Biomimetic Camouflage Imparts Cell-Like Functions to Synthetic Particles
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Abstract
The therapeutic efficacy of systemic drug delivery vehicles is limited by their ability to evade the

mononuclear phagocyte system, preferentially localize to the target tissue, and negotiate past the



endothelial barrier. In order to create a delivery vehicle capable of all these functions, we
developed a biomimetic functionalization of synthetic particles using membranes isolated from
leukocytes. This new generation of injectable carriers, named LeukoLike Vectors (LLV), were
produced by self-assembly of purified cell membranes around the surface of nanoporous silicon
particles (NPS). LLV camouflage prevented opsonization and leveraged self-recognition
mechanisms to delay phagocytic uptake in vitro. LLV interaction with surface receptors
expressed on inflamed endothelium increased LLV binding and transport across the monolayer
while avoiding the lysosomal pathway. Furthermore, LLV appeared sufficiently stable in vivo to
enhance particle circulation time and improve tumoritropic accumulation. This bio-hybrid

system opens exciting opportunities for the improvement of systemic drug delivery vectors.

Introduction
Biophysical barriers within the body provide protection by regulating the trafficking, exchange,
and clearance of organic and inorganic exogenous agentsl. The vasculature, for example,
functions as a semipermeable compartment populated by cells responsible for identifying and
capturing potential hazards 2. Systemically administered drugs and particles, upon entering the
blood, are marked as foreign bodies by opsonization® and subsequently sequestered by the
mononuclear phagocyte system®. Provided they are able to avoid clearance, systemic agents
must preferentially localize at the target tissue and efficiently negotiate past the endothelial
barrier °.

The encapsulation of free drug into particle-based delivery vehicles can prolong drug
half-life, improve site-specific targeting, reduce side-effects, and enhance therapeutic indices

without requiring alterations to drug chemistry °®. Instead, physical and chemical properties of



the vehicles themselves are modulated to confer new capabilities in vivo > '°. Optimization of

11,12

particle size , shape "°, and surface charge *, for example, enhance passive tumor targeting

via a mechanism known as enhanced permeation and retention (EPR) '°. Particle surface
modification with polyethylene glycol (PEG) improves the biodistribution of chemotherapeutics
' whereas bioconjugation of active targeting molecules enhances cell-specific chemotherapy
delivery '"'®. More recently, efforts have focused on the development of multistage vectors that

decouple each of these functions in vivo . Based around a NanoPorous Silicon (NPS) platform

18,20 20-22 21,23

, these particles can carry a variety of cargo™ ~*, navigate through blood flow , recognize

23,24 22,25

and bind specific endothelial targets™ “*, and protect therapeutic cargo for enhanced efficacy

Particle-based drug delivery vehicles have yet to reach their full therapeutic potential®" .
Avoidance of particle opsinization and non-specific clearance remains a challenge *’: The use of
PEG does not avoid cumulative uptake by the mononuclear phagocyte system >*, and in fact,
PEGylated liposomal doxorubicin (DOXIL®) is thought to activate the human complement
system”. Nevertheless, transient enhancements in particle circulation time increase the

30-31 " yielding higher therapeutic indices in

probability of tumoritropic particle accumulation
tumors with fenestrated endothelium. Given the complexity of mass transport in vascular
compartment, it is not surprising that “biomimetic camouflage” strategies are gaining popularity
32:33 Virus-based carriers **, targeted protocells *°, and bio-nano hybrid systems*®*” have been
proposed as potential strategies for overcoming vascular barriers to drug delivery.

Here we describe an approach to transfer bioactive cellular components to the surface of

synthetic particles in order to confer unique functions not otherwise attainable through current

bioconjugation techniques. This new generation of injectable carriers, named Leukolike Vectors



(LLV), are produced by camouflaging NPS particles with cellular membranes isolated from
freshly harvested leukocytes. Using a combination of in vitro and in vivo experiments, we show
that LLV are able to avoid opsonization, delay uptake by the mononuclear phagocyte system,
preferentially bind inflamed endothelium, and facilitate chemotherapeutics transport across the

endothelium while eluding the lysosomal pathway.

RESULTS

Assembly and characterization

LLV were produced by cloaking NPS with cellular membranes isolated from freshly harvested
leukocytes (Figure 1A). The membranes were purified by ultracentrifugation through a
discontinuous sucrose density gradient (Supplementary figure S2), and reconstituted as proteo-
lipid patches. Self-assembly of the LLV was driven by electrostatic and hydrophobic
interactions between the negatively charged proteo-lipid patches and the positively charged NPS
surface (Figure 1B). As a result, the zeta potential of the (3-aminopropyl)triethoxysilane
(APTES) modified NPS surface switched from +7.41mV to a negative value similar to that of
leukocytes (LLV: -26mV, Leukocytes: -31.16 mV) (Supplementary table 1). Fourier transform
infrared (FTIR) spectroscopy (Supplementary figure S3) suggested that the system was at least
partially stabilized by amide bonds between the carboxylic groups of the proteo-lipids and amine
groups on the NPS surface (Figure 1C). The lipid:particle ratio and vesicle lamellarity was
varied to modulate the uniformity, thickness, and surface stability of the coating (Figure 1D-F).
Fusion between adjacent proteo-lipid patches and lipid vesicles resulted in complete coverage of
the particle surface (Figure 1G-I). The resulting LLV appeared to retain critical leukocyte

transmembrane proteins in the same orientation as their donor cells. Both CD45 and CD3z, two



biomarkers expressed on the membrane of leukocytes **, and Lymphocyte Function-associated
Antigen 1 (LFA-1 or CD11a), an adhesion molecule utilized by leukocytes for vascular

extravasation >°*!

, were confirmed to be exposed on the LLV surface using immunoblotting and
flow cytometry (Supplementary figure S2, S4). LLV composition and stability were evaluated
over time through thermogravimetric analysis (TGA) and scanning electron microscopy (SEM)
(Supplementary figure S5-6). After 24 hours, more than half of the membrane coating

remained associated with the particles, resulting in delayed particle degradation and cargo

release kinetics (Supplementary figure S7).

Inhibition of particle opsonization and reduced phagocytosis

The LLV surface was stained for sialic acid and N-acetylglucosamine glycans, two
typical post-transcriptional modifications of transmembrane proteins that play a key role in the
cellular self-recognition mechanisms**. Their presence was quantified by spectrofluorimetric
quantification of wheat germ agglutinin (WGA) absorption on the NPS and LLV surface (Figure
2A). The LLV coating was found to also protect the particle surface from opsonization by highly
abundant serum proteins. LLV incubated with fluorescent IgG and bovine serum albumin (BSA)
demonstrated significantly less (~10-fold decrease) protein absorption than NPS (Figure 2B-C).

The ability of the LLV coating to inhibit particle internalization was studied using murine
J774 macrophages and human THP-1 phagocytic cells. Both cell lines were individually
incubated with equivalent numbers of fluorescently labeled NPS and LLV particles coated with
the membranes of each cell type. Particle internalization was quantified using flow cytometry
three hours after treatment (Figure 2D-E). The LLV coating was found to significantly decrease

particle uptake, particularly when the donor membrane matched that of the host phagocytic cell.



Particles coated with J774 membranes showed a ~75% decrease in uptake by J774 cells whereas
particles coated with THP-1 membranes showed a ~50% decrease in uptake by THP-1 cells.
Mismatch between the donor and host cells instead led to a limited decrease in uptake (~50% for
THP-1 LLV and ~10% for J774 LLV). These trends were also observed using Time Lapse
Microscopy (TLM) (Supplementary figure S8, Supplementary movies 1-6,). No significant
impact on cell viability or particle toxicity was observed following LLV treatment
(Supplementary figure S9). This evidence suggests that the particle opsonization and the
consequent specific clearance are inhibited by the membrane coating and that the source of the
cellular membrane can affect the rate of internalization, depending on the experimental model

used.

Endothelial binding and internalization

The interaction of LLV with a confluent monolayer of human umbilical vein endothelial cells
(HUVEC) was studied using NPS particles coated with Jurkat cell membranes, henceforth
simply referred to as LLV. As previously reported *, early NPS internalization (~15 min) was
characterized by the formation of filopodia “cages” that surrounded and locked particles against
the cell surface. While untreated endothelium appeared smooth and regular under SEM
(Supplementary figure S10), NPS-treated endothelium showed several irregularities, including
the formation of membrane protrusions and abundant outward vesicle budding (Figure 3A). In
contrast, LLV treatment did not induce any notable change in the cell membranes and LLV
internalization involved neither filopodia nor vesicle formation (Figure 3A). Differences

remained after complete particle uptake (~60 min), with NPS particles still recognizable



immediately below the cell surface while the cells displayed several ring-like structures in
association with LLV internalization events (Figure 3A).

Immunostaining of LLV surface revealed a punctate and regularly spaced distribution of
LFA-1 across the particle (Supplementary Figure 11). We postulated that LFA-1 would play
an important role in LLV recognition of and binding to inflamed endothelium. The ability of
LLV to recruit LFA-1 receptor ICAM-1, a cell adhesion molecule over-expressed following
TNF-a stimulation **, was studied under physiological flow using an inflamed endothelium
model (Figure 3B). LLV adhering to the endothelial surface were able to locally induce
clustering of ICAM-1. In contrast, [CAM-1 was homogenously distributed before LLV
administration or following NPS administration. ICAM-1 clustering was inhibited by pretreating
LLV with an antibody against the active site of LFA-1. Typical clustering events between
ICAM-1 and LLV are shown in the rainbow color insets (Figure 3B). LLV and NPS also
displayed markedly different adhesion to healthy and inflamed endothelial cell monolayers under
flow (Figure 3C). Under both normal and inflamed conditions, NPS showed a high quantity of
binding to endothelium whereas LLV doubled their binding upon HUVEC pre-treatment with
TNF-a. The increase in LLV binding appeared to be mediated by LFA-1, since its blockage by
an antibody reduced LLV binding to the endothelium.

Confocal microscopy studies performed during LLV and NPS internalization revealed
local rearrangements of the cytoskeleton around LLV, whereas NPS failed to alter the
architecture and distribution of actin filaments (Figure 3D-E). Interestingly, actin filaments
surrounding LLV appeared to be organized in a channel-like formation. Three-dimensional
confocal z-stacks demonstrated “basket-like structures” protruding from the basal side of the cell

and associated with the LLV (Supplementary movies S7-8). The subcellular localization of



LLV and NPS was analyzed by TEM for up to 24 hours, demonstrating that internalized LLV
were able to avoid lysosomal sequestration (Figure 3F and Supplementary figure S12-13).
LLV appeared to retain their leukocyte coating and were in direct contact with the cell
cytoplasm, whereas NPS remained trapped inside the endolysomal compartment and were

trafficked toward the perinuclear region as previously described **.

Modulation of the endothelial barrier

The ability of LLV to cross a reconstructed endothelial monolayer was studied in vitro using a
transwell system (Figure 4A) under physiologic and inflammatory conditions. LLV and NPS
were added to a confluent HUVEC monolayer for 3 hours, after which they were isolated and
quantified. Free particles in the upper supernatant were distinguished from those within cells and
those passed through the filter to the bottom chamber, both in the presence and absence of TNF-
o (Figure 4B, Supplementary figure S14). Under normal conditions (no TNF-a), the quantity
of LLV recovered from the upper chamber was significantly higher than NPS (~25% vs. ~5%
respectively). Only a small percentage of both particle types were transported to the other side of
the filter; instead ~75% of LLV and ~90% of NPS were found inside endothelial cells. In the
presence of TNF-a, the quantity of LLV recovered from the bottom chamber increased
significantly from ~2% to ~70%. This change was accompanied by a relative decrease in the
number of particles found in the supernatant and intracellular compartments. NPS transport
increased to a lesser degree, from ~2% to ~30%, with >50% of NPS remaining in the
intracellular compartment. Transendothelial electrical resistance (TEER) measurements showed
that LLV also modulate the permeability of inflamed HUVEC monolayers, resulting in a

transient drop in resistance. The maximal drop occurred after 20 minutes of incubation, yielding



a ~35% drop in TEER (Figure 4C). No change in TEER was observed with NPS addition,
suggesting that the ~4-fold relative difference between LLV and NPS transport is mediated by
the biomimetic coating.

The therapeutic potential of LLV was assessed using a similar transwell model comprised
of a confluent HUVEC monolayer in the upper chamber and a confluent MDA-MB-231 breast
cancer cell monolayer in the bottom chamber. Particles were loaded with Doxorubicin (DOX),
and the cytotoxic activity of DOX-loaded particles was compared to that of free DOX 48 hours
after treatment (Figure 4D). Both free DOX and DOX-NPS had little effect on tumor cell
viability, reducing MDA-MB-231 viability by ~20% and ~10% respectively. Most of the DOX-
induced cytotoxic effect was observed in the endothelial cell layer, whose viability was reduced
by ~73% and ~71% respectively. In contrast, LLV reduced cancer cell viability by ~57% while
maintaining more than ~80% of the endothelial layer’s viability. Taken together, this data
suggest that LLV can successfully transport the DOX payload through the endothelium and

effectively release it in the lower chamber.

Delayed liver clearance and enhanced tumoritropic accumulation in mice

The ability of LLV to evade the mononuclear phagocyte system and accumulate within tumors in
vivo was quantified by tracking individual particles using intravital microscopy. Systemically
administered murine-derived J774 LLV showed delayed accumulation in the liver, indicating
that the integrity of the biomimetic camouflage is retained for up to 40 minutes in vivo (Figure
5A). This time-dependent accumulation was largely mediated by phagocytic Kupffer cells;
however, we observed a statistically significant subset of adherent LLV (p<0.05) which was not

internalized by Kupffer cells (Figure 5B). These non-phagocytized LLV (~25% of adherent



LLV) were generally associated with the liver endothelium (Figure SC, arrows) rather than the
surface of Kupffer cells. The tumoritropic accumulation of LLV in mice inoculated with murine
B16 melanoma was enhanced compared to that of NPS (Figure SD). Particle coating using
leukocyte membranes led to a ~2-fold increase in particle density at the tumor across all mice
examined. Competition experiments of differentially labeled particles (Figure SE, SF) showed

that LLV and NPS adhered to the tumor endothelium in a time-dependent manner.

Discussion
The development of efficient systemic drug delivery vehicles requires evasion of the
mononuclear phagocyte system, preferential localization to the target organ, and negotiation past
the endothelial barrier. These properties are crucial for delivering therapeutic quantities of drug
to the tissue of interest **>"*°_ In this study, we showed that leukocyte-based biomimetic
camouflage was able to provide a competitive advantage for overcoming sequential vascular
barriers by reducing opsonization, leveraging self-recognition mechanisms to delay phagocytic
uptake, binding inflamed endothelium, and facilitating transport across the endothelial layer
while eluding the lysosomal pathway. Furthermore, LLV appeared sufficiently stable in vivo to
enhance particle circulation time and improve tumoritropic accumulation. Taken together, these
results suggest that LLV may be well-suited for chemotherapeutics delivery to cancer.

LLV exemplify a revolutionary transition from purely synthetic particles, to bio-hybrid
delivery systems that can be tailored to perform unique functions not otherwise attainable

through current bioconjugation techniques. Unlike conventional nanocarriers, which rely on

10



passive EPR mechanisms to accumulate in tumors *"*’, LLV have the potential to recognize and
bind tumor endothelium in an active, non-destructive manner. It is intriguing to contemplate that
future tumoritropic drug carriers will avoid the need for fenestrated endothelium® and alleviate
concerns regarding particle-induced injury to endothelial barrier function®. While additional
studies will follow to address LLV stability, immunogenicity, transport, and pharmacokinetics in
vivo, this proof-of-concept study demonstrates that it is possible to successfully transfer bioactive
cellular components to a synthetic system in order to improve the negotiation of vascular

barriers.
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Figures Legends

Figure 1. The Leukolike Vector. A. A cartoon representing the LLV: naked NPS
functionalized with leukocyte-derived cell membranes. The membranes fully cover the NPS and
seal off its pores. B. A schematic of the physical interactions between the nanoporous surface of
the particle and the leukocyte membranes. The membrane bilayer displays relevant protein sets
(LFA-1, CD3z, CD45, Lck) interspersed in the porous structure of the NPS. The electrostatic
interactions between the positive charges on the NPS surface and the negative charges of the
leukocyte membrane phospholipids and proteins are the driving forces for LLV assembly. C.
Schematic of the hydrophobic interactions and potential amide bond formation between the polar
region of the phospholipids and carboxylic groups of the proteins with the amino groups of the

APTES on the NPS surface. These bonds stabilize the biomimetic camouflage and maintain it in
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close association with the particle surface. D. TEM micrograph of NPS prior to membrane
assembly reveal the open nanoporous structure of the particles. E. In the presence of
unilamellar vesicles, LLV coating thickness is similar to that of normal lipid bilayers. F.
Depending on proteo-lipid fusogenic tendency and vesicle lamellarity, the coating can reach
thicknesses up to 500 nm. G. SEM micrograph of the NPS surface prior to membrane assembly.
H. SEM micrograph of a leukocyte used as cell membrane donor. I. NPS camouflaged with
leukocyte-derived membranes appears the similar to the leukocyte donor. Scale bars = 100 nm

(TEM), 1 um (SEM).

Figure 2. Inhibition of particle opsonization and phagocytosis. A. Staining of the LLV
glycoproteins using Wheat Germ Agglutinin (WGA, red) to reveal the presence N-
acetylglucosamine and sialic acid groups on the surface of NPS (green, left) and LLV (green,
right). Scale bars = 1pum. Quantification of WGA staining through fluorometric analysis,
expressed as the slope of increasing concentrations of NPS and LLV, demonstrates enhanced
LLV staining. B. Differential opsonization by passive absorption of IgG to the surface of NPS
(left) and LLV (right). Scale bars = 1 um. Quantification of IgG absorption through fluorometric
analysis reveals preferential absorption by NPS. C. Differential opsonization by passive
absorption of bovine serum albumin (BSA) to the surface of NPS (top) and LLV (bottom). Scale
bars = 2um. Quantification of BSA absorption through fluorometric analysis reveals preferential
absorption by NPS. D-E. Internalization of particles derived from THP-1 and J774 donor cell
lines, measured by flow cytometry following 3hr co-incubation. Matching host cells with
particles derived from the same donor resulted in the greatest delay in internalization. Values

and significance are expressed as relative to NPS treated cells. The standard deviations referred
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to experiments conducted in triplicate and statistically analyzed by One way Anova-with the

Dunnett’s multiple post (** =p <0.01, *** =p <0.001).

Figure 3. Particle adhesion to healthy and inflamed endothelium. A. SEM micrographs of
the different mechanisms involved in NPS and LLV uptake by HUVEC cells pre-treated with
TNF-a. In the presence of NPS, the endothelial surface displayed protrusions and filopodia-like
structures that disappeared upon completion of the internalization process (60 min). In contrast,
initial LLV uptake (15 min) was characterized by a smooth, undisturbed cell membrane, similar
to that of the untreated cells. Following LLV internalization (60 min), ring-like structures were
visible on the cell surface. Two different magnifications are shown for each condition. Scale
bars = 10 and 2 pm respectively. B. Recruitment of cell adhesion molecule ICAM-1. NPS, LLV,
and LLV pre-incubated with anti-LFA-1 antibody were allowed to flow over the surface of a
confluent monolayer of TNF-a stimulated HUVEC cells at 0.5 dyn/cm” using IBIDI slides.
Clustering of ICAM-1 (green, arrows) was observed 30 min following LLV treatment alone.
Inset, high magnification images and relative colorimetric analysis of receptor clustering. Scale
bars = 15 and 2 pum respectively. C. Quantification of particle adhesion to normal (-TNF-a) and
inflamed endothelium (+TNF-a) following 30 min of flow. Enhanced LLV accumulation was
observed in +TNF-a endothelium. The ~50% in relative LLV increase was inhibited with the
use anti-LFA-1 antibody. The slide was analyzed in all its length and the particles were counted
manually. Data is derived from 2 independent experiments (n = 20) and statistically analyzed by
One way Anova-with the Dunnett’s multiple post (** =p < 0.01, *** =p <0.001). Black
asterisks refer to the significance between different samples in the same experimental condition

considering NPS as a control. Orange asterisks refer to the significance in particle count as
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evaluated in the same particle type between the two experimental conditions (with or without
TNF-a). An independent Student’s t-test was used to compare the groups (** =p <0.01; *** =p
<0.001). D. Confocal microscopy images of confluent inflamed HUVEC seeded on fibronectin
and treated with NPS and LLV for 3 hours. The panels, representing random fields at different
magnifications, showed that NPS were predominantly found inside cells whereas the LLV were
confined between cells. Local rearrangements of the actin cytoskeleton were observed with LLV
treatment. Scale bars =25 and 5 pm respectively. E. TEM micrographs of intracellular NPS and
LLV 6 hours after particle addition. NPS consistently appeared inside lysosomal vesicles while
LLV were found in the cytoplasm with their membranes still intact. Inset, high magnification
images of internalized particles. LLV membrane integrity was confirmed by the presence of an
electrodense layer in close contact with the cell cytoplasm. Scale bars = 10 um, 2 um, and 100

nm.

Figure 4. Modulation of endothelial barrier function. A. Schematic of a transwell chamber
for assaying NPS and LLV transport of across a confluent monolayer of endothelial cells.
Particles were counted in the upper chamber (1: supernatant), endothelial layer (2: intracellular),
and lower chamber (3: filtered). B. Quantification of particle localization after 3 hours of
incubation in the presence and absence of TNF-a. LLV demonstrated significantly enhanced
transmigration capacity compared to NPS, particularly across inflamed endothelium. Data is
derived from 6 independent experiments (n = 30) and statistically analyzed by One way Anova-
with the Dunnett’s multiple post (** =p < 0.01, *** =p <0.001, **** =p <0.0001). C.
Evaluation of transendothelial electrical resistance (TEER), normalized against untreated

controls. LLV were found to produce a transient decrease in TEER measurements of confluent
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inflamed endothelium. Data is derived from 6 independent experiments and statistically analyzed
through OneWay Anova analysis followed by Dunnet’s Test (* = p < 0.05). D. Studies of
HUVEC (endothelial) and MDA-MB-231 (cancer) cell viability in a transwell system, following
48 hr incubation with free doxorubicin (DOX), DOX-NPS, and DOX-LLV. LLV showed
enhanced tumor cell killing and decreased endothelial cell death compared free DOX and DOX-
NPS. Values and significance were expressed relative to untreated cells. An independent

Student’s t-test was used to compare the groups (* = p < 0.05).

Figure 5. Enhanced tumoritropic accumulation in mice. A. Time-dependent accumulation of
systemically administered J774-derived LLV and NPS particles in the liver of live mice. The
enhanced circulation time of LLV results in a slower particle accumulation (** = p<0.01, n=4).
B. Time-dependent phagocytosis of adherent particles by Kupffer cells of the liver. Decreased
LLV phagocytosis yields a statistically significant (** = p<0.01, n=4) population of LLV that are
not phagocytized. C. Representative images of LLV (red) accumulation and uptake by Kupffer
cells (blue) within the microvasculature (green) of healthy Tie-2 GFP+ mice, as measured by
single-particle intravital microscopy (IVM). Phagocytized LLV are distinguished by a violet
appearance in multicolor overlay images (see insets). Arrows indicate non-phagocytized LLV.
Scale = 100um. D. Time-dependent accumulation of systemically administered LLV and NPS in
murine B16 melanoma tumors, as measured by single-particle IVM. The use of biomimetic
camouflage leads to a significant increase in tumoritropic particle accumulation, which can be
observed as early as 1 minute after particle injection (* = p<0.05, ** = p<0.01, n=4). E.
Adhesion of individual LLV (red) and NPS (blue) particles to the tumor endothelium (green),

imaged and quantified 90 minutes after injection. LLV particle density appeared significantly
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higher in all mice examined (p<0.05, n=4). Scale = 100um and Spum. F. Representative images
of circulating and adherent LLV (red, circles) and NPS (blue, squares) in the melanoma

microvasculature (green). Asterisks indicate adherent particles. Scale bars = 100pm.

Materials and Methods (in 1000 words)

Cell Culture.

Jurkat, THP-1, J774, HUVEC and MDA-MB-231 cell lines were purchased from the American
Type Culture Collection (ATCC; US) and cultured according to the vendor directions. HUVEC
were used within the first 10 passages of culture and stimulated with TNF-a (10 ng/ml) (e-
Bioscience) for 24 hours before co-incubation with particles. In all the experiments, the

particle:cell ratio was 5:1, unless otherwise indicated.

Leukolike Vector Assembly.

NPS of 2.8 um diameter, functionalized with APTES, were incubated with leukocyte proteo-
lipid membranes as described in the Supplementary Information. Chemical and physical particle
analysis, incuding zeta potential, size distribution, count, FT-IR spectroscopy, TGA analysis, and

drug loading/release, are described there as well.

Confocal Microscopy.

HUVEC were seeded at a density of 75,000 cells/filter on ThinCerts™ inserts (8 um pore size)
coated with fibronectin and co-incubated with NPS or Jurkat LLV (tagged with PE-Rhod and
DyLight 488 respectively) for 3 hours. After treatment, cells were fixed and stained for actin

using Alexa Fluor 594-phalloidin as described in Serda et al.. HUVEC cell monolayers treated
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with NPS and Jurkat LLV under flow (see below) were stained for ICAM-1 expression using
anti-ICAM-1 (Abcam) followed by 1gG-488 (Invitrogen). Images were acquired using an upright
Leica DM6000 or inverted Nikon A1 confocal microscope equipped with spectral detector and
63x oil-immersion objective. Fluorescence line intensity profiles were analyzed using Nikon
Elements v3.2 to distinguish between free, adherent, and internalized particles. Particle counts
were performed manually using high-resolution image mosaics of the entire slide. Zeta-stacks,
collected at 0.7um intervals, were deconvoluted using AutoQuant Blind Deconvolution within
the Nikon Elements. 3D reconstructions and movies were prepared using the same software.

Topographic intensity plots of ICAM-1 clustering were generated using Nikon Elements v3.2.

Scanning and Transmission Electron Microscopy.

HUVEC were seeded at a density of 80,000 cells/filter on ThinCerts™ inserts coated with
matrigel or fibronectin and co-incubated with NPS or Jurkat LLV for 15, 60 minutes (SEM) and
6 hours (TEM). After treatment, the samples were fixed and prepared for SEM and TEM as
described in Serda et al.. Samples were sputter-coated with a 5 nm layer of gold and imaged
using an FEI quanta 400 ESEM FEG instrument equipped with an ETD (SE) detector or a

Hitachi S-5500 SEM apparatus.

Flow Chamber Experiments.

HUVEC cells were seeded onto fibronectin-coated flow cells (Ibidi p-slide) at a density of 1.25
million cells/ml in with or without media containing TNF- . (0.1pg/mL). 24 hours later, 3x10’
NPS or Jurkat-LLV, were introduced into the flow cell at a rate of 0.5 dyn/cm? for 1 hour. Cells

were subsequently fixed and prepared for microscopy as described above.
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Time-lapse Microscopy.

This section is detailed in the Supplementary Information.

Flow Cytometry.

J774 cells were seeded at 30 % confluency in 25cm? flasks and co-incubated with NPS, THP-1
LLV, orJ774 LLV (tagged with DyLight 549 or PE-Rhod respectively) at cell:particle ratios of
1:5. After 3 hours, the samples were washed twice in PBS pH 7.2 to remove non-adherent
particles. Cells were harvested by scraping and treated with Trypan Blue (0.04 % v/v) to quench
their surface fluorescence. The same experiment conditions were applied to study the
internalization of Human THP-1 cells. In this experiment, the cells were activated with
100ng/mL phorbol myristate acetate (Sigma Aldrich) and the cells were treated at a cell:particle
ratio of 1:20. Flow cytometry was performed using a BD LSR Fortessa equipped with Diva

software and quantified using FlowJo.

Endothelial Permeability Assessment

HUVEC were seeded at a density of 80,000 cells/filter on ThinCerts" inserts coated with
fibronectin (10mg/ml) and co-incubated with NPS or Jurkat LLV at a particle:cell ratio of 2:1 for
3 hours. For each experiment, 6 replicates were performed in addition to 2 controls without
cells. After incubation, the media was collected from each upper and lower chamber. Each
lower chamber was washed with PBS and scraped twice to recover all particles. The filters with
adhering cells were rinsed twice with PBS. Collected particles were centrifuged, resuspended in

PBS, and spotted on 8-chamber slides. The number of particles was estimated by counting 5
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randomly selected fields (20x magnification) under wide-field fluorescence using a Nikon TiE
inverted microscope. The total number of particles was calculated by multiplying the number of
particles in the observed field by the number of fields within the total area. The number of
filtered LLV was adjusted relative to the cell-free control to correct for particle entrapment in the
filter itself (supplementary figure 14). For the assessment of the payload transport, transwell
chambers were prepared as described above. MDA-MB-231 cells were cultured at a density of
60% on the lower chamber. Particles were added to the upper chamber at a particle:cell ratio of
5:1 for 48 hours, after which cell viability was assayed using an MTT assay as recommended by

vendor instructions.

Trans Endothelial Electrical Resistance (TEER) Measurement.
The TEER of confluent HUVEC monolayers (seeded as described before) was measured at 20
minute intervals before and after particle addition (20 particles/cell) using an EVOM2 voltmeter

(World Precision Instruments).

Animal models. Transgenic Tie2-GFP mice (Jackson Labs) and wild-type C57BL/6J mice
(Charles River Laboratories) were utilized for all in vivo studies. Melanoma tumors were
generated in the flank of C57BL/6J mice by a one-time subcutaneous injection of 10° murine
B16 cells. The tumor vasculature was delineated by a one-time injection of 40kDa FITC-dextran
tracer (Invitrogen). Three days prior to imaging, Tie-2 GFP+ mice received a one-time injection
of DiD-labeled autologous red blood cells™ to label Kupffer cells. All animal protocols were

reviewed and approved by the IACUC at The Methodist Hospital Research Institute.

25



Intravital Microscopy (IVM). In vivo particle dynamics were imaged in real-time as described
in’® using a Nikon AR laser scanning confocal microscope adapted for IVM>". Isoflurane
anesthetized mice were surgically prepared as in’’, intravenously treated one or two doses of 0.5
x 107 particles in 50 pl PBS, and monitored for up to 3 hours. Particle accumulation and

phagocytosis was quantified using Image J v1.45 (NIH) and NIS Elements v4.1 as in™.

Statistical Analysis.

All the data are the result of a minimum of three independent experiments. Statistics were
calculated with Prism GraphPad software (LaJOlla, California, USA). The significance was
calculated through OneWay Anova method, followed by Dunnett’s test or with independent

Student’s T-Test.

26



Ao iy ,‘A‘A‘A.A-‘ b A A

W |IIIJ 3!!!!'; ,i.-rllltl
00008 % R

OO0 e i) 'lh DI .‘l DI

]

Phospholipid

Electrostatic/
hydrophilic
interaction

Protein

Amide

APTES

linkage




AT L-dHL A1 vLLr

5190 T-dHL

(,01 x) sejoned

-000S

-0
66.£°0 ¥ 89'0L = adojs Q00

ATl e

8Zv'L ¥ 8'82Z) = ado|g -000SL
SdN =

ATl SdN

2ouadsalony abelany

T
(=4
n

1
(=
o
-—

-051

AT L-dHL

(%) @eydn sjonaed

°

(,01 x) sajonsed

* kK k

8ve'Z ¥ 16°6Z = ado|s
ATl e

2€9'9 ¥ 2'20Z = 2do|s
SdN =

o

-0000L

-00002

aouaosalony abelany

vsg . .
. ATT SdN 4

AT vLLr SdN

S|P VLLS
(,01 x) sejonsed

00l SL 0s SZ
1

1 1 1

-0
-
QO
=

-0S ©
D
c
©
—
QO

-00L 3
=

-0S1

0

% %
S5°8F ¥ 8°L6Y = 2do|s

ATl e
* % S065°0 ¥ §'¥ZZ = ado|g
SdN =

AT SdN

-00052

~0000S

asuaosalonly abelany



I-v41-1ue

L-v47-hue
v47-hue

%

L01X) Saa1IEd

(,01x) sajonIEd

(&)




ATl X0d SINXOd  XOd 9aid — ——

i

‘
T
o~

. p
& & 2
(,01x) sajonJed
@
) lo
®
® @
[ 1 J
@
(;01x) sejonsed

x
*
x
¥
w
o~
*
*
*

Q

=2
M-. Jejnjjaoeu) lejnjjaoenu)
O

o~

o

}

(,01x) sejonsed

‘ .
[ X
(1]
@0
(,01x) sejonJed

LE€Z aA-VAN
o3anNH 3

w R
-5l

& ]

)_
R

'3%

(‘unw) awny
(0)74 0¢

-
(c01x) sejonsed
L
®e
g
(;01%) sejoR1Ed

-0

w
g

AT1 —» -00} —

SdN -=
3O -e-

-0S1




(urw) awiy
09 14 0g

¥

uolje|inwindy Jownj

-0002

-000¥

-0009

-0008

o

g / sajonJed juasaypy

-

(‘unw) awng
(1] 4 114

¥
*¥

si1sojAd03eyd |2 1o4dn)

My A
sdN B

uoI1E|NWNJDY JAAI

-S

L)
o
-

I
wn
-

(%) pazifoobeyd jou sa|oijued Juaiaypy

L

(501 %)
cww / sapoed Juaiaypy

©



