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Abstract

The ability of nanoparticles to penetrate and transport through soft tissues is essen-
tial to delivering therapeutics to treat diseases or signaling agents for advanced imag-
ing and sensing. Nanoparticle transport in biological systems, however, is challenging
to predict and control due to the physicochemical complexity of tissues and biological
fluids. Here, we demonstrate that nanoparticles suspended in a novel class of soft
matter—polymer-linked emulsions (PLEs)—exhibit characteristics essential for mim-
icking transport in biological systems, including subdiffusive dynamics, non-Gaussian
displacement distributions, and decoupling of dynamics from material viscoelasticity.
Using multiple particle tracking, we identify the physical mechanisms underlying this
behavior, which we attribute to a coupling of nanoparticle dynamics to fluctuations
in the local network of polymer-linked droplets. Our findings demonstrate the poten-
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1 | INTRODUCTION

The transport of chemical and biological species within the body con-
trols the rate of biochemical reactions,>™ the efficacy and efficiency
of delivering drugs to specific tissues or cancerous tumors,>® and the
propensity of pathogenic bacteria to penetrate mucosal layers.”1°
Each transport process depends on a series of specific physicochemi-
cal interactions in combination with the local structure, dynamics, and
viscoelasticity of the biological environment. Due to the inherent
complexity of biological systems, however, it remains prohibitively
challenging to predict how specific materials, chemicals, and bioma-
cromolecules transport and accumulate within cells and tissues.
Nanoparticles serve as ideal probes with which to investigate bio-
logical transport because their small size mimics that of most

11,12 13-18

biochemical species, and their surface chem-

19-21

their geometry,
istry can be easily modified, and they can be readily dyed or
functionalized for facile detection.?>2* In the absence of bulk flow,
nanoparticle transport is driven by Brownian motion, in which thermal
energy is balanced by viscous dissipation. In a homogeneous
Newtonian fluid, Brownian motion is characterized by three

properties: (1) a Gaussian distribution of particle displacements, (2) a

tial of PLEs to serve as fully synthetic mimics of biological transport.

complex fluids, diffusion, microrheology, transport

mean-squared displacement that scales with time as (Ar?) = 2dDt?,
where d is the dimensionality of the system and =1 (i.e., Fickian),
and (3) a diffusivity D that follows the Stokes-Einstein (SE) expression
D =kgT/3nndy, where 5 is the solution viscosity, dy is the hydrody-
namic diameter of the nanoparticle, and kg is the Boltzmann con-
stant.2>2% Viscoelastic effects can be accounted for through the
generalized Stokes-Einstein relationship (GSER), forming the founda-

tion for microrheology?®” > 30,31

in which particle tracking experiments
identify local rheological properties. Biological systems, however, are
often heterogeneous over the nanoparticle length scale and highly
non-Newtonian. As a result, nanoparticle transport does not exhibit
these three classical properties but is instead characterized by non-
Gaussian distributions of particle displacements (DPDs), subdiffusive
motion with g<1, and faster-than-expected transport. 113237
Although many theories have been proposed to explain such behavior,
the underlying physical mechanisms remain poorly understood.
Acting as a boundary along free surfaces of the body, epithelial
tissue plays a primary role in controlling the transport and penetration
of nanoparticles into organs, such as the liver, kidneys, and spleen.
Epithelial tissue is characterized by the tight packing of cells into

single- or multilayer assemblies controlled by protein-mediated
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intercellular adhesion.®83? Structurally, epithelial tissues contain cells

r*%41 and interstitial pores ranging

on the order of 10 um in diamete
from 1 to 100nm in diameter.344?*3 The interstitial fluid contains a
wide variety of glycosaminoglycans and proteoglycans** that aid cel-
lular cohesion but also increase the viscosity of the interstitial fluid to
slow nanoscale transport. The hierarchical structure of cells and inter-
stitial voids leads to complex rheological properties. Previous work
has characterized the viscoelastic moduli both in vivo and ex vivo, find-
ing that epithelial and soft organ tissues have moduli ranging from 0.1
to 100 kPa.*>*® While stiffer materials are expected to result in
slower transport,?’ the heterogeneous structure of such tissues may
allow particle transport to decouple from matrix viscoelasticity, result-
ing in transport occurring orders of magnitude more quickly than
expected.*>° This interplay between viscoelasticity and structural
heterogeneity makes it challenging to elucidate the specific physical
mechanisms controlling nanoscale transport in these systems.

To address this challenge, researchers generate synthetic ana-
logues of biological systems in which physicochemical interactions
can be precisely controlled. Simple compartmentalization can be
achieved with emulsion droplets in which surfactants stabilize

5158 Nanoparticle transport has been

55,56

a liquid-liquid interface.

investigated in emulsions®* and colloidal suspensions, glassy

5760 and porous media,’*"*® broadly identifying a decrease in

systems,
particle dynamics with increasing volume fraction ¢ of the dispersed
phase, subdiffusivity at short length scales due to local caging, and
deviations from the GSER when the nanoparticle diameter becomes
smaller than the characteristic size of the dispersed phase. Additional
complexity to synthetic systems can be introduced by modifying the
liquid interface with polymers, lipids, and other functional

36,64-66 67-69

groups or through hierarchical compartmentalization.

Functionalized protocells can then be linked into a cohesive network

7073 or through

by forming bilayers at the droplet-droplet interface
encapsulation within a hydrogel matrix.”* Although these classes of
synthetic soft materials capture the hierarchical arrangement and indi-
vidual compartmentalization observed in cellularized tissues, they
often fail to achieve the requisite mechanical elasticity. By contrast,
polymeric systems lack compartmentalization but exhibit biomimetic
mechanical properties arising from their underlying macromolecular
structure. The transport of nanoparticles has been investigated in
polymer solutions,*®”>7? gels, 8985 and melts.*?#88 Similar to dis-
persed systems, nanoparticle transport decreases with increasing
polymer concentration and viscosity, becomes subdiffusive once the
particles are localized within the polymer mesh, and begins to violate
SE predictions when the nanoparticle size becomes smaller than the
polymer radius of gyration Rg and correlation length & between chains.
Gaining insight into biological transport, however, requires developing
a synthetic biomimetic material that captures the viscoelastic network
properties in combination with a distinct compartmentalized struc-
ture. By investigating nanoparticle transport in such a material, we can
begin to understand the independent contributions from confinement
in interstitial spaces and viscoelasticity.

QOur previous work generated such a material by linking surfactant-

stabilized emulsion droplets into a cohesive elastic network using high

molecular weight telechelic triblock copolymers.2>?° By changing the
polymer molecular weight M,, and concentration, we create materials
with elastic moduli ranging from 10 to 1000 Pa, comparable to that of
soft tissues, and with interdroplet separations of approximately 30-
40nm® to mimic interstitial structures. In this article, we investigate
nanoparticle transport in this novel biomimetic tissue analogue using
optical microscopy and multiple particle tracking. Nanoparticle dynamics
exhibit the essential properties observed for biological transport, includ-
ing subdiffusion, decoupling of particle transport from local viscoelastic-
ity, and non-Gaussian distributions of displacements. We characterize
these properties using a combination of ensemble-averaged parameters
and individual particle trajectories to demonstrate that nanoparticles
transport by coupling to local fluctuations in cages of polymer-linked
droplets. Our findings demonstrate the capability of PLEs to serve as
effective biomimetic materials with which to investigate the mechanisms

underlying transport within complex biological systems and soft tissues.

2 | MATERIALS AND METHODS

21 | Materials

Cyclohexane (2 99% purity), Tween 20, and Span 20 were purchased
from Sigma Aldrich. Polystyrene-b-poly(ethylene oxide)-b-polystyrene
(SEOS) of two different molecular weights were purchased from
PolymerSource and were used without further modification. In this
article, SEOS polymer nomenclature and polymer molecular weights
are described according to SEOS-X/Y, where X and Y denote the
number-average molecular weight M, in kDa of the poly(ethylene
oxide) (PEO) midblock and polystyrene (PS) endblocks, respectively.
Fluorescent red and green poly(methyl methacrylate) (PMMA) nano-
particles ranging in diameter from 100 nm to 1 um and stabilized with
a carboxylate surface functionality were purchased from PolyAn and
Lab261. Nominal sizes are provided by the suppliers, and measured
sizes determined from particle tracking measurements in dilute (i.e.,

¢ <0.01) emulsions are detailed in the Appendix S1.

2.2 | Emulsion preparation

Preparation of the polymer-linked nanoemulsions follows the procedure
detailed in previous work.87° Briefly, cyclohexane-in-water emulsions
stabilized by a mixture of nonionic surfactants were prepared under soni-
cation at a dispersed volume fraction of ¢ =0.5. The resulting emulsions
contain a polydisperse distribution of cyclohexane droplets with an aver-
age hydrodynamic diameter of approximately 400 nm, as determined
through dynamic light scattering. SEOS polymer was then added to the
emulsions at a nominal concentration of 27 g/L (i.e, 3 wt%) and gently
stirred at 50 °C until the polymer was fully dissolved. Nanoparticles were
added to emulsions at volume fractions ranging from ¢ = 107% to 107°
depending on size. The nanoparticles dispersed only in the continuous
phase with no observable attachment to the droplet interface as con-

firmed by tracking measurements in the neat emulsion. For emulsions
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containing SEOS, PMMA nanoparticles were added to the suspension
either before (pre) or after (post) the polymer is dissolved. Emulsions
remained stable for upwards of 2 weeks, and all emulsion characteri-

zation was conducted within a week of preparation.

2.3 | Rheology

Rheological characterizations of these emulsions were conducted on a
TA Instruments HR-20 rheometer using either a 2° cone-and-plate
geometry with a diameter of 20 mm or a concentric cylinder with a
cup diameter of 30 mm and bob diameter of 28 mm. A solvent trap
covered the sample for each geometry, and for the cone-and-plate
geometry, the solvent trap was sealed with mineral oil and cyclohex-
ane was added to the interior to minimize sample evaporation. The
frequency range used to characterize the emulsions was chosen to

ensure sufficient torque and to minimize inertial effects.

24 | Optical microscopy

Optical microscopy was conducted on a Leica DMi8 Inverted Microscope
equipped with a Prime 95B Scientific CMOS (sCMOS) camera. Emulsions
were imaged in sealed chambers prepared from glass slides and sealed
with epoxy. Emulsions were imaged on a 40x air-immersion objective,
which has a numerical aperture (NA) of 0.8, or on oil-immersion objec-
tives of 63x (NA = 1.32) or 100x (NA = 1.4) using green and red fil-
ter cubes, depending on the color of the nanoparticle present. Videos
were taken at frame rates ranging from 1 to 50 Hz, depending on par-
ticle dynamics. A minimum of five videos were taken of each sample
at random positions to ensure appropriate statistics and sampling and
to prevent photobleaching. A schematic of the emulsion structure
containing fluorescent nanoparticles is shown in Figure 1. Note that
this schematic shows a simplified system, only depicting the chains in

bridging conformations and omitting those in looping conformations.

2.5 | Particle tracking

Microscope videos were processed using an in-house MATLAB code
that implements a centroid-based tracking algorithm® to generate
particle trajectories. From these trajectories, we calculate the one-

dimensional, ensemble-averaged mean-squared displacement (MSD)

(ME(AL) =3 (a(t + At) — xi(t))?

1

7<£:x,<(t+ At)fx,'(t)>2,

where the second sum corrects for bulk flow. One-dimensional MSDs
are used in place of two-dimensional calculations for simplicity, and
we verify that the dynamics are equal in the x and y directions
(Appendix S1). MSDs are computed by combining the trajectories
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FIGURE 1 Schematic illustrating the structure of the polymer-
linked emulsions, with emulsion droplets in yellow and bridging
triblock copolymers in blue. Identified particle trajectories show large
particles (red) exhibiting confined behavior and small particles (green)
transporting through the interstitial spaces. Not drawn to scale.

from each video, and the error is estimated by taking the standard
deviations (SDs) of MSDs calculated for individual videos. By identify-
ing the particle centroids, the tracking algorithm achieves sub-pixel
resolution of approximately £~ 50 nm with a 100x objective, ¢ ~ 80
nm with a 63x objective, and £~ 125 nm with a 40x objective. The

calculated MSD is then fit to a power-law

(AX%(At)) = 2DAt, 2)
where f characterizes the nature of nanoparticle transport with g=1
corresponding to Fickian diffusion with a diffusivity D and <1 signi-

fying subdiffusion. In addition to MSDs, we calculate DPDs through a

one-dimensional self van Hove distribution”*
N
Gs(Ax,At) =N"1(> " 50(t) —xi(t+ At) — Ax), 3)
7

where § is the Dirac delta and N is the total number of particles. For

diffusive particles undergoing Gaussian displacements,

1 Ax?
Glaxal = aean P <_2(Ax2(At))2> @

For non-Gaussian processes, the DPD is characterized by a non-
Gaussian parameter

-1 (5)

which quantifies the deviation of the DPD from a Gaussian distribu-

tion. For non-directed Brownian motion in a Newtonian fluid, a« should
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be 0, indicating a normal distribution of particle displacements. Higher

values of a (i.e., @ > 0) indicate deviations from Gaussian behavior.

3 | RESULTS AND DISCUSSION

3.1 | Emulsion characterization

The structure and rheological properties of polymer-linked emulsions
(PLEs) are governed by the concentration and M,, of the telechelic tri-
block copolymers.8?° Here, we use two different polymers—SEOS-
180/32, which has high-M,, mid- and endblocks, and SEOQS-27/11.5,
which has low-M,, blocks—to generate emulsions with comparable
rheology but different structures. The rheological properties of these
PLEs and a neat emulsion are shown in Figure 2. The neat emulsion at
¢ =0.5 exhibits the expected properties for a viscoelastic fluid in
which the viscous modulus G" increases with frequency @ and is
larger than the elastic modulus G'. By contrast, both PLEs exhibit sig-
nificantly enhanced elasticity relative to the neat emulsion with G' >
G" and a weaker dependence on w. This elasticity originates from the
network of droplets linked by bridging polymers. Because the high-
M,, midblocks experience less of an entropic penalty when forming a
bridge,”? the SEOS-180/32 sample contains a significantly higher frac-
tion of total polymer chains in the bridging state. By contrast, the low-
M,, SEOS-27/11.5 polymer has fewer relative bridges but many more
total chains in the material due to the lower M,,. The decreased bridg-
ing fraction is offset by the increased number of total chains, resulting in
a cohesive network with comparable viscoelastic moduli and relaxation
spectra. Despite this rheological similarity, confocal microscopy demon-
strates that the PLEs possess different structures when prepared using
the different polymeric linkers.”® SEOS-180/32 creates a percolated net-
work with homogeneous bridging density, whereas the SEOS-27/11.5
sample possesses a heterogeneous network in which bridges are con-
centrated within clusters of droplets, and the clusters are weakly bound
together by a small number of bridges. Thus, these emulsions provide a
controlled system in which we can evaluate changes to nanoparticle
transport arising from emulsion structure and viscoelasticity separately.

3.2 | Nanoparticle transport

We begin by evaluating nanoparticle transport in neat emulsions with
¢=0.5 for nanoparticles with varying hydrodynamic diameters
(Figure 3). In the absence of polymers, the emulsion behaves like a vis-
coelastic shear-thinning fluid. As a result, the nanoparticles exhibit dif-
fusive transport in which their MSD increases linearly with time. We
fit the MSDs to Equation (2) with =1 to extract D as a function of
particle size (inset to Figure 3). We observe that Dwdgi, in good
agreement with the predicted SE behavior. The DPDs are Gaussian
for all particle sizes, confirming Fickian diffusion (Appendix S1). Based
on these results, we find that nanoparticles transport through the neat
emulsion as expected with a diffusivity that is coupled to the emulsion

viscosity.
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FIGURE 2 Storage modulus G' (closed) and loss modulus G"
(open) as a function of oscillation frequency w for a neat emulsion and
for emulsions containing 27 g/L of SEOS-180/32 or SEOS-27/11.5.
Shaded regions represent the standard deviation measured across
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In the PLEs, however, nanoparticle transport becomes signifi-
cantly more complex (Figure 4). Whereas nanoparticles moved diffu-
sively in the neat emulsion, they move subdiffusively in PLEs on short

time scales with g <1 for all particle diameters and polymer molecular
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dashed lines show scaling for g =1 and 0.5, respectively. Error bands indicate one SD between videos for a given sample. (A) SEOS-180/32 Pre;

(B) SEOS-180/32 Post; (C) SEOS-27/11.5 Pre; (D) SEOS-27/11.5 Post.

weights. Additionally, we observe multiple broad trends in the
ensemble-averaged MSDs. First, smaller nanoparticles tend to be
more dynamic than larger nanoparticles, although experimental vari-
ability leads to some deviations between samples. For example, in the
SEOS-180/32 samples, the 125 nm particles transport over an order
of magnitude faster than the 1 um particles. This enhanced transport
of small nanoparticles can be partly explained through the explicit size
dependence of the SE expression but may also reflect additional con-
tributions from the coupling of nanoparticle dynamics to local fluctua-

507779 or the emulsion.””¢° Second,

tions of either the polymer
particle dynamics can depend on whether the particles are added
before or after the polymer. For the high-M,, SEOS-180/32 emul-
sions, there is no statistically significant difference between the
dynamics of pre- or post-addition particles. In emulsions containing
the low-M,, SEOS-27/11.5, however, small nanoparticles transport
orders of magnitude faster when added after the polymer while the
dynamics of larger particles remain largely unchanged. Because the
moduli of these emulsions are comparable, this difference in nanopar-
ticle transport must originate from the structural or mechanical het-
erogeneities of the polymer-mediated droplet network. We
hypothesize that when small nanoparticles are added prior to the
polymer, they are uniformly distributed throughout the material and

subsequently trapped as the polymer forms bridges between droplets

to form a local cage. When added after the polymer, however, the
nanoparticles preferentially penetrate and localize within regions of
reduced polymer concentration, resulting in more rapid transport.
Large particles are less sensitive to this structural heterogeneity
because the emulsion structure averages over the nanoparticle sur-
face. Because the SEOS-27/11.5 polymer generates tightly bound
clusters of droplets, there is a larger difference between the dynamics
of particles added before and after the polymer than in the SEOS-
180/32 samples, which possess a more homogeneous network
structure.

To discuss these trends more quantitatively, we compare the
magnitudes of particle MSDs at At=10 s (Figure 5). We choose this
metric as a proxy for the rate of nanoparticle transport for two rea-
sons. First, the MSDs are subdiffusive, meaning that the diffusivity D
is poorly defined. Second, this timescale is sufficiently long to resolve
particle motion above the resolution of the tracking algorithm while
simultaneously retaining sufficient statistics. In general, the MSD
values decrease with increasing particle size, but the scaling of this
change disagrees with predictions from GSER. The GSER predicts that
particles moving in a viscoelastic medium should exhibit a dgi scal-
ing.2’ We observe a more rapid decrease in transport with increasing
particle size, instead approaching a power-law scaling of —2. This dis-

crepancy between predicted and observed behavior indicates that
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FIGURE 5 Mean-squared displacement (MSD) of nanoparticles at
At =10 s as a function of nanoparticle size in polymer-linked
emulsions (PLEs) containing (A) SEOS-180/32 and (B) SEOS-27/11.5
and for particles added pre- (closed) and post-polymer addition
(open). Dashed lines correspond to a dgz scaling, and dash-dot lines
correspond to dgi scaling. Error bars indicate one SD between videos.

small nanoparticles transport more rapidly through PLEs than
expected based on local viscoelasticity, in agreement with earlier

5777 and bio-

studies on nanoparticles in heterogeneous soft materials
logical materials.>* Additionally, within experimental error, there is no
significant difference between the MSD values for nanoparticles
added prior to or after the addition of SEOS-180/32, suggesting
that nanoparticles are able to fully sample and penetrate the
SEOS-180/32 PLE network. By contrast, the dynamics of particles
suspended in the SEOS-27/11.5 PLE depend strongly on whether
the nanoparticles are added before or after the polymer. The nano-
particles added prior to SEQS-27/11.5 all show
(Ax?(At=105))~0.002 - 0.02 um? with a weak size dependence.
These MSD values are comparable to the resolution £2 ~0.0025 um?
of our tracking algorithm, suggesting that particles in this system are
irreversibly trapped within the dense clusters of droplets. When
added after the SEOS-27/11.5 polymer, smaller particles transport more
rapidly than larger particles, consistent with the dynamics in the SEOS-
180/32 PLEs, and with a stronger size-dependence than the SE predic-
tion. Overall, these ensemble-averaged MSDs demonstrate that nanopar-
ticle transport decouples from bulk rheology in PLEs, violating the GSER,
and instead depends on the specific structure and properties of the

emulsion.

Particle size (nm)

FIGURE 6 Subdiffusive exponent f as a function of nanoparticle
size in polymer-linked emulsions (PLEs) containing (A) SEOS-180/32
and (B) SEOQS-27/11.5 for particles added pre- (closed) and post-
polymer addition (open). Dashed lines indicate the predicted f=0.5
for particles fully coupled to the Rouse relaxations of polymers. Error
bars indicate 95% confidence intervals on the fitting parameters.

3.3 | Transport mechanisms

Although these ensemble-averaged MSDs provide insight into the
complexity of nanoparticle transport in PLEs, they do not identify
the underlying physical mechanisms controlling this behavior. To
begin to understand these mechanisms, we investigate the degree of
subdiffusion by fitting the MSD to Equation (2) (Figure 6). We fit over
regions exhibiting prolonged power-law behaviors, corresponding to
shorter timescales for small, mobile particles (i.e., timescales ranging
from ~1 to 30 s) but longer timescales for larger, slower particles (i.e.,
timescales ranging from ~50 to 300 s). We observe surprising trends
of the subdiffusive exponent g with particle size in both the high-M,,
and low-M,, emulsions and as a function of pre- or postaddition. For
both polymers, g values are low, ranging from g~ 0.5-0.7 when the
nanoparticles are smaller than the emulsion droplets (i.e., <400 nm).
These p values are consistent with earlier studies on nanoparticles
suspended in unentangled polymer solutions’” or chemically bound to
polymer networks”® in which the nanoparticles couple to the Rouse
relaxations of the surrounding polymers.”* In these PLE systems, we
expect that this coupling mode arises as particles are locally caged

within polymer-linked clusters. This idea is further supported by the

25U50 7 SUOLLWOD BA1IEBID [0 dde B} Aq PoLRACS a2 SaILe YO 88N J0'S3INI 0 ARG I BUIIUO 3|1 UO (SUO1IPUOD-PUE-SWB) L0 B |1 ARe.q1[BUIUO//-STY) SUONIPUOD PUE WL | a1 95 *[E20Z/2ZT/6T] U0 AreIqITaUIIUO AB1IA ‘A1 PURIS| POLR JO A1SIBAIN AQ Z0EST D1R/Z00T OT/10pLI0DAa 1M AT IGIPUI[UO'BD /STy WO} PopeO|UMOQ ‘0 'GOBSLYST



KEANE €T AL AI?BIEIRNALJLHZ
L R S R S R — L B S R S R —
. (A) 125 nm (B)
10 275 nm
C & €425 nm 1
»1pum

A\

=102
:
100
O]

P |

PRt |

AX/{AX®Y 112

3

3

C® pps, | by %oo?

20 -10 0 10 20
AXICAX?) 112

FIGURE 7 Distributions of particle displacements (DPDs) as a function of normalized distance Ax/((sz))l/2 at At =10s for nanoparticles of
varying sizes suspended in polymer-linked emulsions (PLEs) containing (A, B) SEOS-180/32 and (C, D) SEOS-27/11.5. Nanoparticles are added (A,
C) prior to or (B,D) after polymer. The dashed red curves represent Gaussian predictions. (A) SEOS-180/32 Pre; (B) SEOS-180/32 Post; (C) SEOS-

27/11.5 Pre; (D) SEOS-27/11.5 Post.

smaller g values observed for preaddition nanoparticles than for post-
addition particles. In the preaddition samples, nanoparticles are more
equally distributed throughout the sample and are thereby more likely
to reside within these polymer-linked clusters than those added after
the polymer.

For particles larger than the emulsion droplets, however, we
observe deviations from the g~ 0.5 condition. For the 425 nm parti-
cles, we observe #<0.5 when the particles are added prior to the
polymer, indicating stronger confinement of the particles, but g>0.5
when added after the polymer, suggesting that the particles are able
to transport more diffusively. For the largest 1 um particles, we
observe 21 that correspond to diffusive transport. Combined with
the long timescales over which these  values are extracted, we attri-
bute the higher g values to particles coupling to droplet relaxations
rather than polymer fluctuations. These diffusive escapes from local
cages is strongly reminiscent of the dynamics observed in glassy col-
loidal liquids in which particles are locally caged by their nearest
neighbors but become diffusive on long timescales as these structural

cages relax.?>%® Overall, these B values suggest that there are

competing mechanisms governing how nanoparticles transport in
PLEs. Small nanoparticles are sensitive to the fluctuations of their
local cage and couple to the segmental relaxations of the bridging
polymer. Large nanoparticles, however, remain caged on short time-
scales and eventually transport by coupling to the glassy relaxations
of the droplets.

As further evidence that particle transport is coupled to relaxa-
tions in the surrounding PLE, the DPDs exhibit non-Gaussian signa-
tures with narrow peaks at Ax =0 and extended tails at large absolute
values of Ax (Figure 7). We normalize the displacement Ax by the
square-root of the MSD to compare the dynamics of particles of dif-
ferent sizes and in different samples. For a Gaussian process, this nor-
malization would collapse the data onto a single curve, as observed in
neat emulsions (Appendix S1). By contrast, we observe significant dif-
ferences in the shapes of the distributions as a function of particle size
and sample. The sharp peaks at Ax=0 observed for some samples
likely reflect the resolution of our tracking algorithm, which acts as a
lower bound on the magnitude of particle motion we can detect

above experimental noise.3! Even for these samples, however, we
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FIGURE 8 Non-Gaussian parameter a calculated at At=10s as a
function of nanoparticle size in polymer-linked emulsions (PLEs)
containing (A) SEOS-180/32 and (B) SEQS-27/11.5 and for particles
added pre- (closed) and post-polymer addition (open). Error bars
indicate one SD between videos.

observe a significant population of displacements occurring on larger
distances commensurate with nanoparticle motion beyond the resolu-
tion limit.

We quantify changes in the shape of these DPDs through the
non-Gaussian parameter « (Figure 8). For the neat emulsions, a~0
for all particle sizes, indicating a normal distribution of particle dis-
placements (Appendix S1). In PLEs, however, we observe a >0, con-
firming that nanoparticle transport occurs through non-Gaussian
processes. Non-Gaussian dynamics are widely observed in complex

55,97-99

materials and are commonly associated with a distribution of

diffusivities>>1°%1°1 arising from a variety of physical mechanisms
including structural heterogeneities, spatiotemporal variations in
hydrodynamic interactions, or the formation and breaking of
transient cages. For PLEs, we expect that the distribution of dif-
fusivities is largely controlled by the structural heterogeneities
introduced by differences in bridging distributions and local
cages being formed by the linked droplets. Thus, we attribute
the nonzero a-values to particles experiencing heterogeneities and
transient caging. Generally, a increases with particle size as particles
become less mobile and more localized within polymer-linked
cages. We do note that for the largest 1 um particles, a captures con-

tributions from the tracking algorithm peak at Ax =0 and that the true
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FIGURE 9 Fraction of particles that are immobile as a function of

nanoparticle size in polymer-linked emulsions (PLEs) containing

(A) SEOS-180/32 and (B) SEQS-27/11.5 and for particles added pre-
(closed) and post-polymer addition (open). Error bars indicate the range
of immobile fractions calculated across one SD in the resolution cutoff.

value of a may be lower. For the high-M,, SEOS-180/32 samples,
there is no difference in a for particles added before or after
the polymer, consistent with the behavior of the MSDs. By contrast,
the pre-polymer particles in the low-M,, SEOS-27/11.5 samples
exhibit larger a for small particle sizes than in the post-polymer
systems but comparable values at larger particle sizes. This
behavior again qualitatively agrees with the observed trends in
particle MSDs and confirms that the dynamics of small particles
are sensitive to the structural heterogeneities present in the
SEOS-27/11.5 samples.

The non-Gaussian DPDs and small values of MSDs in these PLEs
suggest that a significant population of nanoparticles are caged within
the network of polymer-linked droplets. We quantify this population
of immobile particles by identifying particles in which the individual
mean-squared displacement (Ax?(At =10s)) < 2, where ¢ is the reso-
lution of our tracking algorithm. This definition effectively separates
mobile and immobile populations (see Appendix S1) and is comparable
to the definition used for quantum dots transporting through a poly-
meric hydrogel.®* Using this definition, we find that small nanoparti-
cles are mostly mobile while the majority of large particles are
immobile in all PLE materials (Figure 9). The fraction of immobile parti-

cles increases with particle size with a dramatic increase once the
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particles become comparable in size to the surrounding droplets.
Additionally, we observe that there is a significant immobile fraction
for even the smallest 125 nm particles in SEOS-27/11.5 PLEs when
added prior to the polymer. This large immobile fraction of small
nanoparticles is consistent with the suppressed MSDs and larger
values of a observed in this system and further reinforces our under-
standing that this low-M,, polymer generates dense clusters of
polymer-linked droplets. When particles are added after the
SEOS-27/11.5 polymer, however, the majority of 125 nm particles
are mobile, indicating that the nanoparticles remain in regions with
reduced polymer concentration and do not penetrate the dense
clusters. Surprisingly, we observe a similar trend for the emulsions
containing SEOS-180/32. While the MSDs and « values are indistin-
guishable for particles added before or after the SEOS-180/32 poly-
mer, we observe consistently higher fractions of immobile particles
for the pre-addition system. This larger immobile fraction suggests
that nanoparticles are experiencing structural heterogeneities but less
frequently than in the SEOS-27/11.5 sample. Furthermore, these
heterogeneities are not detectable through ensemble-averaged
parameters—(Ax?), 8, and a—but only appear when looking at individ-
ual particle trajectories. This sensitivity suggests that the immobile
fraction and analysis of individual MSDs may be more sensitive to
characterizing the structural heterogeneities present in complex fluids
and biomimetic materials.

4 | CONCLUSION

We use optical microscopy and particle tracking to investigate the
transport of nanoparticles in a novel biomimetic system comprised of
PLE droplets. By varying the polymer M,,, we produce systems with
comparable viscoelastic moduli but different microscale morphologies
that effectively control nanoparticle transport to replicate the com-
plexity observed in many biological systems. Specifically, we observe
subdiffusive transport, MSDs that decrease more rapidly with nano-
particle size than predicted by the Stokes-Einstein expression, and
non-Gaussian displacement distributions. These metrics demonstrate
that nanoparticle transport in PLEs is largely controlled by the cou-
pling of nanoparticle dynamics to fluctuations of structural heteroge-
neities within the local environment; particles smaller than the droplet
diameter couple to fluctuations of the polymer chains whereas larger
particles couple to droplet relaxations. We expect that these struc-
tural heterogeneities arise from differences in the spatial distributions
of polymer bridges and transient caging induced by the polymer-
linked droplets. Indeed, the fraction of immobile particles increases
with increasing particle size as they become more strongly caged
within the network structure. Our findings demonstrate that these
PLE materials not only mimic the rheological properties of soft tissues
but also generate biologically relevant transport. As such, we expect
that PLEs can be used as in vitro models of biological tissues to iden-
tify physical mechanisms underlying the performance of targeted drug

7,8,102

delivery vectors and nanotherapeutics.’%31%° Specifically, PLE

materials can provide a well-controlled synthetic environment in

AI?BIl:'J R NALJ9;f12

which we can assess the role of interparticle interactions, transient
binding, particle shape, and composition of interstitial fluid on the abil-
ity of nanoparticles, liposomes, and other species to penetrate and
accumulate within soft tissues. Future work will seek to mimic the
deformability and unique surface chemistries of nanotherapeutics by
using compressible liposomes and functionalized tracers. Additionally,
we aim to extend our investigation to even smaller particle sizes to
better access the relevant length scales for targeted drug delivery

techniques.
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