 = 100 ms and increased to 150 ms and 500 ms for the
solutions of 60% and 80% glycerol, respectively.

As expected, with increasing viscosity there is a systematic
decrease in nanocapsule mobility. This trend is directly visible
in the raw NMR echo attenuation data in Fig. 4a, which
presents exemplary plots of the NMR echo attenuation for the
hexadecane peak at § ~ 1.3 ppm. By fitting these curves with a
number-weighted gamma distribution, we extracted the mean
diffusion coefficient for each sample, which shows a smooth,
monotonic decrease with increasing glycerol content (Fig. 4b).
It has to be noted that the fit model of the number-weighted
gamma distribution is sensitive to small deviations in
the measured data points, and hence does not converge in all
instances (data not shown).
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Fig. 4 Results of the H PFG NMR measurements of the PMMA-
hexadecane particles in aqueous glycerol solutions of different concen-
trations. Each sample was measured three times and evaluated using the
number-weighted gamma distribution model for each individual measure-
ment. (a) Exemplary echo attenuation plots of the measurements using 4 =
100 ms and d4 = 5 ms. A particle concentration of 5 x 10" particles per ml
was used and 32 scans were performed. To compensate for the higher
viscosity in the samples of 60% and 80% glycerol, the diffusion times were
increased to 150 ms and 500 ms, respectively. (b) Averaged mean diffusion
coefficients and their standard deviation (shown as error bars) as obtained
from the number-weighted gamma distribution fit on the measurements
in glycerol solutions. The concentration given on the x axis refers to a
volume concentration of glycerol. The inverse of the viscosity for aqueous
glycerol solutions as given in the literature”® is shown in gray as a guide to
the eye. The two y axes are not correlated.

Concentration glycerol

The NMR-derived viscosities obtained from fits of the
Stokes-Einstein-Sutherland relation to the data show excellent
agreement with established literature values for glycerol-water
mixtures”® that are indicated on the right hand axis in Fig. 4b.
The derived viscosity values are shown and compared to the
literature data in SI Table S2. This strong correlation confirms
that our approach accurately captures diffusion physics even as
the viscosity increases nearly 100-fold compared to water.
The longitudinal relaxation time of the hexadecane is in the
range of T; ~ 700-800 ms (see SI), hence the upper limit of the
diffusion time is 4 < 800 ms to prevent increased signal
loss. This puts a limit to the range of viscosities that can be
investigated. This validation establishes the suitability of the
technique for probing structurally complex systems, such as the
hydrogels, which we investigate next.

3.3 Measuring hydrogel mesh size by PFG NMR

To probe the microstructure of hydrogels, we focused on agarose
and methacrylated hyaluronic acid (HAMA) hydrogels. HAMA
particularly shows excellent biocompatibility and is widely used
in biomedical applications like tissue engineering’>®*" and drug
delivery.”>®* For these applications, the microstructure of the
polymer network is of critical interest. This structure is typically
characterized by two parameters, pore size and mesh size. Mesh
size represents the characteristic,c nanometer-scale distance
between polymer cross-links, while pore size refers to the micro-
to macroscale voids in a gel, which can be introduced during
suitable gel fabrication.*>”*% Experimentally determining the
mesh size is challenging, and reported mesh sizes yield highly
variable results depending on the method. For example, scanning
electron microscopy (SEM) images reported pore sizes in the
micron to millimeter range, but this technique requires sample
dehydration, which is expected to alter the native structure.?*%*
Conversely, indirect methods relying on swelling measurements
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estimated the mesh size to be in range between tens and
hundreds of nanometers up to microns, but these are based
on models with simplifying assumptions.>>**%°

The diffusion of nanoscale probes instead provides a poten-
tial direct and robust means to assess the mesh size.®*>%%
By tracking particle displacements over short length scales, PFG
NMR is inherently sensitive to the nanometer-scale constraints
of the polymer mesh, thereby providing a direct measure of
mesh size. In complex environments like hydrogels, obstacles
like a polymer network slow down particle movement, and the
mean squared displacement (MSD) of the particle reaches a
maximum value determined by the dimensions of the confin-
ing geometry,>**°! giving rise to an apparent diffusion coeffi-
cient D,,p,. As depicted in Fig. 5a, on a short timescale (small 4),
diffusing particles move nearly unhindered (D,p, = D).
For increasing diffusion time (intermediate A), however, the
effect of the restricting geometry leads to an apparently lower
diffusion coefficient. In the long-term limit (long 4), the diffu-
sion coefficient can reach a constant value or, if the species
is enclosed in a cavity, approach zero (D,,, — 0). The

b)
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Fig. 5 Evaluation of the diffusion of PMMA-hexadecane particles filled
with POTS in hydrogels to investigate their microstructure. (a) Expected
time-dependent diffusion coefficient for particles trapped in a cavity. Dark
green lines represent the gel fibres, curvy lines show the random walk of a
particle for short diffusion times 4 (orange), intermediate 4 (light blue), and
long 4 (light green). (b) *°F NMR spectrum of the particles in water at a
concentration of 5 x 10 particles per ml. 64 scans were recorded.
(c) Apparent diffusion coefficients of PMMA-hexadecane particles filled
with POTS measured using *°F PFG NMR in a 0.75% agarose gel. The values
of D are determined using an exponential fit on the echo attenuation. The
mean value is obtained from two measurements, and its uncertainty is
shown as error bars. The radius of the particles was determined before-
hand to be 177 nm using a gamma distribution fit on *H PFG NMR data of
the particles in water. The measurements were performed at 4 = 500 ms
and dg = 2.5 ms. 64 scans were performed. (d) Diffusion coefficients
measured by °F PFG NMR using the POTS signal in HAMA gels of different
concentration of the HAMA polymer. The particle radius is 120 nm as
measured by 'H PFG NMR. The measurements were performed at 4 =
500 ms, 64 = 5 ms, and 64 scans. Three measurements were performed
and averaged. The error bars denote the uncertainty of the mean diffusion
coefficient. The gray data points show the individual measurements.
The mesh size indicated on the right hand axis is estimated using eqn (6).
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time-dependence of the apparent diffusion coefficient therefore
gives information about the behavior of the particle under
confinement.

The fundamental principle of this technique is thus to probe
the mesh size of the hydrogel by observing how the apparent
diffusion coefficient D,,, of a nanocapsule changes with the
measurement time 4. However, to successfully apply this
principle in a hydrogel requires overcoming two experimental
challenges. First, a significant hurdle arises because the stan-
dard PFG NMR approach using protons (*H) is complicated in
the hydrogel matrix as shown in the spectrum of particles in a
HAMA gel in Fig. S5, requiring a background-free detection
method to permit observation of the nanocapsules’ diffusion.
Second, interpretation of the data depends on the degree of
confinement: for weakly confined particles, the measured
signal reflects the movement of the particle through the mesh,
while for strongly confined or trapped particles, the transla-
tional motion becomes minimal, and the signal can be domi-
nated by the internal diffusion of liquid within the nanocapsule
itself. Differentiating these effects is critical for an accurate
determination of the mesh size.

To address the first challenge of overlapping signals, we
developed an alternative approach using '°F NMR. We intro-
duced a fluorinated reporter molecule (a fluorinated silane
1H,1H,2H,2H-perfluorooctyltriethoxysilane, POTS; molecular
structure is shown in the SI) into the nanocapsule core. This
strategy offers key advantages: '°F is virtually absent in biolo-
gical matrices and the chosen molecule provides a strong NMR
signal which increases the detection sensitivity. The resulting
F NMR spectrum is shown in Fig. 5b, where both peaks
correspond exclusively to the POTS reporter molecule within
the nanocapsule.

Before applying the nanocapsules to the hydrogels, we first
validate the use of the fluorinated tracer, measured by '°F PFG
NMR, against 'H signals. As shown in the SI, '’F PFG NMR
measurements of the PMMA-hexadecane particles including
POTS yield diffusion coefficients consistent with those obtained
using "H NMR. Crucially, the '’F approach simplifies the
analysis by eliminating any signal overlap.

Having established a reliable, background-free method to
track our nanocapsules, we now address the second challenge:
deconvoluting the true diffusion of the particle in highly
confined environments. For that, we investigated the diffusion
of the nanocapsules in a well-defined control system where the
mesh size can be assumed to be small enough to completely
immobilize the particles. All measurements in the hydrogel
samples were analyzed using an exponential decay fit to the
echo attenuation instead of the number-weighted gamma dis-
tribution model due to the low signal to noise ratio of the
collected data. Hence, the error bars discussed in the following
do not represent a standard deviation of the distribution of
diffusion coefficients, but the fitting error of the diffusion
coefficient.

We first measured the PFG NMR signal from nanocapsules
in a high-concentration (3%) agarose gel, a system designed to
completely immobilize the particles. The measured displacement

This journal is © The Royal Society of Chemistry 2025
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should then be independent of the diffusion time 4 for the time
scales probed by PFG NMR and correspond solely to the reporter
molecule motion within the core of the nanocapsule. A precise
prediction requires knowledge of the inner core diameter. Based
on our analysis (see SI), the shell thickness is estimated to be
approximately half the outer radius of the particle. For the
particles under study, which have a total diameter of 354 nm
(radius of 177 nm), this results in a shell thickness of ~88 nm
and an inner core diameter of ~177 nm. According to
theory,>°" the expected internal displacement is approximately
0.6 times this inner core diameter, i.e. ~106 nm.

Diffusion measurements at 500 ms and 100 ms and different
measurement parameters revealed mean covered distances of

V/(r*) =81 nm and 122 nm, respectively (details are given in
the SI). This excellent agreement between the experimental
measurement and the theoretical prediction provides direct
proof that the particles are indeed immobilized by the dense gel
and that the resulting signal is a reliable measure of internal
diffusion.

Having quantified the internal diffusion, we investigated a
system with larger pores: a 0.75% agarose gel. In this environ-
ment, the nanocapsules are expected to be confined within a
cavity in the gel mesh that is larger than their own diameter.
Consequently, the measured MSD should now be a combi-
nation of two distinct motions: the translational diffusion
of the particle within its confining pore and the previously
characterized internal diffusion of the core liquid.

PFG NMR measurements of the particles in the 0.75%
agarose gel yield a mean covered distance in the range of
183 nm to 198 nm for diffusion times between 40 ms and 500
ms. The corresponding apparent diffusion coefficients are
shown in Fig. 5c. Crucially, this displacement value does not
increase with longer diffusion times, confirming that the
particles are effectively trapped within individual pores. This
measured displacement is significantly larger than the
~106 nm attributed to internal diffusion alone, indicating that
the particle itself is undergoing translational motion within a
pore larger than its own diameter. To estimate the mesh size,
the confining voids are modeled as spherical boundaries in
analogy to existing literature models.®®*"** For small values of
the gradient strength and duration (denoted as the combined
value g = yd,g) and for long-term diffusion, the model assumes
that the position of the particles is independent of the starting
position, and the probability of finding the particle at a certain
position is only dependent on the density distribution inside
the cavity. The diffusion coefficient is then only dependent on
the radius a of the spherical pore as given in ref. 68 and 91-93.
In this model, the radius a of the space explored by the liquid
core is calculated from the measured apparent diffusion coeffi-
cient D and the diffusion time 4:

a=+V54D (5)
The total mesh size & must also include the shell thickness

of the particle Rghep, which acts as a physical spacer between
the liquid core and the hydrogel network. The mesh size is
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therefore the diameter of the explored space plus the shell
thickness on both sides:

é =2a+ 2Rshe11 (6)

This analysis yields a mesh size for the 0.75% agarose gel of
approximately (525 + 165) nm. The uncertainty of the mesh size
was estimated using error propagation including the standard
deviation of the diffusion coefficient and the particle radius, as
well as the uncertainty of the core radius. Here, the standard
deviation of the particle size provides the biggest contribution.
Despite the large uncertainty, the estimated mesh size is in
agreement with geometric considerations, as a freely diffusing
particle would cover ~700 nm in the time frame of the smallest
measured diffusion time of 40 ms. Since at this diffusion time
the diffusion is clearly slowed down, this confirms that the
mesh size is well below this value. Nevertheless, it has to be
mentioned that this model does not account for a distribution
of mesh sizes in the hydrogel.

Building on the insights from the model agarose systems, we
applied our fully validated method to HAMA gels. We investi-
gated the apparent diffusion of PMMA-hexadecane particles by
F PFG NMR in HAMA gels of different concentrations. The
particles used here were analyzed using the number-weighted
gamma distribution model fit on the 'H PFG NMR measure-
ment of the particles suspended in water and found to have a
size around 240 nm. The resulting diffusion coefficients of the
particles in HAMA gels, measured by °F PFG NMR for a
diffusion time of 500 ms, are shown in Fig. 5d. A clear trend
was observed: the apparent diffusion coefficient as evaluated
from an exponential fit to the echo attenuation decreased as the
polymer concentration increased, which is consistent with the
expected reduction in gel mesh size and particle mobility.
A closer evaluation confirms that, similar to the agarose system,
the particles are trapped within individual pores. The mesh
sizes for the different HAMA concentrations were estimated
using the same analysis, with the results indicated on the right-
hand axis in Fig. 5d and a measurement uncertainty of approxi-
mately 50 nm. It is important to note that these HAMA gel
samples are at the lower limit of the diffusion coefficient that
our method can detect under the present experimental condi-
tions due to the need of high gradient intensity to resolve small
displacements. A discussion of possible artifacts for other
measurement conditions is presented in the SI. Consequently,
the evaluated mesh size of the HAMA gel should be interpreted
as a reliable maximum value of the true mesh size in the
hydrated state. The main finding is that the particles are
trapped inside the HAMA gels, with an effective mesh size on
the order of the particle diameter that systematically decreases
as the gel concentration increases. The reported mesh sizes of
around 200 nm represent the lower limit of the given measure-
ment system using the 200 nm sized particles. On the other
hand, we estimate the upper limit of mesh sizes that can be
reliably measured using this system to be in the range of six
times the particle size (e.g. 1200 nm, see SI).
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Conclusions

In this work, we demonstrated a robust PFG NMR-based approach
for quantifying the microstructure of hydrogels in their native,
hydrated state. Using custom-designed, liquid-filled nano-
capsules, we directly measured the effective mesh size of complex
polymer networks such as HAMA gels, providing quantitative
insight how the microstructure relates to composition.

Two key analytical challenges were addressed. First, we
resolved the issue of signal interference in proton-rich matrices
by introducing fluorine-19 (*°F) reporters to the liquid core
of our nanocapsules, enabling background-free detection.
Second, we developed a rigorous correction for the internal
liquid diffusion within the nanocapsules, which is important
when particle mobility is restricted. By quantifying and sub-
tracting this contribution, we isolated the translational motion
of the particles within the hydrogel mesh.

In addition, we introduced a mathematical framework for
extracting a distribution of diffusion coefficients from PFG
NMR measurements, accounting for the inherent polydispersity
of the tracer particles. By fitting a volume-corrected gamma
distribution model to the echo attenuation data, we obtained
accurate diffusion coefficient distributions, which were further
converted into particle size distributions using the Stokes-Ein-
stein-Sutherland equation. The resulting distributions aligned
well with independent measurements from DLS and NTA, demon-
strating the reliability and quantitative power of the approach.

The presented method offers a practical, non-invasive fra-
mework for probing the nanoscale architecture of soft bioma-
terials. It opens new avenues not only for hydrogel mesh
characterization, but also for studying colloidal transport in
crowded environments.

The particles hold significant potential for broader applica-
tions. The ability to functionalize the surface of the nanocapsules
enables studies of how specific particle-matrix interactions - such
as electrostatic or hydrophobic effects - influence diffusion. This
makes the system highly relevant for mimicking biologically active
carriers, exploring drug delivery mechanisms, or tracking active
particles in tissue-like environments. Reducing the size of the
particles could further extend the method to hydrogels with finer
microstructures. Indeed, using liquid filled nanocapsules of
200 nm address an experimental gap, complementing studies
that use either diffusing molecules'®*! or larger, micron size
capsules.** ™! This regime is ideal for characterizing the lattices
of many hydrogels.

The particles could be adapted to probe a different size
regime. By fabricating nanoprobes that are significantly smaller
than the hydrogel mesh, one could study hindered diffusion
rather than confinement. In such a scenario, the diffusion
analysis could provide access to complementary structural
parameters, such as network tortuosity and surface-to-volume
ratio, as described in literature.”"°> However, such an analysis
requires that one can rigorously account for the effects of
particle polydispersity and shell thickness.

Importantly, this technique also provides access to media
that are inaccessible to optical methods. Its insensitivity to

8156 | Soft Matter, 2025, 21, 8148-8158

View Article Online

Paper

optical clarity and labeling requirements makes PFG NMR a
uniquely powerful approach for probing transport phenomena
in turbid, opaque, or light-sensitive biological samples.

For reliable application, a careful selection of the NMR
parameters is crucial. The diffusion time 4 must be sufficiently
long to probe environmental structure, but shorter than the
longitudinal relaxation time that was measured to be in a range
of T, =~ 700-800 ms. Likewise, the gradient duration é, should
remain below ~10 ms to avoid signal loss due to transverse
relaxation (7,) and artifacts arising from strong gradient
intensities.

Overall, this work establishes a powerful method for inves-
tigating the microstructure of soft materials, with parti-
cular promise for complex, opaque, or biologically relevant
environments.
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