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ABSTRACT: Understanding the internal architecture of hydrogel
materials is essential for their effective use in biomedical and
pharmaceutical applications, yet the use of noninvasive, spatially
resolved methods remains limited. We report a robust analytical
approach using spatially resolved pulsed-field gradient nuclear magnetic
resonance (PFG-NMR) spectroscopy to quantify the depth-dependent
self-diffusion of small molecular probes in intact hydrogel systems. By
introducing probes post-gelation via passive downward diffusion, this
method avoids perturbations associated with probe incorporation during
gel formation and enables nondestructive profiling of internal gel
architecture. Applied to high amylose maize starch, agarose, and
calcium-triggered low-molecular-weight (LMWG) gels, the technique
revealed vertical variations in network density and porosity in starch
gels, corroborated by scanning electron microscopy, while the other gels exhibited uniform structure. In contrast, conventional
nonselective PFG-NMR yields a single self-diffusion coefficient averaged over the entire sample and is unable to reveal the
heterogeneity present. Our methodology broadens the NMR analytical toolkit for characterizing soft matter systems and offers
promising utility in evaluating structurally complex biomaterials, where spatial heterogeneity is functionally relevant.

■ INTRODUCTION
Hydrogels are three-dimensional (3-D) materials, composed of
cross-linked hydrophilic polymers forming a large network
ensemble, enabling them to hold large amounts of water or
biological fluids within their 3-D network. Their hydrophilicity,
moldability, swelling, and capillary properties have made them
highly promising biomaterials for cosmetic, pharmaceutical,
and biomedical applications.1−3 The physicochemical and
mechanical properties of gel materials, such as solubility,
surface charge, tensile strength, and pore size distribution, are
important for these materials’ optimal utilization.4−6

Preparation methods for the manufacturing of pharmaceut-
ical, biomedical, and cosmetic hydrogels, such as chitosan,
alginate, gelatin, cellulose derivatives (e.g., hydroxypropyl
methylcellulose), and starch, can result in gels featuring
inhomogeneous density and pore size distribution, leading to
suboptimal and inconsistent material performance. Exper-
imentally, techniques such as scanning and transmission
electron microscopy (SEM and TEM, respectively) and atomic
force microscopy (AFM) provide detailed information about
the heterogeneous internal morphology of such gel systems but
are often destructive or deformative in nature. They can also
require a lengthy experimental setup and acquisition, as well as
extensive sample preparation, which can alter the network
morphology of soft gels.7,8 Complementary optical approaches
such as fluorescence correlation spectroscopy have been used
to probe local transport and heterogeneity in hydrogels on the

micrometer scale.9 However, unless they are repeated
throughout a sample, these measurements can fail to capture
the macroscopic heterogeneity that can occur in prepared
hydrogels.
Previous works have shown that in the absence of specific

interactions between small molecular guests and supra-
molecular networks, the pore size of monodisperse gel
networks can be probed indirectly by quantifying the self-
diffusion behavior of small molecular probes of different sizes
introduced into the network ensemble.10−15 However, these
methods provide an average pore size estimation, resulting in
misleading information when probing heterogeneous gel
networks. In this work, we develop a rapid, noninvasive, and
nondestructive quantitative toolkit for spatially resolved
detection of structural inhomogeneities in gel networks,
which appear homogeneous to the naked eye (see photo-
graphs, Figure 1). We gain spatially encoded information16 on
changes in the self-diffusion coefficients of a library of small
molecular probes of various hydrodynamic radii (Figure 1b) at
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different depths of the gel networks, thus rapidly probing
vertical inhomogeneities in their internal organization. Spatial
resolution is afforded along the vertical axis of the NMR tube,
providing a direct readout of depth-dependent structural
gradients and probe diffusion while retaining the noninvasive
and quantitative advantages of diffusion NMR.
We apply these methods to high amylose maize starch

hydrogels (AM) which are prone to sedimentation and
inhomogeneous pore size distribution, and agarose gels
which have homogeneous pore sizes.17,18 We also study
dipeptide low-molecular-weight gelators (LMWGs),19 trig-
gered by the downward diffusion of CaCl2 into a sample, and
investigate the combination of spatially resolved PFG-NMR
with 2H NMR to study vertical homogeneity. These peptide-
based materials represent an important class of advanced
materials for the delivery of proteins, where structural
heterogeneities can be expected to have an important influence

on release kinetics.20 On all samples, we compare our spatially
resolved methodology with data obtained from conventional
(nonspatially resolved) pulsed-field gradient (PFG) NMR
experiments. Hydrogels for analysis by NMR are typically
prepared directly in 5 mm sample tubes to preserve integrity
and maintain suitable magnetic field homogeneity.21 Our
findings highlight that appreciable vertical density gradients
can develop under these conditions that should be considered
when interpreting measurements performed without spatial
resolution. Another key advantage of spatial selection is that it
enables the probes to be introduced after gel assembly via
downward diffusion, where a homogeneous concentration of
probe molecules across the sample could not be guaranteed (as
required by conventional PFG-NMR experiments). This ability
is particularly advantageous for any dynamic supramolecular
system where in situ probe delivery may alter the scaffolds’
biorelevant properties, or where the incorporation of small

Figure 1. (a) Photos of agarose and maize starch gels, and respective sketches of gel networks with homogeneous (ξ1 = ξ1, left) and
inhomogeneous (ξ2 > ξ3, right) pore size distributions along their length, with small molecular probes of varying hydrodynamic radii (b) diffusing
in a less restricted (orange) and more restricted (blue) manner within the gel networks. Molecular probes 4-hydroxypyridine, methyl orange, and
Evans blue, and their hydrodynamic radii (Rh, b). Photo of gel formed from naphthalene-functionalized dipeptide, 2NapFF, in an NMR tube,
structures of dipeptide and dextran (c).
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molecular probes during gelation may disrupt network
formation.22,23

■ MATERIALS AND METHODS

Materials
High amylose maize starch (CAS 9005−82−7), agarose (CAS 9012−
36−6), deuterium oxide (D2O) (CAS 7789−20−0), 4-hydroxypyr-
idine (CAS 626−64−2), methyl orange (CAS 547−58−0), Evans
blue (CAS 314−13−6), CaCl2 (CAS 10043−52−4), and dextran
(100 kDa, CAS 9004−54−0) were all purchased from Merck
(formerly Sigma-Aldrich, Darmstadt, Germany). 2NapFF was
synthesized as described elsewhere.19

Gel Preparation
Starch-D2O suspensions (10% w/v) were prepared directly in NMR
tubes (Wilmad 528-PP), where each starch suspension contained one
of three small molecules (4-hydroxypyridine, PYR; methyl orange,
MOR; and Evans blue, EVB) at 2.0 mM. Each sample was vortexed
and placed on an end-overend mixer (40 rpm) overnight, before being
autoclaved (121 °C, 15 psi, 20 min). All gel samples were left to set at
4 °C for 72 h before further analysis.
To prepare agarose gels, agarose-D2O suspensions (5% w/v) were

prepared directly in NMR tubes containing one of the three guest
molecules (2.0 mM). The NMR tubes containing each suspension
were placed in a water bath set at 100 °C for 7.5 min, each sample
vortexed in the NMR tube (vortex genie 2, 3200 rpm, 10 s) and
returned to the water bath (100 °C for 7.5 min). The resulting
solutions were placed at 4 °C for 72 h before further handling.
To investigate the addition of probe molecules after gelation, starch

gels were prepared analogously to above in NMR tubes without any
small molecular probes. Following gel setting (4 °C, 72 h), 100 μL of
EVB (12 mM in D2O) was pipetted on top of the set gels and allowed
48 h to diffuse to the bottom of each gel. To prepare starch gels for
microscopy, 10% starch-water suspensions were placed in screw-cap
glass vials, placed on an end-overend mixer overnight, and autoclaved.
Starch gels were left to set (4 °C, 72 h).
To prepare gels of the dipeptide, 2NapFF, 6 mg/mL solutions were

prepared in 10 vol % D2O/90% H2O by stirring solid dipeptide for 24
h with NaOH (0.014 M). NMR samples were prepared by combining
the 2NapFF solution with either H2O/D2O or dextran solution (100
kDa) in a 5 mm NMR tube (Wilmad 528-PP-7) to achieve
concentrations of 5 and 10.8 mg/mL of 2NapFF and dextran,
respectively. CaCl2 (40 μL, 0.75 M) was then added on top using an
extended-length polypropylene pipet tip (Starlab), and the sample
was immediately loaded into the NMR spectrometer (500 MHz).
After 24 h, the samples were removed from the spectrometer and
placed in a water bath at 25 °C. After 2 weeks, dextran solution (60
μL, 100 kDa, 100 mg/mL) was placed on top of the sample, which
did not have dextran added previously, and stood for 1 month at 25
°C before analysis.
Microscopy
Gels were rinsed with cold distilled deionized water (ddH2O),
laterally placed in 2.5 mL embedding plastic boats, and covered in
mounting medium (PolyFreeze O.C.T. medium, Merck SHH0026).
The mounting medium was fully solidified in an EtOH/dry ice bath;
the samples were wrapped in aluminum foil and placed at −80 °C
until further handling.
Cryoset samples were mounted on cryostubs and sectioned on a

CryoStat (Thermo Cryostar NX70), equilibrated at −10 °C, at 10 μm
thickness, and placed directly on scanning electron microscopy stubs,
covered in double-sided adhesive carbon conducting tape. The
samples were coated in gold and visualized by a Zeiss EVO scanning
electron microscope at a 3 kV electron high tension and imaged at
1000- and 2500-fold magnification.
NMR Experiments
All experiments were performed at 298 K on a Bruker Avance Neo
spectrometer, operating at 499.31 MHz 1H frequency, equipped with
a Bruker iProbe TBO, with a maximum pulsed-field gradient strength,

gmax, of 50 G cm−1, confirmed using a standard sample of 1% H2O in
D2O.
Diffusion-Ordered Spectroscopy (DOSY)
Conventional PFG-NMR experiments to study probe diffusion were
performed using a stimulated echo sequence with bipolar gradient
pulses (Bruker library, stebpgp1s). In all experiments, the probes’ peak
intensity, I, was recorded as a function of 16 different gradient
strength (g) values (2 to 98% gmax), obtaining a minimum of >92%
attenuation of the probes’ signals. All experiments were performed
using a minimum of 16 scans per gradient strength value, an
acquisition time of 1.4 s, a relaxation delay of 6 s, a diffusion duration,
Δ, of 0.25 s, a gradient pulse in the shape of a smoothed square with a
combined length, δ, of 1.5 ms for the bipolar pair, and a gradient
recovery delay, τ, of 200 μs.
Self-diffusion coefficients were taken as the arithmetic mean

obtained by integration of the separate resonances of each probe as a
function of gradient strength (7.81, 6.52 ppm PYR; 7.82, 7.61, 6.65
ppm MOR; 8.25, 7.73, 7.55 ppm EVB) and fitting to eq 1:
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Spatially Resolved DOSY (SR-DOSY)
Spatially resolved excitation pulsed-field gradient NMR16,24 (†ESI)
experiments were performed on all small-molecule-loaded gels. The
depth along the z-line (the NMR tube) was varied using the frequency
offset of the slice-selective refocusing shaped pulse (spof fs1), with a
spatially resolved window width of ca. 4 cm (spof fs1 −20 to 20 kHz).
The z-gradient power (gpz1) was 5% (2.5 G cm−1), using π/2 rf of 8.0
μs, recycle delay of 2 s, gradient pulse of 6000 μs, and a diffusion delay
of 25 ms. A 2 s presaturation pulse (41.78 dB) was applied for water
suppression. Self-diffusion coefficients of our probes are thus
determined over a slice width of approximately 1 mm, observing
the aromatic resonances of the probes listed above.24 Spatially
selective self-diffusion coefficients were averaged across the top (25−
35 mm), middle (15−25 mm), and bottom (5−15 mm from the
absolute bottom of the NMR tube) to obtain NMR tube region
average self-diffusion coefficients, fitting the data to eq 2.
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Spatially Resolved 2H Chemical Shift Imaging
2H chemical shift imaging experiments were performed using the
gradient phase encoding sequence of Trigo-Mouriño et al.25 in 32
slices with 1 scan and acquisition and relaxation times of 2.6 and 1 s,
respectively.
Pore Size Estimation
The pore size in both starch and agarose gels was estimated from the
restriction of the diffusivity of probes within the gel network (eq 3).
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where D/D0 is the restriction in diffusivity expressed as the quotient
ratio of the probe’s diffusivity within the gel network and its diffusivity
in the absence of a gel network; Rh is the probe’s hydrodynamic
radius; and ξ is a representative pore size for the material.26

■ RESULTS AND DISCUSSION
Internal organization and porosity of macromolecular systems
have been shown to be important factors for their directed
applications.27 On comparison of the self-diffusion coefficients
of PYR, MOR, and EVB in a 10% starch gel, it was observed
that all three guest molecules exhibited different self-diffusion
coefficients at the top (25−35 mm from the base of the NMR
tube), middle (15−25 mm), and bottom (5−15 mm) of the
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Figure 2. Scanning electron microscopy images of 10% starch and 5% agarose gels (a, c). Self-diffusion coefficients of 4-hydroxypyridine (gray),
methyl orange (orange), and Evans blue (blue) using spatially resolved (SR) and nonselective PFG-NMR (stebpgp1s) in starch (b) and agarose gels
(d), n = 3. Comparison of self-diffusion coefficients of Evans blue introduced before and after gelling, measured 48 h after probe introduction (e) of
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starch gel system. All three guest molecules exhibited the least
restricted behavior at the top and the most restricted at the
bottom of the gel (Figures 2a,b, S1, and S2, Supporting
Information).
This observation was interpreted as the starch gel system

undergoing sedimentation effects following its gelatinization
stage, which resulted in a higher network density and
compaction near the bottom of the gel. This was further
evidenced by SEM images recorded along the length of the
starch gels showing a higher density near the bottom of the
hydrogel (Figure 2a, left). In contrast, a 5% agarose gel did not
exhibit significant differences in the self-diffusion coefficients of
the three guest molecules between the top, middle, and bottom
of the sample (Figure 2c,d).
Using EVB as a reference molecular probe and fitting to eq 3

(Figure S3, Supporting Information), the pore size distribution
of starch and agarose gels was found to be in the ranges of
0.9−40 and 24−37 nm, respectively (Figure 3), highlighting

the much greater heterogeneity in internal organization of
starch vs agarose gels. A pore size of 30 nm is in close
agreement with values of ca. 50 nm reported by Narayanan et
al. in 3 wt % agarose gels.17 The pore size of the dipeptide gels
was found to be in the range of 40−57 nm, in agreement with
previous measurements on this system.11

Previous works have demonstrated the use of nonselective
PFG-NMR to measure diffusion of guest molecules in a large
network ensemble, and extract information on the macro-
molecular system’s porosity.10 On comparison of the self-
diffusion coefficients of PYR, MOR, and EVB in the
inhomogeneous (i.e., starch) gels, it is apparent that self-
diffusion coefficients obtained using conventional PFG-NMR
are in-between those recorded using spatially resolved
experiments (Figure 2b). We note that in analogy to adenosine
triphosphate (ATP), the diffusion of these anionic probes
(MOR, EVB) is expected to depend on obstruction by the gel
network rather than specific charge-dependent adsorption.28 In
homogeneous gels (agarose), both spatially resolved and
nonselective experiments yielded self-diffusion coefficients in

close agreement with each other (Figure 2d). Similarly,
dipeptide gels prepared in the magnetic field (11.4 T) of the
NMR spectrometer exhibit a uniform 2H residual quadrupolar
coupling (ca. 1.1 Hz) along their length, indicating a uniform
network structure and degree of alignment of the gel fibers that
is independent of whether the dextran probe was added before
or after gelation (Figure 2g).29 These results validate the use of
Ca2+ to induce the homogeneous gelation of these dipeptide
materials and investigate their porous architecture via the
diffusion of imbibed polymer probes. Together our data
highlights the utility of spatially resolved techniques when
probing soft matter systems’ internal organization where
sedimentation or phase separation may occur, and conven-
tional NMR would provide only an average and potentially
misleading analysis of the network organization across the
entire material.
Understanding structural inhomogeneities, such as differ-

ences in macromolecular architecture, can be highly advanta-
geous for the better understanding of 3-D cell culture scaffolds
and biofilm treatment strategies.30,31 However, introducing
small molecular probes during the formation of such systems is
not viable, due to the possible impact on macromolecular
structure and organization.32 The same is true of many
synthetic hydrogel systems and self-assembling materials where
including the probes during gelation may interfere with the
self-assembly process. Nevertheless, the self-diffusion coef-
ficients of EVB in a 10% starch gel and 100 kDa dextran in a
dipeptide gel were comparable irrespective of whether the
probe was introduced before or after gelation (Figure 2f,h),
allowing us to verify that the presence of the molecular probes
does not interfere with network formation. Furthermore, this
comparison highlights the method’s suitability to preformed
network ensembles and biologically relevant systems.

■ CONCLUSIONS
This work demonstrates that spatially resolved PFG-NMR
provides a robust, noninvasive means of probing internal
heterogeneity in soft matter systems that appear macroscopi-
cally homogeneous. By resolving depth-dependent self-
diffusion, the method reveals sedimentation- and compac-
tion-driven structural gradients in starch gels that are obscured
by conventional, spatially averaged PFG-NMR, while correctly
identifying uniform architectures in agarose and calcium-
triggered dipeptide gels. A significant advantage of the
approach is the ability to introduce probe molecules after gel
formation, preserving native network structure and enabling
diffusion measurements in systems where probe incorporation
during gelation is undesirable or impractical. This non-
destructive approach should be particularly valuable for gels
that undergo kinetic or thermodynamic evolution over time
(e.g., syneresis in starch gels) with changes in organization
along the vertical axis. By remeasuring probe self-diffusion in
the same sample over several days, spatially resolved PFG-
NMR could enable time-dependent changes in gel architecture
to be followed directly. This capability broadens the
applicability of diffusion NMR to biologically and pharmaceuti-
cally relevant hydrogels including self-assembling and

Figure 2. continued

a 10% starch gel, using SR PFG-NMR (f). Photos of low-molecular-weight self-assembling gel (g) and inlay showing spatially resolved 2H NMR
spectra of dipeptide gels with dextran added after (left) and before (right) gelation. Self-diffusion coefficients of dextran (100 kDa) using SR and
nonselective PFG-NMR (h), n = 3.

Figure 3. Average pore size measurements for starch, agarose, and
dipeptide gels along three different depth regions of the gels using
EVB and dextran as a diffusivity probe, n = 3, *** p < 0.001, ** p <
0.01.
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responsive materials. In the absence of triple-axis pulsed-field
gradients, the method is sensitive only to the porosity variation
along the vertical axis of the NMR tube. For samples prepared
directly in the tube, lateral heterogeneity may arise from wall
effects or syneresis, and researchers should remain alert to
these possibilities. Complementary techniques, such as dye
staining and light microscopy, are recommended to verify
lateral homogeneity prior to NMR measurements. Addition-
ally, care should be taken to account for the size and center
position of the NMR detection window, which are defined by
the length of the RF coil in the spectrometer. Validation using
biphasic samples is advised to confirm appropriate window
calibration.33 Overall, spatially resolved diffusion NMR
expands the analytical toolkit for soft matter characterization
by directly linking local transport behavior to internal
structure. As functionally graded and heterogeneous hydrogels
become increasingly important, this methodology offers a
valuable route to nondestructive structural assessment and
materials optimization.
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