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Abstract

The diffusion of poly(ethylene glycol) methyl ether thiol (PEGSH) functionalized
gold nanoparticles (NPs) was measured in polyacrylamide gels of various crosslinking
densities. The molecular weight of the PEGSH ligand and particle core size were both
varied to yield particles with hydrodynamic diameters ranging from 7 to 21 nm. Gel
mesh size was varied from approximately 36 to 60 nm by controlling the crosslinking
density of the gel. Because high molecular weight ligands are expected to yield more
compressible particles, we expected the diffusion constants of the NPs to depend on
their hard:soft ratios (where the hard component of the particle consists of the particle
core and the soft component of the particle consists of the ligand shell). However, our
measurements revealed that NP diffusion coefficients resulted primarily from changes
in the overall hydrodynamic diameter and not the ratio of particle core size to ligand
size. Across all particles and gels, we found that the diffusion coefficient was well-
predicted by the confinement ratio calculated from the diameter of the particle and

an estimate of the gel mesh size obtained from the elastic blob model. These results



suggest that the elastic blob model provides a reasonable estimate of the mesh size that
particles “see” as they diffuse through the gel. This work brings new insights into the
factors that dictate how NPs move through polymer gels and will inform development
of hydrogel nanocomposites for applications such as drug delivery in heterogeneous,

viscoelastic biological materials.

Introduction

Understanding nanoparticle (NP) diffusion in hydrogel materials impacts many fields in-

4 and materials science.®® For example, hydrogels

cluding medicine,? polymer physics,®
have emerged as a promising medium for NP-based drug delivery due to their biocompat-
ibility, ® tunability,®!® and response to external stimuli.!!!? Additionally, hydrogels have
a network structure that strongly resembles biological media, such as mucus,'® extracel-

1415 and actin networks.'6 Due to these similarities, NP-hydrogel composites

lular matrix,
are an attractive model system for understanding the complexities of nanoparticle transport
through biological networks.!” Developing a detailed understanding of NP diffusion in hydro-
gel systems will contribute to advances in NP based drug delivery, particularly in predicting

pharmacokinetics. %19

NP diffusion in hydrogels is complex, particularly as the size of the particle approaches the
gel mesh size. A number of theoretical approaches have been used to understand how the
relationship between particle size and gel mesh size predicts diffusion.?’2” Early models of
NP diffusion in networks treat the polymer chains as immobile fibers with pores that particles
can diffuse through.?2! These models were later modified to include interactions between
the particle and the polymer, as well as polymer chain reptation,?? which is important for
describing more concentrated systems. Recently, to describe confined systems in which the
probe particle is the same size or slightly larger than the nanostructure of the material, Cai et

al. proposed the hopping diffusion model where thermal fluctuations of the network strands



allow for diffusion.?* These theoretical models consider particle diffusion at many different
polymer concentrations and level of confinement of the NP, and lay the ground work for

interpreting experimental studies.

One key assumption that is made in most models of NP diffusion is that the nanoparticle is

a solid sphere. This simplification may not correctly describe most real-world NPs which can

28,29 30,31

be made with a vast array of different types of materials including metals, polymers,
and DNA.3233 A number of recent studies have begun to look at how diffusion is affected by
changes in the composition of the particle, and specifically NP compressibility and elasticity.
Latreille et al. studied the diffusion of both “soft” polymeric nanoparticles (composed of
poly(N-isopropylacrylamide), with a hydrodynamic radius ranging from 25-130 nm) and
“hard” particles (composed of either polystyrene or gold, with a hydrodynamic radius ranging
from 22-110 nm), and found that the diffusion coefficient of the soft nanoparticles through
a polymeric medium was nearly two orders of magnitude faster than the diffusion coefficient

of hard nanoparticles of the same size.3* This study and others3*38 demonstrate that there

are differences in the diffusion of NPs composed of hard materials or soft materials.

In addition to the tunability of the core composition, NP surface ligand shells can also be
modified. Surface chemistry directly affects the chemical and physical properties of NPs, and
highly specialized, complex ligand shells are essential for applications such as NP targeting
and drug delivery.3*# Not only do ligands impact NP surface chemistry, but they add
an additional level of complexity to the diffusive behavior of the particles by changing the
hydrodynamic diameter and introducing ligand-matrix effects. The effect of grafted polymer
chains on NP surfaces has received substantial attention in the context of polymer melts
and solutions,3*5! but these systems have important differences from networks and gels.
In solution and melt polymer nanocomposites, polymer chains are not crosslinked and are
more dynamic, leading to interactions with NPs that affect NP diffusion.®? Changes in NP

diffusion as a function of ligand shell properties (e.g. molecular weight, environment-facing



functional groups) are not well understood in the context of covalently crosslinked hydrogels.

While it is clear that nanoparticle diffusion is dictated by the characteristics of the NP,
the properties of the gel itself also affect diffusion. The study of NP diffusion in gels is
complicated by the heterogeneous distribution of crosslinks within typical hydrogels, mak-
ing it difficult to ascertain the relationship between NP size and mesh size in determining
NP diffusion behavior. Mesh size, here defined as the physical distance between crosslinks,
is dependent on the swelling of the material, as well as its molecular structure. However,
because hydrogels typically contain both areas of high crosslinking density and areas of low
crosslinking density, it is difficult to define a single mesh size that is reflective of the material
as a whole.?® Various models and experimental approaches have been developed to estimate
mesh size, each making different assumptions about the material. These approaches include
consideration of the synthetic conditions for the synthesis of the hydrogel, as well as ana-
lytical methods including rheology, light scattering experiments, and electron microscopy.®®
Each of these models can result in a different predicted mesh size because they are sensitive
to different features of the gels and rely on different approximations to connect the mesh size
to the physical properties. Therefore, it is necessary to evaluate multiple models of mesh

size to determine which is most accurate for the material in question.

Here, we investigate the diffusion of poly(ethylene glycol) methyl ether thiol (PEGSH)
functionalized NPs through a poly(acrylamide) hydrogel, taking into account both the prop-
erties of the NPs and the properties of the gels that can affect diffusion. We varied the MW
of the bound PEGSH ligand, yielding two series of particles with constant core diameters
(of either 2 nm or 5 nm) and increasing hydrodynamic diameters (ranging from 7 nm to
21 nm). Our studies yielded two distinct but related conclusions: first, by measuring the
diffusion of these NPs in gels of various crosslinking densities (yielding mesh sizes of 36 nm
to 60 nm), we show that the hydrodynamic diameter, not the size of the NP core, is the

predominant NP property dictating diffusion. Second, we evaluated the mesh size of the



hydrogels using multiple models, and showed that the elastic blob model, which estimates
mesh size based on rheological measurements, was the best predictor of the extent to which
the gels confined the particles and limited their diffusion. Taken together, our work lays
the foundation for understanding how the relationship between a two-component nanoscale
probe and the nanostructure of a complex network can dictate diffusion, which in turn is

important for modeling and predicting pharmacokinetics of NP based drug delivery.

Experimental

Materials

Gold (IIT) chloride trihydrate (HAuCly- 3HoO >99.9%), sodium citrate tribasic dihy-
drate, poly(ethylene glycol) methyl ether thiol (MW = 1 kDa, 2kDa, 5kDa), acrylamide
(> 99%), ammonium persulfate (98%), N,N’-methylenebisacrylamide (>99.5%), N,N,N’ N’-
tetramethylethylethylenediamine, and Aldrich ColorSpec disposable NMR tubes were ob-
tained from Sigma-Aldrich (St. Louis, MO). Mono Zelux CMOS camera (CS165MU), 12 mm
Machine Vision Lens (MVL12M23), and C-mount Adapter (SM1A10) were all purchased
from Thorlabs (Newton, NJ). All reagents were used as received unless otherwise indicated.
NANOpure (Thermo Scientific, >18.2 M) water was used to prepare all aqueous solutions.
Prior to use, all glassware and Teflon-coated stir bars were washed with aqua regia (3:1 ratio
of concentrated HCI to HNO3) and rinsed with copious amounts of water prior to drying.
Caution: aqua regia is highly toxic and corrosive and should only be used with proper personal

protective equipment and training. Aqua regia should be handled only inside a fume hood.



Nanoparticle Synthesis and Characterization
5 nm Gold Nanoparticle Synthesis

Gold nanoparticles were synthesized following a modified Murphy synthesis.?® In a 20 mL
glass vial, 14.5 mL of water was combined with 500 uL of an aqueous 20 mM gold (III)
chloride trihydrate solution and 500 uL of an aqueous trisodium citrate solution. An ice cold
0.1 M NaBH, solution was prepared. To the gold and citrate solution, 0.6 mL of NaBH,
solution was added while stirring. Upon addition, the solution color changed from clear to
orange. The mixture was removed from the stir plate and allowed to age for 1 hour prior to
ligand exchange.

To 10 mL of the as-synthesized 5 nm gold nanoparticles, 250 pLL of 0.1 M PEGSH solution
(MW 1 kDa, MW 2 kDa, or MW 5 kDa) was added while stirring. Upon addition there was
a slight color change to a pink/orange color. Particles were aged on the benchtop for 1 h
prior to purification.

Particles were separated from excess PEGSH and citrate ligand, metal, and salts using
molecular weight cutoff centrifugal filters. Approximately 4.5 mL of each NP solution were
transferred to Amicon®) Ultra — 4 Ultracel®) 30 kDa molecular weight cutoff centrifugal
filters (Merck Millipore Ltd.) and were spun using an Eppendorf 5804R centrifuge with
a swing bucket rotor (A-44-4, Eppendorf, Inc.) with a force of 4000 rcf for 10 min. The
resulting concentrated particles (typically 50-100 pL in water) were diluted in the tube to
a volume of 4 mL with water. The loose pellet was resuspended by gentle mixing using a

pipette prior to re-centrifugation. This washing procedure was repeated 3 times.

2 nm Gold Nanoparticle Synthesis

Gold nanoparticles were synthesized following a previously reported synthesis.®” In a 20 mL
glass vial containing a stir bar while stirring at 1125 rpm, 4.29 mL of water was combined

with 188 uL of 10 mM PEGSH (MW 1 kDa, MW 2 kDa, and MW 5 kDa). While stirring,



450 pl of 20mM NaBH, was added and solution color changed from light yellow to dark
brown. The capped vials were aged on the benchtop for 1 h prior to purification.

Particles were separated from excess PEGSH and citrate ligand, metal, and salts using
molecular weight cutoff centrifugal filters. Approximately 4.5 mL of each NP solution were
transferred to Amicon®) Ultra — 4 Ultracel@®) 10 kDa molecular weight cutoff centrifugal
filters (Merck Millipore Ltd.) and were spun using an Eppendorf 5804R centrifuge with
a swing bucket rotor (A-44-4, Eppendorf, Inc.) with a force of 4000 rcf for 10 min. The
resulting concentrated particles (typically 50-100 uL in water) were diluted in the tube to
a volume of 4 mL with water. The loose pellet was resuspended by gentle mixing using a

pipette prior to re-centrifugation. This washing procedure was repeated 5 times.

Nanoparticle Core Size and Hydrodynamic Diameter Characterization

A dilute solution of nanoparticles was made by adding 10 uL of particles (at as-synthesized
concentration, post ligand exchange) to 100 pL water. A 7 uL aliquot was dropcast onto
a carbon type A 200 mesh copper grid. The sample was allowed to air dry for at least
5 hours and then dried under vacuum overnight. TEM characterization of the particle
core sizes was performed on a Hitachi 9500 ETEM with a Gatan Orius camera (Petersen
Institute of Nanoscience and Engineering, Pittsburgh, PA). Nanoparticle hydrodynamic radii
were determined via dynamic light scatting (DLS) on a Mavern Zetasizer operating at a

wavelength of 633 nm and a scattering angle of 90°.

Gel Synthesis and Characterization
Polyacrylamide Gel Synthesis

Aqueous solutions of acrylamide and bisacrylamide were prepared at the concentrations
listed in Table 2. To each aqueous solution, ammonium persulfate (10 pL at 10 w/v% per
ml of solution) and TEMED (1 uL per mL of solution) were added and mixed thoroughly into

solution to initiate crosslinking. Samples were immediately transferred to disposable NMR
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tubes and capped. Samples gelled within one hour of initiator addition and were allowed
to equilibrate for 12 hours before NPs were deposited on top. Gel samples will be referred
to based on their mesh size determined using small-amplitude oscillatory shear rheology, as

described below and summarized in Table 2.

Gel Characterization

Rheometry was performed on an Anton Paar MCR 302 rheometer using a 40 mm sand-
blasted parallel plate geometry. Frequency sweeps were conducted at 0.5% strain from
100 rad/s to 0.1 rad/sec and an amplitude sweep was conducted from 0.01% to 100% shear
strain at 10 rad/s, to assess the linear viscoelastic regime. Gels for rheology experiments
were cast in a mold with a thickness of 1.5 mm. The gap height in all rheology experiments

was set to 1.2 mm.

Diffusion Characterization and Analysis
Diffusion Experiment Setup

Within 24 hours of gel synthesis, NPs were deposited on top of the gels. Disposable NMR
tubes were filled with approximately 7 cm of the gel and approximately 2 cm of concentrated
NP solutions (note: if NP solution is not sufficiently concentrated, deswelling of the gel can
occur). In a given batch, 12 NMR tubes with the same gel solution were prepared. Two
replicates of each of the six NP core and ligand combinations were analyzed. Each batch of
a single gel type was repeated 3 times for a total of 6 replicates of each NP core, ligand and

gel combination.

Upon sample preparation, all 12 NMR tubes were placed in a homemade NMR tube
holder. The samples and holder were placed in front of a light pad in an optics bay with no
other light exposure. A CMOS camera and a home built Labview code were used to take

one image of the samples every hour for 70 hours resulting in 70 total timestamped images.



Diffusion Experiment Data Processing

Diffusion images were processed using a home built Matlab code to which images and their
time stamps were uploaded. The first image was displayed and the linescan location was
selected. The starting position of the linescan was at least 1.5 cm above the interface (in the
NP solution) and the end position was selected to be at least 1.5 cm below the interface (in
the gel), as shown by the orange line in Figure 2a. Linescans at the same position for each
image were extracted by interpolation and converted from intensity to absorbance, as shown
in Figure 2b. All linescans were fit to two single sided error functions below, as defined by

Herriarachi:®®

T—x0
erfc (2m> , T < T

F(z,t) = (1)

erfc (%) ;T > X
where F is the intensity as a function of time, D; is the NP diffusion coefficient within the
NP solution, D, is the diffusion coefficient within the gel, t is time, z is the distance from
the interface of the gel and NP solution, and x is the initial interface position. The linescan
from the first image was used to determine the initial position of the interface between the
NPs and gel, and zy was held constant in all subsequent fits. All following linescans were fit
to Equation 1 (Fig. 2¢), to give the effective diffusion coefficient (D) of the nanoparticles in
the gel for each image (Fig. 2d). The diffusion coefficients from 20 hours to 70 hours were

finally averaged to give the sample’s average diffusion coefficient.

Results

Nanoparticle Size Characterization

We began by investigating the impact of varying the NP ligand shell thickness on NP
diffusion through a polyacrylamide hydrogel. First, the core size of the NPs was measured

via transmission electron microscopy (TEM) (see Supporting Information). As shown in



Table 1: Nanoparticle core size and hydrodynamic diameter characterization data

AuNP Hydrodynamic Stokes- Core  Di- | Ligand Ligand Core:Ligand?
Diameter Einstein ameter Shell Contour
(nm)® Diffusion  (nm)? Thickness  Length
Co- (nm)© (nm)
efficient
(2 sec)’
2 nm 1 kDa 7.6 63.9 1.8+ 0.4 2.9 8.0 0.31
2 nm 2 kDa 11.3 43.0 1.8 £0.3 4.8 15.8 0.19
2 nm 5 kDa 16.8 28.9 1.7 £ 0.3 7.6 39.9 0.11
5nm 1 kDa 11.9 40.8 4.7 + 0.6 3.6 8.0 0.65
5 nm 2 kDa 14.5 33.5 5.0+ 0.6 4.8 15.8 0.53
5 nm 5 kDa 20.6 23.6 4.7+ 0.5 8.0 39.9 0.30

¢ Determined via DLS of samples; * Determined via TEM of samples (TEM micrographs
are shown in Figure S2); ® Calculated by subtracting core size from hydrodynamic
diameter and dividing by 2; ¢ Calculated by dividing core size by two times the ligand shell
thickness.
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Figure 1: (a) Normalized DLS traces of the 2 nm core particle with 1 kDa PEGSH, 2 kDa
PEGSH, and (b) 5 kDa PEGSH and 5 nm core particle with 1 kDa PEGSH, 2 kDa PEGSH,
and 5 kDa PEGSH. Stars indicate peaks of detritus from molecular weight cutoft filters used
to purify the samples. A DLS trace of filtered water demonstrating the detritus that comes
off the filter is show in Figure S1.
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Table 1, the diameter of the cores of the particles was held constant at either approximately
2 nm or approximately 5 nm. To vary the thickness of the ligand shell, each of the two particle
core sizes were functionalized with a 1 kDa PEGSH, 2 kDa PEGSH, or 5 kDa PEGSH
ligand. This resulted in a suite of 6 NP types: three with a core diameter of 2 nm (each one
functionalized with either 1, 2, or 5 kDa PEGSH), and three with a core diameter of 5 nm
(each one also functionalized with either 1, 2, or 5 kDa PEGSH). DLS was used to confirm the
hydrodynamic diameter of each sample as shown in Figure 1. The hydrodynamic diameter
of the particles systematically increased with both increasing core size and increasing MW
of the ligand, resulting in particles with a hydrodynamic diameter from 7.6 nm (2 nm core
with a 1 kDa PEGSH) to 20.6 nm (5 nm core with 5 kDa PEGSH). The thickness of the
ligand shell in relation to the size of the core, here denoted core:ligand, varied between 0.11
(2 nm core with 5 kDa PEGSH) and 0.65 (5 nm core with 1 kDa PEGSH). The ligand
shell thickness was compared to the ligand contour length, which is the theoretical length
of the PEGSH chain if it were fully extended (calculated by adding the length of the PEG
backbone, estimated as 0.35 nm®?). The measured thickness of the 1 kDa, 2 kDa, and 5 kDa
ligand shells was less than the contour length of the ligand, indicating that these ligands
were partially collapsed. These data demonstrate that we were able to vary the NP ligand

shell thickness while keeping the NP core size constant.

Gel Size Characterization

Table 2: Synthesized gel concentrations and estimates of mesh size and correlation length.

Acrylamide Bis-acrylamide Zero Frequency Gel Mesh Size via
Concentration Concentration Storage Modulus Elastic Blob Theory
(w/v%) (w/v%) Gl (Pa) (nm)
3 0.0300 89.9 35.7
3 0.0225 65.4 39.6
3 0.0150 30.4 51.1
3 0.0113 19.2 59.7
¢ Frequency sweeps of gels and linear fits of data to determine (G/(O)) can be found in SI

Figure S3 and S4, respectively.
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In addition to the properties of the NP, the crosslinking density of the gel was also varied

Four gels with varying amounts of the bisacrylamide crosslinker were synthesized. A
0.03 w/v% bisacrylamide gel was selected as the gel with the highest crosslinking density
because it was the limit at which all NPs had detectable diffusion coefficients in our setup.
The 0.0113 w/v% bisacrylamide gel was selected as the gel with the lowest crosslinking
density because this was the lowest concentration at which samples reliably gelled. The
zero-shear moduli of the gels were measured by small-amplitude oscillatory shear rheology,
yielding values between 19.2 and 89.9 Pa (see Supporting Information). The mesh size of each
gel was then estimated using elastic blob theory, which is appropriate for swollen networks.®®
This model assumes that the polymers are well-described as elastically effective chains, and

that the gel mesh size is equal to the size of the elastic blob (£) given by

£=p,'" 2)

where pe; is equal to the number density of elastic blobs and is calculated from the zero

frequency shear modulus (G)) via
Gl(o) = paksT (3)

where kp is Boltzmann’s constant and T is temperature.® As shown in Table 2 the estimates
of mesh size according to this model were on the nanometer scale for all gels, similar to the
expected contour lengths of the strands between crosslinks (see Supporting Information).
Additional models of mesh size, including the rubber elastic theory and the correlation

length were evaluated as described in the Supporting Information.

Nanoparticle Diffusion in Gels

Following synthesis and characterization of the NPs and hydrogels, diffusion experiments

were carried out, as described above. Briefly, NPs were deposited on top of hydrogels in
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Figure 2: Images with NPs on top of hydrogels were taken every hour for 70 hours (a).
Linescans were extracted from each image (b) and fit to Equation 1 (c¢). The diffusion
coefficient (d) was then calculated from the fit for each image.

NMR tubes and images were taken every hour over the course of the experiment as shown
in Figure 2. Example images showing frame 1 (left) and frame 70 (right) from a sample
containing 2 nm 1 kDa NPs deposited on a gel with a mesh size of 35.7 nm are shown in Figure
2a. The orange line going from the NP solution into the gel shows the approximate location
at which the linescans were extracted for each frame. Figure 2b shows the absorbance as
a function of position for every 10*" image. Each linescan went from high absorbance in
the nanoparticle solution (pixels 0-100), to low absorbance in the gel (pixels 120-250). As
time progressed the linescan between pixels 100 and 120 transitioned from a sharp drop-off
to an increasingly gradual decay as the NPs diffused into the gel. Figure 2c illustrates a
fit of a typical linescan to the error function shown in Equation 1. The resulting diffusion
coefficients are plotted as a function of time in Figure 2d. As seen in this figure, the diffusion

coefficient is essentially constant with little variation over time.
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Figure 3: Diffusion coefficient as a function of gel mesh size for (a) 2 nm core particle and
(b) 5 nm core particles.

Using this approach, the diffusion coefficients of each of the six NP types were measured in
each of the four gels. A total of six replicates were averaged for each NP and gel combination.
As shown in Figure 3, for all particles, the diffusion coefficient slowed as a function of
increasing crosslinking density (corresponding to decreasing gel mesh size). Figure 3a shows
the diffusion coefficients for all of the 2 nm core particles while Figure 3b shows the diffusion
coefficients for the 5 nm core particles, with the color and shape of the marker indicating
the MW of the ligand shell. For all of the NP types, the diffusion coefficient increases with
increasing gel mesh size. Additionally, for each gel mesh size, the diffusion coefficients of
the particles decrease with increasing MW of the capping ligand. The decrease in diffusion
coefficient with decreasing mesh size demonstrates that the NPs experience confinement in
the gels and that the properties of the gel affect the diffusion of the NPs. Also, the decrease
in diffusion coefficient with increasing thickness of the ligand shell is consistent with the
increase in NP hydrodynamic diameter and demonstrates that the molecular weight of the

ligand shell is affecting diffusion.

To understand the properties of the particle dictating diffusion, the diffusion coefficients
were plotted as a function of the particle hydrodynamic diameter, as shown in Figure 4.
For each of the samples, the diffusion coefficient decreases with increasing hydrodynamic
diameter, regardless of the core size of the particle. The relationship between the diffusion

coefficient and the hydrodynamic diameter follows the same trend as predicted by Stokes-
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Figure 4: Diffusion coefficient in relation to hydrodynamic diameter of each gel type. Gels
are denoted as their mesh size. The blue line represents the Stokes-Einstein relation for
particles diffusing in water. The black vertical line indicates the gel mesh size.

Einstein, but is offset from the plotted Stokes-Einstein line, likely due to the increased
effective viscosity of the gel relative to water. This figure indicates that diffusion is dependent

on NP hydrodynamic diameter and not NP core size.

To further investigate the relationship between NP size and diffusion, the diffusion coef-
ficient was plotted as a function of the core:ligand ratio for each gel mesh size, as shown in
Figure 5. As reported in Table 1 the core:ligand ratio varies between 0.11 and 0.65, with
the 2 nm core NPs generally having a smaller core:ligand ratio than the 5 nm core NPs,
with the exception of the 2 nm 1 kDa NP and the 5 nm 5 kDa NPs which have roughly
the same core:ligand ratio. Looking just at the 2 nm core particles, as the MW of the
PEGSH ligand shell (and the hydrodynamic diameter) increases the core:ligand ratio and
the diffusion coefficient of the particles decreases. This trend is also present for the 5 nm
core particles but with larger core:ligand ratios. Comparison of particles with similar sizes

but different core:ligand ratios, however, indicates that the core:ligand ratio is not a good
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Figure 5: Diffusion coefficient as a function of core:ligand ratio for each gel type. Hydrody-
namic diameter is shown by the relative size of the markers. Gels are denoted as their mesh
size.

predictor of diffusion in these systems. This is illustrated clearly by the 2 nm 2 kDa NPs
(black square) and the 5 nm 1 kDa NPs (red circle) highlighted by the blue box in Figure
5. These particles have different core:ligand ratios but similar hydrodynamic diameters, at
11.3 nm and 11.9 nm, respectively. The diffusion coefficient for these particles in all gel types
is roughly the same, indicating that the hydrodynamic diameter is dictating diffusion, not

the core:ligand ratio.

After establishing that hydrodynamic diameter is the most relevant parameter for predict-
ing diffusion in our system, we investigated how the relationship between particle size and gel
mesh size affects diffusion by calculating the confinement ratio (particle diameter/gel mesh
size) for each sample. The diffusion coefficients are plotted as a function of the confinement
ratio calculated using the gel mesh size from the elastic blob theory in Figure 6. As seen
in this figure, the diffusion coefficients decrease with increasing confinement ratio. The data

from all four gels collapses onto a single curve when gel mesh is estimated via the elastic
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Figure 6: Diffusion coefficient as a function of confinement ratio (Hydrodynamic Diame-
ter/Mesh Size), using mesh size calculated from elastic blob theory.

blob theory. By contrast, when the confinement ratio is calculated using gel mesh size based
on contour length, correlation length, or mesh size calculated using rubber elastic theory
(see Supporting Information), the data from the different gels do not collapse onto a single

curve, indicating these models do not accurately reflect the features of the gel nanostructure

relevant to NP diffusion.

Figure 7: The diffusion coefficient for particles in each gel scales with hydrodynamic diameter
(dgr) with scaling laws between dj;* (blue line) and d* (black line), as described in the

Supporting Information.
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Finally, to connect this experimental data to the theoretical work that has been done on
these systems, we investigated the scaling between diffusion coefficient and hydrodynamic
diameter. As the hydrodynamic diameter for all particles is smaller than the mesh size,
we expect the diffusion to be inversely proportional to the minus third power of particle
diameter.?* As shown in Figure 7, the diffusion coefficients in the gels with the smallest
mesh size (35.7 nm) do roughly scale as dy*, while the diffusion coefficients in the gels with
larger mesh sizes (59.7 nm, 51.1 nm, and 39.6 nm) exhibit somewhat weaker scaling, with

D ~ dy?. Exact scaling coefficients can be found in Table S2 (Supporting Information).

Discussion

In this work, we investigated the properties of both NPs and gels that dictate diffusion of
NPs in hydrogel nanocomposites. We first hypothesized that the NP core size in relation to
the gel mesh size would be the most appropriate predictor of diffusion. This hypothesis was
based on the notion that the polymeric ligand shell is expected to be relatively compressible in
relation to the inorganic NP core.*>*” Furthermore, previous publications have demonstrated

that soft materials diffuse faster under confinement than hard materials. 3435

In this system,
however, the nanoparticle diffusion was found to be dependent primarily on the overall
hydrodynamic diameter of the particles, not the size of the core or the ratio between the

core diameter and ligand shell thickness.

Two features of our experimental data demonstrate this point. If our initial hypothesis
held, one would expect to see a separation between the diffusion coefficients of the small
core NPs (Fig. 4, black symbols) and the large core NPs (Fig. 4, red symbols). However,
in all gels, the diffusion coefficients for particles with the same hydrodynamic diameters
were similar regardless of their core size, following the trend predicted by Stokes-Einstein
(Figure 4). The key role of hydrodynamic diameter, rather than core:ligand ratio, is further

supported when we compare the core:ligand ratio, the diffusion coefficient, and the hydro-
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dynamic diameter. Following our initial hypothesis, particles with lower core:ligand ratios
should diffuse faster because they are more compressible. As seen in Figure 5, however, this
was not the case. The 2 nm 2 kDa NPs and the 5 nm 1 kDa NPs have roughly the same
hydrodynamic diameters with different core sizes and thus different core:ligand ratios, but
have similar diffusion coefficients. This result indicates that diffusion is determined primar-
ily by the hydrodynamic diameter, not by the core:ligand ratio. The insensitivity of the
diffusion coefficient to the core:ligand ratio may indicate that the ligand shell in this system
is effectively very rigid. However, testing this hypothesis will require directly varying the

compressibility of the ligand shell, which is beyond the scope of the present work.

Another possible reason for the insensitivity to core:ligand ratio is that the ligand shell
compressibility may not be relevant in this size regime. To test this hypothesis, we evaluated
the scaling between the hydrodynamic diameter of the NPs and the diffusion coefficient
for all gel types. As shown in Figure 7, the diffusion coefficient scales as approximately
D ~ dy? for the most tightly-crosslinked gel, as expected when the NP size is smaller

4 and exhibits only slightly weaker scaling for the more loosely-

than the gel mesh size,?
crosslinked gels. This observation is in agreement with the relative sizes of our particles
(8 nm - 21 nm) in relationship to the gel mesh size (36 nm - 60 nm). In this particular
size regime, compressibility of the ligand shell may not significantly influence diffusion since
the particles are not confined by the network cage. However, in larger size regimes such as

those in which NPs undergo hopping diffusion between entanglement cages or network cages,

ligand shell rigidity may be more relevant as the NP is more confined by the network.

Diffusion in hydrogel nanocomposites is not only dependent on the size of the NP but
also the gel mesh size. Though mesh size is defined as the distance between crosslinks,
determining this number in a randomly crosslinked gel is not straightforward in practice
because of the random gelation process, which results in regions of very high crosslinking

density and other regions of very low crosslinking density within the same sample. We found
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that the relationship between the particle size and the mesh size of the gels estimated from
elastic blob theory accurately predicted the confinement (and diffusion) of the nanoparticles
across all particles and gel sizes. The elastic blob model approximates the mesh size based
on the size of the elastically effective chains, which is determined by the measured zero
frequency shear modulus of the material. This model is useful for gels that are swollen as
it assumes that the chains are extended and not freely rotating. The dependence of the
diffusion coefficient on the confinement ratio, with the mesh size calculated from the elastic
blob model, is shown in Figure 6. As seen in this figure, the data roughly collapses onto a
single curve, indicating that the elastic blob model provides a reasonable description of what

the diffusing NP feels.

While we found that the confinement of the NPs by the gel was well described by the mesh
size from the elastic blob model, we also assessed three other models for mesh size that have
been used in other studies.®®% First, we evaluated the correlation length of the material,
which is the theoretical distance between chains based on the volume fraction of polymer in
the sample. As shown in Figure S6, when this model was used to calculate confinement ratio,
the data did not collapse onto a single curve indicating that this estimate is not reflective
of what is “felt” by a NP diffusing through the gel. Additionally, correlation length did
not vary much between samples of different crosslinking densities, because the monomer
concentration was kept constant across all gel syntheses. The next model evaluated was the
mesh size estimated from the contour length of the chains between crosslinks. This model
does not provide a realistic estimate of the mesh size because the assumption is made that
the gel is fully homogeneous with equal crosslinking density throughout the material, which
is not an accurate depiction of the randomly crosslinked gels in this study. The final model
evaluated was the mesh size based on the rubber elastic theory. The mesh sizes predicted by
this model were on the micrometer scale which is inconsistent with the measured diffusion

coefficients of the NPs. This estimate is so large because this model treats the polymer
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chains between crosslinks as freely rotating, random Gaussian chains (modified by the Flory
characteristic ratio) which is not appropriate for gels that are highly swollen, because the
chains are highly extended and constrained by the covalent crosslinks.®® While these other
models may be applicable to other gels, the relationship between the gel mesh size from
the elastic blob model and the hydrodynamic diameter of the NP appeared to be the best

predictor of diffusion in our system.

This work on understanding the roles of both NP size and gel mesh size in determining the
diffusion of multi-component NPs in hydrogels lays the groundwork for developing models
to understand NP diffusion for applications involving hydrogels. Many NP-based biological
therapeutics rely on complex functionalization of the NP surface. Here, we have begun to
understand how this ligand shell contributes to diffusion. Additionally, we have examined
multiple models for estimating the nanostructure of the gel. We have found that in the
system used in this work, the elastic blob model, which is based off of measured rheological
properties of the material, is most accurate. Though this model was developed for synthetic
materials, it has the potential to be useful for characterizing other non-synthetic viscoelastic
materials, such as human mucus. Future experiments extending this study to size regimes
where the nanoparticle is under more confinement from the gel will help further elucidate

the physical factors that dictate the behavior of these systems.

Conclusions

The diffusion of PEG-functionalized NPs in polyacrylamide hydrogels was studied as a
function of NP ligand length, NP core size, NP hydrodynamic diameter, and gel mesh size.
As the gel mesh size was decreased, diffusion of the NPs also decreased, demonstrating that
the NPs were diffusing under confinement. To understand what figure of merit was most rel-
evant for predicting diffusion, NPs with different core sizes, ligand MWs, and hydrodynamic

diameters were studied. Our results indicate that, in this system, NP diffusion is dependent
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only on the hydrodynamic diameter of the particle, not the size of the core or the ligand
shell. We also examined multiple models for estimating gel mesh size, and found that the
elastic blob theory provided the most accurate estimate of the local gel environment “felt”
by the diffusing NP. Ultimately, by understanding what parameters of the gel and of the NP
dictate diffusion, we aim to inform new models for improved predictions for NP transport

and drug delivery in biologically-relevant viscoelastic environments.
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