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The effect of nanoscale defects on nanoparticle dynamics in defective tetra-poly(ethylene glycol)
B (tetra-PEG) hydrogels is investigated using single particle tracking. In a swollen nearly homogeneous
hydrogel, PEG-functionalized quantum dot (QD) probes with a similar hydrodynamic diameter (d, =
15.1 nm) to the mesh size ((&) = 16.3 nm), are primarily immobile. As defects are introduced to
the network by reaction-tuning, both the percentage of mobile QDs and the size of displacements
increases as the number and size of the defects increases with hydrolysis time, although a large
portion of the QDs remain immobile. To probe the effect of nanoparticle size on dynamics in
defective networks, the transport of dj, =47.1 nm fluorescent polystyrene (PS) and dj, = 9.6 nm
PEG-functionalized QDs is investigated. The PS nanoparticles are immobile in all hydrogels, even
in highly defective networks with an open structure. Conversely, the smaller QDs are more sensitive
to perturbations in the network structure with an increased percentage of mobile particles and
larger diffusion coefficients compared to the larger QDs and PS nanoparticles. The differences in
nanoparticle mobility as a function of size suggests that different sized particles probe different
length scales of the defects, indicating that metrics such as the confinement ratio alone cannot
predict bulk dynamics in these systems. This study provides insight into designing hydrogels with
controlled transport properties, with particular importance for degradable hydrogels for drug delivery

applications.

1 Introduction dynamics of various molecules such as small molecule drugs, pep-

Hydrogels are 3D polymeric networks composed of polymer
strands connected by physical or chemical crosslinks. Their
unique porosity, swelling capabilities, tunable mechanical prop-
erties, and biocompatibility has led to their widespread use in
biomedical applications ranging from tissue engineering scaf-
folds, T wound dressings,** and drug delivery platforms. In
many of these applications, understanding and controlling the
transport properties of nanoparticles, pharmaceuticals, and other
cargo within these hydrogels is imperative. Understanding the
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tides, and proteins as well as molecule-conjugated nanoparticles
is particularly important to the efficacy of degradable hydrogels
in drug delivery applications. Initially, either high crosslinking
density or covalent attachment to the network traps the molecule
of interest or molecule-carrying nanoparticle. The network can
then be degraded through interactions with its environment in-
cluding enzymatic degradation or hydrolysis, or degradation via
external stimuli such as UV or light.7% As the hydrogel structure
devolves into a less densely crosslinked network, the mobility of
the initially trapped component, molecule or nanoparticle, within
the network increases, resulting in eventual diffusion through and
then out of the hydrogel network. The dynamics of the probe of
interest within the hydrogel depends on the network pore size,
network heterogeneity, the size of the probe, and interaction be-
tween the probe and the polymer network. Predicting the mo-
bility of probes during hydrogel degradation, including how net-
work defects impact particle mobility, is necessary to accurately
control the drug elution profile in biomedical applications.

While a homogeneous network is attractive for modeling,

synthetic and biological hydrogels are far from ideal at the
nanoscale. Two main sources of heterogeneity come from 1) spa-
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tial nanoscale heterogeneity and 2) topological defects. Spatial
heterogeneity reflects local variations in the crosslinking density
resulting from the stochastic process of polymerization and net-
work formation, which depends on the monomer concentration,
crosslinker concentration, temperature and choice of solvent.1V
As the network forms, crosslinking occurs non-uniformly lead-
ing to a distribution of the distance between crosslinks, or mesh
size (). Scattering based techniques, including light scatter-
ing, small angle x-ray scattering, and neutron scattering are pri-
marily used to identify and measure spatial heterogeneities.1*13
Additionally, these spatial heterogeneities are further enhanced
upon swelling because highly crosslinked regions restrict swelling
while loosely crosslinked regions take up more solvent, further
pronouncing the differences in crosslinking density.14 Topologi-
cal defects include dangling ends, where one end of the grow-
ing chain does not integrate into the continuous network, and
closed loops, where a chain connects to the same crosslinking
junction. Spectroscopic techniques including nuclear magnetic
resonance (NMR) have been used to characterize dangling ends
and loops.1218 Topological defects have a pronounced effect on
the mechanical properties of hydrogels, as their presence effec-
tively decreases the number of elastically effective crosslinks in
the network. In addition, these defects dictate how biological
species such as cells interact with the network, as cell-material
interactions are length scale dependent, demonstrating the need
for characterizing hydrogel properties in a range of applica-
tions. 17120

Nanoscale spatial heterogeneity greatly affects particle dynam-
ics in hydrogels. In polyacrylamide gels, the heterogeneous net-
work formed by free-radical polymerization results in a wide dis-
tribution of mesh sizes with regions of low and high crosslink-
ing density. In turn, this distribution creates local environments
that impacts nanoparticle dynamics and results in non-Gaussian
displacements as measured through single particle tracking meth-
ods. 2122 gimilarly, in x-Carrageenan gels, polystyrene nanopar-
ticles exhibit an order of magnitude lower diffusion coefficient in
dense network regions compared to the more open network.%3
Single particle tracking methods are particularly useful in inves-
tigating dynamics in heterogeneous media because they can dis-
tinguish between these slow and fast modes of particle dynamics
resulting from the spatial distribution of crosslinks. In this way,
single particle tracking can reveal the nanoscale structure of hy-
drogels.

Whereas the networks of many synthetic and biological hy-
drogels are naturally heterogeneous, synthesizing a polymer net-
work with controlled heterogeneity is more challenging. Recently,
nearly ideal networks have been formed through the crosslinking
of two tetra-poly(ethylene glycol) (PEG) macromers with suc-
cinimidyl glutarate (TPEG-SG) and amine (TPEG-A) end-group
functionalities.?# The network structures have a narrow distribu-
tion of mesh sizes because of the underlying structure of the 4-
arm macromers and the reaction conditions.2 In the fully gelled
structure, the mesh size (£) of the hydrogel is dictated by the
molecular weight of the 4-arm tetra-PEG macromonomer. The
presence of topological defects such as loops are limited as the
end groups of each tetra-PEG macromonomer are mutually re-
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active.2% For optimized reaction conditions (ionic strength and
pH), the gelation kinetics are reaction-limited such that tetra-PEG
macromers are able to diffuse and create a homogeneous solution
prior to reacting.2228 Additionally, to achieve high reaction effi-
ciency, the crosslinking of the TPEG-SG and TPEG-A must occur
at a much faster rate than the hydrolysis of the moisture sensitive
NHS-ester end group of the TPEG-SG macromonomer. By con-
trolling the hydrolysis of the NHS-ester end group, the reaction
efficiency can be controlled as the TPEG-SG is unable to incorpo-
rate into the network resulting in a dangling end.?Z In most ap-
plications, the hydrolysis of the TPEG-SG is undesirable because
the goal is to form nearly ideal networks with uniform crosslink-
ing density. However, controlling the hydrolysis of the TPEG-
SG macromonomer offers a unique approach to control the de-
fects in the network. The mechanical and structural properties of
these incomplete networks have been previously studied, includ-
ing the elastic modulus,2? elongation ratio,2?, the fracture en-
ergy,2132 and the correlation length.”%® Recent studies by Khair-
ulina et al have examined the electrophoretic mobility of DNA in
these defective gels, further highlighting their use as model defec-
tive polymer networks to measure probe dynamics.2334 Sheth et
al have also examined the bulk release of proteins from a degrad-
able tetra-PEG with a degradable bi-functional PEG crosslinker.®
While these studies are useful in understanding the bulk release
kinetics, single particle tracking allows for the measurement of
individual trajectories, allowing for a better understanding of the
relationship between nanoparticle mobility and the different local
environments resulting from different extents of degradation.
This study seeks to understand the relationship between the
tetra-PEG hydrogel network structure, namely the average mesh
size measured from macroscopic properties, and nanoscale trans-
port through networks with increasing mesh size as defects are
added. To control defects, TPEG-SG (20 kg/mol) is hydrolyzed
in buffer solution for 15 to 75 minutes. Upon mixing TPEG-SG
with TPEG-A (20 kg/mol), the number of defects and the average
mesh size increases as hydrolysis time increases. These increases
in network defects are captured by changes in the macroscopic
properties of the network, as the plateau storage modulus, G),,
decrease from ~ 2400 Pa to ~ 90 Pa, and the average swollen
mesh size, (&), increase from 16.3 nm to 50.3 nm, consistent with
an increase in network defects. The effects of nanoscale defects
on particle dynamics were investigated using PEG-functionalized
CdSe/CdS quantum dots (15.1 nm) dynamics in networks corre-
sponding to swollen (&) of 16.3 nm, 21.3 nm, 27.9 nm and 50.3
nm. In all networks, the majority of the QDs are immobile, with
small increases in the percentage of mobile particles and the par-
ticle displacements with increasing defects. In addition, the effect
of nanoparticle probe size on transport is investigated for larger
47.1 nm fluorescent polystyrene (PS) nanoparticles, and smaller
9.6 nm PEG-functionalized CdSe/CdS quantum dots. While large
PS particles exhibit no mobility in all networks, smaller QDs are
more sensitive to the addition of defects with increased mobility
and displacements compared to their larger 15.1 nm QD counter-
parts in identical networks. Furthermore, the confinement of the
particle due to the average mesh size alone cannot be used to pre-
dict bulk dynamics as shown by comparing the dynamics of the

Page 2 of 13



Page 30of 13

two sizes of QDs in networks of comparable confinement ratios.
Overall, this work demonstrates the effect of nanoparticle size on
probe mobility in controlled defective networks, key for under-
standing particle dynamics in degradable hydrogel networks.

2 Materials and methods

2.1 Materials

4-arm tetra-polyethylene glycol (PEG) succinimidyl glutarate
(TPEG-SG) and 4-arm tetra-PEG amine (TPEG-A), both 20
kg/mol, are purchased from Jenkem Technology USA. Thiol-
PEG, 5 kg/mol, is purchased from Creative PEGWorks. Citric
acid, sodium phosphate dibasic, sodium phosphate monobasic
monohydrate, and disodium hydrogen phosphate heptahydrate
are purchased from Sigma Aldrich. 35 mm glass bottom culture
dishes are purchased from Avantor, made by Matsunami Glass.
Fluorescent polystyrene spheres are purchased from Bangs Labs.

2.2 Probe synthesis and modification

Two sizes of highly photoluminescent QDs are synthesized using
the procedure outlined by Hanifi et al.2>2¢/ We measure the aver-
age diameters of the two sets of core/shell CdSe/CdS particles us-
ing transmission electron microscopy (TEM) to be d = 9.6 nm and
5 nm (see ESI 1). To disperse the QDs in water, a ligand exchange
using a 5 kg/mol thiol-PEG is completed as previously reported.=”
Briefly, oleic acid capped QDs are added to thiol-PEG toluene so-
lution, with thiol-PEG in excess and vigorously stirred overnight.
PEG-functionalized QDs are precipitated out of solution and cen-
trifuged into a pellet. The QD pellet is then dried overnight
before dispersing in deionized water (10 mL) prior to running
through a 30 kDa centrifugal filter. The PEG-functionalized QD
hydrodynamic diameters are determined to be dj, = 15.1 and 9.6
nm by measuring the diffusion coefficient in homogeneous solu-
tions of glycerol-water (70, 80, 90 v%) at 20°C and fitting the
data to the Stokes-Einstein relationship (see ESI 1). Fluorescent
polystyrene spheres (manufacturer reported diameter = 42 nm)
are purchased from Bangs Laboratory and used as received. The
hydrodynamic diameter of the polystyrene particles in water is
determined through dynamic light scattering (DLS) to be 47.1 nm
(see ESI ).

2.3 Tetra-PEG hydrogel synthesis

Tetra-PEG hydrogels are prepared by dissolving TPEG-SG and
TPEG-A in stoichiometric amounts (40 mg/mL or 45 mg/mL) in
phosphate (pH 7.4, 50 mM) and phosphate-citrate buffers (pH
5.8, 50 mM), respectively. To create defects in the hydrogel,
TPEG-SG is added to the phosphate buffer solution and incubated
for a predetermined amount of time, #;,,4, ranging from 15 to 75
minutes, prior to mixing with the TPEG-A solution. For #4,; = 0
minutes, TPEG-SG and TPEG-A solutions are mixed immediately
after preparation. For particle tracking studies, tetra-PEG solu-
tions are added in equal amounts into a microcentrifuge tube
with the nanoparticle probe solution, mixed for 30 seconds, and
deposited onto a glass bottom petri-dish. Samples are sealed and
allowed to fully gel overnight in a second petri-dish with ample
water to create a humid environment to prevent evaporation. Hy-
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drogels are then swollen for 24 hours in nanoparticle rich solu-
tion. Once hydrated, hydrogels are detached from the surface to
release any residual stress from swelling. All solution is then re-
moved from the glass bottom petri-dish, and the gel is allowed
to re-adhere to the surface before subsequent swelling in probe
solution for 24 hours prior to particle tracking.

All studies are conducted at the critical overlap concentration,
cx, which for similar 20 kg/mol 4-armed tetra-PEG macromers as
has been previously determined to be 40 mg/mL via viscometry. 11
For the rheology and swelling studies, tetra-PEG solutions are pre-
pared at cx. For particle tracking studies, the initial concentration
of the TPEG solutions is prepared at 45 mg/mL to account for the
addition of the nanoparticle probe solution, resulting in a final
polymer concentration in the gel of 40 mg/mL, or cx.

2.4 Tetra-PEG hydrogel characterization

Oscillatory rheometry is performed on an AR2000ex (TA Instru-
ments) fitted with stainless steel (20 mm diameter cone, 59 min
42 s) cone and plate geometry. A time sweep (1% strain, 1 Hz)
to probe changes in the storage, G’, and loss, G”, moduli dur-
ing gelation is conducted for eight hours at 20 °C. To minimize
evaporation, all gels are polymerized in a solvent trap. All sam-
ples (#,s = 0,15,30,45,60 and 75 minutes) are run in duplicate
on separate days. Data is offset due to the time to prepare the
sample on the rheometer after mixing.

To measure changes in swelling behavior based on network de-
fects, a series gels are synthesized for #,,4 =0, 15,30,45,60, and 75
minutes. Samples are allowed to gel overnight in a sealed cham-
ber to ensure complete gelation. Following gelation, as prepared
samples are immersed in a deionized water bath for 48 hours
to remove unreacted monomer and reach swelling equilibrium.
Equilibrium swollen hydrogel samples are subsequently removed
from the water bath, lightly dabbed with a Kimwipe to remove
surface water, and weighed to obtain the weight of the swollen
hydrogel, W;. Gels are then dried for a week to removal all water
from the sample prior to re-weighting to obtain a dried sample
weight, W;. The mass swelling ratio, Q,, is calculated as follows,

W — Wd
Wa

The mass swelling ratio can be converted to the volumetric
swelling ratio, Q,, using the polymer and solvent densities,

Qm = (1)

Pp
vy =0m* — +1 2
0 Q*p 2

;)
where p, and p, are the polymer and solvent densities, respec-
tively. The polymer density for PEG is 1.129 g/cm® and the den-
sity of water is 0.9982 g/cm?.
The mesh size for tetra-PEG hydrogels can be estimated using
the elastic blob model,

kT
=&
where k,, is the Boltzman constant, T is temperature measured
in Kelvin, and G’ is the storage modulus taken from rheology.
The mesh size for a swollen hydrogel uses the same scaling, but

G 3
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uses the swollen storage modulus, G, which can be calculated as
follows,'28

~1/3

Oys
oy 1/3

where Q, is the as prepared volumetric swelling ratio and Q, is
the volumetric equilibrium swelling ratio.

G.=G 4

In a swollen hydrogel network, the confinement ratio, or the
ratio of the particle hydrodynamic diameter to mesh size, (&), is
defined as follows,

CR=dy/(&s) ©)

where dj, is the hydrodynamic diameter of the nanoparticle probe
measured from single particle tracking or dynamic light scatter-
ing, and (&) is the swollen mesh size calculated from Egs. [4|and

Bl

2.5 Single particle tracking (SPT) analysis

Quantum dot (QD) and polystyrene (PS) nanoparticle dynam-
ics in tetra-PEG hydrogels are imaged using an inverted Nikon
Eclipse Ti optical microscope equipped with a 100x, 1.49 NA oil
immersion objective (Nikon). Videos of a 1200x1200 pixel region
of interest are collected for 30 seconds (33.3 fps), using a cooled
SCMOS camera (Prime 95b, Photometrics). Particle locations are
fit by a 2-D Gaussian and trajectories linked in Fluorescence Im-
age Evaluation Software for Tracking and Analysis (FIESTA).52
To account for QDs diffusing in and out of the focal plane as well
as QD blinking, the code allows for missing frames in order to
properly link particle trajectories.4? Trajectories were manually
checked for accuracy and correct linking prior to subsequent anal-
ysis.

The average distance traveled by a particle over a given lag
time can be described by the mean squared displacement (MSD)
as given by,

MSD(2) = (Ar(2)); = ([r(t +7) = r()])s (6

where 7 is the lag time, () is the position of the particle at abso-
lute time ¢, and (), denotes the averaging over time. The MSDs are
calculated using msdanalyzer in MATLAB with additional analysis
conducted using house code.1

The self portion of the van Hove distribution function describes
the probability distribution of probe displacements at a given 7.
Namely, the probability of finding a particle i at a distance r+ Ar
at a given time 7+ 7 as follows,

N
G(An 1) = %(; S(ri(t) —ri(t+1)—Ar)); (7

where § is the Dirac delta function. The absolute values of Ar are
used to account for positive and negative portions of the van Hove
to easily visualize deviations from a Gaussian functional form.

Furthermore, the non-Gaussian parameter, oy, provides a
quantifiable measure of the deviation of the van Hove distribu-
tion from Gaussian behavior,42
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(ar(z))

N S ar @y ©

where (Ar?(t)) and (Ar*(t)) second and fourth moments of the
displacements.

3 Results and discussion

Nanoparticle dynamics is studied as a function of increasing aver-
age mesh size due to the addition of network defects using single
particle tracking. Network defects are modulated via reaction-
tuning, achieved by incubating tetra-PEG succinmidyl glutarate
(TPEG-SG) macromers for various times (#,4) to hydrolyze the
NHS end-groups prior to mixing with the tetra-PEG amine (TPEG-
A). This creates a range of network structures, from a highly
crosslinked, small mesh size, nearly homogeneous network at
thya = 0 minutes to a highly defective network with a large mesh
size that forms a more heterogeneous network at ,,4 = 75 min-
utes. Macroscopic properties as a function of #,,4 are character-
ized via rheology and swelling measurements. For particle track-
ing, nanoparticles are introduced during crosslinking. First, we
investigate PEG-functionalized quantum dot (15.1 nm) dynamics
as a function of increasing mesh size due to the incorporation of
defects. Second, we compare nanoparticle dynamics in the same
hydrogel networks as a function of probe size for polystyrene
(47.1 nm) and PEG-functionalized quantum dot (9.6 nm) probes.

3.1 Characterization of reaction-tuned Tetra-PEG hydrogels

In this study, tetra-PEG hydrogels are formed by react-
ing tetra-PEG succinimidyl glutarate (TPEG-SG) with an N-
Hydroxysuccinimide (NHS) ester functionality, and tetra-PEG
amine (TPEG-A) at the overlap concentration, cx. The gelation
of tetra-PEG hydrogels is schematically represented in Figure
To introduce defects and increase the mesh size, TPEG-SG is in-
cubated in buffer for different lengths of time, #,; = 0 to 75 min-
utes. For 1,4 = 0 minutes, the gelation has a high reaction effi-
ciency, with the majority of the TPEG-SG and TPEG-A reacting
to create an amide bond with a reaction efficiency of ~ 90%
as reported by others.43 Conversely, defective networks can be
formed by partially degrading the TPEG-SG, #;,,4 > 0 minutes. The
NHS-ester functionality of the TPEG-SG is moisture sensitive and
incubation of the TPEG-SG in buffer leads to hydrolysis of the
NHS-ester, resulting in a carboxylic acid on the hydrolyzed arm
of that macromer. The hydrolysis of similar tetra-PEG NHS func-
tionalized macromers is pH sensitive, with an estimated half-life
of the activated ester of 210 minutes at pH 5.8 and 130 minutes
at pH 7.27 Reported experimental rates of TPEG-SG hydrolysis
deviate from theoretical predictions due to the increased acid-
ity of the solution upon the hydrolysis of the NHS group, which
slows down the reaction.?Z The resulting carboxylic acid group
of the hydrolyzed TPEG-SG macromer arm is unable to cova-
lently crosslink with the amine group on the other tetra-PEG
macromonomer, resulting in defects at those spatial locations in
the hydrogel due to the lack of a covalent crosslink. While the
dangling ends of each tetra-PEG macromonomer (carboxylic acid
and amine) are charged at near physiological pH, electrostatic in-
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teractions between the two dangling ends do not appear to create
a network as measured by studying particle dynamics solutions
of 1) fully hydrolyzed TPEG-SG and 2) fully hydrolyzed TPEG-SG
and TPEG-A (see ESI t). By increasing the incubation time of the
TPEG-SG, tyy4, prior to mixing with the TPEG-A, we expect the
number of spatial defects to increase, resulting in increased mesh
sizes as there are fewer crosslinks in the network and increased
network heterogeneity due to the wider range of mesh sizes com-
pared to the homogeneous network.

Rheology is used to quantify macroscopic changes in the net-
work as a function of #,,; with a focus on changes in 1) the storage
modulus, G’, and 2) the time to gel, 7,,;. G’ is an indication of a
polymer network’s ability to store deformation energy in an elas-
tic manner, which is directly related to the number of crosslinks
in the network. Therefore, changes in G’ can be used as to deter-
mine how the network structure is changing as defects are intro-
duced into the network. Additionally, the crossover of the storage,
G, and loss, G”, modulus indicates the onset of network forma-
tion, or the time to gel, #,,;. While not a direct measure of the
evolution of the network structure, an increase in t4, indicates
a decrease in gelation kinetics as the time to create a percolated
network is longer.

Figure left) shows representative G’ curves during tetra-PEG
gelation for reaction-tuning times f;,,; = 0,15,30,45,60 and 75
minutes. From the storage modulus measurements, the plateau
storage modulus, G, is determined for each sample by denoting
its value when the G’ changes less that 1% over a ten minute pe-
riod. Figure [2| (right) shows that Gj,, decreases from ~ 2400 Pa
to ~ 90 Pa as 1,y increases from 0 to 75 minutes, indicating that
the hydrolysis of the TPEG-SG prior to crosslinking reduces the
modulus by ~ 24 times because of the reduction in crosslinking
density.

Additionally, changes in the gelation kinetics is determined
from the crossover of the storage and loss (G”) moduli (G’ > G"),
teer- While the exact gel point, #4,, is generally frequency indepen-
dent and therefore needs to be measured at multiple frequencies,
the crossover of G’ and G’ can be used as a close approxima-
tion. 4446l A Jonger thyq Tesults in an increased t,,;, with 1, = 24
minutes at t,,; = 0 minutes and t,,; = 93.5 minutes in the most
defective network, #;,; = 75 minutes. The monotonic increase
in t,,; as a function of #,,, indicates decreased gelation kinetics
with the partial hydrolysis of the TPEG-SG macromonomer. This
trend is expected, as the partially hydrolyzing the NHS of TPEG-
SG macromers are unable to contribute to the growing network,
increasing the time for a percolated network to form. In Figure
only G’ is shown for readability, though examples of the crossover
of G’ and G” for 3, = 0 and 15 minutes can be found in Sup-
porting Information, along with the average 4, for each #,,4. In
addition to the samples in Figure 2| 7,4 = 90 minutes is also mea-
sured. While the sample is a gel (G’ > G") at long times (t,.; ~ 225
minutes), the low G’ (~ 7 Pa) made for a weak gel that is unable
to be handled without breakage, and is therefore excluded from
the rest of the study. At even longer #,,4, 105 minutes, there is
no crossover indicating that a substantial fraction of the TPEG-
SG arms have hydrolyzed such that a percolated network cannot
form.

Soft Matter

Hydrogel swelling can also be used to further characterize the
extent of crosslinking. As #,,4 increases, the mass swelling ratio,
Qm, monotonically increases from 45 at #;,,; = 0 minutes to 103 at
thya =75 minutes (Supporting Information). The swelling behav-
ior of a hydrogel is in part related to the crosslinking density; gen-
erally, the higher the crosslinking density, the lower the swelling
ratio.4Z The trends seen in the swelling behavior of the hydro-
gels complement that seen in rheology, where the most highly
crosslinked networks (high G') have the lowest Q,, and vice versa.

The average mesh size, or the distance between crosslinks, (£),
is often used as a parameter to understand probe dynamics within
a hydrogel. In this work, we calculate the average mesh size of the
hydrogel samples using elastic blob theory given by G’ ~ k, T /£3.
Figure (3| shows how the average mesh size increases as #;,, in-
creases for the as prepared, (£), and equilibrium swollen, (&),
gels. First, as 1, increases, (§) and (&) increases for both the
as prepared and swollen gels. For the as prepared, this results in
an increase in () from 11.8 nm to 35.5 nm as #;,4 increases from
0 to 75 minutes. Second, for a given #,,4, the swollen hydrogel
has a larger (&) than that of the as prepared gel, (£). For ex-
ample, at f,,; = 0 minutes, or the most ideal network structure,
the average mesh size increases from 11.8 nm ((£)) to 16.3 nm
((&5)), which is expected due to the presence of a small number
of defects leading to an increased (&;). Similar to the as prepared
samples, the (&) increases with increasing 7, from 16.3 nm in
the most homogeneous hydrogel (7,4 = 0 minutes) to 50.3 nm in
the most defective hydrogel (#;,; = 75 minutes). It is worth not-
ing that these calculations give an average mesh size, which does
not represent the range or distribution of £ in a heterogeneous
network. Rather than a uniform £ across the network, some re-
gions will contain larger & where defect density is high, creating
spatial heterogeneity. This heterogeneity will impact nanoparticle
dynamics, in particular the distribution of mean squared displace-
ments and the non-Gaussian parameter as described below.

3.2 Single particle tracking of PEG-functionalized quantum
dots (15.1 nm) in hydrogels of increasing mesh size

Single particle tracking is used to examine the dynamics of hy-
drodynamic diameter (d;) = 15.1 nm PEG-functionalized QDs in
tetra-PEG hydrogels. The dynamics of nanoparticles are explored
in four #,,4 networks, corresponding to #;,4 = 0,30,60 and 75 min-
utes, or (&) =16.3,21.3,29.7 and 50.3 nm, respectively. These val-
ues are chosen to investigate a wide range of (&) and therefore
confinements of the nanoparticles probes, as well as a range of
different local environments dependent on the spatial locations
of the defects. Furthermore, the impact of defects on the mi-
crostructure is most pronounced in the swollen networks; given
that the majority of hydrogels are used in their fully swollen state,
probing the nanoparticle transport in swollen hydrogel structures
is highly relevant for practical applications. The confinement ra-
tio, CR = dj,/(&;), a comparison of the size of the nanoparticle
compared to the average mesh size, can be used as an initial pa-
rameter to gauge a particle’s mobility in the hydrogel. In a nearly
homogeneous network, particles much larger than the mesh size
(CR >> 1) are permanently trapped in the network.4® While par-
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Fig. 1 Schematic of tetra-PEG gelation via a condensation reaction of tetra-PEG succinimidyl glutarate (TPEG-SG) and amine (TPEG-A) macromers.
At fj,¢ = 0 minutes, a nearly ideal network forms. At #;,,4 >0 minutes, the hydrolysis of the NHS end group results in defective arms on the TPEG-SG

(denoted by x), resulting in defective networks.
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Fig. 2 Storage modulus, G/, during the gelation of a tetra-PEG hydrogels with increasing f4,4 (left). Plateau storage modulus, G/, as a function of
thya (right). Error bars come from duplicate runs (n=2).
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Fig. 3 Average mesh size calculated from elastic blob theory, before (as
cast, (§)) and after swelling ((&;)) as a function of ;4. Error bars are
from the measurement of G’ and represent duplicates taken on separate
days.

ticles slightly larger than the mesh size (CR > 1) can escape a
primary cage due to fluctuations in the polymer network as pre-
dicted by nanoparticle hopping, it is unlikely to observe nanopar-
ticle mobility as a function of hopping due to the resolution of the
instrument (10’s nm). Conversely, for nanoparticles smaller than
the mesh size (CR < 1), particles can move between neighboring
meshes, resulting in mobile nanoparticles. While this is true in a
homogeneous network, heterogeneous networks are much more
complicated due to the range of mesh sizes around an average
(&s). In defective hydrogel networks, the mesh size is hetero-
geneous throughout the gel. For the 15.1 nm QD, the confine-
ment ratio ranges from CR = 0.93 in the most highly crosslinked
network, (&) = 16.3 nm, to 0.30 in the most defective network,
(&5) = 50.3 nm, as seen in Table[T}

At (&) =16.3 nm (CR = 0.93), the majority of the QDs are im-
mobile as indicated by a near constant value of the mean squared
displacement (MSD) shown in Figure As (&) increases from
16.3 nm to 21.3 nm, most of the particles remain localized though
there is a small number of particles that escape their cages and ex-
plore lower crosslinked regions as indicated by the individual par-
ticles with a large MSD. Because the percentage of mobile parti-
cles is small, the ensemble average MSD curves for the (&) = 16.3
nm and 21.3 nm cases are similar as shown in Figure |4, As more
defects are added to the network, (&) = 29.7 nm, there is an in-
crease in both the fraction of mobile particles and the size of the
region a single particle explores, resulting in an increased ensem-
ble average MSD (see ESI ). Similarly, at (&) = 50.3 nm there
is a slight increase in the ensemble MSD due to an increased
number of mobile particles (6.6% to 7.5%) though the change
is small. While there are mobile 15.1 nm QDs present in all gels
with the exception of (&) = 16.3 nm, the overwhelming majority
of the population are immobile even in the most defective gels.
For example, at (&) = 50.3 nm, only ~ 7.5% of the particles are
mobile indicating that the majority are localized. This indicates

time, 7 (s) time, 7 (s)
b) 10° :
—(§)=1630m — 2] 3 nm —— 29.7 nm 50.3 nm

~10*
a

a

g

102 e —

102 : .
107! 10

time, 7 (s)

Fig. 4 a) Mean squared displacements (MSD) of individual 15.1 nm PEG-
functionalized quantum dot (QD) nanoparticle trajectories in increasingly
defective tetra-PEG hydrogels. Black lines are the ensemble average of
all particle MSDs. b) Ensemble average MSDs for (&) = 16.3 nm, 21.3
nm, 29.7 nm and 50.3 nm.
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Table 1 Confinement ratio (CR = d;,/(&;)) for the PEG-functionalized 9.6 nm and 15.1 QDs and 47.1 nm polystyrene as a function of reaction-tuning

tetra-PEG hydrogels.

thya (minutes) (&), (nm) CR, 15.1 nm QD CR, 47.1 nm PS CR, 9.6 nm QD
0 16.3 0.93 2.89 0.59
30 21.3 0.71 2.21 0.45
60 29.7 0.51 1.58 0.32
75 50.3 0.30 0.94 0.19

107! , : '
=(&)=163nm ¢ 21.3nm 4 29.7nm - 50.3 nm
h -1
10 T T T
10—2 ! (&) =163nm_ = 1=006s] o
‘ 102 F o 1=0.15s
5 t=03s
£) i = 104 E i E
g i
A~ 107k “ 105 F & e 17
-500 -250 0 250 500
Ar (nm)
1000 1500
Ar (nm)

Fig. 5 van Hove distribution function of 15.1 nm quantum dots in #;,; =
0,30,60 and 75 minutes at 7 = 0.15 seconds. Lines indicate fits to the
exponential tails. Inset is the van Hove distribution function for ;s = 0
minutes at 7=0.06,0.15 and 0.3 seconds. The line represents a Gaussian
fit to 7 =0.06 seconds.

that while defects are modifying the network structure, the length
scales of the mesh even with the incorporation of defects are not
large enough to allow for most 15.1 nm QDs to undergo large
displacements.

In addition to the individual and ensemble average MSDs, the
van Hove distribution function can examine probe mobility. For
identical particles diffusing through a homogeneous fluid, the dis-
tribution can be fit to a Gaussian functional form. However, de-
viations from a Gaussian such as the emergence of long exponen-
tial tails representing larger than predicted displacements indi-
cate that probe particles are not experiencing homogeneous local
environments.4? These exponential tails are seen in a variety of
heterogeneous polymer networks and glasses; in heterogeneous
hydrogels in particular, these tails are attributed to particles es-
caping local cages and exploring less dense regions.’21/2250 For a
given 7, these tails can be fit with an exponential decay function
which gives the characteristic length scale, 4, corresponding to
the displacements of mobile particles within the exponential tail,

p(Ar,T) ~ exp(—|Ar|/A (7)) )

As shown in Figure [5] the van Hove distribution function for
the 15.1 nm QDs in the (£;) = 16.3 nm network deviates slightly
from the Gaussian functional form, with an increased probability
for large displacements (Fig. |5} inset). Additionally, the displace-
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Fig. 6 Evolution of the non-Gaussian parameter (ang) at different lag
times, 7, for increasingly defective tetra-PEG hydrogels. Open circles are
used as a guide to the eye to show the decrease in oG with increasing
lag time, 7, for (§) =21.3 nm

ments of the 15.1 nm QDs within the (&) = 16.3 nm network do
not increase with increasing 7, indicating that the particles are
immobile at the time scales of measurement. The resulting char-
acteristic length scale of the exponential tail at 7 = 0.15 seconds,
A, is 17.6 nm indicating that these displacements are small. The
few mobile particles at (&) =21.3 nm undergo limited large-scale
displacements as indicated by the low probabilities with A = 39.5
nm (Fig. [5). This trend of increased displacements and A contin-
ues for (&) =29.7 nm and 50.3 nm, with an increase in both the
ensemble MSD (Fig. [4) and an increase in particle displacements
with a 4 of 98.0 nm and 169.0 nm, respectively (Fig. [5). We
attribute the increase in A and the corresponding displacements
to the particles undergoing larger displacements in the regions of
less crosslinked polymer network due to the addition of defects
with increasing f,,4. Conversely, in all these cases the middle
portion of the van Hove follows Gaussian statistics representing
immobile particles localized in primary cages, on the order of the
instrumental resolution (~ 30 nm).

Figure E)] shows the non-Gaussian parameter (ayg), a measure
of the van Hove distribution function from Gaussian behavior,
of the 15.1 nm PEG-functionalized QDs for (&) = 16.3, 21.3,
29.7 and 50.3 nm. For the most densely crosslinked network,
(&) = 16.3 nm, oy is relatively low at all measured 7, an average
of 0.59 from 7 = 0.03 to 0.90 seconds. oy then monotonically
increases with increasing (&), indicating that the nanoparticles
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Fig. 7 Schematic of single nanoparticle (d;, = 15.1 nm) dynamics within
nearly homogeneous hydrogels (left) and defective, heterogeneous hydro-
gel networks (right). Immobile particles are trapped, whereas heterogene-
ity in defective hydrogels provides open paths for large displacements.

experience a wider range of local environments as the number of
and the size of the defects increases. As a result, the percentage of
mobile particles and the magnitude of displacements increases as
(&) increases, resulting in a broader distribution of dynamics due
to the structural heterogeneity the particles experience. While
oyg values for (&) = 16.3 nm, 29.7 nm and 50.3 nm are rela-
tively constant for the examined range of 7, there is a decrease in
o for (&) =21.3 nm near 0.30 seconds. This is likely due to the
smaller number of mobile particles that can be visualized across
the 7 range. As a result, the population of nanoparticles observed
is biased toward slower moving (immobile) particles that are in
the more homogeneous network region. The resulting decrease
in ayg is denoted by the open circles in Figure[f] This trend is
not observed in the other networks because they contain a higher
number of mobile particles.

In the tetra-PEG hydrogels for all (&), the percentage of mo-
bile 15.1 nm nanoparticles is relatively low. Even in the most
defective networks where the nanoparticle diameter (15.1 nm) is
over three times smaller than the (&) of 50.3 nm, only ~ 7.5%
of the particles are mobile. We hypothesize that this is due to
the increased heterogeneity of the defective network. Compared
to the nearly homogeneous network created by mixing the two
macromers immediately, the hydrolyzed TPEG-SG arms are un-
able to incorporate into the network, creating defects. The longer
the hydrolysis time, the lower the overall crosslinking density, re-
sulting in an increased average & as seen in rheology. However,
the spatial location of these defects is not uniform, creating re-
gions of high crosslinking density where defects are minimal, and
regions of low crosslinking density where defects are more con-
centrated. The regions of high crosslinking density immobilize
the nanoparticles, even in a network with a large (). This is
shown schematically in Figure |7}, where all particles are immobi-
lized in the homogeneous network versus the defective network
where the range of particle mobility corresponds to the regions of
high and low crosslinking density.

3.3 Effect of particle size

To explore the sensitivity of probe size to the addition of de-
fects and to determine if the confinement ratio (CR) can pre-
dict particle dynamics, we compare the mobility of 15.1 nm
PEG-functionalized QDs with that of smaller 9.6 nm PEG-

Soft Matter

functionalized QDs and larger 47.1 nm polystyrene (PS) nanopar-
ticles. First, we investigate if large particles exhibit mobility in
the reaction-tuned hydrogels using fluorescent polystyrene (PS)
nanoparticles, d, = 47.1 nm. We note that the CR for these par-
ticles is > 1 for all but for the most highly disrupted hydrogel
samples prepared here. As seen in the ensemble MSDs, the PS
nanoparticles are immobile for all (&), indicating that even with
the increasing number of defects in the network, the open re-
gions are not large enough to allow for large displacements (over
200 nm) of the 47.1 nm PS as seen in Figure |8 (top row). Addi-
tionally, for a given (&), the breadth and shape of the van Hove
distribution functions does not change with increasing 7, further
indicating that the PS nanoparticles are immobile (see ESI ).
While there are small changes in breadth of the exponential tails
indicating that increasing (&) could be resulting in increased mo-
bility within a cage, the difference in A at 7= 0.3 seconds between
(&) =16.3 nm and 50.3 nm minutes is only ~ 3 nm, indicating
that these are small changes in the primary cage size. This indi-
cates that the defects and changes to the mesh size are relatively
localized and small, as the defects are not large enough to induce
the mobility of the larger PS particles.

Conversely, smaller quantum dots (d;, = 9.6 nm) with CR < 1
show increased sensitivity to the presence of these nanoscale
defects. As shown in Figure [8] (bottom), for the most densely
crosslinked network most of the smaller particles are immobile.
However, unlike the larger QDs and the PS nanoparticles, there is
a substantial percentage of mobile particles, 25.3%. The percent-
age of mobile particles increases with increasing (&) to 42.4%
and 67.6% at 21.3 nm and 29.7 nm, respectively, before decreas-
ing to 63.0% at 50.3 nm. This apparent decrease in mobile par-
ticles is attributed to rapidly moving nanoparticles in the open
network. As a result, the nanoparticles diffuse out of the imag-
ing plane within a few 7 and thus cannot be tracked for extended
7 (e.g. 0.1 second), as evidenced by only 20% of the trajecto-
ries lasting longer than 7 = 0.6 seconds compared to 85% for the
larger 15.1 nm QDs. At a singular (&), the breadth of the ex-
ponential tails increase with increasing 7, consistent with mobile
particles (Fig. [9] inset). The characteristic decay length of the
exponential tails also increases with larger (), with 4 increas-
ing from 106.1 nm to 260.1 nm as (&) increases from 16.3 nm
to 21.3 nm (Fig. EI) Similar to the trend seen with the 15.1 nm
QDs, A increases with larger (&), attributed to particles exploring
regions of lower crosslinking density.

To avoid systems with biased statistics (e.g. particles diffusing
rapidly out of the imaging plane), we compare dynamics in the
same network ((&;) = 21.3 nm) for all nanoparticle sizes. Figure
shows both the MSDs of individual particle trajectories and a
normalized distribution of individual MSDs at 7 = 0.15 seconds.
As previously described, all of the larger PS particles are immo-
bile as evidenced by both the nearly constant and low MSD values
and a narrow distribution of MSDs around the ensemble average
(top row). Similarly, the 15.1 nm QDs are primarily immobile,
though as can be seen in the individual MSDs and in the MSD
distribution that some particles are mobile (middle row). For the
smallest QDs, there is a dramatic change in the mobility as shown
by the two distinct populations of mobile particles, which appear
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Fig. 8 Mean squared displacement (MSD) of individual 47.1 nm polystyrene nanoparticles (top row), 15.1 nm PEG-functionalized quantum dots (QD)
(middle row, reproduced from FigureE-[) and 9.6 nm PEG-functionalized QDs (bottom row) for (&) =16.3 nm, 21.3 nm, 29.7 nm, and 50.3 nm. Black

line represents the ensemble average MSD.
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Fig. 9 van Hove distribution function of 9.6 nm PEG-functionalized
quantum dot (QD) nanoparticles for ;4 = 0 and 30 minutes at 7=0.15
seconds. Inset shows the van Hove distribution function for #,,; =0
minutes as a function of 7, at 7 =0.06,0.15 and 0.3 seconds. Line shows
a Gaussian fit to 7= 0.06 seconds.
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as two distinct MSD at 7 = 0.15 seconds (bottom row). This in-
crease in mobile particles indicates that the smaller particles are
more sensitive to changes in the mesh size resulting from the for-
mation of defects. We hypothesize that this size dependence is
due to larger particles requiring a higher concentration of defects
in a given spatial location to escape their localized cage compared
to their smaller counterparts, resulting in an increased percentage
of smaller QDs that are mobile in comparable networks. The dy-
namics as a function of nanoparticle size in the same defective
network is schematically represented in Figure where larger
probes exhibit limited mobility compared to their smaller coun-
terparts. This ability of these defective networks to trap large
particles while allowing for smaller particles to diffuse could be
used for size separation of polydisperse particles. Conversely, it
also highlights how different sized particles can be used to inves-
tigate defective networks, as different size particles exhibit a wide
range of dynamics.

While the confinement ratio may be a useful parameter to pre-
dict the onset of particle mobility, it may not fully explain the
mobility of the nanoparticles in these defective networks. Even
under apparently non-confining condition (e.g. 15.1 nm QD in
a network with (&) = 50.3 nm, CR = 0.30), a large portion of
particles appear immobile. This trapping is likely due to highly
crosslinked regions that restrict probe mobility, and more open
regions encapsulating a high density of defects that are further
pronounced by swelling. Interestingly, for even the most open
network structures ((§;,) = 50.3 nm), the PS (47.1 nm) particles
are found to be immobile, indicating that while the network is de-
fective, the mesh sizes resulting from defects are not large enough
to allow for large particle mobility, at least on the time scale of our
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Fig. 10 a) Mean squared displacements (MSD) of 47.1 nm polystyrene
(top) and 15.1 nm (middle) and 9.6 nm (bottom) PEG-functionalized
quantum dots for fz,; = 30 minutes ((&;) =21.3 nm), reproduced from
Figure[8] Black solid lines indicate the ensemble average MSD and black
dashed lines are a guide to the eye at 7 =0.15 seconds. (left) Normal-
ized distribution of individual MSDs at 7 = 0.15 seconds. (right). b)
Schematic of nanoparticle dynamics for different nanoprobe sizes (bot-
tom).
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imaging. Conversely, smaller particles are much more sensitive to
changes in the structure and the introduction of defects, which
can be seen by a subset of particles that are able to move within
the gel, although again, a substantial number of particles remain
trapped and localized within the network in the high crosslinking
density (i.e. low defect) regions.

These results also suggest that CR alone does not capture par-
ticle dynamics. Table [1|shows that CR ranges from 2.89 to 0.19,
and similar CRs exist for different particle-network systems. For
example, the 47.1 nm PS nanoparticles in the most open net-
work ((&) =50.3 nm) and 15.1 nm QDs in the dense network
((&s) = 16.3 nm) have similar CR (d;,/ (&) = 0.94 and 0.93, respec-
tively). In both cases, all particles are immobile. However, for
the smallest QDs (9.6 nm) in the nearly homogeneous network
((&) = 16.3 nm) the percentage of mobile particles is over three
times larger than that of the larger QDs (15.1 nm) in a defective
network ((&;) =29.7 nm). This is even though the CR in the 9.6
nm QD and (&) = 16.3 nm network is larger (i.e. more confined)
than that of the 15.1 nm QD in (&) =29.7 nm network, CR = 0.59
versus 0.51, respectively. Furthermore, the diffusion coefficient,
taken from the linear portion of the ensemble MSD, of the smaller
9.6 nm QDs in the more confining network is approximately an
order of magnitude higher than that of the larger particles in a
more defective network, 4.4 x 103 nm?/s compared to 4.9 x 102
nm?/s. Interestingly, the value of A at T = 0.15 seconds are sim-
ilar, 107.5 nm and 106.1 nm (c.f. Figs. [5land [0). This suggests
that the distribution of mobile particle displacements is similar for
both systems and that the increased diffusion coefficient comes
primarily from the increase in mobile particles, not necessarily
increased displacements. Systematic studies with systems that
have identical confinement ratios in both nearly homogeneous
(low defect) and more heterogeneous (high defect) networks are
necessary to understand this preliminary finding. Overall, this in-
dicates that particle dynamics in defective networks cannot fully
be described by the average mesh size, (&), and by proxy the
confinement ratio, CR. To fully capture the dynamics of particles
in these systems, the mesh size as well as the network hetero-
geneity due to the density and distribution of defects should be
considered.

4  Conclusions

In this study, tetra-PEG hydrogels with an increasing number of
dangling ends are synthesized to examine the effect of defects
on nanoparticle dynamics. Hydrogels with defects are prepared
via reaction tuning, where the TPEG-SG macromonomer is par-
tially degraded in buffer via hydrolysis of the NHS end group for
increasing amount of time (#,4) prior to mixing with TPEG-A.
For 15.1 nm PEG-functionalized QDs, there is limited mobility in
the most densely crosslinked network where the average swollen
mesh size ((£) = 16.3 nm) is similar to the hydrodynamic diam-
eter of the probe. As the number of defects is increased result-
ing in an increased average swollen mesh size, () = 21.3 nm,
29.7 nm and 50.3 nm, as measured through rheology and swelling
measurements, QDs mobility increases although a majority of the
particles remain immobile. Due to the wide range of local envi-
ronments, leading to both immobile and highly mobile particles,
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the particle dynamics in the more defective networks are hetero-
geneous. To determine the effect of nanoparticle size on probe
dynamics in the defective hydrogels, 47.1 nm PS and 9.6 nm
PEG-functionalized QDs are investigated. While there are lim-
ited changes between networks with (£) = 16.3 nm and 50.3 nm
for the large PS particles, the smaller QDs are sensitive to small
perturbations in the hydrogel mesh as a function of reaction-
tuning, exhibiting increased dynamics compared to the 15.1 nm
QDs even in networks with comparable confinement ratios. This
study informs the design of degradable hydrogels for biomed-
ical applications, highlighting the importance of probe size for
extended-release profiles of pharmaceutical containing nanopar-
ticles. Furthermore, this study also serves as motivation to exam-
ine the dynamics of nanoparticle probes in nearly homogeneous
and defective hydrogel networks with similar confinement ratios
to further investigate the relationship between nanoparticle con-
finement and network heterogeneity due to defects.
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