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Abstract

The ability of vascular-targeted drug carriers (VTCs) to localize and bind to a targeted, diseased
endothelium determines their overall clinical utility. Here, we investigate how particle modulus
and size determine adhesion of VTCs to the vascular wall under physiological blood flow
conditions. In general, deformable microparticles (MPs) outperformed nanoparticles (NPs) in all
experimental conditions tested. Our results indicate that MP modulus enhances particle adhesion
in a shear-dependent manner. In low shear human blood flow profiles in vitro, low modulus
particles showed favorable adhesion, while at high shear, rigid particles showed superior adhesion.
This was confirmed /n vivo by studying particle adhesion in venous shear profiles in a mouse
model of mesenteric inflammation, where MP adhesion was 127% greater (p<0.0001) for low
modulus particles compared to more rigid ones. Mechanistically, we establish that particle
collisions with leukocytes drive these trends, rather than differences in particle deformation,
localization, or detachment. Overall, this work demonstrates the importance of VTC modulus as a
design parameter for enhanced VTC interaction with vascular walls, and thus, contributes
important knowledge for development of successful clinical theranostics with applications for
many diseases.
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INTRODUCTION

Vascular-targeted drug carriers (VTCs) are particles designed to exploit differential surface
protein expression in diseases involving the endothelium, for an increase in drug localization
and corresponding decrease in off-target toxicity. The development and clinical approval of
VTC systems could revolutionize the treatment of many common but therapeutically
challenging diseases, including cancer and cardiovascular diseases. Recent consideration of
VTC physical properties, including size, shape, and surface chargel°, has improved
historically low targeted drug delivery efficiency. More recently, researchers have also
explored the impact of particle stiffness, demonstrating that lower modulus particles have
increased circulation time /n vivo,8-2 attributed to both a slower rate of particle phagocytosis
and decreased mechanical filtration in the kidney and spleen.19-12 The work presented here
integrates these two lines of research to present a comprehensive study of the critical role of
particle modulus on VTC targeting efficiency.

As VTCs traverse the vasculature, they must navigate complex blood flow to contact the
endothelium, otherwise all targeting functionalities are negated. In blood flow, cells
segregate into a concentrated red blood cell (RBC) core in the center, while white blood cells
(WBCs) and platelets are excluded to the RBC- free layer (RBC-FL) to interact with
endothelial cells (ECs). Hydrodynamic, heterogeneous collisions between blood components
drive this segregation in flow.13-16 The differences in cellular size and stiffness are often
used to explain WBC and platelet margination, which, by definition, is the localization to
ECs from bulk blood flow. RBCs have a Young’s modulus of 26 + 7 kPa; WBCs are an
order of magnitude stiffer than RBCs and platelets are 2-5 times more rigid than RBCs.17-20
It is vital that VTCs mimic this cellular margination process to interact with the designated
endothelium and target effectively /in vivo. One way to achieve this is to control VTC size.
Previous work has shown that optimal VTC size depends on the physical blood
properties?1:22: in human blood, 3 um is the ideal diameter for spherical, rigid particles to
maximally marginate to ECs as determined in 7 vitro flow assays.23:24 Furthermore, rigid
nanoparticles (NPs) demonstrate inefficient margination compared to microparticles (MPS)
due to decreased localization to the vessel wall, resulting in low adhesion overall to targeted
ECs.23.25 Unfortunately, rigid MP VTCs may cause deleterious capillary occlusions and are
impractical for clinical use. Thus, there is strong motivation to explore a modulus range of
both MPs and NPs, with interest to circumvent possible capillary occlusions by MPs and to
improve the poor margination dynamics of rigid NPs. Recent studies with varying modulus
particles focus on the impact of particle modulus on /in vivo circulation time, which does not
necessarily translate to targeted adhesion.” There is a lack of research directly comparing an
entire range of particle sizes and physiologically relevant VTC moduli for vascular targeting;
there is a critical need for well-designed experiments to fill this gap.
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To address this deficiency in the research field, we explore two sizes of four polyethylene
glycol (PEG)-based VTCs with a range of Young’s moduli, spanning an order and a half of
magnitude, including one modulus similar to that of WBCs and one to that of RBCs. We
explore how particle modulus and size collectively dictate VTC efficacy based on a range of
physiological blood flow conditions, by using particles fabricated with well-controlled
surface ligand properties. Our data demonstrate that VTCs cannot be designed as “one size
fits all”, but rather, require the deliberate selection of VTC modulus based on known
hemodynamics of the disease state. Importantly, this is the first study to report how VTC
modulus directly affects the final, targeted adhesion of particles both /n vitro and in vivo,
providing an exciting and unique perspective on VTC engineering with potential to
influence the future VTC system development.

Characterization of PEG-based hydrogel particles

We systemically varied fabrication conditions to synthesize hydrogel particles of varying
modulus, as detailed in Fig. 1. Reaction conditions for the PEG hydrogels are detailed in the
Supplemental Information; we decreased the moduli from A to D by decreasing the hydrogel
cross-linking density. The synthetic scheme for hydrogel polymerization is shown in Fig.
1A-B. The /n situ polymerization of hydrogel conditions B-D is shown in Fig. 1C.
Hydrogel condition A was omitted, as it was too rigid for the /7 situ rheometry. Complete
polymerization for each condition, determined from the plateaus in the /n situ
polymerization curves, was achieved within several seconds; indeed, the onset of gelation
was so rapid that the precise gel point, as determined by the crossover of the storage (G')
and loss (G”) moduli,2® could not be ascertained (Fig. S1). We utilized a large excess of
photoinitiator to ensure maximal polymerization; any unpolymerized monomer was washed
out of the swollen hydrogels bulk samples and particles. As VTCs are employed in aqueous
conditions of media or blood, the most relevant particle parameter is the swollen shear
modulus, which varied over 1.2 orders of magnitude from 170,000 + 40,000 Pa for condition
A to 7,700 + 300 Pa for condition D (Fig. 1D). By design, hydrogel C closely matches WBC
moduli while hydrogel D matches that of RBCs. The equilibrium swelling ratio (ESR, Fig.
1E) is the characterization of the swelling properties of each bulk material type, is shown in
both water and human blood plasma. When comparing hydrogel ESR in plasma and water,
only hydrogel D showed a significant difference with p<0.0001. There were significant
differences in ESR when comparing A with B-D. Fig. 1F details the calculated density, pore
size, and young’s modulus of each hydrogel type.2’

Having characterized the bulk materials, hydrogel particles of either 2 um or 500 nm in
diameter were fabricated, using the conditions shown in Fig. 1F. Fig. S2 is a schematic of
the hydrogel particle fabrication protocol as further explained in the supplemental methods.
Resulting particles were sized using dynamic light scattering (DLS) and scanning electron
microscopy (SEM). Fig. 2A details the resultant zeta potential (ZP) for all particle
conditions, ranging from —23 mV to —32 mV, attributable to the 2-carboxyethyl acrylate
(CEA) incorporated into the polymer backbone. Fig. 2B—C show representative SEM images
of hydrogel particles; the clustering is a function of being dried for imaging. Particles within
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both size groups were found to be spherical and reasonably monodisperse after purification.
There were no notable differences observed between particle A and D morphology as
demonstrated in the scanning electron micrographs in Fig. 2D-E.

Phagocytic uptake of particles /in vitrois a predictive technique of particle clearance rate in
vivo. In general, cells phagocytose rigid particles more rapidly than more deformable
counterparts.”11 THP-1 uptake of both 500 nm and 2 um hydrogels of all particle conditions
confirmed previously observed trends in the literature, specifically that rigid particles were
more readily phagocytosed, and thus, the rate of particle uptake by THP-1 cells decreased
from particle A through particle D (Fig. S3).

Modulus dictates hydrogel particle binding under shear in vitro

We first evaluated the impact of VTC deformability on adhesion to an inflamed EC
monolayer from human blood flow in a parallel plate flow chamber (PPFC) to mimic
binding in a human blood vessel. Human umbilical vein EC (HUVEC) monolayers were
prepared and activated with interleukin 1p (IL-1p). Hydrogel (A-D) and control polystyrene
(PS) particles were conjugated with ~1,000 sialyl Lewis” (sLe”) sites/um? (gating shown in
Fig. S4). SLeA is a carbohydrate that has high affinity for E-selectin, a molecule that is
upregulated on EC monolayers during inflammation and is minimally expressed on healthy
ECs. Particle adhesion density was evaluated at varying wall shear rates (WSRs) (see Eqgn. 1
in Methods) that represent a physiological range encountered in human vasculature.

The human blood flow adhesion of sLe”-coated, 2 um rigid PS and deformable hydrogel
particles is shown in Fig. 3A — C for WSRs of 200, 500, and 1,000 s71, respectively, with a
particle concentration of 1x107 particles/mL. At 200 s~1, 2 um particle adhesion
significantly increased with decreasing hydrogel modulus, with particles C and D showing a
significant increase in adhesion (p=0.037 and 0.029, respectively) relative to the most rigid
hydrogel particle, A. Adhesion of all hydrogel particles was not significantly different when
compared to the PS control. At the intermediate WSR of 500 s™1, there was no significant
trend amongst the 2 um hydrogel particles or PS control. However, at the high WSR of 1,000
s71, the 2 pm hydrogel adhesion trend flipped relative to the low shear trend; the more rigid
hydrogel MPs adhered better than low modulus MPs. Hydrogel A showed significant 2.8
and 4.8 fold increases over C and D, with p=0.005 and 0.0008, respectively. The adhesion
levels for particles C and D were also significantly lower than the adhesion of the PS control
particles.

We then probed the importance of size on the observed trends in our PPFC adhesion assays.
Particles of the equivalent moduli, but of 500 nm diameter, were evaluated in the same
manner. Notably, a minimum concentration of 1x108 particles/mL was necessary in order to
observe significant particle adhesion, which is an order of magnitude larger than the
concentration evaluated for 2 pm particles. At all WSRs, the rigid PS control performed
significantly better than all hydrogel particle types (Fig. 4). There were no significant
differences amongst the 500 nm hydrogel particles.

For both particle sizes, increasing the WSR resulted in increased total particle adhesion.
However, at higher WSR, more particles travel through the PPFC in the fixed 5 min
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experiment time, thus, adhesion trends were normalized by the total number of particles
perfused thorough the PPFC, resulting in adhesion efficiency shown in Fig. S5. From these
results, we observe that even at a lower particle concentration, 2 pm particles were
significantly more efficient in PPFC experiments compared to 500 nm particles, as was
previously shown with PS.23 For MPs, more rigid particles maintained their adhesion
efficiency with increased WSR, while adhesion efficiency significantly decreased for the low
modulus conditions at higher WSRs. Together, these data indicate that targeted vascular wall
adhesion of low modulus hydrogel MPs is heavily dependent on the imposed local blood
flow WSR, which is physiologically pertinent, as blood shear varies widely throughout the
body.

Low modulus particles produce superior adhesion in vivo

To confirm our /n vitro trends, we next visualized actual targeted particle adhesion, in real
time, to inflamed endothelium /n vivo using a model of acute mesentery inflammation.
Topical TNF-a results in inflammation and corresponding P-selectin expression within
minutes of stimulation.282% We explored extreme modulus conditions A and D and both
particle diameters, 2 um and 500 nm. All particles types were conjugated with the same
surface density of anti-CD62P to ensure rapid, firm adhesion to the inflamed endothelium.
Fluorescent hydrogel particles were dosed by equivalent mass and tracked real-time with
fluorescent intravital microscopy. An experimental schematic is shown in Fig. 5A, with
representative images of 2 um particle binding in mouse mesenteric veins shown in Fig. 5B.
All particles observed were firmly adhered to the inflamed mesenteric vein ECs due to the
chosen ligand kinetics. Fig. 5C shows the adhesion number of each particle type, scaled by
the number of particles injected and the surface area of the examined vessels. Minimal
adhesion of targeted hydrogels was observed in non-inflamed vasculature, as shown in
Supplemental Video 1. Overall, the 2 um particles adhered significantly more than the 500
nm particles, in line with our /n vitro adhesion efficiencies. Fig. S6 shows the number of
each bound scaled by just the vessel surface area; particles were dosed by mass,
corresponding to 64.5 times more NPs than MPs, yet NP particle adhesion by number was at
most only 14 times more than MP adhesion by number. Thus, MPs demonstrated superior
targeted particle adhesion than NPs for targeted applications /n vivo. Interestingly, within
both particle sizes, hydrogel D significantly outperformed hydrogel A, with observed
increases of 127% (p<0.0001) and 627% (p=0.002) for 2 um and 500 nm, respectively.
These results correspond to the trend observed /n vitro; in the low WSR of the mesentery
vein, particle D of lower modulus resulted in improved adhesion over stiffer particle A. High
shear arteries were not evaluated /in vivo, as the flow is pulsatile, and hence, not comparable
to the /n vitro laminar studies. Additionally, large high WSR arteries are not amenable to
real-time intravital imaging, and thus, can only be evaluated posthumously, which represents
widely varying conditions from those studied /in vitro.

Evaluation of hydrogel deformability under physiological shear forces

We next sought to identify the major interactions driving the observed particle adhesion
trends. Given that NPs showed low adhesion efficiency both in vitroand in vivo compared to
MPs, we focused the subsequent evaluation to 2 um particles. We investigated the bulk
properties of each hydrogel material (A-D) under controlled rheometry shear inputs to
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estimate changes in hydrogel particle deformation produced by blood flow (Fig. 6A). The
input forces translate to the WSRs of our PPFC experiments, where 0.8 Pa and 4.0 Pa
correspond to WSR 200 s™1 to 1,000 s71, respectively. Fig. 6A shows deformation responses
linearly increasing with applied force. This linearity was maintained over a larger range of
shear force applied by the rheometer (Fig. S7). Interestingly, the percent difference in strain
between materials remained constant; material A deformed between 12—-14% of the strain of
hydrogel D at all applied shears, meaning there is a difference in how these particles will
deform in fluid shear near the vascular wall. However, at the most physiologically extreme
condition the magnitude of the % strain was less than 0.2%, indicating minimal deformation.
These bulk property results were supported by our finite element analysis (FEA). We
utilized the Taylor deformability parameter (A, defined in SlI) as a way to quantify to FEA-
modeled deformations. Particles A—D demonstrate minimal deformation within
physiological fluid shear profiles, with FEA results showing indiscernible differences in
particle shape and height (Fig. 6B, force diagram in Fig. S8). Particle deformation results in
a slight shrinkage of the particle height, meaning particle D will be shorter than particle
A.3031 FEA modeling shows that these changes in height are small compared to the overall
size of the particle, with A = 0.002 corresponding to only an 8.02 nm decrease in particle D
height at a WSR of 1,000 s~1 (4 Pa). This is in comparison to a 7.95 nm height decrease in
particle A at the same shear rate (A =0.001993). Shear stresses of greater than 1,000 Pa
would be needed to observe larger differences in deformation between particles; the most
extreme condition presented in Fig. 6B at 10 kPa results in a A=0.0039 for particle A and
A=0.05 for particle D, corresponding to a decrease in height of 12.6 and 116 nm,
respectively. Thus, these particles have the potential to significantly deform in shape due to
shear forces, but do not exhibit these changes during fluid flow shears in our physiological
system. To visualize the degree of particle deformation, element displacement of the inset
sphere has been amplified by 2x. Thus, the continuous hydrogel particles studied here
demonstrate surprisingly small changes in their physical dimensions due to fluid induced
shears, indicating that this phenomenon does not significantly contribute to the shear-based
adhesion trends.

Next, we analyzed particle localization to the vessel wall from human blood flow using
confocal microscopy to determine if differential particle distribution causes the variation in
wall adhesion. Fig. 6C shows the in vitro localization of each 2 um hydrogel MP type A-D.
Confocal images were taken at the wall of a PPFC while a mixture of human blood and
particles were perfused. Fig. 6C shows no significant differences between the wall
localization of 2 um hydrogel particles across the four moduli and three WSRs explored.
These results indicate that differences in moduli did not translate to experimentally
detectable changes in particle distribution to the wall from blood flow.

Another possible mechanism that could drive trends in PPFC adhesion by modulus is the
adhesive force of hydrogel particles once present on the EC monolayer. This is indirectly
represented in our data by the rate of attachment of 2 um particles (Fig. 6D). This plot
displays the adhesion over time, captured every 30 secs, for each particle A-D at 1,000 s71
WSR. A mixture of particles and blood were perfused through the PPFC for the first 5 mins,
after which, solely buffer was perfused. Fig. 6D shows that for all 2 um hydrogel particles
A-D, there was a linear region of attachment, with only particle A showing detectable
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detachment in the 10 mins of buffer only flow. The rates of attachment for the other two
WSRs are shown in Fig. S9. The linear rate of attachment indicates dominating adhesion
forces. Furthermore, this data demonstrates that even at our highest WSR, no significant
number of hydrogel particles detached once adhered to the inflamed EC monolayer.

Removal of white blood cells eliminates adhesion trends

Given that discrepancies in particle deformation, localization, and rate of attachment did not
together account for the observed significant trends in particle adhesion, we hypothesized
that collisions with WBCs within the RBC-FL may contribute to the experimental
phenomena. Importantly, WBCs will be present for all clinically relevant applications of
VTCs, yet, we explored their removal from blood flow to better explain the shear
dependence of hydrogel adhesion. We repeated PPFC experiments for 2 um particles as in
Fig. 3, but with WBC depleted blood (RBC+plasma). With this blood medium, particle
margination remains the same, while interactions between cells and particles within the
RBC-FL are removed. As shown in Fig. 7A-C, there were no significant differences in
adhesion amongst the hydrogel particle types at any WSR. This lack in adhesion trend
compared to the whole blood experiments indicates that WBCs in the RBC-FL have a clear
impact on targeted particle adhesion. To determine whether WBCs enhance or reduce
particle adhesion, we subtracted RBC+plasma particle adhesion from that in whole blood
(Fig. 7D-F). In these plots, positive values denote that particle adhesion was greater in
whole blood than in RBC+plasma, indicating that WBCs enhance particle adhesion;
negative values indicate that WBCs reduced particle adhesion. WBCs in the RBC-FL had
minimal to no impact on PS particle adhesion in low to intermediate shear but significantly
enhanced PS adhesion at high WSR of 1,000 s™1. WBCs in the RBC-FL had either a neutral
or enhancing impact on hydrogel particle adhesion. At 200s™ (Fig. 7D), WBCs had limited
influence on hydrogels A and B, but enhanced particle adhesion for hydrogel particles C and
D. At 500 s~1 (Fig. 7E), WBCs enhanced particle adhesion for all hydrogel particles in a
similar magnitude. A trend becomes pronounced at high shear (1,000 s2; Fig. 7F), where
collisions with WBCs in the RBC-FL helped rigid particles more than low modulus
particles. Overall, the impact of WBCs in the RBC-FL was similarly shear dependent as
adhesion trends in whole blood medium. Therefore, we can conclude that collisions with
WBCs in the RBC-FL prescribe VTC adhesion trends by modulus.

DISCUSSION

To date, no study has extensively evaluated the mechanism by which particle modulus
affects vascular targeting, particularly adhesion in blood flow. As a crucial physical property
of VTCs, this work suggests the importance of tuning the particle modulus based on local
hemodynamics and provides exciting insights aimed at improving translation of VTC
systems from the bench top to bedside. Our findings demonstrate the significance of fluid
shear in prescribing the ideal modulus for micron-sized particles, shedding light on the
importance of understanding physical transport mechanisms in the design of a VTC system.
Previous computational work has predicted that the margination dynamics of particles of
varying moduli will differ greatly.1® While varied moduli particles have been explored for
theranostic delivery applications in vivcP832-37 no study has directly evaluated the
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experimental margination and adhesion propensity of VTCs of varied moduli. Moreover,
many previous studies focus on a comparison between two particle moduli and the impact of
particle modulus on /n vivo circulation time, cellular uptake, and tissue biodistribution,
which do not necessarily translate to targeted adhesion.” There is a critical need to
thoroughly evaluate the impact of VTC modulus on the relevant biological transport and
adhesion processes to maximize the benefits of vascular-targeted drug delivery.>38:39

In this work, a range of particles (A-D) was fabricated using varied amounts of crosslinked
PEG. PEG is routinely utilized in a wide range of biomedical applications for its known
resistance to protein fouling, hydrophilicity, biocompatibility, and modularity for fabricating
scaffolds with a custom range of moduli and functionalities.%41 Of note, covalently
polymerized PEG particles are known to be highly stable under physiologic conditions.2
Many studies have utilized PEG or derivatives to develop drug delivery vehicles, ranging in
diameter from 30 nm*3 to over 10 um and with Young’s moduli as low as 200 Pa to as high
as 3 MPa.”844 Furthermore, others have demonstrated that measurements of bulk hydrogel
modulus is representative of the corresponding individual MP moduli, hence, our bulk
rheometry can be used as a representation of our particle properties.2’ The bulk materials are
well characterized in Fig. 1 showing /n situ rheometry, swollen rheometry, ESRs, and
calculated bulk properties. Shown in Fig. 1E, hydrogel D was the only material to exhibit
differences in swelling between blood plasma and water, likely due to both the fact that D is
the least cross-linked material and blood plasma has a higher osmolarity than water, thereby
producing less swelling.#> Our particles have well-characterized surface ligand densities,
ensuring that all conclusions made here are due to physical properties rather than
discrepancies in VTC surface ligand presentation. PS was included in /n vitro assays as an
extremely rigid control for the varied moduli hydrogel particles, with an Elastic modulus of
about 2 GPa, over 4 orders of magnitude more rigid than hydrogel A.46 However, we
recognize that PS has different material properties than PEG, including increased
hydrophobicity,*” zeta potential, and more; it is well known that PS particles rapidly
associate with and are taken up by phagocytes. Furthermore, these extremely rigid particles
are known to occlude capillaries, particularly in the lung.#8 Lack of biocompatibility and
these differences led to our exclusion of PS from /n vivo experiments, where this would be
most pronounced.

Our /n vitroand in vivo adhesion results indicate that hydrogel MP VTCs are better suited
for vascular adhesion than equivalent NP carriers. This corresponds to previously published
studies with rigid particles, finding that micron-sized VTCs provide significantly superior
vessel wall localization and EC adhesion compared to nano-sized. This is explained by
superior exclusion of micron-sized particles out of the RBC-FL, similar to the reported near
wall excess of white blood cells,}41> while nano-sized particles are suggested to co-localize
with RBCs in the center of flow.23:49 Previous work has demonstrated that deformable MPs
can lead to increased circulation time and safe navigation of the vasculature.8 Indeed, i vivo
we did not observe tissue entrapment or capillary occlusion of 2 um hydrogel particles, as
has been shown with PS particles in the past.*® Thus, our results demonstrate the utility of
hydrogel MPs specifically for vascular targeting applications, combining improvements in
both safety and efficiency. Overall, our results indicate that contributions of particle
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deformability and size, as well as the hemodynamics in the target vessel, dictate VTC
targeting success.

For both sizes in vivo, particle D provided significantly elevated adhesion to the inflamed
mesentery wall, compared to more rigid particle A (Fig. 5C). Supplemental Video 1 shows
minimal adhesion of targeted particles to non-inflamed mesenteric vasculature via
fluorescent intravital microscopy. These results align with a recent comparison of 200 nm
targeted particles with moduli of 10 kPa and 3 MPa, which showed improved targeting /in
vivo of the softer formulation.” A prevailing explanation for these trends suggests softer
particles exhibit longer circulation time, leading to more opportunities to adhere to the target
site. Indeed, it has been widely shown that lower modulus particles circulate longer /n vivo,
for their ability to avoid filtration and phagocytosis, as confirmed by our THP-1 uptake
trends.”8:11.4243 From our Jin vivo results alone, we cannot rule out this theory, as it is
inherently challenging to decouple circulation time from particle modulus. However, our /n
vitro PPFC assay enables isolation of other physical factors, and supports the role of other
contributing mechanisms at play.

Our /n vitrowork exposes an interesting phenomenon that the optimal modulus for 2 pm
VTC adhesion is heavily dependent on the local shear profile. We utilized WSRs of 200,
500, and 1000 s~2, which represent a physiological range of blood flow found in human post
capillary venules and arterioles.?%51 Namely, lower modulus PEG particles adhere with a
higher efficiency compared to more rigid counterparts at low WSRs (200 s1), which was
observed both /n vivoin the inflamed mesentery model (Fig. 5C) and in vitroin the PPFC
assay (Fig. 3A, 4A). However, at high shear, the softer particles lose this adhesion
advantage. Interestingly, the lower modulus particles, C and D, behave like adherent WBCs,
which also adhere less efficiently under high WSR compared to low WSR conditions.>?
These results are anticipated to be highly valuable for the engineering of VTCs; improving
targeted adhesion by deliberately electing a particle modulus will facilitate the development
of more efficient VTC systems.

We hypothesized that a mix of different phenomena, such as individual particle deformation
at the wall, localization efficiency, particle adhesion strength, and collisions with WBCs may
each contribute to collectively determine the VTC efficacy by modulus. Minimal particle
deformation under fluid shear flow unifies many of these results. According to our FEA
simulations, minimal changes in particle deformation and height occurred for the hydrogels
in flow, on the order of 8 nm or 0.4% of total diameter for particle D at the highest
physiological WSR. This maximal deformation is small, with differences lacking between
particle types. This indicates that particle deformation while in flow was not responsible for
driving observed differences in vascular wall adhesion in vitro. Furthermore, the minimal
deformation explains the lack of difference in localization amongst all particle types.19:31
Deformable particles anti-marginate towards the centerline of flow, while more rigid
particles marginate towards the chamber wall.1%:53 In order to produce observable
differences in margination, particles must be highly deformable with capillary number (Ca)
on the order of 0.3. Notably, a large Ca denotes a deformable particle, while smaller denotes
a rigid particle; most computational papers assign Ca=0.3-0.5 for the “deformable particle”
and Ca<0.2 for rigid particles.19:30 The Cafor particle D, presumed as the largest, is
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5.2x1074, a full 3 orders of magnitude smaller than the commonly studied and simulated
range of modulus, indicating that particle deformation drives margination.

These results were initially unexpected; we had hypothesized that particles C and D would
behave like WBCs and highly deformable RBCs, respectively, because of their matched bulk
moduli. Yet, our particle C did not outperform particle D in all conditions studied. While
cells are highly deformable, they are typically characterized by surface moduli and internal
viscosity, rather than a uniform modulus. Conversely, hydrogel particles are considered as a
continuous polymerized matrix and much better represented with a bulk, elastic modulus.
This physical difference leads to particles, which, while not rigid, do not deform to the same
extent as cells in fluid shears alone. However, other aspects of our study, in line with others’
previous results, demonstrate that this range of particle modulus still has a considerable
impact on cellular interactions and dynamics in flow. Continuous hydrogel particles of this
moduli range have considerably increased circulation time Jn vivo,82 indicating the capacity
to deform through narrow capillaries, as well as avoid immune clearance. Indeed, in our
work, THP-1 phagocytic cells showed slower uptake rate of lower modulus particles, despite
having proved that their shape does not significantly change in fluid flow (Fig. S3).
Furthermore, we observed evidence of particle deformation following adhesion at the
vascular wall; the most rigid hydrogel A was the only particle that experienced noticeable
detachment, designating weaker adhesive forces versus the other hydrogel particle types.
Elongated, bound particles experienced a lower removal shear force once wall contact is
made, as they were able to minimize their profile protruding in the direction orthogonal to
blood flow and capitalize on increased adhesive bonds. Notably, the ligand-receptor pair
chosen for these experiments is considered a catch-bond, which prolongs bond lifetime
under increased shear force conditions.>*

Interestingly, when WBCs were depleted from the blood medium, there were no clear
particle adhesion trends as a function of WSR or VTC modulus (Fig. 7A-C), matching the
observations of particle localization. Though this result is surprising, it is key to note that
WBCs will always be clinically present; these experiments simply provide insight into the
mechanism of hydrogel particle behavior. We determined that the presence of WBCs in the
RBC-FL overall increased hydrogel MP adhesion. We hypothesize that these results are a
combination of competing effects between the frequency of collisions between WBCs and
particles, and the force balance of the resulting collisions. The frequency of collisions will,
in part, be dependent on the RBC-FL thickness, which increases with increasing WSR.5° A
larger RBC-FL means a decrease in number of collisions given a constant number of
particles and WBCs. Following a collision, the displacement of the colliding cell and
particle will be dependent on the moduli, relative size of the two bodies, and the momentum
involved in the collision. At low shear, the momentum of the collisions is not enough to
produce differences in final particle adhesion to inflamed ECs compared to whole blood
experiments. At intermediate WSR, collisions between more rigid hydrogels and WBCs
result in larger lateral displacements towards the vessel wall, thus evening out overall
adhesion in whole blood. At 1,000 s1 WSR, the RBC-FL is largest, producing fewer
collisions between particles and cells. Additionally, both the cells and particles have
maximal momentum, resulting in larger translational displacements following each collision.
As this transition to higher shear occurs, the increased displacement becomes a benefit for
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all hydrogel particles, but exceptionally more so for the rigid particles. More rigid particles
conserve kinetic energy best and have the most elastic collisions. Though we showed that
lower moduli particles do not significantly deform under fluid shear, they still produce more
inelastic collisions due to viscous energy dissipation, and therefore, displace less efficiently
to the vascular wall for targeted particle adhesion. Future analysis, including a
computational evaluation of cell-particle collisions within the RBC-FL, are needed to verify
the details of this mechanism; however, our data clearly support the hypothesis that
collisions with WBCs can contribute to 2 um particle adhesion as a function of the particle
modulus.

CONCLUSION

This work presents a comprehensive study of the role that particle modulus and size play on
key transport mechanisms required for targeted particle adhesion with direct applications in
VTC systems. Specifically, we show that deformable MPs are more efficient than NPs in all
in vitro and in vivo experimental conditions, regardless of modulus. The presented data show
that for our particle conditions A-D, there is a small difference in particle deformation under
prescribed shear forces, no detectable change in particle localization to the vascular wall,
and relatively linear rate of attachments. Importantly, the presence of collisions with WBCs
in the RBC-FL has a dramatic role in particle lateral margination, contact with the wall, and
subsequent adhesion. Our findings indicate that the ideal modulus is highly dependent on
local WSR, and that superior particle adhesion to inflamed venous ECs /n vivo can be
achieved with low modulus, hydrogel MP VTCs. These VTCs simultaneously overcome
margination limitations of NP VTCs and occlusive potential of rigid micron-sized VTCs.
Hydrogel particles capable of localizing to the endothelium have implications for a wide
range of applications, including cancer, inflammation, and cardiovascular disease.
Furthermore, the trends of hydrogel modulus varying with local WSR offers potential for
customized therapeutics, based on disease and tissue hemodynamics; using these findings,
VTC modulus can be tuned to target a plaque in a high shear vessel or venous disease in a
low shear vessel. This unique work stresses the importance of modulus on targeted drug
delivery, and strikingly demonstrates that one physical property can greatly alter VTC
success, with possible implications for a wide range of diseases.

METHODS
Study Approvals

Human blood used in all assays was obtained via venipuncture according to a protocol
approved by the University of Michigan Internal Review Board (IRB-MED). Informed,
written consent was obtained from all subjects prior to blood collection. Umbilical cords
were obtained under IRB-MED approved human tissue transfer protocol, which is exempt
from informed consent per federal exemption category #4 of the 45 CFR 46.101.(b).

Animal studies were conducted in accordance with National Institutes of Health guidelines
for the care and use of laboratory animals and approved by the Institutional Animal Care and
Use Committee (IACUC) of University of Michigan. C57BL/6 mice were obtained from
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Jackson Laboratories. All animals were maintained in pathogen-free facilities at the
University of Michigan.

Phlebotemy was performed according to IRB-MED approved protocols and in line with the
WMA Declaration of Helsinki.

Particle Fabrication and Functionalization

Particles were fabricated via UV-initiated polymerization of PEGDA and CEA, as described
in more detail in the SI. NeutrAvidin was covalently attached to the carboxylic acid through
carboiimide chemistry. Biotinylated sialyl Lewis A (sLe”) was then coupled as described
previously.23 Particles conjugated with sLe” were stained with anti-CLA-APC and run via
flow cytometry using to determine the number of sLe” molecules. All particles for in vitro
assays were matched to a density of 1,000 sites/um?2. For in vivo experiments, biotinylated
anti-CD62P was coupled to NeutrAvidin-coated particles, which were characterized using
FITC anti-rat IgG1 for a total site density of ~30,000 anti-CD62P/um?.

PPFC Laminar Flow Assay

Human umbilical vein endothelial cells (HUVECSs) were cultured on glass coverslips as
described previously, with more detail in the S1.56 Blood from human donors was drawn
with the anticoagulant acetate citrate dextrose and stored at 37 °C until use. WBC depleted
RBC+plasma medium was obtained as previously described. HUVECSs on gelatin-coated
coverslips were activated as previously described with IL-1p.23 Targeted particles at a fixed
concentration of 1 x 107 particles/mL (2 pm) or 1 x 108 particles/mL (500 nm) were mixed
with either whole blood or RBC+plasma and then perfused through the PPFC in a laminar
flow profile for 5 mins. The volumetric flow rate through the channel (Q) was controlled via
a syringe pump, which dictates the WSR (y, as shown in equation (3),

6Q

— s

w2y [1]

where /£ is the channel height (0.0127 cm), wthe channel width (0.25 cm), and Qthe
volumetric flow rate (mL/sec). For rate of attachment experiments, images were collected
every 30 seconds in the same location, including 5 mins of blood and particle flow,
representing an attachment region, and 5 mins of buffer only flow, representing a
detachment region. In buffer only flow, adherent NPs and MPs were visually counted and
normalized to the HUVEC surface area, resulting in reported #particles/mm? for all
experiments.

Intravital Fluorescent Microscopy

Visualization of mesentery vessels was performed as previously described.5”-59 Briefly,
female mice (3—4 weeks) were anesthetized and a tail vein catheter placed for delivery of
particles. A midline incision in the abdominal cavity allowed for exteriorization of the
mouse intestines, and therefore, the mesentery connective tissue. Mice were placed on a
custom-made microscope heated stage at 37°C and the mesentery was positioned on a glass
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cover slip. A visual description of this process can be found in Reference 60. Imaged vessels
were chosen based on size, with the diameter of veins ranging from 100 — 200 ym.
Following vessel selection, local injury was induced by topical application of TNF-a (10 pL
of 200 ug/mL in PBS). Particles suspended in PBS were injected 3 mins following topical
TNF-a application via IV catheter and continuously imaged for another 5 mins via both
brightfield and fluorescent microscopy. Particles were dosed by an equivalent mass of ~10
mg/kg. Targeted particle adhesion in mesenteric veins was visualized under a 25x oil
objective using an inverted fluorescence microscope (Zeiss Axio Observer Z1 Marianas
Microscope). These data were quantified by number of individually bound particles for n=4
mice and converted to ng particlessmm? vessel based on the calculated mass of one particle.

Finite Element Analysis (FEA)

Spherical 2 um particle meshes were generated in SolidWorks CAD Software and exported
to LISA. Material properties for each particle type were defined as in Fig. 1F, with Poisson’s
ratio of 0.5. Surface pressures of 8x10713 N/um? (corresponding WSR=200 s71), 4x10712 N/
pm? (corresponding WSR=1,000 s71), 2.5x1071 N/pum?2, 1x1079 N/um?, and 1x1078 N/um?
were applied along the X-direction on the top and bottom face of the sphere in opposing
directions, as shown in Fig. S8. The Taylor deformability parameter A was defined as
(Drmax=Dmin)/(Dmax+Dmin) as before.61

Flow Distribution Studies (Confocal)

Statistics

A 100 um Ibidi chamber was used to perfuse blood containing 1x107 particles/mL. An
Olympus FV 1200 Confocal Microscope was used to detect the number of fluorescent
particles at each designated height. Results presented are the number of detected particles,
not simply the MFI.

For all studies, all data points were included in the analyses and no outliers were excluded in
calculations of means or statistical significance. Data are plotted with standard error bars and
analyzed as indicated in Fig. legends. Specifics of each statistical test run are in the
corresponding Fig. legends. Pound signs and asterisks indicate p values of *<0.05, **<0.01,
***<(0.001 and ****<0.0001 and n.s. indicates not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hydrogel material properties
(A) Designation of chemical moieties for synthetic scheme. (B) Synthetic scheme for

lithium phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiated polymerization of
(poly)ethylene glycol diacrylate (PEGDA) and 2-carboxylethyl acrylate (CEA) as described
in more detail in the SI. (C) /n situ rheometry of particle conditions B, C, and D. Condition
A too rigid to be tested /n situ. (D) Swollen shear moduli of particle conditions A-D,
statistics displayed represent comparison to A. (E) Equilibrium swelling ratios of particle
conditions A-D, where (*s) indicate significance within hydrogel types to A and (#s)
indicate difference between water and plasma. (F) Synthesis compositions and calculated
bulk material properties of hydrogels.2” Statistical analyses were performed using one- and
two-way ANOVA with Fisher’s LSD test, where (*) indicates p<0.05, (**) indicates p<0.01,
and (***) indicates p<0.001, (****) indicates p<0.0-01 and (**#) indicates p<0.0001. Error
bars represent standard error.
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A.
Particle Label D Actual PDI ZP (mV)
A 2uym  214um 0.11 -32.97 £2.01
B 2pm 2.02pym 0.05 -27.76 £0.65
C 2uym 1.86um 0.14 -23.07 +0.60
D 2uym  1.94uym 0.08 -29.67 £0.72
A 500 nm 519.2nm 0.21 -27.33+0.96
B 500 nm 483.7nm 0.24 -25.60 +0.52
c 500 nm 505.4 nm 0.14 -29.47 +0.91
D 500 nm 487.1nm 0.16 -27.67 +0.91
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C.

Figure 2. Hydrogel particle properties

(A) Diameter, PDI and zeta potential measurements for fabricated hydrogel particles +/-
standard deviation. Representative SEM Image of dried (B) 2 um and (C) 500 nm hydrogel
condition A particles, scale bars are 5 pm. Representative scanning electron micrographs at
50,000 X magnification of (D) Hydrogel particle type A and (E) D. Scale bars are 100 nm in

length.
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Figure 3. Particle adhesion to inflamed HUVEC monolayer as a function of particle modulus
Quantified adhesion of 2 um hydrogel particles at a wall shear rate of (A) 200 s2, (B) 500

s71, and (C) 1,000 s~1 by modulus after 5 mins of laminar blood flow over an IL-1B
activated HUVEC monolayer. N=3-6 human blood donors per particle condition. Statistical
analysis of adherent density was performed using one-way ANOVA with Fisher’s LSD test
between all particle adhesion conditions. (*) Represent comparison to PS and (#) represents
comparison to particle type A. (*) indicates p<0.05, (**) indicates p<0.01, and (***)
indicates p<0.001. Error bars represent standard error. Representative fluorescent images of
particles bound to IL-1p activated HUVEC under a WSR of 200 s~ /7 vitro for 2 um (D)

PS, (E) Hydrogel A, and (F) Hydrogel D. Scale bars are 20 pm.
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Figure 4. 500 nm particle adhesion to inflamed HUVEC monolayer as a function of particle

modulus

Quantified adhesion of hydrogel particles at a wall shear rate of (A) 200 s~2, (B) 500 s71,
and (C) 1,000 s™1 by modulus after 5 mins of laminar blood flow over an IL-1p activated
HUVEC monolayer at 1 x 108 particles/mL. N=3-6 human blood donors per particle
condition. Statistical analysis of adherent density was performed using one-way ANOVA
with Fisher’s LSD test between all particle adhesion conditions. (*) Represent comparison to
PS where (*) indicates p<0.05, (**) indicates p<0.01, and (***) indicates p<0.001. There
were no significant differences amongst hydrogel particle types A-D within any wall shear

rate. Error bars represent standard error.
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Particle adhesion to inflamed mesentery endothelium as a function of modulus and size. (A)
Schematic of mouse surgical technique for intravital imaging, as described in the methods.
(B) Representative fluorescence images of particle adhesion to inflamed mesentery, images
correspond particles A-2um and D-2um (top to bottom). Particle fluorescence shown in red,
overlaid on the bright field image. Scale bar is 50 um. (C) Quantified adhesion efficiency of
hydrogel particle conditions A-2um, D-2um, A-500nm, and D-500nm, scaled by vessel area,
n = 4 mice per group. Statistical analysis was performed using one-way ANOVA with
Fisher’s LSD test within particle sizes. (**) indicates p<0.01 and (****) indicates p<0.0001.

Error bars represent standard error.
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Figure 6. Hydrogel particle behavior under shear forces
(A) Strain response of bulk hydrogels A-D at controlled, applied shear stress. Arrows

represent corresponding wall shear rates. (B) Deformability parameter (A) determined by
FEA for particles A-D under a range of shear forces. Inset shows applied shear force
directions and representative particle deformation of particle D under the largest shear
(circled) with an amplification factor of 2 to visualize deformation. (C) Localization of
fluorescent hydrogel particles from human whole blood flow to the chamber wall. N = 3
human blood donors per particle condition. Statistical analysis was performed using two-
way ANOVA with Fisher’s LSD test between groups, resulting in non-significant differences
at all shear rates. Error bars represent the standard error. (D) Representative rate of
attachment and detachment to inflamed HUVECs at wall shear rates of 1000 s™1. The first
300 seconds represent perfusion of whole human blood and hydrogel particles, while the
remaining time represents perfusion of buffer without particles.
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Figure 7. Particle adhesion in WBC depleted, RBC+plasma medium to inflamed HUVEC
monolayer

Quantified adhesion of 2 um hydrogel particles in RBC+plasma at a wall shear rate of (A)
200 s71, (B) 500 s72, and (C) 1,000 s~ by modulus after 5 mins of laminar flow over an
IL-1p activated HUVEC monolayer. N=3-6 human blood donors per particle condition in
WBC depleted RBC+plasma medium. Particle adhesion in whole blood minus adhesion in
RBC+plasma is quantified for (D) 200 s71, (E) 500 s~2, (F) 1,000 s1 by modulus. Positive
values signify WBCs enhance particle binding in shear flow. Statistical analysis of adherent
density was performed using one-way ANOVA with Fisher’s LSD test between all particle
adhesion conditions. (*) Represent comparison to PS and (¥) represents comparison to
particle type A. (*) indicates p<0.05, (**) indicates p<0.01, and (***) indicates p<0.001.
Error bars represent standard error.

Biomaterials. Author manuscript; available in PMC 2018 April 01.



	Abstract
	INTRODUCTION
	RESULTS
	Characterization of PEG-based hydrogel particles
	Modulus dictates hydrogel particle binding under shear in vitro
	Low modulus particles produce superior adhesion in vivo
	Evaluation of hydrogel deformability under physiological shear forces
	Removal of white blood cells eliminates adhesion trends

	DISCUSSION
	CONCLUSION
	METHODS
	Study Approvals
	Particle Fabrication and Functionalization
	PPFC Laminar Flow Assay
	Intravital Fluorescent Microscopy
	Finite Element Analysis (FEA)
	Flow Distribution Studies (Confocal)
	Statistics

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

