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P
hysical attributes of nanoparticles
such as morphology and elasticity
have recently emerged as important

parameters for the design of drug carriers.
To improve upon key steps in the drug
delivery process, such as circulation time,
tissue targeting, barrier penetration, cellular
uptake, and drug release, the physical prop-
erties of nanoparticles have been system-
atically investigated, and properties such as
size, shape, material composition, and com-
partmentalization have all been shown to
impact some of these key steps in the drug
delivery process.1,2 As such, recent research
efforts have focused on leveraging these
physical modifications to design nanoparti-
cles capable of enhanced drug delivery. It is
widely accepted that particle size is one of
the most important physical parameters
that can be tuned to dramatically alter
the biological function of intravenously in-
jected particles.3�7 Indeed, nanoparticles
(<500 nm) are more favored for intravenous
drug delivery as they exhibit enhanced
abilities to circulate, persist in blood, and

target pathological tissues (e.g., tumors),
as compared to microparticles (>500 nm).8

Following size, the shape of nanoparticles is
the next most investigated physical param-
eter that can be tuned to improve a nano-
particle's biological functions.9,10 It has been
shown that shape can have dramatic effects
on targeting, circulation, internalization,
immune cell association, and adhesion.11�19

While systematic investigationshave shed
light on the role of size and shape on
nanoparticle delivery abilities, relatively little
is known about the role of carrier elasticity
on drug delivery. The motivation for investi-
gating elasticity of nanocarriers stems froma
wide body of literature detailing the effects
that material elasticity can have on biological
systems.20�22 For example, cell culture sub-
strates of varying elasticity have been shown
to direct and control cell fates, optimize cell
growth, and even improve delivery of thera-
peutics.23�26 While the benefits of tuning
elasticity arewidely investigated for cell culture
substrates and scaffolds, similar studies are
severely lacking for particle delivery systems
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ABSTRACT The impact of physical and chemical modifications of nanoparticles on their biological

function has been systemically investigated and exploited to improve their circulation and targeting.

However, the impact of nanoparticles' flexibility (i.e., elastic modulus) on their function has been

explored to a far lesser extent, and the potential benefits of tuning nanoparticle elasticity are not clear.

Here, we describe a method to synthesize polyethylene glycol (PEG)-based hydrogel nanoparticles of

uniform size (200 nm) with elastic moduli ranging from 0.255 to 3000 kPa. These particles are used to

investigate the role of particle elasticity on key functions including blood circulation time, biodistribu-

tion, antibody-mediated targeting, endocytosis, and phagocytosis. Our results demonstrate that softer

nanoparticles (10 kPa) offer enhanced circulation and subsequently enhanced targeting compared to

harder nanoparticles (3000 kPa) in vivo. Furthermore, in vitro experiments show that softer

nanoparticles exhibit significantly reduced cellular uptake in immune cells (J774 macrophages),

endothelial cells (bEnd.3), and cancer cells (4T1). Tuning nanoparticle elasticity potentially offers a method to improve the biological fate of nanoparticles

by offering enhanced circulation, reduced immune system uptake, and improved targeting.
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as only a few studies have alluded to the role of particle
elasticity in drug delivery processes.12,27�29 Recent work
reported the effect of elasticity over a range of 10 to
63.8 kPa on circulation and biodistribution of microparti-
cles that are shaped like red blood cells.27 It was shown
that an 8-fold decrease in particle modulus resulted in a
greater than 30-fold increase in the elimination half-life for
the softermicroparticles. A subsequent study investigated
similar red-blood-cell-shaped particles as small as 800 nm
and showed that microparticles similarly sized to red
blood cells exhibited the longest circulation times.28

Here, we expand on these seminal findings by decou-
pling the tandem effects of shape and elasticity and
assessing the role of elasticity on circulation and targeting
for small spherical nanoparticles (∼200 nm). We have
developed an approach to synthesize hydrogel nanopar-
ticles over awide rangeof elasticity (0.255 to 3000kPa) via
a nanoemulsion (miniemulsion) templating method30,31

and utilized these nanoparticles to identify the funda-
mental role that nanoparticle elasticity plays in facilitating
cellular uptake, circulation, biodistribution, and targeting
to tissues. We show that by tuning the elasticity of
hydrogel nanoparticles it is possible to design carriers
capable of enhanced circulation and targeting in vivo.

RESULTS

Synthesis and Characterization of Hydrogel Nanoparticles.
Hydrogel nanoparticles composed of poly(ethylene

glycol) diacrylate (PEGDA) with tunable elastic modulus
were synthesized via a water/PEGDA-in-oil nanoemul-
sion (miniemulsion) templating method (Figure 1a).
Given the benefits in particle stability and ease for scale
up, nanoemulsion methods have been widely used as
a templating method for synthesizing hydrogel nano-
particles30,32,33 and provide a facile route for control-
ling particle elasticity independent of other particle
properties (primarily size). Elasticmoduli could be tuned
over a range of 0.255 kPa to 3 MPa (Figure 1b) by
changing the volume fraction of PEGDA in the nano-
emulsion. Nanoparticleswere also surface-functionalized
with 2-carboxyethyl acrylate to facilitate conjugation
with antibodies. Nanoparticles with two distinct moduli,
soft (Figure 1b, circled in red) and hard (Figure 1b, circled
in blue), were used for further studies. The extremely
soft nanoparticles (modulus ∼0.255 kPa) were not used
due to their proximity to the minimum percolation
threshold for gelation. “Soft” particles used in the study
had an elastic modulus of 10 kPa (Figure 1c), and “hard”
particles had an elastic modulus of 3 MPa (Figure 1c).
Other properties of particles including size (∼200 nm)
and surface charge (∼�35 mV) were kept constant
(Figure 1c). Nanoparticles with these size and charge
characteristics are widely used in preclinical settings,
and thus their biological performance in terms of circula-
tion, biodistribution, and targeting is well-known.14,34

Additionally, fixing these other physical and chemical

Figure 1. Soft and hard hydrogel nanoparticles. (a) Schematic representation of hydrogel nanoparticle synthesis. (b) Hydrogel
nanoparticle elasticity can be tuned by varying PEGDA volume fraction. (c) Hydrogel nanoparticle properties for soft and hard
nanoparticles.
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parameters between the soft and hard particles allows
clearer investigation into the role of nanoparticle elasti-
city on in vivo drug delivery processes.

Circulation of Soft and Hard Hydrogel Nanoparticles. The
role of nanoparticle elasticity on circulation time in vivo
was investigated by intravenously injecting an identi-
cal number of radio-labeled soft and hard hydrogel
nanoparticles into mice. Soft nanoparticles exhibited
a significantly higher persistence in blood compared to
hard nanoparticles at short times (Figure 2a and inset).
However, this difference between the two particles
is significantly reduced after 4 h. Both particle types
showed a decaywith twodistinct time scales; therefore,
pharmacokinetic parameters were determined using
a standard two-compartment model (Figure 2b), C =
AeRt þ Beβt, as previously described,27 and key circula-
tion parameters were estimated (Supporting Informa-
tion Figure S1). Specifically, the distribution half-life
(R�1), which describes nanoparticle distribution from
plasma into tissues, and the elimination half-life (β�1),
which describes the kinetics of permanent nanoparticle
clearance from plasma, were both found to be longer
for soft nanoparticles compared to hard nanoparticles.

Biodistribution and Targeting of Soft and Hard Hydrogel
Nanoparticles. The organ distributions of soft and hard
hydrogel nanoparticles in vivo were investigated at
representative short (30 min) and long (12 h) time
points. At 30 min, significant differences in organ
retention in the kidneys, heart, lungs, and brain were
found when comparing soft and hard hydrogel nano-
particles (Figure 3a). At 12 h, these differences in organs
nearly disappear, and soft nanoparticles and hard nano-
particles show statistically different organ distribution
only in the lungs (Figure 3b). We attribute these time-
dependent biodistribution differences to the different
circulation times of the soft and hard nanoparticles.
Specifically, the ability of softer nanoparticles to persist
at higher concentrations for short time points (<2 h)
likely results in greater retention of these particles in
organs that receive higher blood output.

Soft and hard hydrogel nanoparticles were next
conjugatedwith anti-ICAM antibody, amodel antibody
that has been widely used to investigate targeting to
the lungs.35 As such, anti-ICAM antibody can be used to
probe the differences of soft nanoparticles and hard
nanoparticles in targeting specific tissues. After 30min,
significant differences in organ accumulation between
anti-ICAMantibody-conjugated soft and hard hydrogel
nanoparticles were seen in the liver, spleen, heart,
brain, lungs, and blood (Figure 3c). ICAM is a protein
expressed basally on all endothelial cells, with the lungs
and spleen expressing significantly more than other
tissues.36 Indeed, soft nanoparticles show significant
increases in targeting to spleen and lungs over their
harder counterparts. Similar enhancements were also
seen in the heart and brain, as well. Relative accumula-
tion of nanoparticles compared to blood concentration
was determined by calculating lung-to-blood localiza-
tion ratios. No significant differences between lung-
to-blood localization ratios were seen between soft
and hard nanoparticles with or without anti-ICAM tar-
geting (Figure 3d). This comparison corroborates that
enhanced lung targeting of soft nanoparticles is likely
attributed to increased persistence in blood.

Cellular Uptake of Soft and Hard Nanoparticles. The im-
pact of nanoparticle elasticity on cellular uptake in vitro
was investigated in three different murine cell lines: (i)
4T1 epithelial tumor cells, (ii) bEnd.3 brain endothelial
cells, and (iii) J774 macrophages. First, unmodified
soft and hard nanoparticles were incubated with 4T1
epithelial tumor cells at time points matching the
in vivo blood circulation studies. At short time points
(5 min to 4 hr), no statistical differences in cellular
uptake were observed; however, at 8 and 12 h, hard
nanoparticles were bound/internalized to a greater
extent than their soft counterparts, although the dif-
ference was relatively modest (Figure 4a). The effect
of anti-ICAM antibody on uptake by 4T1 cells was also
assessed. 4T1 cells are known to express ICAM recep-
tors on their surface.37 Anti-ICAM antibody increased

Figure 2. Blood circulation time course for soft and hard hydrogel nanoparticles. (a) Circulation data for both soft (open
circles) and hard (black squares) hydrogel particles over a 12 h period. Inset highlights the same data at short times. (b) Two-
compartment pharmacokinetic model for soft and hard hydrogel nanoparticles. Error bars represent SD (n = 4). *Denotes
statistical difference (P < 0.05) using Student's t test between soft and hard hydrogel nanoparticle groups.
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uptake of both soft and hard particles at all time points
in 4T1 cells compared to unmodified nanoparticles
(Figure 4b). Furthermore, statistical differences at addi-
tional time points (2, 4, 8, and 12 h) between 4T1
cellular uptake of anti-ICAM antibody-conjugated soft
and hard nanoparticles was observed; specifically, hard
nanoparticles were taken up to a much higher extent
than their softer counterparts (Figure 4b), exacerbating
theeffects seen in the absenceof the anti-ICAMantibody.
It is possible that these differences in uptake between
anti-ICAM antibody-conjugated particles and unmodi-
fied particles in 4T1 cells may also arise from changes in
hydrophobicity or charge following antibody conjuga-
tion. Regardless, hard nanoparticles were still taken up to
amuchhigher extent than their soft counterparts in both
the targeted and nontargeted cases.

Uptake of anti-ICAM antibody-coated soft and hard
nanoparticles in an endothelial cell line (bEnd.3) was also
assessed. The bEnd.3 cells express high amounts of ICAM
receptor38 and were stimulated with lipopolysaccharide
(LPS) to increase ICAM expression further (Supporting
Information Figure S2)39,40 to maximize the amount
of ICAM receptor present on cell surfaces and subse-
quently to facilitate enhancement of receptor-mediated

endocytosis compared to other internalizationmechan-
isms. Similar to cellular uptake in 4T1 cells, hard nano-
particles exhibited increased uptake in LPS-stimulated
bEnd.3 cells compared to soft nanoparticles (Figure 4c).
Interestingly, significant increases in uptake for ICAM
hard nanoparticles were seen at each time point, in-
cluding 5 min (Figure 4c). It is likely that ICAM facilitates
uptake via cell adhesion�molecule endocytosis in both
4T1 and bEnd.3 cells.11

Impact of elastic modulus on nanoparticle interna-
lization by macrophages was also studied using the
J774 macrophage cell line. To facilitate phagocytosis,
mouse IgG antibody, which is known to interact with
the Fc receptors on macrophage surfaces,41 was con-
jugated to the surface of nanoparticles. Similar to the
enhanced uptake/binding in both endothelial and
epithelial cells, hard particles were phagocytosed at a
significantly higher quantity than soft nanoparticles in
J774macrophages (Figure 4d). In some cases (12 h), the
increase in the number of hard particles phagocytosed
is greater than 3.5-fold. This internalization in macro-
phages was visually confirmed by labeling of nanopar-
ticles (Supporting Information Figure S3). These in vitro

studies indicate that hardnanoparticles are endocytosed

Figure 3. Biodistribution of soft and hard hydrogel nanoparticles. (a) Biodistribution in various organs of soft (hatched bars) and
hard (light gray bars) hydrogel nanoparticles at 30min. (b) Biodistribution in various organs of soft (white bars) andhard (dark gray
bars) hydrogel nanoparticles at 12 h. (c) Biodistribution in various organs of soft þ ICAM (cross hatched bars) and hard þ ICAM
(black bars) hydrogel nanoparticles at 30 min. (d) Lung-to-blood localization ratio for soft, hard, soft þ ICAM, and hard þ ICAM
nanoparticles at 30 min. Error bars represent SD (n = 3 for 30 min time points and n = 4 for 12 h time point). *Denotes statistical
difference (P < 0.05) using Student's t test between soft and hard hydrogel nanoparticle groups. **Denotes statistical difference
(P < 0.05) using Student's t test between soft þ ICAM or hardþ ICAM groups and their respective bare soft and hard controls.
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(Figure 4a�c) to a higher extent and more rapidly than
their softer counterparts. Furthermore, hard particles
are phagocytosed (Figure 4d and Figure S3) to an even
higher rate and in higher amounts than their softer
counterparts, with the largest differences observed in
macrophages.

DISCUSSION

This work demonstrates that modulation of nano-
particle elasticity offers a promising strategy to alter the
circulation time, biodistribution, and cellular internali-
zation of nanoparticles. The nanoemulsion technique
employed here allowed for synthesis of PEG-based
hydrogel nanoparticles with tunable elasticity, while
keeping all other parameters (size, shape, charge)
constant. By varying the PEGDA volume fraction, the
stiffness of nanoparticles could be controlled. In this
particular study, the volume fraction of PEGDA (Mn =
700 g/mol) was adjusted to control the elasticity of the
nanoparticles over a wider range (0.255 kPa to 3 MPa)
than was reported in previous studies.
Both soft (10 kPa) and hard (3 MPa) PEGDA hydrogel

nanoparticles exhibited long circulation, likely due to

the presence of PEG, which grants resistance to
both opsonization and reticuloendothelial system
clearance.42,43 The soft nanoparticles persisted in the
blood at a much higher concentration than the hard
nanoparticles at short time points (<2 h), demonstrat-
ing the importance of elasticity in nanoparticle design
(Figure 2a). A two-compartment pharmacokinetic
model was fit to circulation data because both particle
types showed decay with two distinct time scales,
and the model showed strong agreement with the
data (Figure 2b). The primary assumption of a two-
compartmentmodel is that theorganism is simplified into
a central compartment comprising organs with higher
blood permeation (e.g., heart) and a peripheral compart-
ment comprising organs with lower blood permeation
(e.g., adipose tissue).44 The model shows that estimated
values for both distribution and elimination half-lives are
higher for the softer nanoparticles than for the harder
nanoparticles (Supporting Information Figure S1).
In order to investigate mechanisms as to why softer

particles circulate longer than harder nanoparticles,
in vitro macrophage phagocytosis experiments were
used to determine the role nanoparticle elasticity

Figure 4. Cellular uptake of soft and hard hydrogel nanoparticles. (a) Cellular uptake of bare soft (hatched bars) and hard
(light gray bars) hydrogel nanoparticles in 4T1 epithelial cells at various time points. (b) Cellular uptake of ICAM-conjugated
soft (white bars) and hard (dark gray bars) hydrogel nanoparticles in 4T1 epithelial cells at various time points. (c) Cellular
uptake of ICAM-conjugated soft (cross hatched bars) and hard (black bars) hydrogel nanoparticles in LPS-stimulated bEnd.3
endothelial cells at various time points. (d) Cellular uptake ofmouse IgG-conjugated soft (light gray bars) and hard (dark gray
bars) hydrogel nanoparticles in J774macrophages at various time points. Error bars represent SD (n = 3). *Denotes statistical
difference (P < 0.05) using Student's t test between soft and hard hydrogel nanoparticle groups.
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played in avoiding phagocytosis. At 12 h, hard particles
are phagocytosed over 3.5-fold more than their soft
counterparts in J774 macrophages (Figure 4d and
Figure S3). Interestingly, all in vitro cellular uptake
experiments showed increased uptake of harder nano-
particles (Figure 5a and Figure S4). This enhanced
uptake of stiffer particles is true for all cell lines
studied here: (i) 4T1 epithelial cells (Figure 4a,b), (ii)
LPS-stimulated bEnd.3 endothelial cells (Figure 4c),
and (iii) J774 macrophages (Figure 4d). However, since
this enhancement was most dramatic in phagocytotic
macrophages (Figure 4d), where the enhancement
ratio reached as high as 3.5 (Figure 5a), this may
suggest that hard particles circulate for less time due
tomore rapid clearance by phagocytotic immune cells.
Differences between short-term (∼2 h) clearance of
particles in vivo and peak phagocytosis of particles by
macrophages at longer time points (∼8 h) in vitro are
attributed to a lack of physiological conditions in vitro

such as flow, filtration systems (e.g., spleen), and other
phagocytotic immune cells (e.g., monocytes) that facil-
itate clearance of particles. Differences in the kinetics
of particle uptake in vitro and organ retention in vivo,
especially at shorter times, likely stem from effects
not considered in our in vitro system, such as effects
related to flow, effects related to opsonization, and the
extent of contact time between a given cell and a given
particle.
Softer nanoparticles circulate longer than hard nano-

particles at short time points likely due to softer particles
avoiding permanent clearance by macrophage-hosting
reticuloendothelial organs. Onepossible reason for this
enhanced binding and uptake of harder particles and
longer circulation of softer particles is that the forces
that phagocytotic cells, such as macrophages, exert on
particles during phagocytosis may be sufficiently
strong to deform the particles. Depending on how
the particle deforms, the particle may deform in such a
way that the particle's radius of curvature changes in
the direction normal to the cell membrane. In this case,
one possibility is that the extent of phagocytosis can

potentially be decreased if the particle's shape be-
comes elongated or stretched.18 Another possibility
is that the extent of phagocytosis can potentially
decrease due to an increase in the cell membrane
tension that must be sustained in order to complete
phagocytosis because it has been shown in some cases
that phagocytosis is significantly reduced as the radius
of curvature of spherical particles decreases.45

Biodistribution studies showed increased accumula-
tion in certain organs at 30 min for soft nanoparticles
compared to hard nanoparticles. This is best visualized
by determining nanoparticle accumulation ratios
(soft/hard) in each organ at each time point for each
condition (Figure 5b). These increases of soft nanopar-
ticles in organs at short time points are likely due to
the increased blood persistence of soft nanoparticles,
which results in increased retention of soft nano-
particles in organs that receive higher blood output
(Figure 5b, hatched). The highest concentration of
both soft and hard nanoparticles is seen in the spleen
at 30 min (Figure 3a). While the concentration of both
soft and hard nanoparticles is high in the spleen, the
total percentage of the injected dose in the spleen is
much lower (5.3 ( 0.4%ID for soft particles and 5.0 (
0.1%ID for hard particles). Interestingly, the spleen
shows high concentration of both soft and hard nano-
particles at a longer time point (Figure 3b), which
suggests that the spleen is likely responsible for per-
manent clearance of both soft and hard nanoparticles.
This hypothesis is further supported by the fact that
the spleen does not receive high cardiac output/blood
flow as compared to other organs. Furthermore, many
other studies that have utilized similar modulus PEGDA
hydrogel particles have seen preferential uptake in the
spleen as compared to all other organs.27,28

CONCLUSION

In conclusion, this study demonstrates synthesis of
two physically distinct nanoparticles that differ in
elastic moduli (10 kPa vs 3 MPa) but are otherwise
identical. These nanoparticles were used to explore the

Figure 5. (a) Enhancement ratios (hard/soft) for in vitro cell uptake studies of ICAM-conjugated nanoparticles in LPS-
stimulated bEnd.3 cells (open circles) and IgG-conjugated nanoparticles in J774 macrophages (closed squares). Error bars
represent SD (n = 3). (b) Fold enhancement (soft/hard) in various organs at 30min (hatched bars), 12 h (light gray bars), and at
30 min with ICAM conjugation to particles (black bars). Error bars represent SD (n = 3 for 30 min time point and n = 4 for 12 h
time point).
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impact of elasticity on drug delivery processes, notably
blood circulation, biodistribution, tissue targeting,
and cellular uptake in terms of both endocytosis and
phagocytosis. Based on the studies reported here,
several conclusions can be drawn: (i) soft nanoparticles
are able to persist in circulation in higher amounts at
short times compared to hard nanoparticles, and this
can be used to increase targeting to certain tissues; (ii)
at longer times, circulation differences between soft
nanoparticles and hard nanoparticles are reduced; (iii)
this increased blood persistence can be attributed
to the ability of softer particles to resist phagocytosis
for longer times than their harder counterparts; (iv)
both soft and hard PEGDA hydrogel nanoparticles are
eventually cleared by the spleen; and (v) harder parti-
cles are endocytosed much more rapidly and in higher
amounts than softer nanoparticles, and this internali-
zation trend is evenmore pronounced for immune cell

phagocytosis. By tuning elasticity, softer particles could
be potentially utilized to avoid endocytosis and pha-
gocytosis and effectively provide benefits in circulation
and targeting by increasing opportunities to bind to
target sites due to increased blood persistence. How-
ever, if intracellular drug delivery or rapid cell inter-
nalization is desired, harder particles could be utilized
to increase association with cells and increase particle
uptake. These results suggest that elasticity of nano-
particles can be leveraged to improve key drug deliv-
ery abilities of nanoparticles, and perhaps, elasticity
can be best utilized in tandem with modifications of
other physical (e.g., shape) and chemical (e.g., targeting
ligands) parameters to create more advanced nano-
particle delivery systems. Future studies will investi-
gate the role that elasticity plays in both extravasation
of nanoparticles through defects in endothelium and
transcytosis through biological barriers.

METHODS

Particle Preparation. Poly(ethylene glycol) diacrylate (Mn =
700 g/mol), Span 80, Tween 80, 2-carboxyethyl acrylate,
and 2-hydroxy-2-methylpropiophenone were acquired from
Sigma-Aldrich. Methacryloxyethyl thiocarbamoyl rhodamine B
(rhodamine methacrylate) was purchased from Polysciences.
All materials were used as supplied. Hydrogel nanoparticles of
various stiffness were synthesized following a nanoemulsion
templating method (Figure 1a) as follows. The dispersed aqu-
eous phase contains amixture of PEGDA (10 vol% for the softest
particles and 40 vol % for the stiffest particles), 2-carboxyethyl
acrylate (1 vol %), and Millipore deionized (DI) water (89 vol %
for the softest particles and 59 vol % for the stiffest particles).
The fluorescent dye rhodamine methacrylate (0.1 wt %) was
also incorporated into the mixture for all particle batches for
ease of detection. The dispersed phase (1 mL) was emulsified
into a continuous oil phase of cyclohexane (15 mL) containing
the surfactants Span 80 (300 mg) and Tween 80 (100 mg) under
strong stirring. The emulsion droplet size was then further
homogenized using an ultrasonicator (Fisher Scientific model
FB705) to produce nanodroplets. Photoinitiator 2-hydroxy-2-
methylpropiophenone (80 μL) was then added to the nano-
emulsion, and a 365 nm long-wave UV lampwas used to photo-
cross-link PEGDA in the nanodroplets (15 min exposure) into
hydrogel nanoparticles via free-radical polymerization. The
nanoparticles were separated via centrifugation (18 000g) and
washed into cyclohexane (three rounds) followed by Millipore
DI water (five rounds). Finally, purified hydrogel nanoparticles
were resuspended into DI water and stored at 6 �C for further
use. Nanoparticle concentrations were determined by freeze-
drying a known volume of sample and measuring its final
freeze-dried mass.

Radio-labeling of nanoparticles was performed by
activating 1.5 � 1013 particles in 10 mg/mL of 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) in 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer for 15 min under constant rota-
tion at room temperature (Supporting Information Figure S5).
Particles were then washed via centrifugation at 15000g and
resuspended in MES buffer. 3H-Glycine was added in excess
and allowed to react with particles for 8 h at room temperature.
Following 3H-glycine conjugation, particles were washed a total
of 10 times via centrifugation at 15000g in saline to remove
excess 3H-glycine.

Hydrogel Modulus. The elastic moduli of PEGDA hydrogels
were measured using an AR-G2 rheometer (TA Instruments)
at room temperature using an accessory for simultaneous UV
exposure and rheologicalmeasurement within a 25mmparallel

plate geometry with a gap space of 800 μm. To investigate
the effect of PEGDA volume fraction on gel elasticity, samples
were prepared at various concentrations of PEGDA in water
(5 to 40 vol %) with the addition of 1 vol % of photoinitiator.
After the bulk gel was polymerized using the UV assembly
(20 s UV exposure, 150 mV/cm2 irradiation), frequency sweeps
were performed (0.01 to 50 Hz) at a strain rate of 0.05% to
quantify the gel's plateau modulus (Gp).

Particle Sizing and ζ-Potential Measurements. Sizemeasurements
were obtained by dynamic light scattering using a Malvern
Zetasizer Nano ZS at room temperature. The light scattering
was measured using noninvasive backscatter optics, and the
resulting autocorrelation function was used to determine the
Z-average diameter of particles. To ensure adequate particle
sizing, each sample was diluted with filtered Millipore DI water
to 10�2%mass andmeasured three times. ζ-Potential measure-
ments were performed for three runs per sample (12 measure-
ments per run) in DI water using a Malvern Zetasizer at room
temperature.

Antibody Conjugation. Following conjugationof glycine, glycine-
modified nanoparticles were activated with EDC at a concentra-
tion of 0.1 mg/mL in MES for 15 min under constant rotation at
room temperature (Supporting Information Figure S6). Particles
were then washed via centrifugation at 15 000g and resus-
pended in phosphate-buffered saline (PBS). Anti-ICAM-1 or
mouse IgG antibodies were added at a concentration of
400 μg/mL in PBS to an identical concentration of soft and
hard nanoparticles and allowed to react with particles for 8 h at
room temperature. Following antibody conjugation, particles
were washed a total of 10 times via centrifugation at 15 000g in
saline to remove excess antibody.

In Vivo Biodistribution and Circulation. Particles (3 � 1012) in
100 μL of salinewere injected into the tail vein of healthy female
BALB/c mice (18�20 g). At various time points, ranging from
5 min to 12 h, following injection of particles, 10 μL of blood
was drawn via the tail nicking method and placed in 5 mL of
Solvable (PerkinElmer) at 60 �C overnight for circulation studies.
At 30 min and 12 h following injection, mice were sacrificed via
CO2 overdose and known organ weights were harvested and
placed in 5 mL of Solvable (PerkinElmer) at 60 �C overnight.
The next morning, 10 mL of Ultima Gold was added to each
sample and 3H content was measured via a Packard TriCarb
2100TR scintillation counter. Blood values reported in the
30 min biodistribution studies correspond to a different set of
animals than those reported in the circulation studies because
the circulation studies required blood samples from multiple
time points past 30 min. Blood values reported for 12 h studies
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correspond to the same animals as those used for 12 h
biodistribution studies.

Two-Compartment Pharmacokinetic Model. A two-compartment
pharmacokinetic model was fit to the circulation data with
Matlab using nonlinear regression. The model shows excellent
agreement with the experimental data for both particle types.
From the fitted parameters, pharmacokinetics parameters, in-
cluding the elimination and distribution half-lives, and volume
of distribution were determined, as previously described.27 The
area under the curve concentrations were determined by
integrating the model fits over the first 12 h and infinite time
and normalized to particle number with the injected dose.
The clearance rates and y-axis values were also normalized to
the injected mass of particles and the compartment volume as
described: C~ = (VC/m)(AeRt þ Beβt).

Cellular Uptake Studies. The bEnd.3 endothelial cells and J774
macrophages were incubated at 37 �C in 5% CO2 in high
glucose Dulbecco's modified Eagle's medium, 10% fetal bovine
serum (FBS), and 1% penicillin/streptomycin. 4T1 epithelial cells
were incubated at 37 �C in 5% CO2 in RPMI media, 10% FBS, and
1% penicillin/streptomycin. The bEnd.3 cells were stimulated
with LPS at a concentration of 5 μg/mL for 18 h. LPS-stimulated
bEnd.3 cells were washed of free LPS prior to nanoparticle
internalization studies. For quantification of ICAM receptor on
the bEnd.3 surface, 500 μg of fluorescent anti-ICAM-1 antibody
was incubated with LPS-stimulated cells for 1 h. Cells were
lysed via multiple freeze�thaw cycles and pelleted, and the
supernatant was measured for fluorescence using a Tecan plate
reader. Particles (1 � 1011) in 500 μL of media were pipetted
onto confluent cells in 24-well plates. At various time points,
ranging from 5 min to 12 h, following addition of particles,
medium containing particles was removed from cells and
the wells were subsequently washed three times with fresh
medium. Then, 500 μL of Solvable was then added to each well
and added to 10 mL of Ultima Gold, where 3H content was
measured via a Packard TriCarb 2100TR scintillation counter.
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