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ABSTRACT OF THE DISSERTATION

Biomimetic Nanoparticles for Targeted Delivery and Removal

by
Diana Dehaini
Doctor of Philosophy in Nanoengineering
University of California San Diego, 2019
Professor Liangfang Zhang, Chair

Nanoparticle drug delivery has revolutionized the way we think of disease treatment over
the last decade. The encapsulation of drugs into nanoparticles has led to better bioavailability,
longer circulation times and an extended therapeutic window, and fewer off target effects than
free drug administration. Nanoparticles are able to be tailored to specific applications through
their size, shape, and surface design. Nanoparticles are just beginning to see clinical translation
and FDA approval. Recently, significant efforts have been put into creating biomimetic
targeting, particularly utilizing cell membrane coatings. Cell membrane can be used as a
biomaterial to “cloak™ nanoparticles, endowing them with the surface properties of the parent
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cell. Each different cell type in the body has a distinct surface structure with lipids, proteins, and
receptors perfectly tailored to its purpose and location. Some of these proteins, such as CD47 or
the selectins, have well known purposes like immune evasion or specific receptor targeting
respectively. Additionally, there are yet undescribed and uncharacterized surface moieties on
cells whose properties can be retained by using the entire cell membrane as a biomaterial. By
cloaking nanoparticles in cell membrane, they retain many of the properties of the original cell
type. We show that this allows for new biointerfacing abilities and a highly specific drug
delivery vehicle. This new technology also promises future clinical translation, as the materials
are inherently biocompatible.

Herein, we will discuss engineered nanoparticle platforms that utilize this biomimetic cell
membrane coating technology to improve the delivery of drugs, and additionally the
detoxification and removal of pathogens. The biomimetic techniques developed during this PhD
range from novel formulations of classical small molecule targeting for cancer therapy, to new
methods of utilizing a fusion of natural cell membranes to create custom tailored targeting. These
improvements to the field of targeted drug delivery will hopefully lead to better use of drugs and
treatment of disease, and a higher level of tailoring ability available to engineers designing future

platforms.
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Chapter 1

Introduction



Biomimetic Strategies for Targeted Nanoparticle Delivery

1.1 Introduction

The advent of nanoparticle technology has enabled the development of a wide range of
novel therapeutic and diagnostic platforms. Employing nanoparticulate delivery vehicles offers
many distinct advantages, including the solubilization of hydrophobic payloads, extended blood
residence times, and the ability to better target a region of interest.[1-3] One area in which
nanoparticles have particularly excelled is cancer treatment, where there are numerous clinically
approved nanoformulations of chemotherapeutics indicated for a variety of cancer types.[4] At
their size scale, nanoparticles can take advantage of the enhanced permeation and retention (EPR)
effect, enabling them to preferentially localize to tumor vasculature.[5, 6] First generation
nanoparticle therapeutics generally relied on this passive targeting mechanism to improve efficacy
over traditional free-drug formulations, which often have severe systemic side effects. As
nanoparticle technology has further matured, researchers have found ways to easily introduce
ligands onto their surfaces. This has enabled the development of actively targeted formulations,
which take advantage of very specific binding interactions with their targets to further enhance
delivery. Such a targeting strategy enables the fabrication of nanoparticle platforms for the
treatment and detection of diseases beyond cancer, where the EPR effect does not exist. As the
result of significant research on the subject, there are many targeted nanoformulations that are

currently under clinical investigation.[7]

Traditional targeting ligands can broadly be characterized into a few different categories,

including small molecules, peptides, aptamers, and antibodies. These ligands are generally



incorporated onto nanoparticle surfaces by means of facile conjugation chemistries, either pre- or
post-synthesis.[8, 9] Other strategies involve pre-conjugation onto an anchoring molecule
followed by post-insertion via physical interactions.[10] While most of these traditional ligands
exist in certain forms within living systems,[11] their use as agents for targeted delivery generally
depends on workflows to create novel specificities not found naturally. This is done via approaches
that require extensive screening. For example, new aptamers or peptides with high binding
affinities to desired targets can be discovered via systematic evolution of ligands by exponential
enrichment (SELEX) or phage display, respectively.[12, 13] Monoclonal antibodies are generated
by screening hybridomas derived from the B cells of antigen-exposed organisms. Because, in the
absence of autoimmunity, B cells that produce antibodies against most endogenous targets are
usually subject to negative selection, most antibodies for clinical use further go through a
humanization process.[14, 15] Ultimately, these methods of targeting ligand generation enable the

creation of wide-ranging specificities against almost any target.
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Despite the flexibility offered by traditional routes of targeting ligand discovery, there has
more recently been a significant focus on deliberately leveraging targeting specificities found
directly in nature for the creation of targeted nanodelivery systems (Figure 1). The movement
towards biomimetic systems has been ushered in by an increased understanding of the different
biological interactions that exist within the body.[16, 17] One major advantage of such an approach
is the reliance on biological mechanisms that have already been optimized by evolution over the
course of millions of years. In the field of nanomedicine, one recent example has involved the
enhancement of nanoparticle circulation time and the immune evasion properties.[18] This is an
area where synthetic polyethylene glycol (PEG) coatings, which present a steric barrier for
decreased biological interactions, have long been the gold standard.[19, 20] Biomimetic methods,
rather than attempt to stealth themselves from the immune system, directly interact act with it in
order to convince the body that it belongs. Examples include use of red blood cell (RBC)-derived
immunomodulatory signals or even the direct use of RBC membrane as a surface coating
material.[21-23] Regarding targeting applications, there are countless receptor-ligand, binding,
and adhesion interactions that can be taken advantage of. Natural targeting mechanisms exist both
within and across different species; they can be sourced from many different organisms, ranging
from pathogens to mammalian cells, and vary greatly in form and function, ranging from small
molecules for targeting nutrient receptors to whole cell membranes for the faithful replication of
multiple cell functions. Taking advantage of the way cells naturally interact with each other and
their environment opens new avenues for the development targeted therapeutics.

In this review, we specifically focus on biomimetic nanoparticle platforms that employ
targeting specificities that can be found naturally in living systems. We begin our discussion with

the use of individual targeting ligands such as small molecules, carbohydrate-based structures, and



peptides. Also in this category is the use of whole proteins, both secreted and membrane-bound.
Subsequently, pathogen-derived nanostructures, both from viruses and bacteria, are covered. The
final topic we will discuss involves the direct use of cellular membranes as a means to introduce
both nanoparticle targeting functionality and efficient interfacing capabilities with the body’s
biological systems. In each section, we first introduce the targeting functionality in its natural
context before describing current works that employ it. The review concludes with our thoughts

on the future of biomimetic targeting.

1.2 Small Molecules

Folate

Folate, or vitamin By, is an example of a naturally occurring ligand that has been widely
used by researchers to introduce targeting functionalization onto nanoparticles. The molecule is
essential to cellular function, as it plays a major role in DNA and RNA production.[24] On cancer
cells, the overexpression of folate receptors is commonly seen, which helps to drive their
aggressive phenotypes.[25, 26] It has been demonstrated that, by adding folate molecules to the
surface of nanoparticles, it is possible to preferentially target folate receptor-overexpressing cancer
cells.[27, 28] For drug delivery, this has enabled more effective localization of nanoparticle-loaded
chemotherapeutic to tumor sites.[27-29] Red blood cell membrane-coated nanoparticles have been
functionalized with lipid-PEG-anchored folate, which can be inserted post-synthesis to preserve
the biological function of the natural coating (Figure 2a-c).[10] The resulting targeted nanoparticle
showed significantly enhanced uptake in a folate receptor-overexpressing KB cell line. In a

different work, doxorubicin-loaded heparin-folate-paclitaxel nanoparticles were able to both



extend release of the drug in vitro and localize within tumors in vivo, significantly slowing their
growth (Figure 2d).[30] Microbubbles have been of interest lately in ultrasound-mediated cancer
therapy, and folate-targeted microbubbles have been fabricated, improving the ability of the
particles to localize to tumor and subsequently ablate them.[31] Beyond drug delivery, this
targeting strategy has also been used extensively in imaging applications. For example, folate-
functionalized iron oxide nanoparticles have been used to detect cancer using MRI.[32]
Functionalization with folate allowed the particles to be taken up preferentially by cancer cells
while retaining their superparamagnetic properties. Other folate-targeted MRI contrast particles
include gadolinium-loaded dendrimers[33] and rare-earth metal yttrium-oxide particles that avoid

the use of heavy metals for imaging.[34]
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Figure 1.1.2. Examples of targeting strategies using small molecules. a-c) Targeting of red blood cell membrane-
coated nanoparticles (RBC-NPs) with folate using a membrane-anchoring approach. a) Schematic of a folate molecule
conjugated to a lipid-PEG tether along with a flow cytometry histogram demonstrating that targeted RBC-NPs display
increased affinity to folate receptor-overexpressing cells. The targeting is abrogated in the presence of free folate. b)
Quantification of mean fluorescence intensities from the experiment in a). ¢) Fluorescent imaging demonstrating
targeting capability of targeted RBC-NPs. Red: dye labeled nanoparticles; blue: DAPI-stained nuclei. Scale bar = 25
pm. d) Heparin-folate-paclitaxel nanoparticles (HFT-Ts) target folate receptors in a KB xenograft tumor model in
vivo. Particles were labeled with Cy5.5 dye for in vivo fluorescence imaging. a-c) adapted with permission from ref
[10]. Copyright 2013, The Royal Society of Chemistry. d) adapted with permission from ref [30]. Copyright 2011,
American Chemical Society.



Riboflavin

Riboflavin, better known as vitamin B>, is a small molecule with potential implications for
targeted delivery. The cofactors of riboflavin, flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN), are required for the metabolism of folate, and depletion of these cofactors
has been found to slow metabolism within cells.[35] The exact nature of riboflavin’s role in cancer
pathogenesis is unclear,[36, 37] although it is known that riboflavin carrier protein is
overexpressed on many types of cancer.[38] This fact, along with the molecule’s close relationship
to folate metabolism, suggests that it can play a role in the design of cancer therapeutics and
diagnostics. An FAD-conjugated ultra-small superparamagnetic iron oxide nanoparticle has been
reported as a targeted imaging strategy for tumor vascular metabolism.[39] The nanoparticles were
able to effective target riboflavin carrier protein and highlight sites of angiogenesis in vivo. A
similar platform based on FMN as the targeting ligand has also been reported.[40] For the delivery
of cancer therapeutics, dendrimers have been used in conjunction with riboflavin as the targeting
agent. Methotrexate-riboflavin dendrimer conjugates were able to target and specifically inhibit
the growth of KB cells in vitro.[41] Despite the fact that the exact pathways and relationship
between riboflavin and cancer have not been fully elucidated, the works here serve as a foundation

for further study of the molecule as a targeting agent.

1.3 Carbohydrates

Simple Sugars

The targeting of simple carbohydrate receptors using naturally occurring sugars is a
commonly used method of modulating nanoparticle localization. One such example is mannose,

which is expressed on many types of cells, notably immune cells.[42] Targeting of dendritic cells,



which highly express mannose receptors, has been used to enhance the activity of nanoparticle
vaccine formulations. In one example, lipid-calcium-phosphate (LCP) nanoparticles loaded with
both an adjuvant, CpG oligodeoxynucleotide, and a melanoma-associated antigen, Trp2, were
functionalized with mannose to create a therapeutic anticancer vaccine.[43] The nanoformulation
was able to reduce tumor growth in both subcutaneous and metastatic models of murine B16-F10
melanoma. In a follow-up work, the LCPs were combined with liposome-protamine-hyaluronic
acid nanoparticles delivering siRNA against TGF- as a combinatorial treatment, further boosting
vaccine efficacy.[44] Mannose can also be used as a ligand to target cancer through tumor-
associated macrophages, which aid the growth of tumors by releasing protein factors that stimulate
tumor growth.[45] A PEG-sheddable mannose-modified platform has been reported that takes
advantage of this targeting mechanism.[46] The pH-sensitive outer layer of the nanoparticles is
labile in the low pH tumor microenvironment, resulting in the exposure of a mannose-
functionalized layer that enables efficient binding to tumor-associated macrophages and
subsequent payload delivery.

Galactose is a simple sugar that is also frequently used for targeted delivery, and it has a
high affinity for asialoglycoprotein receptors found on hepatocytes.[47] As an example, PEG-
stabilized gold nanoparticles with galactose as a targeting ligand exhibited increased uptake in a
HepG2 liver cell line.[48] The targeting effect was shown to be specific, as the presence of free
asialoglycoprotein receptor ligands markedly decreased gold nanoparticle uptake. Further, it has
been demonstrated that galactose-functionalized micelles can target the liver with high efficiency
in vivo (Figure 3a,b).[49] Galactose-modified liposomes can be highly effective at hepatic SIRNA
delivery; compared with the bare nucleic acid, liposome-encapsulated siRNA was delivered much

more efficiently to the liver in vivo.[50] Galactose-mediated liver targeting has also been used for



antiviral therapy, enabling delivery of antiviral p41 peptide nanocomplexes against hepatitis C.[51]
For imaging purposes, iron oxide nanoparticles functionalized with a galactose-containing
polymer displayed increased accumulation in the liver, demonstrating their utility as contrast agent

for liver magnetic resonance imaging.[52]
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Figure 1.1.3. Examples of targeting strategies using carbohydrates. a-b) Galactose-functionalized micelles for liver
targeting. a) Schematic of micelles functionalized with and without galactose-PEG ligands. Galactose-targeted
particles are localized in the liver, and non-targeted particles are localized in the tumor. b) In vivo biodistribution of
galactose-targeted and non-targeted particles 48 hours after intravenous administration. Bioluminescence originates
from luciferase-expressing tumor cells. c-d) Glycan-functionalized gold nanoparticles (AuNPs) for dendritic cell
targeting. ¢) Glycomimetic a-fucosylamide functionalization scheme of gold nanoparticles, these nanoparticles can
be taken up preferentially by dendritic cells via DC-SIGN lectins. d) Internalization of a-fucosylamide functionalized
gold nanoparticles (with either 0, 15, 30, or 50% a-fucosylamide linked ligands on the surface) by dendritic cells.
Increasing the amount of a-fucosylamide on the surface increases percent of nanoparticles internalized by the dendritic
cells. a-b) adapted with permission from ref [49]. Copyright 2014, John Wiley & Sons, Inc. c¢-d) adapted with
permission from ref [59]. Copyright 2014, American Chemical Society.

Glycans and Glycan-Binding Lectins

Glycans represent more complex carbohydrates that are often anchored onto either
membrane lipids or proteins, and these biomacromolecules have important implications in many
natural binding interactions.[53, 54] Dendritic cell-specific intercellular adhesion molecule-3-

grabbing non-integrin (DC-SIGN) is a popular C-type lectin on the surface of dendritic cells that



can be targeted by highly mannosylated or Lewis-type glycan structures.[55] Both Lewis X and
Lewis B glycans have been used to modify liposomes, and it was demonstrated that PEGylation
inhibits their binding activity.[56] The same modifications were later made on antigen-carrying
liposomes, and the targeted formulations led to markedly enhanced presentation of the antigens to
CD4" and CD8" effector T cells driven by dendritic cells pulsed with the nanoformulation.[57] In
another example, Lewis X-functionalized iron oxide nanoparticles were used as a means for both
dendritic cell detection and isolation.[58] Gold nanoparticles have also been used to show
preferential targeting and internalization by targeting DC-SIGN on dendritic cells (Figure
3c,d).[59] Gangliosides such as GM1 are lipid-anchored glycan structures that have been
functionalized on nanoparticle surfaces for the binding and detection of toxins, including cholera
toxin secreted by Vibrio cholera.[60] The fact that such gangliosides can also mediate direct
binding interactions with pathogens such as Streptococcus pneumoniae suggest that such
ganglioside-functionalized nanoparticles have utility for bacteria targeting applications.[61, 62]
Conversely, lectins, which are a class of proteins that regulate bioadhesion and cell
recognition,[63, 64] have been used as a means to target glycan structures. This has important
implications for gastrointestinal tract targeting, as their bioadhesive properties can enable them to
navigate through mucosal layers, cross epithelial barriers, and enter cells.[63, 65] Ulex europaeus
1 lectin (UEA-1) was shown to be taken up quickly and preferentially by M cells in vivo.[66] Due
to the role of M cells in immunity, a PLGA nanoparticle vaccine against hepatitis B was targeted
to M cells using UEA-1, and it was observed that the immune response was improved compared
to a non-targeted control.[67] A similar platform was reported using chitosan nanoparticles coated
with a UEA-1-conjugated alginate gel capable of protecting the antigen from the acidic stomach

environment,[68] and a nasally administered vaccine against Staphylococcus aureus has also been
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developed using similar principles.[69] Wheat germ agglutinin (WGA) from Triticum vulgaris is
another lectin that has been used for targeted nanoparticle delivery. It has been shown that
functionalization of PLGA nanoparticles with WGA can facilitate increased endocytic uptake.[70]
In a rat model, WGA nanoparticles improved the bioavailability of the steroid medication
budesonide in the lungs when administered intratracheally compared with an unconjugated
control.[71] Regarding cancer therapy, WGA-conjugated PLGA nanoparticles have been used to
deliver the chemotherapeutic paclitaxel to different cell types and show promise as a mode of

treatment.[72, 73]

1.4 Peptides
Targeting Peptides

Peptides are a popular class of targeting ligand, and can be used to help modulate bodily
localization.[74, 75] While many peptides that are identified via the phage display screening
approach result in novel sequences, there are many examples of ligands that are either naturally
occurring or derived from naturally occurring proteins. A prime example is RGD, a sequence motif
identified in fibronectin that binds cell surface receptors known as integrins.[76] ovBs is an
important RGD-binding integrin implicated in tumor angiogenesis and has served as the target for
many RGD-functionalized nanotherapeutics.[77] Given its utility as a cancer-targeting agent,
RGD has been widely employed to create targeted therapeutic and imaging platforms.[78, 79]
Folate functionalized mesoporous silica-encapsulated gold nanoparticles loaded with DOX were
used as a combination photothermal therapy and chemotherapy to promote significant control of
tumor growth while lowering systemic toxicity.[80] In an example of gene silencing, RGD-

decorated chitosan nanoparticles loaded with sSiRNA were examined for their ability to selectively
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deliver their cargo to tumor endothelial cells, and the strategy promoted antitumor effects in a
model of ovarian carcinoma.[81] RGD is also a highly utilized peptide for targeted imaging and
detection techniques, and, in one example, quantum dots coated with paramagnetic lipids and
RGD-conjugated lipids were tested as bimodal imaging probes.[82] By further modifying
nanoparticles with additional binding peptides, researchers were able to target both integrin o3
and P-selectin on activated platelets using RGD and EWVDV peptides, respectively, resulting in
better retention under flow conditions.[83] A recently reported novel application of natural peptide
functionalized nanoparticles involves their use as hemostatic agents.[84] Flexible nanoparticles
were conjugated with both an RGD-containing peptide sequence as well as a von Willebrand
factor-binding peptide derived from factor VIII, helping to promote platelet aggregation and
reduce bleeding time in a mouse model.

Toxins are crafted by nature to target cellular surfaces, and their activity on host cells can
cause major disruption of cellular processes.[85] Many have binding sequences that are designed
to target membrane receptors with high specificity. Chlorotoxin, an amino acid from scorpion
venom that was originally found to block chloride ion channels, is a highly used targeting
peptide.[86] Although the exact mechanism of chlorotoxin’s binding is still under some
controversy,[87] it has been shown to preferentially bind several types of cancers.[88, 89] Gliomas
in particular are highly sensitive to the peptide, which binds to the cells via both high and low
affinity sites,[90] making it a good ligand to use for imaging of brain tumors.[91-93] Multiple
platforms have used chlorotoxin to target particles to cancer cells for both imaging and
therapeutics.[90-92] Targeting of nanoparticles to the brain was greatly enhanced by the addition
of chlorotoxin to the surface of iron oxide particles (Figure 4a,b).[91] Chlorotoxin has been used

to “paint” tumors using fluorescent dyes as well,[93] and other imaging modalities, including
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guantum dots, have been used in conjunction with this targeting method.[94] In other cancer types
such as metastatic breast cancer, chlorotoxin was able to enhance the cellular uptake and
cytotoxicity of liposomes in a murine model of the disease.[95] Other than its specificity to cancer,
chlorotoxin has shown efficacy in targeting Parkinson’s disease as well, as it has a specificity for
proliferating endothelial cells.[96] This allowed researchers to target brain microvascular
endothelial cells and deliver levodopa within the brain to treat the disease.[97]
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Figure 1.1.4. Examples of targeting strategies using peptides. a-b) Chlorotoxin (CTX)-functionalized iron oxide
nanoparticles for glioma targeting. a) Schematic showing conjugation scheme for CTX functionalization of PEGylated
iron oxide nanoparticles. b) MRI images of CTX nanoprobe localization in tumor xenograft. CTX-targeted particles
showed higher accumulation in tumors than a control particle, NP-PEG-SIA. c-d) TAT-functionalized liposomes for
enhanced tumor entry. ¢) Schematic of nanoformulation functionalized with both TAT peptide and transferrin (TF)
using cholesterol-PEG (Cho-PEG) conjugates. TF enables cell targeting while the TAT enhances cellular entry. d)
Fluorescently-labeled liposome uptake by tumors in an in vivo xenograft model. Formulations, from top to bottom,
were liposomes with TAT and TF, liposomes with TAT only, liposomes with TF only, and bare liposomes. a-b)
adapted with permission from ref [91]. Copyright 2008, John Wiley & Sons, Inc. c-d) adapted with permission from
ref [106]. Copyright 2013, Elsevier.
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Candoxin is a component of snake venom from Bungarus candidus that produces a
neuromuscular blockade in the central nervous system that was recently shown to have brain
targeting properties.[98] The toxin binds to nicotinic acetylcholine receptors, which facilitates their
uptake into brain cells.[99] Researchers have taken advantage of the toxin’s binding specificity to
derive a peptide sequence (CDX) for use in brain-targeted nanoparticle delivery.[100] PEG-
poly(lactic acid) (PEG-PLA) micelles coated with CDX were able to achieve a significant increase
in brain distribution, highlighting their potential use as a targeting mechanism for human
glioblastoma multiforme therapies. The same group later used a more stable D-peptide version of
the CDX ligand to target liposomal doxorubicin in a mouse model of glioma, demonstrating
enhanced brain uptake and increased survival with the targeted formulation.[101] To further
increase efficacy, liposomes were later functionalized with both CDX and an RGD-containing
peptide, and the resulting nanoformulation showed better tumor control compared with liposomes
functionalized with either ligand individually.[102]

Cell Penetrating Peptides

Rather than enabling targeting to a specific bodily location, cell penetrating peptides are
natural moieties often employed by pathogens that aid in the disruption of cell membrane bilayers
and allow entry into a cell.[103, 104] Researchers have employed such peptides to improve
intracellular delivery of nanoparticle payloads. HIV trans-activator of transcription (TAT) is a
protein with cell-penetrating properties that the virus uses to efficiently enter cells via endocytic
pathways.[105] A TAT-derived peptide has been used frequently as a surface ligand for cancer
drug delivery applications in order to increase uptake of chemotherapeutic payloads. Liposomes
functionalized with both TAT and transferrin showed highly cancer-specific delivery of cargo

directly into tumor cells (Figure 4c,d).[106] Tumors subject to particles functionalized with both
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TAT and transferrin had the highest intensity of fluorescent localization. A TAT-functionalized
PEG-PLA platform coated in poly(methacryloyl sulfadimethoxine) (PSD)-b-PEG has been used
as a responsive targeted drug delivery system.[107] The particles exhibited increased uptake at
lower pH values due to exposure of the TAT ligands after shedding of the PSD-b-PEG layer. In
addition to potential drug delivery applications, TAT has been tested for gene therapy uses. TAT-
functionalized liposomes were reported to induce transfection in lung carcinoma cells,[108] and
TAT-conjugated PEG-polyethylenimine nanoparticles were successfully used for in vivo gene
delivery to the lungs.[109] For imaging purposes, a TAT-functionalized dual fluorochrome
magnetic particle has been reported for looking at the metabolism and movement of cells in vivo
using both MRI and fluorescent imaging techniques.[110] The TAT peptide may also be helpful
for brain delivery, where PEG micelles functionalized with the peptide and loaded with the
antibiotic ciprofloxacin have the potential to treat brain infection.[111] These TAT peptide-
functionalized micelles showed significant brain uptake in rats 4 hours after intravenous injection.
PEGylated chitosan nanoparticles with TAT have also been shown to enter the brain after
intranasal administration, and these particles have potential in the treatment of neurodegenerative
disorders.[112]

Penetratin is a cell-penetrating peptide derived the Drosophila Antennapedia
homeodomain that also aids in delivery across the cell membrane.[113] Gold nanoparticles with
penetratin on their surface fabricated using laser ablation in a solution containing the peptide were
able to enter cells more effectively than their non-functionalized counterparts.[114] Curcumin,
used against neurodegenerative disorders, was delivered to the brain using penetratin-
functionalized micelles.[115] Fluorescent-magnetic nanoparticles have also been coated with the

peptide, and the resulting targeted formulation exhibited enhanced endocytosis in the presence of
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a magnetic field.[116] Penetratin, like TAT, has shown benefit as a brain delivery platform, where
functionalized PEG-PLA nanoparticles were able to more efficiently cross the blood-brain barrier

in vivo when compared with non-penetratin decorated particles.[117]

1.5. Proteins
Transferrin Family Proteins

Transferrins are glycoproteins which bind iron ions in the serum and transport them to cells
via transferrin receptors.[118, 119] These receptors can be highly overexpressed on certain
cancers, and transferrin receptor-targeting strategies represent one of the more widely studied
methods for targeted delivery of therapeutic and imaging agents.[119] Transferrin
functionalization has been reported for many different nanoparticle platforms, including
liposomes,[120-122] polymeric nanoparticles,[123, 124] gold nanoparticles,[125, 126] and iron
oxide nanoparticles.[126] Interestingly, it was found in one study that functionalizing gold
nanoparticles with transferrin did not significantly influence their overall biodistribution, but it did
strongly influence localization to certain cells types within different organs and within
tumors.[125] Environmentally responsive microgels decorated with transferrin have been design
for cancer treatment and displayed triggered release of a doxorubicin payload in the low pH of
lysosomes.[127] This targeting strategy has also been used for photothermal therapy, where gold
nanorods targeted to the transferrin receptor showed significant excitation upon exposure to a low
energy laser due to enhanced cellular uptake.[128] Cadmium sulfide quantum dots with transferrin
on the surface have been designed for imaging purposes, and the particles were readily taken up
in cancer cells, resulting in bright illumination.[129]

Lactoferrin is another glycoprotein in the transferrin family that is naturally produced in

milk, saliva and tears. It plays a role in transfer of immunity to infants, immune response, and
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protection against microbial infection.[130, 131] Lactoferrin has been used as a natural brain-
targeting ligand due to its receptor-mediated ability to cross the blood-brain barrier, one of the
greatest challenges in the treatment of brain cancers.[132] Along these lines, PEG-coated bovine
serum albumin nanoparticles functionalized with lactoferrin have been used to deliver doxorubicin
for glioma treatment in vivo.[133] The targeted particles were able to increase the efficacy of DOX
against gliomas and increase the nanoparticle concentration in tumors compared to non-targeted
particles. Lactoferrin has also been used to improve brain imaging techniques; coated super-
paramagnetic iron oxide nanoparticles were used to enhance imaging resolution for brain tumor
detection (Figure 5a,b).[134, 135] Nanoparticles coated with lactoferrin and labeled with a far-red
fluorescent dye have also been evaluated for brain tumor imaging and showed promising results
for this application.[136] In addition to cancers, brain targeting via lactoferrin can also be useful
for treating neural disorders such as Alzheimer’s. Lactoferrin coated nanoparticles delivering
deferasirox, an iron chelator, were able to protect the brain from amyloid accumulation and
subsequent neurodegeneration in a rat model of the disease.[137] For regulating the chemical
balance within the brain, lactoferrin-functionalized liposomes were used to deliver senktide, an
NK3 receptor agonist that normally does not cross the blood-brain barrier but is important in the
evaluation of novel antipsychotics.[138]
Lipoproteins

High density lipoproteins (HDL) are involved in the transportation of lipid material and
have implications in many common diseases, include heart disease and cancer.[139, 140] Due its
ability to target specific cell types, HDL particles have been used extensively in drug delivery.
Reconstituted HDL nanoparticles containing fluorescent calcium carbonate were able to serve as

a probe for lung cancer in vivo.[141] Their targeting mechanism relied on targeting scavenger
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receptor class B member | (SR-BI), which is highly expressed on some cancerous cells and has an
affinity to HDL.[141] In another example, lymphoma cells that express SR-BI were also targeted
effectively in vivo with synthetic, gold-templated HDL nanoparticles.[142] Given that the main
role of HDL is lipid transport, it also plays a pivotal role in atherosclerosis.[143, 144] HDL-
mimetic particles have been used to target atherosclerotic plaques for imaging,[145] and HDL has
also been used to deliver therapeutic statins to reduce inflammation and atherosclerotic plaque

buildup (Figure 5c,d).[146]
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Figure 1.1.5. Examples of targeting strategies using proteins. a-b) Lactoferrin (Lf)-functionalized iron oxide
nanoparticles for delivery across the blood-brain barrier (BBB). a) Schematic of Lf-coated iron-oxide nanoparticles
demonstrating the interactions between the nanoparticles and brain endothelial cells. b) In vivo MRI image showing
brain uptake of Lf-coated iron-oxide nanoparticles. Red dotted lines encircle areas of contrast where nanoparticles are
present. c-d) HDL nanoparticles for delivery to atherosclerotic plaque. ¢) Schematic (left) and transmission electron
microscopy image (right) of statin-loaded recombinant HDL nanoparticles ([S]-rHDL). TEM image shows [S]-rHDL
were 26 nm in diameter. d) Fluorescent imaging shows co-localization between the [S]-rHDL particles labeled with
dye and macrophages (CD68) at sites of plaque in an aorta. Scale bars =400 pm for main panel and 100 um for inset.
a-b) adapted with permission from ref [134]. Copyright 2012, American Chemical Society. c-d) adapted with
permission from ref [146]. Copyright 2014, Macmillan Publishers Ltd.
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Adhesion Proteins

Cell adhesion molecules are proteins that cells use to bind other cells or extracellular
matrix, and these comprise of immunoglobulins, cadherins, selectins, and integrins as the main
subtypes.[147-149] They are employed by a variety of cells, most notably on blood components,
such as platelets and leukocytes, or those comprising endothelial surfaces. Despite their favorable
binding characteristics and often site-specific upregulation, the use of adhesion proteins in their
entirety has not been commonly reported, most like due to the difficulty associated with
functionalizing nanoparticles using membrane-bound proteins. In one example, P-selectin
glycoprotein ligand-1 (PSGL-1) conjugated onto microbeads was used to study neutrophil rolling
interactions as well as elucidate binding interactions of the ligand with E-selectin.[150, 151] In
order to overcome difficulties with their use, researchers often rely on the use of binding domains
derived from these adhesion proteins, which enables more facile conjugation to nanoparticle
surfaces. Leukocyte-mimetic iron oxide nanoparticles were created by coating with lymphocyte
function-associated antigen 1 (LFA-1) | domain, which targets intercellular adhesion molecule 1
(ICAM-1).[152] These particles were able to target inflamed tumor vasculature due to leukocyte-
endothelial cell interactions under inflammatory conditions, and could serve as a cancer imaging
agent. Flexible particles coated in the GPIba amino terminal domain, a derivative of a critical
binding protein on platelets, were able to partly mimic the binding properties of the cells by

showing affinity for von Willebrand factor.[153]
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1.6 Pathogen-Derived Particles
Viruses

Virus-like particles (VLPSs), which have been extensively studied for their ability to deliver
different payloads, mimic naturally occurring viral capsids.[154, 155] These represent a promising
form of targeted delivery given that many viruses gain cellular entry via specific interactions with
cell surface receptors.[156, 157] One example is the human rhinovirus, which targets the ICAM-
1 protein that is present on the surface of many immune cells.[158] Hepatitis B envelope L proteins
can form hollow nanoparticles with liver-targeting properties, and this was leveraged to deliver
human clotting factor IX genes for potential treatment of hemophilia B.[159] A VLP based on the
penton capsid proteins of adenovirus serotype 5 was likewise able to recapitulate the cellular
targeting and entry characteristics of the original virus.[160] Derivatives of this platform have been
used to deliver doxorubicin to HER2-expressing cells for use in cancer therapy.[161] Canine
parvovirus capsid-based VLPs were shown to target transferrin receptor-overexpressing cells, and
the effect was demonstrated using fluorescent dye-conjugated particles as a proof-of-concept
(Figure 6a,b).[162] Interestingly, VLPs have also been used to encapsulate other nanoparticles for
enhanced imaging techniques. Hepatitis B VLPs were loaded with iron oxide nanoparticles, and
the resulting formulation could be efficiently taken up intracellularly for improved MRI
contrast.[163]
Bacteria

Like viruses, bacteria have also evolved high affinities to specific mammalian cells and
systems. Many bacteria display ligands that specifically target cellular receptors, an example being
SraP on Staphylococcus aureus, which specifically binds platelets.[164] Many bacteria actually

have natural cancer-targeting properties due to adhesion molecules on their surfaces. Bacterial
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ghosts derived from Mannheimia haemolytica bacteria were loaded with doxorubicin and
demonstrated the ability to target colorectal adenocarcinoma cells more specifically than control
ghosts derived from Escherichia coli (Figure 6c¢,d).[165] Due to their affinity to certain immune
cells, which are adept at recognizing and binding bacteria, ghosts have also been used to improve
vaccine design.[166, 167] Likewise, bacterial outer membrane vesicles (OMVSs), which have been
recognized as promising delivery vehicles, have been used to deliver antigenic material while also
boosting immunogenicity.[168] For example, E. coli OMVs have been used to generate strong

immune responses against green fluorescent protein, and the resulting titers were much higher than

b

Figure 1.1.6 Examples of targeting strategies using pathogen-derived particles. a-b) Canine parvovirus-like particles
(CVP-VLPs) for delivery to tumors. a) Model of the protein capsid with a single subunit depicted on the inset. b)
CVP-VLPs were internalized by HeLa cells, as shown by co-localization of antibody-labeled CVP-VLPs (green) and
dye-conjugated transferrin (red). Scale bar = 25 um. c-d) Bacteria ghosts for delivery to tumors. ¢) Schematic showing
formation of bacterial ghosts through evacuation of the intra-bacterial contents and loading with therapeutic or
imaging agents. d) Doxorubicin-loaded bacterial ghosts as targeted drug delivery vehicles. Microscopy images show
bacterial ghosts (brightfield) and doxorubicin (red) overlaid. a-b) adapted with permission from ref [162]. Copyright
2006, BioMed Central Ltd. c) adapted with permission from ref [167]. Copyright 2014, Medknow. d) adapted with
permission from ref [165]. Copyright 2009, Elsevier.

what could be achieved by administration of the free protein alone.[169] There are many future
applications that can be pursued given the wide range of specificities that bacteria demonstrate,

including to endothelial cells and epithelial cells.[167, 170] Additionally, it has been demonstrated
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that bacterial membrane can be coated onto nanoparticle surfaces, further introducing new

functionalities to these naturally derived platforms.[171]

1.7 Mammalian Cell Membranes
Exosomes

The direct use of naturally derived cell membranes in nanomedicine is a growing field that
has the potential to lead to many novel and improved delivery platforms.[17, 172, 173] One major
advantage of the approach is that it enables direct use of multivalent cell membrane markers
concurrently. This can include both targeting molecules as well as immunomodulatory surface
markers, which better enable platforms developed using this approach to excel within complex,
biological systems. One type of natural membrane structure that has been employed is exosomes,
which are vesicular fragments filled with intracellular content that break off of cells and play roles
in signaling and transport.[174] They have a natural affinity to many locations within the body due
to their role in signaling and have wide-ranging implications for drug delivery and imaging
applications. Recently, the natural affinity of tumor-derived exosomes to specific organs was
studied.[175] It was shown that, depending on the source tumor, the exosomes had varied
biodistributions; this correlated with sites of future metastasis and was integrin-dependent. In a
different study, macrophage-derived exosomes were used for delivery of doxorubicin due to their
natural targeting ability to tumors.[176] It was shown that the tumor-targeting mechanism of the
exosomes could be attributed to several CAM-like and other adhesion molecules on their surfaces.
Exosomes from dendritic cells can be used to modulate the immune system by interacting with the
T cells responsible for downstream immune activity.[177] When using exosomes from immature

dendritic cells pre-treated with interleukin-10, it has been possible to generate immune tolerance
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for alleviating arthritic conditions.[178] Additionally, exosomes derived from macrophages can
deliver cargo to the brain through receptor-based interactions with potential implications for

Parkinson’s disease therapy (Figure 7a,b).[179]
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Figure 1.1.7. Examples of targeting strategies using mammalian cell membranes. a-b) Macrophage exosomes for
delivery to the brain. a) Schematic of macrophage exosome derivation and application. Catalase-loaded macrophage
exosomes were designed as a brain-targeted Parkinson’s disease (PD) therapy. b) Exosome formulations were tested
for uptake in PC12 neuronal cells compared with control particles. Macrophage-derived exosomes (I and 1) showed
greatly enhanced uptake compared to non-targeted polymeric PLGA particles (I11) and liposomes (IV) at 24 hours.
Scale bar = 20 pm. c-e) Platelet membrane-coated nanoparticles (PNPs) for delivery to bacteria and damaged
vasculature. ¢) Schematic of fabrication and targeting abilities of PNPs. d) False-colored scanning electron microscopy
image of PNPs (orange) naturally targeting MRSA252 bacteria (gold). Scale bar = 400 nm. e) Targeting of
fluorescently-labeled PNPs (red) to intact carotid artery (top) and damaged artery (bottom). PNPs show preferential
binding to damaged areas. Scale bar = 500 pm. a-b) adapted with permission from ref [179]. Copyright 2015, Elsevier.
d-e) adapted with permission from ref [188]. Copyright 2015, Macmillan Publishers Ltd.

Platelets
Platelets are critical in maintaining hemostasis and are the front line in wound healing,
where they mediate the clotting cascade.[180, 181] Due to their complex nature, including the fact

that their membrane displays numerous cell and extracellular matrix adhesion proteins, platelets
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are implicated in many pathologies, including cancer,[182] cardiovascular disease,[183] and
infections.[184] Cell membrane-coated nanoparticles have recently been reported that mimic the
natural function of the source cells.[21] The faithful translocation of membrane onto the
nanoparticle surface preserves the original functionality, including the ability to actively reduce
immune uptake[185] or to bind cell-specific toxins.[186, 187] Along these lines, a platelet
membrane-coated polymeric nanoparticle (PNP) has recently been reported that takes advantage
of the varied binding properties of platelets (Figure 7c-e).[188] The nanoparticles, which consist
of PLGA as the core material and a naturally derived membrane bilayer as the shell, recapitulate
many of the original binding properties of platelets. It was shown that the PNPs could be used for
multiple purposes, including for the targeting and treatment of antibiotic-resistant bacteria as well
as for delivering cytotoxic payloads to regions of damaged vasculature for preventing restenosis.
Such membrane-coated nanoparticles have also been used for cancer treatment, where
platelets and growing tumors have a very multifaceted and complex relationship.[182] There are
many methods by which cancer cells can bind to and activate platelets, and platelet-mimicking
imaging and therapeutic platforms can use this to their advantage. Platelet membrane-coated
particles have recently been investigated for use as drug delivery vehicles to both tumors and
circulating tumor cells.[189] The nanoformulation was both loaded with doxorubicin and
conjugated with tumor necrosis factor-related apoptosis inducing ligand (TRAIL); they efficiently
localized to tumor cells in vivo, resulting in impressive control of both tumor growth and the
amount of metastatic nodules in the lung. In a similar example, silica particles functionalized with
platelet membrane and conjugated with TRAIL were also able to reduce metastasis in a mouse

breast cancer model.[190]
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Leukocytes

White blood cells, or leukocytes, are immune cells that play a major role in the detection
and elimination of foreign or malignant entities. Of note, leukocytes can target endothelium, and
silica particles coated with membrane derived from these cells were shown to bind to endothelial
cells in an ICAM-1-dependent manner.[191] These membrane-coated particles were able to
successfully traverse the endothelium and retained their properties when administered in vivo. In
a different example, silica particles coated with macrophage cell membrane were loaded with
doxorubicin and used for tumor treatment.[192] The particles exhibited extended blood circulation
times and enhanced tumor accumulation, leading to significant control of tumor growth in a mouse
xenograft model. Leukocyte membrane-coated polymeric capsules were also shown to enhance
cancer cell-targeting capability compared with unmodified particles.[193] In a recent study using
Janus particles in which one side was coated with gold and the other with leukocyte membrane, it
was demonstrated that the particles with membrane coatings could preferentially bind to cancer
cells over healthy endothelial cells.[194] Interestingly, the authors noted that the particles entered
via the membrane-coated hemisphere, demonstrating the utility of the biological coating for cancer
targeting.
Stem Cells

Mesenchymal stem cells (MSCs) have unique tumor-targeting abilities given that they are
recruited by tumors to enhance their proliferation.[195, 196] These are mediated in part by direct
cell-cell interactions, suggesting utility of stem cell-derived membrane for targeted delivery.[197]
“Nanoghosts” derived directly from MSC membranes were recently reported as a potential

platform for targeted therapy of prostate cancer.[198] The vesicles were loaded with soluble
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TRAIL (sTRAIL) by a physical extrusion method and were shown to retain their tumor-binding
properties both in vitro and in vivo. Compared with free STRAIL, the nanoghost formulation
showed significantly enhanced control of tumor growth. Further, the particles were shown to be
non-immunogenic, highlighting their potential for translation. Iron oxide nanoparticles coated with
stem cell membrane have also been recently reported that have potential for both therapeutic and
diagnostic applications.[199] The coating process involved a sonication method that forced cell
membrane to re-assemble onto the surface of the nanoparticles, and the final particles were shown
to exhibit reduced macrophage uptake compared with bare particles.
Cancer Cells

Cancer cells often upregulate a variety of integrins and receptors on their surfaces that
allow them to spread, bind, and aggregate together to metastasize and form tumors.[200-202]
While many of the binding mechanisms are heterotypic, many homotypic binding mechanisms,
where cancer cells bind to each other, have also been enumerated.[203, 204] Recently, a cancer
cell membrane-coated nanoparticle (CCNP) has been fabricated to demonstrate the utility of a
homotypic approach for cancer targeting.[205] It was demonstrated that the particles retained
membrane-bound antigens that were present on the original cells. Compared with red blood cell
membrane-coated nanoparticles, the CCNPs bound preferentially to the original cancer cell.
Further it was shown that the CCNPs did not bind to normal, healthy cells, demonstrating the
specificity of the targeting. While such a strategy needs to be further explored and validated, it

represents a unique method for the fabrication of naturally cancer-targeting nanoparticles.

26



Conclusions

Biomimetically targeted nanoparticle platforms leverage nature’s own binding specificities
to preferentially localize to regions of interest within the body. Unlike traditional approaches,
which often depend on approaches involving lengthy discovery and validation, the use of naturally
occurring binding mechanisms has the potential to speed up workflows for new targeting ligand
identification. Binding interactions among cells, small molecules, biomolecules, and surfaces are
a fundamental part of biological systems, and the character of these interactions can vary greatly
depending on the biological function. As illustrated in this review, natural biomimetic targeting
strategies can be employed using anything from small molecule vitamins to entire cell membranes.

Looking towards the future, it can be envisioned that multi-ligand strategies for targeted
nanoparticle delivery will be increasingly explored. This stems from the fact that biological
interactions are incredibly complex and seldom singular. By employing multiple targeting ligands,
it may ultimately be possible to design delivery platforms with exquisite specificity and sensitivity.
In order to accomplish this, it may be necessary to develop novel synthetic strategies for the
controlled incorporation of multiple moieties onto the surface of nanoparticles. An alternative
approach already described is the use of cell membrane coatings, a top-down strategy that
circumvents the need for complicated chemistries. Employing cell membranes not only enables
the facile incorporation of multiple ligands and functionalities, but it also does so at stoichiometries
found inherently in nature. Regardless of the method, as targeting strategies continue to develop
and become more sophisticated over time, the ability of nanoparticle platforms to address pressing

health issues will continue to improve.
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2.1 Ultra-Small Lipid-Polymer Hybrid Nanoparticles for Tumor

Penetrating Drug Delivery

2.1.1 Introduction

Nanoparticle technology has facilitated a great deal of improvement in the field of drug
delivery over the past several decades.(2) Newer generation nanocarriers have built upon the
success of traditional platforms with further optimizations in material, size, and structural
properties in order to ultimately improve their therapeutic potential.(3, 4) Lipid-polymer hybrid
nanoparticles are one such example, as they combine the merits of liposomes and polymeric
nanoparticles,(5) both of which have been extensively evaluated in the clinic.(6, 7) The hybrid
nanoparticles comprise of a biodegradable polymeric core surrounded by a lipid layer with a
polyethylene glycol (PEG) coating. The hydrophobic nature of the core enables simple
encapsulation and delivery of hydrophobic drugs, (5, 8) which typically have poor bioavailability
when administered in vivo and cannot be used in their free form. Dual loading of two different
payloads, including both hydrophobic and hydrophilic drugs within the same particle, has also
been demonstrated.(9) Further, the degradability of the particles can be modulated by adjusting
polymer properties or employing stimuli-responsive materials, enabling fine-tuned drug release
profiles.(10-12) The outer layer provides a biocompatible, stealth coating that enhances
residence time in the bloodstream while also acting as a diffusional barrier against drug
release.(5, 13) It has been demonstrated that lipid-polymer hybrid nanoparticles are facile to
synthesize,(14) and they are also highly scalable, with clinically relevant quantities easily
fabricated using fluidic mixing devices.(15, 16) Many different therapeutic and imaging agents

have shown improved delivery and efficacy upon formulation inside the hybrid nanoparticles,
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including chemotherapeutics,(8, 9, 17) nucleic acids,(18, 19) and smaller metallic
nanoparticles(20) among many others.

Altering the size of nanoparticles can drastically alter their performance in vivo by
impacting important parameters such as circulation time and biodistribution.(21) Larger
nanoparticles are readily cleared by the liver and spleen, while nanoparticles smaller than
approximately 5 nm in size will be filtered by the kidney.(22, 23) There is much debate on the
ideal size of nanoparticles for drug delivery, which suggests that optimal sizing may be
dependent on both the specific platform in question as well as the intended application.(21, 24,
25) As an example, delivery of nanoparticles to the brain via systemic injection is particularly
difficult due to the blood-brain barrier, but it has been shown that ultra-small particles can
experience improved localization to the organ.(26, 27) The influence of nanoparticle size on
tumor treatment has been also investigated; particles smaller than 50 nm can more easily
penetrate deeper into the center of tumors, where the cancer stem-like cells responsible for
controlling tumor proliferation and recurrence are thought to reside.(24, 25, 28, 29) Given the
potential benefits, the ability to push the lower limits of size for nanoparticle platforms that have
traditionally existed in larger forms is highly desirable.

Here, we demonstrate a facile synthesis scheme for “ultra-small” lipid-polymer hybrid
nanoparticles with a final size less than 25 nm (Fig. 1a). Previously reported sizes of hybrid
nanoparticles have ranged from around 50 nm to greater than 200 nm, and synthesis at the lower
range has generally required the fine-tuning of solvent composition, polymer concentration, and
lipid-to-polymer ratios.(8) In order to fabricate ultra-small hybrids, an adapted nanoprecipitation
approach employing charge-based polymer stabilization was used.(30) After optimizing

nanoparticle synthesis parameters, the stability of the final formulation under different
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physiologically relevant conditions was tested. Further, we examined the ability to introduce
cancer targeting functionality as well as encapsulate a chemotherapeutic payload. In vivo, both
the circulation time and the final biodistribution of the nanoparticles were characterized. Finally,
the potential of a folate-functionalized ultra-small hybrid formulation loaded with docetaxel was
evaluated for cancer treatment in a mouse xenograft tumor model. The results were compared to
those obtained from a clinically used formulation of the same drug. Overall, the ability to
engineer an ultra-small version of the lipid-polymer hybrid nanoparticle has the potential to

further boost the utility of this already promising platform for a variety of different applications.
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Figure 2.1.1. Schematic of synthesis and physicochemical characterization of ultra-small lipid-polymer hybrid
nanoparticles. (a) Schematic displaying the process for fabricating ultra-small hybrid nanoparticles. Poly(lactic-co-
glycolic acid) (PLGA) dissolved in acetonitrile is added to a buffered aqueous solution containing lipid-PEG,
resulting in the formation of sub-25 nm nanoparticles with a core-shell structure. (b) Number-weighted size
measurements of ultra-small PLGA cores and ultra-small hybrid nanoparticles (n = 3; mean + SD). (c) Zeta potential
of ultra-small PLGA cores and ultra-small hybrid nanoparticles (n = 3; mean + SD). (d) Number-based size

distribution of a representative ultra-small hybrid nanoparticle sample. (e) Transmission electron micrograph of
ultra-small hybrid nanoparticles (scale bar = 100 nm). Inset shows a single particle (scale bar = 10 nm).
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2.1.2 Materials and Methods

Ultra-small lipid-polymer hybrid nanoparticles were prepared using a modified
nanoprecipitation process. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000; Avanti Polar Lipids) dissolved in
chloroform was deposited in a glass vial, and the solvent was allowed to evaporate. The resulting
thin film was then hydrated in water containing Tris-HCI at pH 8 (Affymetrix). Carboxylic acid-
terminated poly(lactic-co-glycolic acid) (PLGA-COOH; 0.67 dL/g, 50:50 ratio; Lactel
Absorbable Polymers) dissolved at 1 mg/mL in acetonitrile was added rapidly to the DSPE-
PEG2000-containing aqueous phase. Particles were purified by washing with water 3 times using
100 kDa MWCO Amicon centrifugal filters (EMD Millipore). Size and zeta potential were
measured by dynamic light scattering (DLS) using a Malvern ZEN 3600 Zetasizer. Transmission
electron microscopy (TEM) was conducted by depositing nanoparticle samples on a glow-
discharged, carbon-coated 400-mesh copper grid (Electron Microscopy Sciences). The grid was
then washed using distilled water and stained with 1 wt% uranyl acetate (Electron Microscopy
Sciences). Imaging was carried out on a Zeiss Libra 120 PLUS EF-TEM transmission electron
microscope. Bare PLGA cores were prepared similarly to the hybrid nanoparticles, but without
DSPE-PEG2000 in the aqueous phase. Stability of the ultra-small hybrid nanoparticles was
analyzed in 10 mM Tris-HCI at pH 8, phosphate buffered saline (PBS), and fetal bovine serum
(FBS). For stability in 10 mM Tris-HCI, hybrid nanoparticles, as well as PLGA cores, were
synthesized as described above at a final polymer concentration of 1 mg/mL. To test the stability
in 1X PBS, nanoparticles samples at 2 mg/mL were added to an equal volume of 2X PBS. The
size of the samples in both 10 mM Tris-HCI and 1X PBS were measured by DLS daily for 8

days, at which point they were measured every two days until day 14. For the serum stability
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study, an absorbance-based approach was employed.31 100% FBS was concentrated to 2X
protein concentration using 10 kDa MWCO Amicon centrifugal filters (EMD Millipore). An
equal volume of either 10 mM Tris-HCI or the FBS concentrate was then added to nanoparticle
suspensions at 2 mg/mL in 10 mM Tris-HCI aliquoted into the wells of a clear 96-well plate
(Corning). Absorbance of the samples were measured in a Tecan Infinite M200 plate reader at a
wavelength of 560 nm. Signals were adjusted by subtracting the reading of equivalent blank
solutions without nanoparticles at the same wavelength. Hybrid nanoparticles targeting the folate
receptor were synthesized by replacing 10 wt% of the DSPE-PEG2000 in the optimized
formulation with folate-conjugated DSPE-PEG2000 (Nanocs). To evaluate the targeted
formulation in vitro, KB cells (CCL17; American Type Culture Collection) were cultured in
RPMI-1640 media (Mediatech). At 24 hours prior to the start of the experiment, the media was
changed to folate-free RPMI-1640 (Life Technologies). Fluorescently labeled hybrid
nanoparticles, either non-targeted or targeted, were fabricated by the addition of 0.1 wt% 1,1'-
dioctadecyl-3,3,3",3’- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD;
Biotium) to the organic phase during synthesis. The particles were added to the KB cells at a
final concentration of 0.25 mg/mL and allowed to incubate at 37 °C for 30 minutes. The cells
were then washed 3 times with 1X PBS and finally suspended in VECTASHIELD Antifade
mounting media with DAPI (Vector Laboratories). Fluorescent imaging was performed on a
KEYENCE BZ-X710 fluorescence microscope with a 20X objective using both the DAPI and
Cys5 filters with consistent exposure times. The two channels were overlaid and all images were
subject to the same brightness and contrast adjustments. For flow cytometric analysis, cells were
incubated with nanoparticles the same as above, and then detached using trypsin-EDTA (Life

Technologies). The collected cells were washed 3 times with 1X PBS and measured on a Becton
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Dickinson FACSCanto Il flow cytometer using the red laser and Alexa Fluor 647 filter. Data
analysis to find the mean fluorescence intensity of each sample was performed using Treestar
Flowjo software.

To examine the in vivo tumor penetration, 6-week-old female nu/nu (nude) mice
(obtained from a breeding colony at the University of California, San Diego) were
subcutaneously implanted with 1x106 KB cells using 50% Matrigel (BD Biosciences) in the hind
flank region. All animal experiments were performed in accordance with NIH guidelines and
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
California, San Diego. After 3 weeks, mice were injected intravenously via the tail vein with 200
puL of 15 mg/mL DiD-labeled hybrid nanoparticles, either non-targeted or targeted. The mice
were euthanized after 24 hours and the tumors were extracted. Tumors were flash frozen in
Tissue-Tek O.C.T. compound (Sakura Finetek) and sectioned for histological analysis. FITC-
conjugated anti-mouse CD31 (Clone: MEC13.3; Biolegend) was used to label tumor vasculature.
Images were taken on a KEYENCE BZ-X710 fluorescence microscope with a 10X objective
using both the GFP and Cy5 filters with consistent exposure times. The two channels were
overlaid and all images were subject to the same brightness and contrast adjustments.

The chemotherapeutic docetaxel (Biotang) was loaded into the ultra-small hybrid
nanoparticles by physical encapsulation. Drug was dissolved with PLGA in the organic phase,
and the synthesis proceeded as described above. Particles were washed 3 times with 100 kDa
MWCO Amicon centrifugal filters to remove unencapsulated docetaxel. In order to quantify the
amount of drug loaded, the purified nanoparticles were lyophilized and dissolved in acetonitrile
to release the drug. Samples were analyzed on a PerkinElmer Series 200 high performance liquid

chromatography (HPLC) system using a C18 analytical column (Brownlee) with a mobile phase
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of 50:50 water to acetonitrile and a detection wavelength of 230 nm. Different weight ratios of
drug to polymer, ranging from 0% to 20% were tested in order to optimize drug loading. Known
concentrations of docetaxel were used to generate a standard curve. Drug release over time was
characterized by dialyzing samples against 1X PBS in 10 kDa MWCO Slide-A-Lyzer MINI
dialysis cups (Thermo Scientific). The amount of drug retained in the nanoparticle samples was
assessed at 0, 1, 2, 4, 6, 12, 24, 48, and 72 hours. Samples were collected, lyophilized, and then
analyzed by HPLC as described above.

Cytotoxicity of the nanoparticles was evaluated by seeding KB cells at 15,000 per well in
a 96-well plate. Serially diluted solutions of docetaxel-loaded ultra-small hybrids or Taxotere
(Sanofi), giving final drug concentrations starting at 100 ng/mL, were incubated with the cells
for a period of 72 hours. After drug incubation, the wells were washed with 1X PBS and a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to quantify
cell viability. The MTT reagent (Invitrogen) was incubated with the cells for 4 hours, after which
the solution was carefully aspirated and the precipitated crystals dissolved using dimethyl
sulfoxide. Absorbance was read at 560 nm on a Tecan Infinite M200 plate reader. Cells lysed
with 0.5% Triton-X 100 (Sigma Aldrich) in PBS and untreated cells were used to establish 0%
and 100% viability, respectively. 1C50 values were determined by fitting the data using a dose-
response inhibition curve in Graphpad Prism. To study the circulation time of ultra-small hybrids
in vivo, DiD-labeled nanoparticles, 200 puL at 10 mg/mL, were injected via the tail vein of 6-
week-old male CD1 mice (Harlan Laboratories). Approximately 100 pL of blood was collected
by cheek puncture via the submandibular vein at the following timepoints: right after injection
and 0.33, 1, 3, 8, 24, 48, and 72 hours. Samples were diluted by 10 times in water and the

fluorescence quantified on a Tecan Infinite M200 plate reader at excitation and emission
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wavelengths of 630 nm and 670 nm, respectively. Blank signal from diluted blood was
subtracted from all measurements, and the data was normalized to the signal from the timepoint
right after injection. The data was first fitted using a decay regression model in Graphpad Prism,
and the program was used to interpolate the time corresponding to 50% clearance. To calculate
the elimination half-life, the normalized signal was transformed using natural log, and the
resulting data was fitted using a linear regression curve. Elimination half-life was calculated as
t (1/2)=Ini/0}(2)/B, where P is the negative slope obtained from the fit.

To study the biodistribution of ultra-small hybrid nanoparticles, a DiD-labeled
formulation was administered via the tail vein at 10 mg/mL in a volume of 200 pL. At 24 hours
after injection, the mice were euthanized and subject to whole body perfusion with 1X PBS.
Afterwards, the heart, lungs, spleen, kidneys, and liver were harvested and homogenized using a
Biospec Mini-Beadbeater-16. Organ fluorescence values were obtained by measuring the
homogenate on a Tecan Infinite M200 plate reader at excitation and emission wavelengths of
630 nm and 670 nm, respectively. Background signal was subtracted using organ samples
collected from mice not injected with nanoparticles. 6-week-old female nude mice were
subcutaneously implanted with 1x106 KB cells using 50% Matrigel in the hind flank region. At
the beginning of week 3, corresponding to 14 days after implantation, tumors were palpable and
treatment was initiated with the following: blank solution, non-targeted ultra-small hybrid
nanoparticles, targeted ultra-small hybrid nanoparticles, and Taxotere. All drug-containing
formulations were administered at 4 mg/kg of docetaxel. Treatments were administered twice per
week on weeks 3 and 5 for a total of 4 treatments. Tumor dimensions were measured every other

day and the total volume was calculated by the equation V=( [width] ~2xlength)/2, where

width and length represent the smallest and largest dimensions, respectively, in the same plane as
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the skin surface. Body weight was also monitored every other day. Mice were euthanized when

their tumor volume exceeded a predetermined threshold of 2,000 mm3.

2.1.3 Results and Discussion

Fabrication and optimization of formulation parameters

Ultra-small lipid-polymer hybrid nanoparticles were fabricated using a modified
nanoprecipitation reaction. Carboxylic acid-terminated poly(lactic-co-glycolic acid) (PLGA-
COOH) was dissolved in acetonitrile and added into an aqueous phase buffered with Tris-HCI at
pH 8 containing polyethylene glycol (PEG)-conjugated lipids (lipid-PEG). After ultrafiltration,
the resulting nanoparticles were characterized by dynamic light scattering (DLS) (Fig. 1b-d).
According to the measurements, hybrid nanoparticles were several nanometers larger than the
bare PLGA cores, and the zeta potential increased significantly from less than -50 mV to greater
than -10 mV when the uncharged lipid-PEG layer was introduced. The data suggests successful
surface functionalization of the bare PLGA cores with a layer of lipid-PEG. Further, the number-
based size distribution curve obtained from DLS showed a tight grouping around the average
nanoparticle size. Visual observation using transmission electron microscopy (TEM) of the
hybrid nanoparticles negatively stained with uranyl acetate confirmed that there was a
monodisperse population less than 25 nm in size (Fig. 1e).

To optimize the buffer conditions for size minimization, PLGA cores were prepared with
varying amounts of buffer in the aqueous phase, ranging from 0 mM to 20 mM Tris-HCI at pH 8
(Fig. 2a). The smallest nanoparticle cores at just over 20 nm in size were observed when using
10 mM Tris-HCI, and this buffering condition was selected for further studies. Minimization at

an intermediate concentration suggests that sufficient buffering capacity and charge screening
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represent two opposing factors affecting the final size. Next, the amount of lipid-PEG necessary
for stabilization of the PLGA cores under physiological conditions was assessed (Fig. 2b).
Nanoparticles were synthesized in 10 mM Tris-HCI at pH 8 with lipid-PEG to PLGA weight
ratios ranging 0% to 40%, and the solutions were subsequently adjusted to 1X phosphate
buffered saline (PBS). Bare cores with no lipid-PEG coating immediately aggregated upon
introduction of PBS due to charge screening, an expected outcome given that the particles rely
solely on charge stabilization. With increasing amounts of lipid-PEG, the particles exhibited a
trend of diminishing size increase after adjusting to 1X PBS. Size minimization occurred
approximately at a 30% ratio, and a conservative ratio of 40% lipid-PEG to PLGA was used for
further studies. The amount of lipid-PEG necessary to stabilize a given amount of ultra-small
PLGA cores was higher than that previously reported for larger hybrid nanoparticle
formulations,5 a difference that reflects the increased surface area of the ultra-small particles at
constant mass.
Nanoparticle stability

The stability over time of the final ultra-small hybrid formulation was evaluated over
time in both 10 mM Tris-HCI and PBS (Fig. 3a). Bare PLGA cores immediately aggregated in
PBS to over 1 um but stayed stable in water over a period of two weeks. In contrast, the hybrid
nanoparticle formulation exhibited no increase in size for the duration of the study under both
conditions, demonstrating their ability to be stored long-term in solution. Stability of the
nanoparticles in 100% fetal bovine serum (FBS) was analyzed using an absorbance-based
method (Fig. 3b).31 Upon addition of FBS to the bare PLGA cores, a marked increase in
absorbance was observed, reflecting increased scattering by newly formed particle aggregates.

An increase in absorbance was not observed for ultra-small hybrid nanoparticles subjected to the
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same treatment, indicating particle stability in the presence of serum proteins. Taken together,

the stability characteristics of the final hybrid formulation indicated their suitability for further in

vitro and in vivo evaluation.
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Figure. 2.1.2. Optimization of ultra-small hybrid nanoparticle fabrication. (a) Size
measurements of PLGA cores precipitated into different concentrations of Tris-HCI buffer at
pH 8 (n = 3; mean = SD). (b) Size measurements of hybrid nanoparticles synthesized at
varying lipid-PEG to PLGA weight ratios (n = 3; mean + SD). Measurements were taken after
synthesis in 10 mM Tris-HCI at pH 8 and after adjusting to 1X PBS (pH 7.4).
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Figure. 2.1.3. Ultra-small hybrid nanoparticle stability studies. (a) Size measurements of ultra-small
hybrid nanoparticles and ultra-small PLGA cores over the course of 2 weeks in both 10 mM Tris-HCI at
pH 8 and 1x PBS (n = 3; mean £ SD). (b) Absorbance at 560 nm of ultra-small hybrid nanoparticles and
ultra-small PLGA cores both in 10 mM Tris-HCI at pH 8 and after adjusting to 100% fetal bovine serum
(n = 3; mean £ SD). Background signal was subtracted using corresponding blank solutions with no
nanoparticles. ****P < 0.0001, NS = not significant, Student's t-test.

Introduction of targeting functionality

The ability to introduce targeting functionality onto the surface of nanoparticles can help
to facilitate more efficient localization to a site of interest.(31-33) In order to demonstrate this for
ultra-small hybrid nanoparticles, we used folate, a classical targeting ligand that takes advantage
of the fact that many cancers overexpress the folate receptor.(34, 35) Folate-functionalized
nanoparticles were fabricated by substituting 10% of the lipid-PEG in the optimized hybrid
nanoparticle formulation with lipid-PEG pre-conjugated with folate. The targeting property of
this formulation was tested on KB cells, which are known to overexpress the folate receptor (Fig.
4a,b).(36) Fluorescent dye-labeled ultra-small hybrids with or without folate functionality,
respectively referred to as targeted or non-targeted formulations, were incubated with the cells,

and fluorescence microscopy revealed significantly higher uptake for the targeted formulation.
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This was further confirmed by flow cytometry, as the mean fluorescence intensity indicated that
the targeted formulation had approximately 3 times the uptake compared to the non-targeted
formulation. For cells initially blocked with free folate, the level of uptake for the targeted
formulation was reduced to that of the non-targeted, indicating that the increased uptake was
receptor specific.

a Cells only Non-targeted Targeted

Nanoparticle Merged

Figure. 2.1.4. Introduction of targeting functionality onto ultra-small hybrid nanoparticles. (a) Fluorescent
microscopy Vvisualization of KB cells incubated with fluorescent dye-labeled non-targeted or folate receptor-targeted
ultra-small hybrid nanoparticles (red: nanoparticles, blue: cell nuclei; scale bare = 20 um). (b) Mean fluorescent
intensities as quantified by flow cytometry of KB cells incubated with either non-targeted ultra-small hybrid
nanoparticles, targeted hybrid nanoparticles, or targeted hybrid nanoparticles with KB cells blocked with free folate
(n = 3; mean * SD). (c) Fluorescent microscopy visualization of histological sections from xenograft KB tumors of
mice administered with either fluorescent dye-labeled non-targeted or targeted ultra-small hybrid nanoparticles (red:
nanoparticles, green: tumor vasculature; scale bare = 100 pm).
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Next, we examined the ability of the ultra-small hybrid nanoparticles to penetrate into
tumors after systemic administration in a folate receptor-overexpressing murine xenograft tumor
model. The same KB cell line used for the in vitro targeting evaluation was grown
subcutaneously in nude mice, and fluorescently labeled targeted or non-targeted hybrid
nanoparticles were administered via the tail vein (Fig. 4c). After 24 hours, the mice were
euthanized for histological analysis of the tumors. The non-targeted formulation was shown to
localize near areas staining positive for the endothelial marker CD31, which was used to
delineate tumor vasculature.(37) In contrast, the targeted hybrid nanoparticles were found much
deeper within the tumor and further away from the vasculature. The difference demonstrates that
the additional folate functionality of the targeted nanoparticles can be used to improve tumor
penetration by enhancing retention via receptor-specific interactions. Regarding the low presence
of non-targeted nanoparticles away from the vasculature, it has been discussed previously that
small nanoparticles can penetrate deeper into tumors due to their size, but without a targeting
ligand they are also subject to rapid clearance by the same mechanism.(29) The ability to target
payloads to all areas of a tumor has important implications for treatment and can potentially be
used to more effectively destroy cancer stem cells.(38)

The ability to introduce targeting functionality onto the surface of nanoparticles can help
to facilitate more efficient localization to a site of interest.32-34 In order to demonstrate this for
ultra-small hybrid nanoparticles, we used folate, a classical targeting ligand that takes advantage
of the fact that many cancers overexpress the folate receptor.35, 36 Folate-functionalized
nanoparticles were fabricated by substituting 10% of the lipid-PEG in the optimized hybrid
nanoparticle formulation with lipid-PEG pre-conjugated with folate. The targeting property of

this formulation was tested on KB cells, which are known to overexpress the folate receptor (Fig.
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4a,b).37 Fluorescent dye-labeled ultra-small hybrids with or without folate functionality,
respectively referred to as targeted or non-targeted formulations, were incubated with the cells,
and fluorescence microscopy revealed significantly higher uptake for the targeted formulation.
This was further confirmed by flow cytometry, as the mean fluorescence intensity indicated that
the targeted formulation had approximately 3 times the uptake compared to the non-targeted
formulation. For cells initially blocked with free folate, the level of uptake for the targeted
formulation was reduced to that of the non-targeted, indicating that the increased uptake was
receptor specific.

Next, we examined the ability of the ultra-small hybrid nanoparticles to penetrate into
tumors after systemic administration in a folate receptor-overexpressing murine xenograft tumor
model. The same KB cell line used for the in vitro targeting evaluation was grown
subcutaneously in nude mice, and fluorescently labeled targeted or non-targeted hybrid
nanoparticles were administered via the tail vein (Fig. 4c). After 24 hours, the mice were
euthanized for histological analysis of the tumors. The non-targeted formulation was shown to
localize near areas staining positive for the endothelial marker CD31, which was used to
delineate tumor vasculature.38 In contrast, the targeted hybrid nanoparticles were found much
deeper within the tumor and further away from the vasculature. The difference demonstrates that
the additional folate functionality of the targeted nanoparticles can be used to improve tumor
penetration by enhancing retention via receptor-specific interactions. Regarding the low presence
of non-targeted nanoparticles away from the vasculature, it has been discussed previously that
small nanoparticles can penetrate deeper into tumors due to their size, but without a targeting

ligand they are also subject to rapid clearance by the same mechanism.29 The ability to target
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payloads to all areas of a tumor has important implications for treatment and can potentially be

used to more effectively destroy cancer stem cells.

Drug loading and cytotoxicity

The drug loading capacity of the ultra-small hybrid nanoparticles was evaluated using
docetaxel, a hydrophobic chemotherapeutic commonly used to treat a variety of cancer types in
the clinic.(39) In order to optimize the loading of docetaxel into the nanoparticles, drug input to
PLGA weight ratios ranging from 0% to 20% were tested (Fig. 5a). After removal of free drug
by ultrafiltration, the drug loading was quantified by high performance liquid chromatography
(HPLC). There was a trend of increasing amounts of loaded docetaxel with increasing initial
inputs that remained fairly linear up to 15% drug input. Maximal loading was observed at 20%,
and it should be noted that, at higher concentrations, drug-loaded particles were not stable and
precipitated out of solution. Thus, a drug-loaded formulation employing the 20% input with a
final drug loading of approximately 2% was used for further studies. Next, a drug release study
was conducted by dialyzing the docetaxel-loaded ultra-small particles against 1X PBS (Fig. 5b).
An initial burst was observed during the first 12 hours, with approximately 50% of the docetaxel
released during this period. By the conclusion of the study at 72 hours, a large majority of the
drug had been released. Finally, the activity of the drug-loaded formulation was tested by
assessing the cytotoxicity of the particles in vitro (Fig. 5¢). KB cells were incubated for 72 hours
with either Taxotere, a clinically used formulation of docetaxel, or drug-loaded ultra-small
hybrid nanoparticles at equivalent drug concentrations. The cytotoxicity profile of the two
formulations were nearly identical, and 1Cso values were calculated to be 731 pg/mL and 624

pg/mL for the ultra-small hybrid and Taxotere formulations, respectively. This finding suggests
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that the activity of the drug remained largely unaltered after being loaded into the hybrid

nanoparticles.

In vivo circulation and biodistribution
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Figure. 2.1.5. Drug loading and characterization of ultra-small hybrid nanoparticles. (a) Drug loading
quantification of hybrid nanoparticles fabricated at increasing docetaxel input to PLGA weight ratios (n
= 3; mean = SD). (b) Cumulative release profile of docetaxel-loaded ultra-small hybrid nanoparticles
with 2 wt% docetaxel loading over the course of 72 hours in 1X PBS (n = 3; mean + SD). (c) Cell
viability of KB cells treated with either docetaxel-loaded ultra-small hybrid nanoparticles or Taxotere

for 72 hours (n = 3; mean + SD). Samples were normalized according to lysed cell and untreated
controls.

The fate of ultra-small hybrid nanoparticles after intravenous injection was evaluated.
First, the blood circulation in mice was studied after administration of fluorescently labeled
nanoparticles via the tail vein (Fig. 6a). Blood was drawn immediately after injection and at
timepoints of 0.33, 1, 3, 8, 24, 48, and 72 hours. According to the data, 50% of the particles were
cleared by 3.4 hours, and approximately 10% of particles were remaining at 24 hours. Further
analysis using a two-compartment model yielded an elimination half-life of approximately 11.5
hours. The ability of the ultra-small hybrid formulation to circulate for an extended period of
time can be attributed to the stabilizing properties of the lipid-PEG outer layer, which prevents
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non-specific protein interactions that facilitate nanoparticle clearance in vivo. This is in stark
contrast to bare PLGA cores, which are known to exhibit extremely short blood circulation
times.(40)

Next, a biodistribution study was conducted to study organ-level localization of the
nanoparticles after intravenous injection (Fig. 6b). Mice were administered with fluorescently
labeled ultra-small hybrid nanoparticles. After 24 hours, the mice were euthanized, and the heart,
lungs, spleen, kidneys, and liver were collected. After mechanical homogenization, the signal
from each organ was quantified. It was shown that the highest absolute amount of fluorescence
was present in the liver, an expected outcome given that the organ has been widely shown to play
an important role in nanoparticle clearance.(22) There were relatively low amounts of signal in
the other organs tested. Notably, the signal in the lungs was very low, a desirable finding given
the potential toxicity associated with over-accumulation.(41, 42) The results observed are in line

with previously reported data for similarly structured nanoparticles.(13, 40, 43)
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Figure. 2.1.6. In vivo characterization of ultra-small hybrid nanoparticles. (a) Circulation time of fluorescent dye-
labeled ultra-small hybrid nanoparticles after intravenous administration (n = 6; mean + SD). Blood samples were
collected at designated timepoints and measured for fluorescence intensities. Signals were normalized according to
the first collected sample right after injection. Inset shows the data on a semi-log plot. (b) Biodistribution of
fluorescent dye-loaded ultra-small hybrid nanoparticles 24 hours after intravenous administration (n = 3; mean *
SD). Fluorescent signal was measured from homogenized organs after whole body perfusion.

In vivo tumor treatment efficacy

Given the stability of the ultra-small hybrid nanoparticles both in vitro and in vivo, their
capacity for drug loading, and their ability to be functionalized with an active targeting ligand,
we tested their potential for cancer treatment in a murine xenograft tumor model. KB cells were
implanted in nude mice and allowed to develop into palpable tumors over the course of two
weeks. Afterwards, docetaxel-loaded ultra-small hybrids, both targeted and non-targeted, were
administered a total of 4 times (twice per week on weeks 3 and 5) at a dosage of 4 mg/kg (Fig.
Ta-c). Taxotere, at the same drug dosage, as well as blank solution were used as controls. As
expected, the tumors in mice treated with blank solution continued to progress, with a median

survival of 38 days after tumor implantation. Both the non-targeted ultra-small formulation and
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Figure. 2.1.7 In vivo tumor treatment using drug-loaded ultra-small hybrid nanoparticles. (a) Growth kinetics of KB
tumors implanted into nude mice and treated with either blank solution, Taxotere, docetaxel-loaded non-targeted
hybrid nanoparticles, or docetaxel-loaded folate receptor-targeted hybrid nanoparticles with 4 total doses (twice a
week on weeks 3 and 5) at 4 mg/kg of docetaxel each (n = 6; mean £ SEM). (b) Survival curve of mice in (a). Mice
were euthanized when tumor volume exceeded 2,000 mm?3, (c) Body weight measurements of mice in (a) (mean +
SEM). All times on x-axes start with the initiation of treatment, corresponding to 14 days after tumor implantation.

Taxotere showed similar growth kinetics, showing moderate control of tumor growth and
extending median survival to 44 and 46 days, respectively. The targeted ultra-small formulation
performed the best, significantly suppressing tumor growth, and more than half of the mice were
still alive at 64 days after tumor challenge. As an indicator of global health, body weights were
monitored over the course of the study. The measurements from the treatment groups were not
significantly different from those treated with blank solution, suggesting that it may be possible
to raise the dosing in future studies. It should be noted that the docetaxel dosage used in the
present study is lower than previously determined values for the maximum tolerated dose of the
Taxotere formulation.(44, 45) The ability to generate a targeted ultra-small hybrid nanoparticle
formulation that significantly outperforms a clinically used formulation highlights the benefit of

the platform for tumor treatment applications and suggests that further study may be warranted

along these lines.
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2.1.4 Conclusion

In conclusion, we have demonstrated the fabrication and application of ultra-small lipid-
polymer hybrid nanoparticles under 25 nm in size. A simple, charge-based stabilization strategy
was employed for the synthesis of a monodisperse population of these particles, which were
significantly smaller than previously reported lipid-polymer hybrids. It was shown that the
particles retained the advantageous properties of the hybrid nanoparticle platform, including
excellent stability in vitro and in vivo, drug loading capability, and facile incorporation of
targeting functionality. Targeted ultra-small hybrids demonstrated effective localization to
regions deep within tumors, and, when loaded with the chemotherapeutic docetaxel, were able to
outperform a clinically used formulation of the drug. Given that these ultra-small hybrid
nanoparticles are fabricated from FDA-approved materials and employ a facile synthesis scheme,
they appear primed for translation, although further studies on the scale-up of this specific
formulation are warranted. Ultimately, the addition of an ultra-small version to the size repertoire
of hybrid nanoparticles helps to further boost the utility of the platform and may provide a means
of improving the therapeutic profile of drug payloads across a wide range of different

applications.
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Chapter 3

Red blood cell membrane coated nanoparticles
as a drug delivery platform
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3.1 Erythrocyte membrane-cloaked polymeric nanoparticles for

controlled drug loading and release

3.1.1 Introduction

In recent decades, advances in engineering materials at the nanometer scale have resulted
in a myriad of nanoparticle (NP)-based drug-delivery systems for clinical applications [1, 2]. The
unique advantages of these nanomedicines, particularly their improvement on existing
therapeutic agents through altered pharmacokinetics and biodistribution profiles, hinge on their
ability to circulate in the bloodstream for a prolonged period of time [3, 4]. As a result,
considerable research interest has focused on the search for novel materials, both natural and
synthetically made, that allow NPs to bypass macrophage uptake and systemic clearance [5, 6].
Meanwhile, strategies aimed at extending particle residence time in vivo through modifying the
physicochemical properties of NPs (including size, shape, deformity and surface characteristics)
have also been extensively explored [7, 8].

In this regard, the authors recently developed a red blood cell membrane (RBCm)-
cloaked NP drug-delivery system with the combined advantages of a long circulation lifetime
(from RBCs), and controlled drug retention and release (from polymeric particles) [9]. The
authors top-down approach, based on the extrusion of polymeric particles mixed with preformed
RBCm-derived vesicles, translocated the entire RBCm with preserved membrane proteins to the
surface of sub 100-nm polymeric cores, resulting in NPs cloaked by the erythrocyte exterior for
longer systemic circulation. This cell-mimicking strategy provides a cellular membrane medium
surrounding polymeric cores for transmembrane protein anchorage, hence avoiding chemical

modifications in conventional NP surface fictionalizations that could compromise the integrity
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and functionalities of the proteins.

As part of continuing efforts to further develop this cell-mimicking NP platform for
advanced drug-delivery applications, the authors report formulation strategies for loading small-
molecule chemotherapy drugs such as doxorubicin (DOX), a model anticancer drug, into NPs
and study drug-release kinetics with an emphasis on the role played by RBCm cloaks in drug
retention. Specifically, to load DOX molecules into the NP core, two distinct strategies were
explored: physically encapsulating drug molecules into the polymer matrix, and chemically
conjugating drug molecules to the polymer backbones. It was demonstrated that they result in
distinct drug-loading yields and release kinetics. NPs were further formulated with the same
polymer cores as RBCm-cloaked NPs, but coated with polyethylene glycol (PEG) rather than
RBCm (PEGylated NPs). Comparison of the drug- release profiles for the two delivery systems
demonstrated that the RBCm cloak provides a barrier, retarding the outward diffusion of
encapsulated drug molecules, and can therefore potentially be exploited to better control drug
release. Additionally, in an attempt to examine the therapeutic potential of the RBCm-cloaked
NPs, an acute myeloid leukemia (AML) Kasumi-1 cell line was chosen, and it was demonstrated
that DOX-loaded RBCm-cloaked NPs exhibited higher toxicity by comparison with the same

amount of free DOX.

3.1.2 Experimental Methods

RBC Ghost Derivation

RBC ghosts devoid of cytoplasmic contents were prepared following previously
published protocols [9, 10]. Briefly, whole blood, withdrawn from male (imprinting control

region)mice (6-8 weeks old, Charles River Laboratories) through cardiac puncture with a
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syringe containing a drop of heparin solution (Cole-Parmer), was centrifuged (800 x g for 5 min
at 4°C) to remove serum and buffy coat. The packed RBCs were washed in ice-cold 1 x
phosphate-buffered solution (PBS), treated by hypotonic medium for hemolysis, and then
suspended in 0.25 x PBS in an ice bath for 20 min. The hemoglobin was removed by
centrifuging the suspension at 800 x g for 5 min. RBC ghosts in the form of a pink pellet were

collected.

Preparation of RBCm-Derived Vesicles

The collected RBC ghosts were sonicated in a capped glass vial for 5 min using a FS30D
bath sonicator (Fisher Scientific) at a frequency of 42 kHz and power of 100 W. The resulting
vesicles were subsequently extruded repeatedly through 400-nm and then 200-nm polycarbonate
porous membranes using an Avanti mini extruder (Avanti Polar Lipids). After each extrusion,
the size of the RBCm-derived vesicles was monitored using dynamic light scattering (Nano-ZS,

model ZEN3600).

Ring-Opening Polymerization of L-lactide

DOX—poly(lactide acid) (PLA) conjugates were synthesized based on a previously
published protocol [11, 12]. Briefly, ring-opening polymerization of -lactide (Sigma-Aldrich,
USA) was catalyzed by an alkoxy complex (BD1)ZnN(SiMe3)2 in a glovebox filled with argon at
room temperature. (BDI1)ZnN(SiMe3z)2 (6.4 mg, 0.01 mmol) and DOX (Jinan Wedo Co. Ltd,
China; 5.4 mg, 0.01 mmol) were mixed in anhydrous tetrahydrofuran (0.5 ml), where I-lactide
(101 mg, 0.7 mmol) dissolved in 2 ml of anhydrous THF was added dropwise.

After the _-lactide was completely consumed as indicated by proton nuclear magnetic
resonance spectroscopy (Varian Mercury 400 MHz spectrometer), the crude product was
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precipitated in cold diethyl ether and purified by multiple dissolution—precipitation cycles. The
conjugation was confirmed by proton nuclear magnetic resonance spectroscopy and conjugates
had a molecular weight (MW) of approximately 10,000 g/mol determined by gel permeation

chromatography (Viscotek, USA).

Preparation of NP Core & Loading of DOX

The DOX-PLA conjugate was first dissolved in acetonitrile to form 1 mg/ml solution. A
total of 1 ml of such solution was added dropwise to 3 ml of water. The mixture was then stirred
in open air for 2 h, allowing the acetonitrile to evaporate. The resulting solution of NP cores was
washed using Amicon Ultra-4 Centrifugal Filters (Millipore, 10 kDa cut-off) to completely
remove organic solvent residues. The particles were then re-suspended in 1 ml distilled water. To
physically encapsulate DOX, 1 mg poly(lactic-co-glycolic acid [PLGA]; 0.67 dl/g, carboxy-
terminated, LACTEL Absorbable Polymers) was first dissolved into 1 ml acetonitrile, followed
by the addition of DOX predissolved in 25 pl dimethyl sulfoxide. Similar procedures as

described above were followed to generate suspensions containing NP cores.

Fusion of RBCm-Derived Vesicles with NP Cores

To fuse the RBCm-derived vesicles with the aforementioned NP cores, a suspension
containing 1 mg of NP cores was first mixed with RBCm-derived vesicles prepared from 1 ml of
whole blood. The mixture was then extruded 11 times through a 100-nm polycarbonate porous
membrane with an Avanti mini extruder. To fully coat 1 mg of NP cores, an excess of blood was

used to compensate for the membrane loss during RBC ghost derivation and extrusion [9].

75



Preparation of PEGylated NPs

The DOX-PLA conjugate and PLA-PEG-COOH (MW = 10 kDa, polydispersity index =
1.12; PEG = 3.5 kDa, PLA = 6.5 kDa) [13] at a weight ration of 1:1 were first dissolved in
acetonitrile at a concentration of 1 mg/ml, followed by the same procedures as described above
to produce NP suspensions. To physically encapsulate DOX into PEGylated NPs, 1 mg PLGA
(0.67 dl/lg, MW = 40 kDa, carboxy-terminated, LACTEL Absorbable Polymers) was first
dissolved into 1 ml acetonitrile, followed by the addition of 100 ng DOX disoolved in 25 pl

dimethyl sulfoxide. The procedures described above were used to produce NP suspensions.

NP Stability Studies

NP stability in PBS was assessed by monitoring particle size using dynamic light
scattering. Specifically, 500 pg of the NPs were suspended in 1 ml 1 x PBS and the sizes were
measured in triplicate at room temperature every 24 h over a period of 1 week. Between
measurements, samples were incubated at 37°C with gentle shaking. NP serum stability was
evaluated by monitoring the UV-absorbance at a wavelength of 560 nm. Specifically, NPs were
first concentrated to 2 mg/ml in PBS, followed by the addition of 2 x fetal bovine serum
(Hyclone) of equal volume. The absorbance was measured using an Infinite M200 multiplate
reader at 37°C approximately every 1 min over a period of 2 h. The morphology and particle size
were further characterized using scanning electron microscopy (SEM). Samples for SEM were
prepared by dropping 5 pl of the NP solution onto a polished silicon wafer. After drying the
droplet at room temperature overnight, the sample was coated with chromium and then imaged

using SEM.
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Measurement of Drug-Loading Yield & Release

The concentration of DOX in a solution was determined by measuring florescence
intensities at 580 nm with an excitation wavelength of 480 nm. To determine the DOX-loading
yield of the NPs, the above fluorescence measurement was carried out after incubating 100 ul NP
solution with 100 pl 0.1 M HCI in acetonitrile for 24 h. All fluorescent measurements were
performed under the same conditions with 0.1 M HCI. To plot DOX release profiles, 200 ul NP
solution (1 mg/ml) was loaded into a Slide-A-Lyzer MINI dialysis microtube (Pierce, IL, USA;
MW cutoff: 3.5 kDa) then dialyzed against 2 | of PBS (pH = 7.4) at 37°C. PBS buffer was
changed every 12 h throughout the whole dialysis process. At each predetermined time point, NP
solutions from three mini dialysis units were collected and DOX concentration was measured.
Note that the hydrophobic DOX-PLA conjugates are unlikely to be released from the
hydrophobic particles to aqueous solutions, as that is an energetically unfavorable process. It is

expected that only drug molecules that have detached from the polymer chains will be released.

Cell Viability Assay

Cytotoxicity of free DOX and DOX-loaded NPs was assessed against Kasumi-1 cell line
established from the peripheral blood of an AML patient using MTT assay (Promega
Corporation, WI, USA). Cells were first seeded (~5 x 103 per well) in 96-well plates and
incubated for 24 h. After the addition of free DOX or DOX-loaded NPs, the cells were incubated
for an additional 72 h. Cell viability was then determined by using MTT assay following a

protocol provided by the manufacturer.
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3.1.3 Results and Discussion

The preparation process of RBCm-cloaked NPs was based on a previously published
protocol and is schematically illustrated in Figure 2.2.1 [9]. Briefly, purified RBCs first
underwent membrane rupture in a hypotonic environment to remove their intracellular contents.
Next, the emptied RBCs (~2 um in diameter) were washed and extruded through 100-nm porous
membranes to create RBC-membrane derived vesicles (~200 nm in diameter). Meanwhile,
polymeric cores (~70 nm in diameter), such as those made from PLA or PLGA, were prepared
by using a solvent displacement method. The resulting polymeric cores were subsequently mixed

with RBC-membrane derived vesicles and the mixture was physically extruded through 100-nm

oy
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Diameter (nm)
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RBC ghosts RBCm-derived Polymeric RBCm-cloaked
vesicles cores NPs

Figure 3.1.1 Preparation process of red blood cell membrane-cloaked nanoparticles. The hydrodynamic sizes of
RBC ghosts, RBCm-derived vesicles, polymeric cores and RBCm-cloaked NPs were measured using dynamic
light scattering.

NP: Nanoparticle; RBC: Red blood cell; RBCm: Red blood cell membrane.
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pores, where the two components fused under the mechanical force and formed RBCm-cloaked

NPs (~90 nm in diameter).

In this study, two distinct methods to load DOX as a model drug into the RBCm-cloaked
NPs were examined: physical encapsulation and chemical conjugation. Physical encapsulation is
achieved by first mixing DOX and the polymers in acetonitrile, followed by precipitation into
water. In this case, the drug-loading yield can be varied through different formulation
parameters. For example, when varying initial DOX to PLGA weight ratio from 5 to 20%, the
loading yield increases from 0.9 to 1.8% (Figure 2).

Alternatively, DOX molecules can be loaded into NP cores by covalently conjugating
drug molecules to polymer backbones. Intuitively, DOX molecules can be directly conjugated to
carboxyl-terminated PLA chains through hydroxyl groups; however, this approach causes
heterogeneities for polymer—drug conjugates, owing largely to the polydispersity of the polymer
chains, the lack of control over the regio- and chemo-selective conjugation of the DOX
molecules containing multiple hydroxyl groups, and the lack of control over the conjugation
efficiency. Therefore, an alternative approach was adopted, where the hydroxyl groups of the
DOX, in the presence of using L-lactide monomer and (BDI)ZnN(SiMes). as a catalyst, were
utilized to initiate the ring-opening polymerization and led to the formation of PLA-DOX
conjugates [11, 12]. In this approach, as the polymerization reaction is initiated by the drug
molecule itself, a conjugation efficiency of near 100% can be achieved. In addition, the metal
amido catalyst (BDI1)ZnN(SiMes). preferentially allows for PLA propagation at C14-OH position
of DOX, instead of its more sterically hindered C4’- and C9-OH positions. After the reaction
was terminated, products were purified using repeated dissolution—precipitation cycles and then

characterized using 1H-NMR spectroscopy. Proton resonance peaks corresponding to both DOX
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molecules and PLA backbones are present, including the aromatic protons of DOX between d =
7.5 and 8.0 ppm, protons of -CH3 group of PLA at d = 1.5 ppm, and -CH group of PLA atd =
5.2 ppm, hence confirming the formation of PLA-DOX conjugates [11]. In contrast to physical
encapsulation, where the drug-loading yield primarily depends on formulation parameters, in
chemical conjugation, the drug-loading yield is dictated by polymer chain length, which is in
turn determined by polymerization conditions such as initiator (DOX)-to-monomer ratio. For
example, the PLA-DOX conjugates synthesized in this study were found to have a molecular

weight of 10 kDa and a narrow polydispersity index of 1.16, corresponding to an approximately
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Figure 3.1.2. Doxorubicin loading yields in the red blood cell membrane-cloaked nanoparticles at various initial
drug inputs. Drug molecules were loaded into the nanoparticles through two distinct loading mechanisms:
physical encapsulation and chemical conjugation.

5% loading yield of DOX after the conjugates were formulated into the NPs (Figure 2.2.2).

Next, the stability of DOX-loaded RBCm- cloaked NPs in physiologically relevant buffer
solutions was studied. In PBS, NP stability is monitored by measuring NP sizes at different time
points, as unstable particles tend to aggregate and their sizes increase. In this study (Figure
2.2.3A), NPs loaded with DOX molecules by using both physical encapsulation and chemical

conjugation showed similar initial diameters of approximately 90 nm; without significant size
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increase over the duration of 1 week. Similarly, only a slight change in the polydispersity index
of the NPs was observed over the same time period, indicating a high stability of DOX-loaded
RBCm-cloaked NPs in PBS. NP stability was further examined in serum by monitoring UV
absorbance at 560 nm, a characteristic wavelength reflecting the extent of particle aggregation
[14, 15]. RBCm-cloaked NPs, loaded with DOX molecules by either physical encapsulation or
chemical conjugation, showed a near constant absorbance at 560 nm over a time period of 2 h
(Figure 2.2.3B), suggesting that the NPs are highly stable in 100% fetal bovine serum. The
morphological measurements of these RBCm-cloaked NPs by SEM showed spherical structures
with an average size of approximately 75 nm (Figure 2.2.3C). By contrast, absorbance of bare
polymeric cores made from PLGA or PLA-DOX conjugates without RBCm cloaks immediately
increased upon addition into fetal bovine serum, therefore the authors were unable to monitor
their long-term stability in either PBS or serum. The results of this study showed that the RBCm
cloak played a significant role in stabilizing NPs in both buffer solutions and serum. From a
practical perspective, the fast aggregation of uncoated polymeric particles in buffer solutions
provided a means of selective precipitation and removal of uncoated particles from RBCm-

cloaked NPs after their preparation.
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Figure. 3.1.3 In vitro stability test and morphology of doxorubicin-loaded red blood cell membrane-cloaked
nanoparticles. Doxorubicin (DOX) was loaded into the NPs through either chemical conjugation or physical
encapsulation. (A) Long-term stability of DOX-loaded RBCm-cloaked NPs in terms of (Ai) particle size
(diameter, nm) and (Aii) PDI in phosphate-buffered solution, monitored for a period of 7 days at room
temperature. (B) Stability of DOX-loaded RBCm-cloaked NPs and bare NP cores (without RBCm cloak) in
100% fetal bovine serum was assessed by measuring the UV absorbance at the wavelength of 560 nm. (C & D)
Representative scanning electron microscope images of DOX-loaded RBCm-cloaked NPs, of which the drugs
were loaded through (C) chemical conjugation or (D) physical encapsulation. NP: Nanoparticle; PDI:
Polydispersity index; RBCm: Red blood cell membrane.

Following the formulation of stable DOX- loaded RBCm-cloaked NPs, their DOX
release kinetics were investigated (Figure 2.2.4). The authors first examined how different drug-
loading mechanisms would affect DOX releases from RBCm- cloaked NPs. The results
demonstrated that, when DOX molecules were physically encapsulated into the polymer matrix,
the drug- release rate was significantly faster, as 20% of DOX molecules were released within
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the first 2 h from the RBCm-cloaked NPs. By contrast, when formulations of chemical
conjugation were examined, within the first 2 h only 5% of DOX molecules were released. Such
difference has been attributed to the fact that covalent bonding of DOX molecules to the polymer
backbone requires drug molecules to first be hydrolyzed from the polymer by bulk erosion
before they can diffuse out of the polymeric matrix for release [11, 12, 16]. A more sustained-
release profile resulted from drug—polymer covalent conjugation also suggests that chemical
linkers responsive to environmental triggers can achieve better controlled drug releases when
developing RBCm-cloaked NPs for advanced drug-delivery applications [13, 17]. It is expected
that acidic pH conditions will increase the drug-release rate of the polymeric cores because the
pH drop will accelerate the degradation rate of the polymer backbone and facilitate the cleavage

of the ester linkage between the drugs and the polymers [11].
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In order to gain a better understanding of the role played by the RBCm cloak in drug
retention, an established procedure for generating NPs by blending PLA-PEG diblock
copolymers was followed. PEGylated NPs, where NP cores were coated and stabilized by a PEG
layer instead of RBCm cloak [18]. It was hypothesized that if two formulations have similar NP
cores, the difference in drug release will be primarily caused by the different abilities of the

RBCm cloak and surface PEG coating in drug retention. By comparing DOX release from
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RBCm-cloaked NPs to that from PEGylated NPs, it was found that the release rate of the RBCm-
cloaked NPs was lower; approximately 20% of DOX was released within the first 72 h in the

RBCm-cloaked NPs, whereas 40% of DOX was released from the PEGylated NPs over the same
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Figure 3.1.4 Drug release profiles and Kkinetics of the different doxorubicin-loaded nanoparticles. (A)
Doxorubicin release profiles of RBCm-cloaked nanoparticles and PEG-coated nanoparticles. For these release
studies, initial doxorubicin concentration inside the nanoparticles was 5 wt% for chemical conjugation and 1.8
wt% for physical encapsulation, respectively. (B) For the physical encapsulation systems, the drug release
percentage was plotted against the square root of time, which yielded linear fittings using a diffusion-dominant
Higuchi model.NP: Nanoparticle; RBCm: Red blood cell membrane.

time span. In fact, by using NPs formulated by PLGA-PEG diblock copolymers, surface PEG
molecules have been found to hinder drug release from NP cores [19]. Hence the observation

that DOX is released at a higher rate from PEG-coated NPs compared with RBCm-cloaked NPs,
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indicates that RBCm indeed acts as a diffusion barrier for DOX release. This observation is in
accordance with previous studies demonstrating that phospholipid coating can act as a barrier to
drug diffusion [20]. Such a role played by the RBCm cloak further suggests that strategies aimed
at engineering lipid membrane coatings may allow for responsive drug releases from RBCm-
cloaked NPs under certain environmental cues in addition to those achieved by chemical
conjugations embedded in polymer cores [21].

To gain a quantitative understanding of the membrane-coating effect on drug retention,
the drug-release profiles were analyzed using mathematical models established in previous
particle drug-release studies. Since the degradation of PLGA is in the order of weeks [22, 23],
markedly slower than the observed drug release for the physically loaded systems, a diffusion-
dominant Higuchi model was applied to both RBCm-coated and PEGylated NPs containing
physically encapsulated DOX. Plotting the drug-release percentage against the square root of
time yielded linear fittings with R2 = 0.98 and 0.96 for the RBCm- cloaked and the PEGylated
NPs, respectively (Figure 2.2.4B). The goodness of the fit implies a diffusion-controlled drug-
release mechanism and further allows for the derivation of the diffusion coefficient through the
following Higuchi equations 1 & 2 [24, 25]:

M; = Kt"2 (1)
K =AQ2CiniDCs)"2 (2)

Where M is drug release at time t in hours, K is the Higuchi constant, Cini is the initial
drug concentration, Cs is the drug solubility, A is the total surface area of the particles and D is
the diffusion coefficient. Given the particle dimensions, the drug-loading yield, the solubility of
DOX in water (1.18 g/l), and the drug-release data, the diffusion coefficients were determined to
be 6.6 x 10'® cm?s and 8.2 x 107'® cm?s for the RBCm-clocked and PEGylated NPs,

respectively, which is consistent with previously reported drug diffusivities from PLGA/PLA
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NPs [26]. In this study, the bilayered membrane coating reduced the drug diffusivity by 1.2-
times. It is expected that this retardation effect by the RBCm cloak would likely vary with
different particle sizes, polymer types and therapeutic cargo.

On the other hand, applying zero order, first order and Higuchi models to the drug-release
profiles of chemically conjugated DOX vyielded poor fittings (data not shown), indicating
complex release kinetics when additional drug cleavage is coupled with drug diffusion out of the
polymer matrix. Precise modeling of the retardation effect imposed by the RBCm cloak on the
chemically conjugated DOX is beyond the scope of this study. Nevertheless, as identical particle
cores are present in both RBCm-cloaked and PEGylated NPs, herein, it is hypothesized that
polymer matrix relaxation and hydrolytic cleavage of the linkage are not dominant factors
contributing to the difference observed in DOX release profiles. Instead, the authors attribute the
slower release rate of the RBCm-cloaked NPs to two diffusion- dominated components: the
diffusion of water into the polymer matrix; and the diffusion of the cleaved drugs outward across
the polymer matrix [27]. As the membrane coating was shown to decrease the drug diffusivity in
the physical entrapment system, it likely affected both the influx of water and the efflux of
cleaved drugs in the covalent conjugate system, thereby resulting in a more sustained drug-
release profile.

Finally, the therapeutic potential of the DOX-loaded RBCm-cloaked NPs against an
AML Kasumi-1 cell line was examined. AML, an illness characterized by uncontrolled growth
and accumulation of leukemia blasts in the bloodstream, was chosen as a disease target because
of the long circulation lifetime of the RBCm-cloaked NPs in the blood stream, and their
sustained drug-release profiles. The current standard of care for AML is high-dose

anthracyclines, which raises serious concerns for cardiac toxicity [28]. Long-circulating NPs
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releasing therapeutic compounds in a sustained manner offer the opportunity to reduce the
required dosing and improve upon the treatment efficacy. RBCm-cloaked NPs, where DOX was
either physically loaded or covalently conjugated, exhibited higher toxicity by comparison to
free DOX over a 72-h incubation period (Figure 2.2.5). In a previous study, it was demonstrated
that these RBCm-cloaked NPs can be taken up by cancer cells in a tissue culture and the NPs
remain in an intact core—shell structure after cellular internalization [9]. Therefore, the observed
enhancement in efficacy can be likely attributed to endocytic uptake of NPs, which enables a
high payload of drugs to enter the intracellular region [29]. Several previous reports have shown
enhanced cytotoxicity of DOX through NP-based delivery of DOX [30, 31]. The free DOX, by
contrast, relies on passive membrane diffusion for cellular entry, which is less efficient and
susceptible to membrane-bound drug efflux pumps [32-34]. AML cells, including the Kasumi-1
cell line, are known to express membrane-bound drug efflux pumps, which decrease intracellular
compartmentalization of DOX [35]. In particular, the Kasumi-1 cell line has been used
previously as a P-glycoprotein- positive and anthracycline-resistant cell line in AML research
[36, 37]. The current study suggests that RBCm-cloaked NPs, with a prolonged circulation
lifetime, sustained drug release and improved cell internalization, can become a promising
platform toward the treatment of blood cancer. Further studies are warranted to investigate the

therapeutic potential of these NPs in vivo.
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Figure 3.1.5 Cytotoxicity study against the Kasumi-1 cell line established from the peripheral blood of an acute
myeloid leukemia patient. Circles represent RBCm-cloaked NPs with chemically conjugated DOX, squares
represent RBCm-cloaked NPs with physically encapsulated DOX and triangles represent free DOX. All samples
were incubated with Kasumi-1 cells for 72 h prior to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (n = 4).

DOX: Doxorubicin; NP: Nanoparticle; RBCm: Red blood cell membrane.

3.1.4 Conclusions

In summary, herein, we examined two strategies for loading drugs into an RBCm-cloaked
NP delivery system were examined: physical encapsulation and chemical conjugation. Release
studies suggest that the chemical conjugation strategy results in a more sustained drug-release
profile. We further formulated PEGylated NPs that had the same NP cores but different surface
coatings compared with RBCm-cloaked NPs. By comparing drug- release profiles of these two
delivery systems, it was demonstrated that RBCm cloaks provide a barrier, slowing down the
outward diffusion of encapsulated drug molecules. These results suggest that chemical
modifications to the drug—polymer linkage in the NP core and engineering the NP surface
coatings can both be explored to gain better control over drug releases of RBCm-cloaked NPs. In
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a following efficacy study by using the AML Kasumi-1 cell line, RBCm-cloaked NPs exhibited
higher toxicity in comparison with free DOX. The previously observed long systemic circulation
lifetime in the blood stream and the sustained drug-release kinetics reported indicate that this
biomimetic drug-delivery system may hold great promise for systemic delivery of payloads for
the treatment of various diseases such as blood cancers. With further development, these RBCm-
cloaked NPs are expected to become a robust drug-delivery system that combines the advantages
of both synthetic polymers and natural cellular membranes.

RBCm-cloaked NPs represent a novel class of NP formulations bringing together both
the long circulation lifetime of RBC, and the controlled drug retention and release of synthetic
polymers. After gaining a deeper understanding of the roles played by the RBCm shell and the
polymeric core, this NP formulation can be further tailored by engineering both parts to improve
systemic delivery of therapeutic payloads. We believe that with continuing effort, this
formulation will result in a robust delivery platform and make significant impact on both

biomedical applications and nanotechnology research.
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3.2 Interfacial interactions between natural RBC membranes and

synthetic polymeric nanoparticles

3.2.1 Introduction

Enabling active immune evasion through biomimetic surface functionalization presents
an emerging stealth strategy for developing long-circulating delivery vehicles [1, 2]. The
identification of CD47, a transmembrane protein that serves as a universal molecular ‘marker-of-
self’, has led to its utilization in the growing development of bio-inspired, immune-evasive
devices. Capable of inhibiting phagocytosis and conferring anti-inflammatory properties through
interactions with signal regulatory protein alpha (SIRPa) expressed by macrophages, CD47 and
its analogs have been found to contribute to the in vivo survival of red blood cells (RBCs) [3],
cancer cells [4], and viruses [5]. Application of CD47 to modulate the immune responses against
synthetic devices was first demonstrated with macrophages treated by purified recombinant,
soluble CD47, which showed reduced uptake of colloidal emulsions [6]. Synthetic materials
covalently conjugated with recombinant CD47 further advanced this biomimetic stealth
approach, yielding polymeric microspheres [7] and implant surfaces with reduced affinity to
inflammatory cells [8, 9]. On nanoscale particles, however, interfacing with native biological
components through chemical conjugation of immunomodulatory proteins to particle surfaces
can be difficult to manipulate. In particular, inconsistent protein surface density and randomized
ligand orientations are notable issues that can greatly undermine the performance of the resulting

nanocarriers.
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Toward engineering nanocarriers that can actively suppress immune attack by
macrophages, herein we demonstrate a robust ‘top-down’ approach to functionalizing nanoscale
particles with native CD47 by cloaking sub-100 nm nanoparticles with cellular membranes
derived directly from natural RBCs (Figure 2.6). The uniqueness of this membrane coating
approach lies in its ability to functionalize nanoparticles with native immunomodulatory proteins
including CD47 at an equivalent density to that on natural RBCs. In this study, we show direct
evidence that the ‘marker-of-self” proteins are transferred to the particle surfaces and present in

the right-side-out orientation. A macrophage uptake study confirms the stealth functionality

EquivalentCD47
density to RBC

Right-side out
CDA47 orientation

RBC membrane-coated nanoparticle
(RBC-NP, d<100 nm)

Figure 3.2.1. Controlled CD47 functionalization enabled by RBC membrane coating. The resulting RBC
membrane-coated nanoparticle (RBC-NP) is expected to have a CD47 density equivalent to that on a natural
RBC.
conferred by the immunomodulatory proteins. Since cellular membranes anchor the many
molecular tags that define cellular identities, attaching these membranes to nanoparticle surfaces

provides unparalleled control over the functionalization of synthetic nanocarriers toward
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biomimicry.

3.2.2 Experimental Section

Preparation of RBC Membrane-Coated NPs

RBCs were collected from 10 week-old male ICR mice (Charles River Laboratories) by
centrifuging the whole blood at 2000 x g for 5 min, following which the supernatant and buffy
coat were removed. Collected RBCs were then subject to hypotonic treatment to remove interior
contents. The resulting RBC ghosts were extruded through 100 nm polycarbonate porous
membranes using an extruder (Avanti Polar Lipids) to prepare RBC membrane-derived vesicles
with a diameter of approximately 120 nm. Poly(lactic-co-glycolic acid) (PLGA) polymeric cores
were prepared using 0.67 dL/g carboxy-terminated 50:50 PLGA polymer (LACTEL Absorbable
Polymers) through a solvent displacement process, during which 1 mg of PLGA was dissolved in
200 pL of acetone and added drop-wise to 3 mL of water. Following solvent evaporation for 2
hr, the particles were washed using 10 kDa molecular weight cutoff (MWCQO) Amicon Ultra-4
Centrifugal Filters (Millipore). The RBC-NPs were then prepared by fusing the RBC membrane-
derived vesicles onto the PLGA particles by extruding the particles with the RBC membrane-
derived vesicles through 100 nm polycarbonate porous membranes. The size and the zeta
potential of the resulting RBC-NPs were obtained from three dynamic light scattering (DLS)
measurements using a Malvern ZEN 3600 Zetasizer, which showed an average hydrodynamic
diameter of 70 and 85 nm before and after the extrusion process, respectively. The particle
morphology was characterized using scanning electron microscopy (SEM). Samples for SEM
imaging were prepared by dropping 5 puL of the RBC-NP solution onto a polished silicon wafer.

After drying the droplet at room temperature overnight, the sample was coated with chromium
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and then imaged by SEM.

Identification of Membrane Proteins and CD47

RBC-NPs were isolated from free RBC membrane materials by ultracentrifugation at
14000 x g for 30 min. The resulting RBC-NPs were lyophilized, prepared in lithium dodecyl
sulfate (LDS) sample loading buffer (Invitrogen), and separated on a 4-12% Bis-Tris 10-well
minigel in MOPS running buffer using a Novex® Xcell SureLock Electrophoresis System
(Invitrogen). For membrane protein identification, the gel was stained using SimplyBlue™
SafeStain solution (Life Technologies) following the manufacturer’s instructions and imaged
using a gel imager. For CD47 identification, the resulting gel was transferred to a nitrocellulose
membrane. The membrane was then stained with a primary rat anti-mouse CD47 antibody (BD
Biosciences) and a secondary goat anti-rat IgG HRP conjugate (Millipore). The membrane was
then subject to ECL western blotting substrate (Pierce) and developed with the Mini-Medical/90

Developer (ImageWorks).

Quantification of CD47 on RBC-NPs

The amount of CDA47 retained on the RBC-NPs was quantified by comparing the CD47
protein intensity to protein standards prepared on the same western blotting membrane. The
protein standards were prepared from predetermined volumes of blood, which yielded a positive
linear correlation between the CD47 band intensity and the blood volume following western
blotting. The band intensities were quantified through an image analysis with Adobe Photoshop
software. A CD47 standard curve was then established by converting the blood volumes to their
corresponding CD47 quantity, using an estimated concentration of mouse RBCs in the blood
(10'°/mL) [10] and an average number of CD47 per mouse RBC (16,500 copies/cell) [11].
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Transmission Electron Microscopy

A drop of the RBC-NP or bare PLGA nanoparticle (bare NP) solution (1 mg/mL) was
deposited onto a glow-discharged carbon-coated grid. For immunostaining, the sample droplet
was washed with 3 drops of 0.5 mg/mL rat anti-mouse CD47 antibody solution. For staining the
intracellular sequence of CD47, an intracellular sequence specific rabbit anti-CD47 antibody
(GeneTex). Following 30 sec of incubation, the sample was rinsed with 3 drops of either a goat
anti-rat 1gG gold conjugate (5 nm) solution (Canemco, Inc.) or a anti-rabbit IgG gold conjugate
(5 nm) solution (Sigma-Aldrich) and then washed with 10 drops of distilled water. For negative
staining, the particle sample droplet was washed with 10 drops of distilled water and stained with

1% uranyl acetate. These samples were then imaged using an FEI Sphera Microscope at 200kV.

Macrophage Uptake Study

PLGA nanoparticles  encapsulating 0.05%  (w/w) 1,1'-dioctadecyl-3,3,3',3'"-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) dye (Life Technologies)
were prepared for fluorescence quantification using flow cytometry. CD47-blocked RBC-NPs
were prepared by incubating 1 mg of the DiD-loaded RBC-NPs with 400 ug of rat anti-mouse
CDA47 antibodies (BD Biosciences) for 1 hr. For the macrophage uptake study, J774 murine
macrophage cells were cultured in DMEM media (Invitrogen) supplemented with 10% FBS
(Sigma-Aldrich) and plated at a density of 10° cells/well on 12-well plates (BD Biosciences). On
the day of the experiment, the cells were washed and cultured in fresh culture media. Bare PLGA
nanoparticles (bare NPs), RBC-NPs, and CD47-blocked RBC-NPs were incubated at a
concentration of 25 pg/mL with the macrophage cells at 37°C for 10 min. Non-internalized

nanoparticles were washed away with PBS. The macrophage cells were then scraped off the
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plates and analyzed using flow cytometry. All flow cytometry studies were conducted on a
FACSCanto Il flow cytometer (BD Biosciences) and the resulting data was analyzed using
FlowJo software from Tree Star. Thirty thousand events were collected per sample and gated
using control cells that were not incubated with any nanoparticles. Histograms were plotted with
fluorescence intensity as the x-axis using a biexponential scale. The mean fluorescence was
plotted in a bar chart with error bars representing the standard error. Statistical analysis was

performed based on a two-tailed, unpaired t-test.

3.2.3 Results and Discussion

With five membrane-spanning regions, CD47 is an integral membrane protein firmly
embedded in RBC membranes, exhibiting an IgV-like extracellular domain that helps maintain
the RBCs’ survival in the circulation [12]. While it was previously shown that RBC membrane
coating associated nanoparticles with the majority of the membrane materials [13], it remained to
be investigated whether these RBC membrane-coated nanoparticles (RBC-NPs) properly present
the CD47 for immunomodulation. Verification of the protein, its density, and its orientation on
the RBC-NP surfaces demands a molecular examination of these RBC-mimicking nanocarriers.
To investigate the functionalization of native CD47 on RBC-NPs, 70 nm poly(lactic-co-glycolic
acid) (PLGA) particles were first extruded with RBC membrane-derived vesicles following a
previously described protocol [13]. Through scanning electron microscopy (SEM) visualization,
a spherical morphology was observed for the resulting RBC-NPs (Figure 2.7A), and dynamic
light scattering measurements showed a mean particle diameter of 85 £ 2 nm. The purified
particles were then solubilized in a lithium dodecyl sulphate (LDS) sample loading buffer,

following which the protein contents stripped from the nanoparticles were separated by SDS-

100



PAGE. The resulting protein gel was subsequently subjected to western blotting using anti-CD47
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Figure. 3.2.2 Characterization and quantification of CD47 on the RBC-NPs. (A) A representative scanning electron
microscopy (SEM) image shows the spherical structure and morphology of the prepared RBC-NPs (scale bar = 250
nm). (B) Coomassie staining (left) and CD47 western blot (right) of the RBC-NPs’ protein contents following SDS-
PAGE separation. (C) Comparison of CD47 contents on the RBC-NPs prepared from different RBC membrane to
polymer ratios. (D) Quantitative analysis of CD47 density on the RBC-NPs prepared from different RBC membrane

to polymer ratios (n=5).
antibody as the primary immunostain. The presence of CD47 on the RBC-NPs was confirmed by

a distinct, single band at 50 kDa (Figure 2.7B), which is the characteristic molecular weight of
the CD47 protein self-marker [12].

To further examine the extent of CD47 protein on the particle surfaces, the RBC-NPs
prepared with different RBC membrane to polymeric particle ratios were collected and analysed

for retained CD47 contents. An ultracentrifugation process was applied to isolate the resulting
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RBC-NPs from free RBC membranes, following which protein contents on the nanoparticles was
processed through SDS-PAGE and examined by western blotting analysis. Figure 2.7C shows
the relative CD47 retention on the different particle formulations. As the RBC membrane to
polymeric particle ratio increased from 25 to 150 puL of blood per mg of polymer, a
corresponding increase in the CD47 intensity was observed. This positive correlation reflects the
increasing particle functionalization by the increasing RBC membrane inputs, as more CD47
could be identified in the isolated nanoparticle samples. Saturation in CD47 band intensity was
observed upon further raising the RBC membrane to polymer ratio above 150 pl/mg, which
reflected the upper limit of CD47 functionalization achievable by the RBC membrane coating.
To quantitatively analyze the protein density on the RBC-NPs, CD47 standards were prepared
from predetermined volumes of blood, from which CD47 content was estimated based on the
average CD47 number on a mouse RBC (16,500 copies per cell) [11] and the RBC concentration
in mouse blood (10 cells per mL of blood) [10]. Comparing the CD47 retention from the
different RBC-NP formulations to the protein standards showed that the saturation level
corresponded to approximately 2x10*® copies of CD47 per mg of polymeric particles (Figure
2.7D), yielding on average ~5 copies of CD47 per RBC-NP. To put the CD47 density into
perspective, the surface area of the 85 nm RBC-NPs was calculated (~1x10'! pm?/mg), from
which a surface density of ~200 molecules of CD47 per um? at saturation on the RBC-NPs can
be derived. Given that natural RBCs possess 200~250 copies of CD47 per um?[11, 14], the close
match in the CD47 density on the RBC-NPs suggests that the membrane coating brought nearly
all of RBCs’ CD47 content onto the sub-100 nm particles. The result reflects the robustness of
the membrane functionalization technique, as most of the membrane proteins were retained

within the cellular membranes throughout the particle preparation process.
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It should also be noted that the RBC membrane to polymer ratio corresponding to the
onset of CD47 saturation was in close match to the theoretical ratio for complete unilamellar
particle coating. Based on surface area estimations, approximately 125 pL of blood is required to
completely cover the surfaces of 1 mg of the 70 nm PLGA particles. Experimental observations
showed that above the ratio of ~130 pL of blood/mg PLGA polymer, additional RBC membrane
materials did not further functionalize the particles with CD47. As additional membrane
materials in excess of complete unilamellar particle coverage were removed during the isolation
of RBC-NPs, it can be inferred that the RBC membrane coating precluded further membrane
interactions and that multilamellar membrane coating on the nanoparticles was unfavorable. To
further investigate the RBC-NP formation under excessive RBC membrane to polymer ratios,
RBC-NPs prepared with 250 uL of blood per mg of polymer were visualized under TEM. It was
found that despite the availability of excess membrane materials in the samples, the nanoparticles
were covered by a single, unilamellar coating of lipid membranes with a thickness of 6~8 nm,
which is in agreement with the characteristic membrane thickness of RBCs [15]. Excess
membranes remained in vesicular forms, which helped to explain the CD47 saturation on the
RBC-NPs. In contrast to the unfavored multilamellar coating, unilamellar membrane coating on
the RBC-NPs appeared to be highly efficient. By converting the RBC membrane input in Figure
2.7D to its corresponding CD47 content, the resulting correlation showed that, below the CD47
saturation, approximately 92% of the input membrane proteins were utilized for particle
functionalization. This observation suggests that the RBC membrane coating to the PLGA
particle surfaces was a favorable process that readily took place. The high efficiency in
translocating CD47 onto nanoparticle surfaces confers a unique advantage to the RBC membrane

coating approach.
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To verify that the CD47 functionalized RBC-NPs possessed the properly oriented self-
markers for molecular interactions, the particle surfaces were examined for the presence of
CD47’s extracellular domains. Rat anti-CD47 antibodies specific to the CD47’s extracellular
region were applied to the RBC-NPs on a glow-discharged carbon-coated grid. Following 1 min
of incubation, the sample was washed and subsequently incubated with anti-rat IgG gold
conjugate, which labelled the anti-CD47 antibodies that were retained on the grid. The
immunogold-labelled sample was then rinsed with water prior to visualization by transmission
electron microscopy (TEM). Figure 2.8A shows the attachment of the electron-dense gold
particles to multiple gray circular patterns 60-80 nm in diameter, which confirmed that the gold
conjugates were attached to the RBC-NPs. A negative control prepared in the absence of the
primary stain showed that the gold labelling was specific to the anti-CD47 antibodies. Together,
these TEM results confirm the presence of right-side-out CD47 on the RBC-NPs. To further
examine the presence of inside-out CD47 on the RBC-NPs, an antibody that specifically targets
an intracellular sequence of CD47 was used. Curiously, while the antibody bound to the CD47
on RBC-NPs in western blotting, it did not yield observable immune-gold staining on either
RBC-NPs or bare nanoparticles under TEM. This result indicates the relative absence of
intracellular CD47 sequences on the particle surfaces. Even though the immunostaining
experiment provides a qualitative rather than a quantitative measure of the membrane sidedness
on the RBC-NPs, it suggests that the right-side-out membrane orientation was dominant on the
RBC-NPs. Given that the extracellular side of RBC membranes possess a strong negative charge
owing to high abundance of sialiated moieties [16], it is likely that electrostatic effects favored
the interactions between negatively charged polymeric cores and the less negatively charged

intracellular side of the RBC membranes, giving rise to a right-side-out orientation bias. This
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orientation bias also helps explain the unilamellar coating on the RBC-NPs, which could result
from the rich surface glycan content that precludes membrane-membrane interactions. Figure
2.8B provides a juxtaposition of magnified images of RBC-NPs and the corresponding bare
PLGA nanoparticles under negative staining or immunostaining. It can be observed that,
following the RBC membrane coating, the particles were bestowed with a unilamellar membrane
shell containing CDA47 that predominantly exposes their extracellular domains. The proper CD47

orientation is crucial for their molecular interactions.
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Figure. 3.2.3 CD47 orientation on the RBC-NPs. (A) A representative transmission electron microscopy (TEM)
image of the RBC-NPs under immunostaining, consisting of a primary stain by rat anti-mouse CD47 antibodies and
a secondary stain by anti-rat 1gG gold conjugates (scale bar = 50 nm). (B) Comparison of the RBC-NPs and the
corresponding bare PLGA nanoparticles (bare NPs) and under negative staining with uranyl acetate or
immunostaining with anti-CD47 antibodies that target either the extracellular or the intracellular protein domains.
(scale bar = 30 nm).

Lastly, the immunomodulatory effect of the CD47 functionalized RBC-NPs was studied.
Bare PLGA nanoparticles and RBC-NPs loaded with hydrophobic DiD fluorophores
(excitation/emission = 644 nm/655 nm) were first incubated with J774 murine macrophage cells
and examined for particle internalization. Following 10 min of incubation, the macrophage cells
were washed and examined using flow cytometry, which revealed that the RBC membrane
coating rendered the particles less prone to the macrophage uptake, resulting in a 64% reduction

in particle internalization (Figure 2.9). The reduced susceptibility to macrophage engulfment
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confirmed the translocation of immune-evasive functionality from RBCs to RBC-NPs and
helped to explain the long in vivo circulation previously observed for the RBC-NPs [13]. To
identify CD47’s contribution to RBC-NPs’ immune-evasive property, saturating amounts of anti-
CDA47 antibodies were applied to the RBC-NPs to block the right-side-out CD47 proteins. The
antibody blocking was previously demonstrated to disrupt SIRPa signalling and increased
macrophage engulfment of RBCs [17]. Similarly, depriving the particles of the molecular
protection from phagocytosis resulted in an increase in particle internalization by 20%, which
confirmed the immunomodulatory functionality conferred by the particle-bound CDA47.
Curiously, the CD47-blocked RBC-NPs remained significantly more “stealthy” than the bare
PLGA nanoparticles. Given that RBCs have a variety of proteins and glycans on their surface,
many of which have been identified to modulate their immunological properties [18, 19], other

surface moieties in addition to CD47 on the RBC-NPs likely functioned collectively to inhibit
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ind CD47-blocked RBC-NPs, respectively. (B) Mean fluorescence intensity reflecting the overall particle uptake
2y the macrophage cells.
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the macrophage activity. Future studies are warranted to verify these other membrane moieties

and to examine their implications in nanodevice functionalization.

3.2.4 Conclusions

In summary, RBC membrane coating was demonstrated to functionalize sub-100 nm
substrates with native CD47, yielding nanoparticles with equivalent CD47 surface density to
natural RBCs. Right-side-out CD47 proteins were identified on the particle surfaces, readily
exposing their extracellular domain for molecular interactions. The immune-evasive property of
the RBC-NPs, as indicated by their reduced susceptibility to macrophage uptake, further verified
the presence of functional immunomodulatory proteins on the particle surfaces. These
biomimetic nanocarriers have tremendous potential in drug delivery applications, as they provide
the opportunity to actively inhibit the immune clearance of their therapeutic cargo, thereby
improving drug pharmacokinetics and therapeutic efficacy. The in-depth examination of the
RBC-NPs also provides an up-close look at the fusion process between RBC membranes and
PLGA polymeric particles, which appears to favour the formation of unilamellar membrane
coated particles with the right-side-out membrane orientation. From synthesis and fabrication
perspectives, the membrane coating technique contrasts with bottom-up functionalization
schemes, which often employ chemical conjugation methods that can alter proteins’ innate
structures. The non-disruptive protein functionalization through the coating of natural cellular
membranes presents a robust and versatile approach in interfacing synthetic materials with
biological components, offering a compelling technique for the development of bio-inspired and

biomimetic nanodevices.
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3.3 Safe and immunocompatible nanocarriers cloaked in RBC

membranes for drug delivery to treat solid tumors

3.3.1 Introduction

Nanoparticle-based drug delivery platforms are often tasked with navigating complex
biological environments, and their performance can ultimately be governed by their ability to
avoid nonspecific interactions while exhibiting a high degree of target selectivity [1-3]. As such,
the facile incorporation of complex functionalities onto nanoparticle surfaces has long been
desirable [4-7]. Recently, the direct use of naturally derived biomembrane as a coating material
represents an emerging strategy for nanoparticle functionalization [8-10]. The faithful, right-side-
out translocation of all membrane-bound moieties from the cell surface onto the surface of a
nanoparticle can naturally bestow the nanoparticle with desirable properties such as long
circulation, immune evasion, and targeting affinity without the need to explicitly engineer these
functionalities from the bottom-up [11-13]. This cell membrane cloaking strategy has
demonstrated utility for a variety of purposes, including biodetoxification [14-16], antibacterial
vaccination [17, 18], antibiotic delivery [19], photothermal therapy [20], and cancer
immunotherapy [13, 21]. Using this approach, an endless number of applications can be
envisioned, as it should be possible to combine the membrane from any cell type with a variety
of different nanoparticle core materials [22-25].

One cell type that has been widely explored as a source for membrane coating is the red
blood cell (RBC), which represents nature’s own long circulating carrier. RBCs express a variety

of immunomodulatory markers that enable the body to recognize them as self [26, 27], and
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functionalization of nanoparticles with RBC membrane has been proven to promote immune
evasion and significantly enhance circulation residence time [10, 22]. These properties make
RBC membrane-coated nanocarriers a truly appealing candidate for cancer drug delivery, which
is a field that has long benefited from the use of long-circulating, lowly immunogenic
nanocarriers [28, 29]. As more nanoparticle-based chemotherapies are being investigated in the
clinic, a great deal of emphasis has been placed on safety and immunocompatibility [30, 31]. To
this end, RBC membrane-coated polymeric nanoparticles (denoted RBC-NP), consisting of a
poly(lactic-co-glycolic acid) (PLGA) core and an RBC membrane shell, represent a promising
delivery system due to their combination of high drug carrying capacity along with an inherently
biocompatible membrane coating [32]. Here, we demonstrate that RBC-NP can be effectively
used to deliver a model chemotherapeutic drug, doxorubicin (DOX), in a mouse model of
lymphoma. We study the ability of the drug-loaded nanoparticles to control tumor growth while
concurrently assessing their ability to eliminate the toxicities commonly associated with free
drug administration. Further, the short- and long-term immune effects of the RBC-NP upon

systemic administration are studied as well.

3.3.2 Experimental Methods

Preparation of RBC-NP and RBC-NP(DOX)

Whole blood was collected from C57BL/6 mice (Harlan Sprague Dawley) and collected
by centrifugation at 500 x g for 10 min. RBC membrane vesicles were then prepared using a
sonication approach. PLGA polymeric cores loaded with DOX were prepared with carboxy-
terminated 50:50 PLGA polymer (LACTEL Absorbable Polymers) using a double emulsion

process. DOX was dissolved in 25 pL of 500 mM Tris-HCI at pH 8 as the inner phase, and
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sonicated with 500 uL of PLGA in dichloromethane (DCM) at 10 mg/mL. The solution was then
added to 5 mL of 10 mM Tris-HCI at pH 8 and sonicated again. This final solution was then
added to an additional 10 mL of 10 mM Tris-HCI at pH 8 and allowed to evaporate for at least 4
h with stirring. Empty PLGA cores were prepared in the same fashion, but without DOX in the
inner phase. RBC-NP were prepared by fusing RBC membrane vesicles on preformed PLGA
cores using a previously established protocol [15]. The size and zeta potential of the RBC-NP
were obtained from three dynamic light scattering (DLS) measurements using a Malvern ZEN
3600 Zetasizer. Transmission electron microscopy (TEM) was used to characterize the
morphology of RBC-NP. Briefly, a drop of RBC-NP solution (1 mg/mL) was deposited onto a
glow-discharged carbon-coated TEM grid, followed by washing with 10 drops of distilled water
and staining with 1 wt% uranyl acetate. An FEI Sphera Microscope operating at 200 kV was
used to image the sample. The DOX loading was evaluated by measuring its fluorescence
(excitation at 480 nm; emission at 580 nm). Drug release was studied by dialyzing samples
against phosphate buffered saline (PBS) buffer (1 X, pH = 7.4) using Slide-A-Lyzer MINI

Dialysis Cups (Thermo Scientific) with a molecular weight cut-off of 10 kDa.

In Vitro Cytotoxicity and Uptake

EL4 cells (American Type Culture Collection) were plated at 5,000 cells per well. Free
DOX and RBC-NP(DOX) at varying drug concentrations were incubated with the cells for 72 h
at 37 °C and 5% COa, after which an XTT Cell Proliferation Kit (Roche Diagnostics) was used
to assess cell viability. DOX uptake was assessed by incubating 100,000 EL4 cells with varying
concentrations of free DOX or RBC-NP(DOX) for 1 h at 37 °C. After 1 h, the samples were
washed and fixed with 10% formalin for analysis. Flow cytometry was used to measure the DOX

signal in the cells using a Becton Dickinson FACSCanto II.
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In Vivo Antitumor Efficacy

75,000 EL4 cells were implanted subcutaneously into the right flank of 6-week-old male
C57BL/6 mice. The tumors were allowed to grow for 9 days. RBC-NP(DOX), free DOX, empty
RBC-NP, or sucrose was administered every other day starting from day 9 post-implantation of
the tumor cells for 2 weeks (n = 5 per group). Where applicable, 200 puL of each respective
formulation was administered intravenously via tail vein injection at a concentration equivalent
to 3 mg/kg DOX, which was found to be the maximum tolerated dose of the drug. Tumor
dimensions and mouse weights were measured every other day beginning on day 8 post-

implantation and every 3 days beginning on day 35. Tumor volume was calculated using the

equation V = %LWZ, where V is volume, L is length, and W is width. Survival was pre-defined

as tumor size < 2000 mm? prior to the initiation of the study.
In Vivo Safety Studies

To examine the effect of RBC-NP(DOX) on normal physiological parameters, 200 uL of
sucrose, RBC-NP(DOX), or free DOX at 3 mg/kg of drug was injected intravenously into the tail
vein of C57BL/6 mice (n = 3 per group). Whole blood was collected into heparinized tubes
before and 24 h after injection. Hematological parameters (RBC count, platelet count,
hemoglobin, hematocrit, white blood cell count, neutrophil count, lymphocyte count, and
monocyte count) were evaluated using a Drew Scientific Hemavet 950 FS Multi-Species
Hematology System. To evaluate serum chemistry, blood was collected and allowed to clot for 4
h at room temperature. Samples were then centrifuged at 7000 x g, and 300 pL of serum was

collected. Serum chemistry components were measured using the SEAL AutoAnalyzer 3 HR.

In Vivo Immunogenicity Studies
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To examine the safety of the RBC-NP platform, 200 uL. of RBC-NP at a particle dosing
of 30 mg/kg was injected intravenously into the tail vein of C57BL/6 mice; additional mice were
administered isotonic sucrose solution or a mixture of lipopolysaccharide (10 pg/kg) and D-
galactosamine (100 mg/kg) (n = 3 per group). Blood was collected 6 h post-injection and the
plasma was separated. An IL-6 ELISA kit (Biolegend) was used to measure the levels of I1L-6
following the manufacturer’s protocol. To study the anti-RBC IgG and IgM titers, blood was
collected at day 30 post-challenge from tumor-bearing mice administered with RBC-NP in the
above antitumor efficacy study (n = 5). In the study, mice were injected with RBC-NP at a
particle dosing of 30 mg/kg every other day for 2 weeks starting from day 9 post-challenge.
Plasma was separated from whole blood. To measure anti-RBC titers, RBCs in PBS were coated
onto Costar 96 well plates (Corning) at 108 RBCs per well. The collected plasma was used as the
primary immunostain. Goat anti-mouse IgG-HRP (Biolegend) or goat anti-mouse IgM-HRP
(Santa Cruz Biotechnology) was used as the secondary antibody for detecting the presence of
autoantibodies against RBCs, and TMB substrate (Thermo Scientific) was used to develop the

plate.

3.3.3 Results and Discussion

Empty or DOX-loaded PLGA nanoparticles were prepared using a double emulsion
method. RBC membrane derived from the blood of C57BL/6 mice was coated onto the
polymeric cores using a sonication approach as previously described [15]. The general structure
of the resulting nanoparticles is depicted in Figure 3.1A with the DOX loaded inside the PLGA
core and the RBC membrane coating, with all its associated proteins, forming the outer layer.

Drug loading into the PLGA cores could be controlled by varying the initial input concentration
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of DOX (Figure 3.1B). By increasing the input of DOX, loading of the drug was also increased,
and a saturation level was reached at approximately 40 wt% (DOX weight/PLGA weight) drug
input, corresponding to approximately 10 wt% loading. As the drug input concentration was
increased, the encapsulation efficiency decreased markedly, dropping from 50% efficiency at an
input of 10 wt% down to 20% efficiency at the maximal tested input of 50 wt%. A formulation
approaching the saturation loading level of 10 wt% DOX was used for subsequent in vitro and in
vivo studies.

Coating of 140 nm empty or DOX-loaded PLGA cores with RBC membranes resulted in
a size increase to approximately 155 nm and an increase in zeta potential of approximately 15
mV, from ~-45 mV to -30 mV (Figure 3.1C). This is consistent with previous findings, as the
membrane layer adds to the hydrodynamic size, while the membrane coating, which is less
negatively charged than the core, shields the highly negative carboxyl groups present on the
surface of the core [13]. The core-shell structure of the drug-loaded RBC-NP, herein denoted
RBC-NP(DOX), was confirmed by visualization using transmission electron microscopy (TEM)
with uranyl acetate negative staining (Figure 3.1D). Morphologically, the drug-loaded RBC-NP
are similar in appearance to unloaded PLGA coated with the same membrane, suggesting that
drug-loaded RBC-NP of varying sizes can easily be fabricated to meet the requirements of future
applications [12]. The resulting RBC-NP(DOX) demonstrated sustained release over time
(Figure 3.1E); approximately 80% of the encapsulated drug was released over the course of 7
days, with the majority of the release occurring within the first 72 h. This observed prolonged
release is due in part to the RBC membrane coating acting as a diffusional barrier for DOX
release, a phenomenon that has been previously reported [32, 33].

To evaluate whether the drug encapsulated within the RBC-NP(DOX) could
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Figure 3.3.1 Physicochemical characterization and drug loading of RBC-NPs. (A) Schematic of doxorubicin
(DOX)-loaded RBC-NP, denoted “RBC-NP(DOX)”. (B) Loading yield and loading efficiency of DOX into PLGA
nanoparticles at various initial drug inputs. (C) Dynamic light scattering (DLS) measurements of the size and surface
zeta potential of bare PLGA core, RBC-NP, and RBC-NP(DOX) with a drug loading yield of 10 wt%. (D)
Transmission electron microscopy (TEM) visualization of RBC-NP(DOX) with uranyl acetate negative staining
(scale bar = 100 nm). (E) Cumulative release profile of DOX from RBC-NP(DOX) with 10 wt% DOX loading yield
over a period of 7 days.

retain its tumor killing activity, an in vitro cytotoxicity test was conducted. It was shown that
RBC-NP(DOX) exhibited cytotoxicity when incubated together with EL4 mouse lymphoma cells
for 72 h in vitro (Figure 3.2A). Under the conditions tested, the nanoparticle formulation had an
apparent drug ICso of 5.6 ng/mL. Free DOX demonstrated slightly better efficacy against EL4
tumor cells in vitro compared with RBC-NP(DOX) with an ICsg of 1.4 ng/mL. This difference

can be rationalized by the fact that, at the 72 h conclusion of the experiment, there was still
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incomplete release of drug from RBC-NP(DOX). Additionally, free DOX can easily diffuse into
the cancer cells, making it extremely potent over extended incubation periods, especially given
that the EL4 cell line is not inherently DOX-resistant [34]. While RBC-NP(DOX) and free DOX
showed similar activity over longer incubation periods, encapsulated DOX showed enhanced
uptake by EL4 cells after a short, 1 h incubation (Figure 3.2B). The observed difference in
intracellular localization is likely due to the fact that nanoparticles are taken up via active
mechanisms such as endocytosis [35], enabling a higher capacity for transport across the cellular
membrane compared with pure diffusion. This effect can be further enhanced with active
targeting ligands, which can be introduced onto the surface of RBC-NP [36]. These observations
indicate that encapsulating DOX into RBC-NP has the potential to facilitate quick uptake of the

drug by tumor cells and slow release in a sustained manner over time.
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Figure 3.3.2 In vitro antitumor efficacy and uptake. (A) In vitro cytotoxicity of RBC-NP(DOX) in comparison with
free DOX against EL4 murine lymphoma cells after 72 h of incubation. (B) Uptake of DOX by EL4 cells after 1 h
incubation with either RBC-NP(DOX) or free DOX.
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Figure 3.3.3 In vivo treatment of solid tumors. (A) Tumor growth inhibition in mice treated with RBC-NP(DOX),
free DOX, RBC-NP, or isotonic sucrose by tail vein injection (n=5). Treatment was initiated 9 days post-
challenge, and mice were administered formulations every other day for 2 weeks. (B) Survival of mice treated
with RBC-NP(DOX), free DOX, RBC-NP, or isotonic sucrose. (C) Relative weights of tumor-bearing mice
treated with RBC-NP(DOX), free DOX, RBC-NP, or isotonic sucrose. Values were normalized within each group
using the measurements on day 0.

To determine the ability of drug-loaded RBC-NP to function as effective therapy against
tumor growth in vivo, we analyzed long-term tumor burden in a murine lymphoma model. EL4
cells were implanted subcutaneously into the right flank of C57BL/6 mice and were first allowed
to develop for 9 days, after which tumor-bearing mice were treated every other day with RBC-
NP(DOX), free DOX, empty RBC-NP, or isotonic sucrose at a drug dosage of 3 mg of DOX per
kg of body weight (3 mg/kg) (Figure 3.3A). The dosing was determined to be just under the
maximum tolerated dose for 6-week-old male C57BL/6 mice, designated as the dose at which
the mouse body weight decreases 10% (data not shown). Isotonic sucrose and RBC-NP treatment
alone did not affect tumor growth. Mice treated with free DOX exhibited marginal control of
tumor growth, extending median survival by 6 days compared with no treatment. The RBC-
NP(DOX) treatment group showed the most significant efficacy in terms of tumor growth
inhibition, with the median survival nearly doubling from 24 days for the control group to 47
days for the treated group (Figure 3.3B). Though not an actively targeted formulation, it is
believed that RBC-NP(DOX) was able to accumulate at the tumor site via the enhanced
permeation and retention (EPR) effect [37, 38], thereby substantially increasing the local drug
concentration at the tumor site. It should be noted that it was not until treatment ceased on day 23

post-implantation that the tumor growth Kinetics started to accelerate. During this period, mice
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treated by RBC-NP(DOX) showed no appreciable decrease in weight, a global parameter of
formulation safety (Figure 3.3C). It should also be noted that, for the free DOX treatment group,
the observed steady weight Kinetics reflects an increase in tumor burden, which indicates an
appreciable toxic effect. Mice treated with RBC-NP(DOX) continued to increase in weight
despite minimal tumor burden during the treatment period, suggesting that, in future
explorations, the nanoparticle formulation can be further increased to exert an even more potent
antitumor effect.

Next, we evaluated the safety profile of RBC-NP(DOX) in order to assess the
formulation’s potential as a clinically translatable drug delivery platform. Isotonic sucrose, RBC-
NP(DOX), or free DOX was administered at a drug dosage of 3 mg/kg, and whole blood was
collected prior to injection and 24 h post-injection. Hematological parameters largely showed no
difference between the sucrose, RBC-NP(DOX), and free DOX treatment groups (Figure 3.4A-
D). RBC, platelet, hemoglobin, and hematocrit quantifications were all normal 24 h after
injection. Free DOX, however, is known to have myelosuppressing effects, which can lead to
severe complications in the clinic such as neutropenic fever, infections, hemorrhage, and even
death [39]. This was reflected in the white blood cell (WBC) quantifications (Figure 3.4E-H).
When free DOX was administered, the mice suffered a significant decrease in WBC count. This
decrease in overall WBC count was seen across different leukocyte subsets, with the sharpest
reduction occurring in the number of lymphocytes. The RBC-NP(DOX) formulation was able to
stably sequester the drug, delivering it for potent tumor control with no observable

myelosuppression, which is often the dose-limiting toxic side effect of DOX in a clinical setting.
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Figure 3.3.4 In vivo safety studies of RBC-NP(DOX). (A) RBC count, (B) platelet count, (C) hemoglobin
quantification, (D) hematocrit, (E) white blood cell count, (F) neutrophil count, (G) lymphocyte count, and (H)
monocyte count in mice before and 24 h after injection of sucrose, RBC-NP(DOX) or free DOX. (I) Comprehensive
serum chemistry panel conducted on mice intravenously injected with isotonic sucrose, RBC-NP(DOX), or free
DOX. Serum was collected 24 h post-injection (n = 3 for all experiments; *P < 0.05; ***P <0.001).

Additionally, RBC-NP(DOX) did not elicit any adverse physiological effects based on a
comprehensive chemistry panel of mouse serum (Figure 3.41). The creatinine levels for mice
treated with free DOX were significantly decreased, possibly indicating increased activity of the
kidneys to remove excess free drug. Of potential note are the decrease in bicarbonate and
concurrent increase in anion gap for mice treated with free DOX only. These results, when taken
together, can indicate a shift towards acidosis, which can be an early sign of kidney failure.
Furthermore, RBC-NP(DOX) treatment did not result in any increase in serum alanine

aminotransferase (ALT) or aspartate aminotransferase (AST) levels, suggesting that RBC-
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NP(DOX) administration does not induce liver injury. As is the case with most nanoparticle
formulations, RBC-NPs are cleared by the liver [22], so it is important that the DOX-loaded
RBC-NPs do not induce any acute hepatic damage. Compared with free DOX, RBC-NP(DOX)
demonstrated a lack of acute systemic abnormalities after administration of a therapeutic dose,

thereby underscoring the biocompatibility and safety of RBC-NP as a drug carrier.

To further evaluate the translatability of RBC-NP as a cancer drug carrier, we
investigated the immunological implications of RBC-NP administration. RBC-NP did not induce
elevated serum levels of interleukin-6 (IL-6), which indicates lack of an acute systemic
inflammatory response against the nanocarrier (Figure 3.5A). Nanoscale drug delivery vehicles
must also not induce any long-term immune responses, the lack of which helps to preserve
functionality of the particles upon repeated injections [40]. Multiple administrations of RBC-NP
induced no detectable serum IgM or IgG titers against RBCs after 30 days (Figure 3.5B,C),
indicating that RBC-NPs can be used in vivo repeatedly without reduction in their abilities to
function as a drug delivery vehicle. Additionally, the lack of antibody titers against RBCs reveals
that no autoimmunity against self-RBCs is developed as a result of repeated RBC-NP injections.
Taken together, these results demonstrate that RBC-NP themselves produce no significant acute
or long-term immunological responses as a delivery vehicle, highlighting the “self” nature of the
RBC-NP platform. Thus, RBC-NP can serve as an effective option for drug delivery to overcome

the limitations of traditional chemotherapy.
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Figure 3.3.5 In vivo immunogenicity of RBC-NP. (A) Serum analysis of interleukin-6 (IL-6) production in mice
administered with isotonic sucrose, RBC-NP, or lipopolysaccharide with D-galactosamine (LPS/D-GalN) as a
positive control (n = 3). (B) anti-RBC IgM and (C) anti-RBC 1gG titers produced in mice receiving repeated dosing
of RBC-NP (n = 5). Tumor-bearing mice were administered with RBC-NP every other day starting from day 9 post-
implantation of the tumor cells for 2 weeks and blood was collected on day 30 post-implantation for titer analyses.

The focus of these studies as a whole was to evaluate a biocompatible nanoparticle drug
delivery agent with clinical translation potential to treat solid tumors with enhanced efficacy.
Therapeutic nanocarriers must be safe for use in vivo. Previous nanoparticle studies on bare
materials such as carbon nanotubes [41, 42], iron nanoparticles [43], and titanium dioxide [44],
have shown adverse responses indicative of material toxicity. RBC-NP(DOX), employing a
highly generalizable membrane cloaking approach, was able to deliver a toxic chemotherapy
drug payload to the tumor site and significantly prolong survival without any acute increases in
myelosuppression, systemic immune response, or abnormal blood chemistry parameters.
Furthermore, early mortality and toxicity from high DOX dosages were not observed during

long-term and repetitive treatment with RBC-NP(DOX).

3.3.4 Conclusions

The studies described here indicate that the RBC-NP platform is able to unite several
important drug delivery properties into a single system. Of great importance, RBC-NP with its

natural membrane coating, demonstrated good biocompatibility and did not elicit immune
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reactions. Furthermore, the versatility of the inner polymeric core provides opportunities to
deliver a wide variety of therapeutics (i.e. hydrophilic/hydrophobic small molecules, proteins,
nucleic acids, etc.) [45]. Although translating RBC-NP to human use remains to be investigated,
large-scale synthesis of the particles should be feasible given the existing infrastructure for blood
collection and transfusion as well as the maturing development of polymeric therapeutics [46].
Ultimately, the safety and biocompatibility of RBC-NP paired with its efficacy against solid
tumors reveal that this platform possesses many of the requisite characteristics for a clinically
translatable drug delivery system. The results presented here provide a promising foundation for

continued development and future clinical tests of the RBC-NP platform.
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3.4 Remote Loading of Small Molecule Therapeutics into Cholesterol-

Enriched Cell Membrane-Derived Vesicles

3.4.1 Introduction

The increasing popularity of biomimetic design principles in nanomedicine has led to
therapeutic platforms with enhanced performance and biocompatibility. This includes the direct
use of naturally derived cell membranes, which can bestow nanocarriers with cell-specific
functionalities. Herein, we report on a strategy enabling the efficient encapsulation of drugs via
remote loading into membrane vesicles derived from red blood cells. This is accomplished by
supplementing the membrane with additional cholesterol, stabilizing the nanostructure and
facilitating the retention of a pH gradient. We demonstrate the loading of two model drugs: the
chemotherapeutic doxorubicin and the antibiotic vancomycin. The therapeutic implications of
these naturally derived, remote-loaded nanoformulations are studied both in vitro and in vivo using
animal disease models. Ultimately, this approach could be used to design new biomimetic

nanoformulations with higher efficacy and improved safety profiles.

The field of nanomedicine has grown significantly over the past several decades.[1]
Starting with the U.S. Food and Drug Administration’s approval of Doxil, a liposomal formulation
of doxorubicin (Dox), numerous other nanoparticulate drugs have since been translated for clinical
use.[2] Delivery via a nanocarrier has many distinct advantages compared with the administration
of free drug, including improved blood residence, sustained release, and enhanced tumor targeting.
All of these benefits ultimately lead to improved efficacy and patient compliance, better enabling

clinicians to care for those with life-threatening diseases.
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More recently, researchers have begun focusing on next-generation platforms that can
build upon the initial successes of the drug delivery field. Along these lines, there has been a
significant shift towards bioinspired or biomimetic design principles.[3] This is motivated by the
fact that biological systems have been carefully cultivated over time by the process of evolution.
Despite the significant advances made in bottom-up, synthetic nanofabrication, it is still incredibly
difficult to replicate the complex functionalities found in nature. One such biomimetic strategy
involves the combination of cell-derived membranes with artificial nanocarriers, leading to the
generation of natural-synthetic hybrids with unique functionalities.[4] Benefits can include
enhanced biocompatibility, lowered immunogenicity, heightened affinity for toxins, and the ability
to target diseased tissues.[5] This approach has been proven highly generalizable and has utility

across a wide range of different applications.

2X-NH,* + 2CI-
|
2x NH2 + 2H+

2NH, + 2H* «=2NH,* + s%

(X-NH5),S0O,

Figure 3.4.1. Schematic of remote loading into RBC vesicles. Natural cell membrane vesicles are fashioned from
RBC ghosts supplemented with cholesterol (yellow). Ammonium sulfate (orange) is used to generate a pH gradient,
which facilitates accumulation of the drug (X) inside the cholesterol-enriched RBC vesicle.
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The remote loading of drugs into liposomal carriers represents one of the most highly used
and effective means of nanoencapsulation.[6] In this work, we explored a strategy to adapt this
approach for use with red blood cell (RBC) membrane-derived vesicles (Figure 1). It was
demonstrated that membrane vesicles supplemented with exogenous cholesterol could more
effectively retain a pH gradient, which was used to drive the successful loading of two model
drugs: the chemotherapeutic doxorubicin (Dox) and the antibiotic vancomycin (Vanc). The Dox
formulation (Dox-RBC) was used to treat a murine model of breast cancer, significantly
controlling tumor growth, while the Vanc formulation (Vanc-RBC) was used to reduce bacterial

load in a methicillin-resistant Staphylococcus aureus (MRSA) skin infection model.
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Figure 3.4.2. Remotely loaded RBC vesicles are fabricated by enriching the naturally derived cell membrane with
additional cholesterol. Two model drugs, doxorubicin and vancomycin, are successfully loaded and show efficacy

in animal models of disease. The reported approach may pave the way for biomimetic nanoformulations with high
potency and safety.
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3.4.2 Results and Discussion

To fabricate cholesterol-enriched RBC vesicles, membrane ghosts were first obtained from
purified RBCs by hypotonic lysis. Free cholesterol was then incubated with the ghosts in 300 mM
ammonium sulfate, followed by physical disruption to induce vesiculation. Finally, the outer phase
was exchanged to phosphate buffered saline (PBS) by size exclusion chromatography, resulting in
a pH gradient. At increasing cholesterol input, the final nanovesicles exhibited a corresponding
increase in size up to approximately 150 nm (Figure 2a). To characterize the membrane sidedness,
which is important for retention of the membrane’s biological functions,[7] non-denaturing
immunoblotting was employed (Figure 2b). When probed for either the intracellular or

extracellular domains of the transmembrane protein CD47, ammonium sulfate-loaded vesicles had
(e DiD LysoSensor Merged
Figure 3.4.3 Characterization of cholesterol-enriched RBC vesicles. a) Size of RBC vesicles with varying cholesterol
inputs (n = 3; mean = SD). b) Normalized dot blot intensities of RBC vesicles under various conditions and probed
with antibodies against the intracellular or extracellular domains of CD47 (n = 3; mean £ SD). c) Fluorescence
spectrum of ammonium sulfate-loaded RBC vesicles when co-loaded with a pH-sensitive LysoSensor Green dye. d)

Leakage of calcein from RBC vesicles (n = 3; mean £ SD). e) Confocal fluorescence imaging of ammonium sulfate-
loaded RBC vesicles co-loaded with LysoSensor Green (red: DiD, green: LysoSensor Green; scale bar =5 pum).

-

Without
cholesterol

With
cholesterol

a predominantly right-side-out orientation, which was retained after transferring the vesicles to
PBS. In contrast, vesicles made in water, which lacks the ions necessary to preserve orientation,[8]
displayed equivalents amounts of both signals. Co-loading of the pH-sensitive dye LysoSensor

Green was used to assess membrane integrity (Figure 2c). With increasing cholesterol, higher
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fluorescence was observed, indicating that the ammonium sulfate was being retained within the
vesicles and maintaining a low inner pH. This effect plateaued at 5% cholesterol input, and using
this formulation it was demonstrated that the enriched vesicles were also impermeable to calcein
dye (Figure 2d). Visualization by fluorescence microscopy showed that the signal of dye loaded
into the vesicles colocalized well with dye labeling the membrane, further confirming successful

encapsulation and retention (Figure 2e).

We next sought to demonstrate remote loading into the RBC vesicles. First, the
chemotherapeutic doxorubicin (Dox), which represents the most classical example of a remotely
loaded drug,(1) was employed. After fabricating the vesicles at a 5% cholesterol input, loading
yield was quantified using various Dox input concentrations (Figure 3a). With increasing inputs,
it was observed that increasing amounts of Dox could be loaded, up to approximately 10%. This
process was also dependent on both temperature (Figure 3b) and time (Figure 3c), with optimal
loading occurring at 37 °C and saturating at 40 minutes of reaction time. Observation of the Dox-
loaded RBC vesicles (Dox-RBC) negatively stained with uranyl acetate by transmission electron
microscopy revealed vesicular structures (Figure 3d). Notably, elongated crystals were visualized,
consistent with reports on Dox-loaded synthetic liposomes.(2) Drug release was also evaluated
over a period of 2 days at different pH values (Figure 3e). Regardless of pH, a burst release

occurred in the first 12 hours, followed by more gradual, sustained release. Lowering the pH from
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Figure 3.4.4. Dox loading into RBC vesicles. a) Loading yield at different drug inputs (n = 3; mean + SD). b) Loading
yield at different temperatures (n = 3; mean = SD). c¢) Loading yield over time (n = 3; mean £ SD). d) Transmission
electron microscopy images of Dox-RBC after negative staining with uranyl acetate (scale bar = 100 nm). Inset depicts
a single Dox-RBC particle (scale bar = 50 nm). e) Release of Dox over time at pH 5.0 or pH 7.4 (n = 3; mean + SD).

a physiological value of 7.4 down to 5.0 facilitated drug release, likely due to the instability of
RBC membrane under acidic conditions.

The potency of Dox-RBC was next evaluated in vitro. When incubated with murine 4T1
breast cancer cells for 24 hours, the nanoformulation showed better efficacy compared to free Dox
(Figure 4a). This increased potency may be explained by the fact that nanoparticulate delivery
more effectively enables cellular uptake via endocytic pathways,(3) the result of which was
confirmed by flow cytometric analysis (Figure 4b,c). When visualized by fluorescence
microscopy, it was further revealed that Dox-RBC facilitated retention of the drug across the

entirety of the cell, whereas the free drug was only found in the nucleus (Figure 4d). This ability
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to facilitate uptake and enhance intracellular retention is a unique advantage of nanodelivery and

could help to overcome drug-resistance by lessening drug efflux.(4)

Therapeutic efficacy was evaluated using an orthotopic 4T1 breast cancer model. Tumors
were implanted in the mammary fat pads of female BALB/c mice. Once palpable, treatment was
initiated using either Dox-RBC or free Dox. Over the course of the treatment, the nanoformulation
had a marked effect, significantly slowing tumor growth compared to the free drug (Figure 4e).

Median survival was also extended from 24 days for the untreated control group to 36 days for the
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Figure 3.4.5. Antitumor activity of Dox-RBC. a) Viability of 4T1 breast cancer cells after incubation free Dox or
Dox-RBC for 24 hours (n = 4; mean = SD). b) Representative flow cytometry histograms of control 4T1 cells or
4T1 cells incubated with free DOX or Dox-RBC. ¢) Mean fluorescence intensities from (b) (n = 3; mean £ SD). d)
Confocal fluorescence imaging of cells incubated with either free DOX or Dox-RBC (red: Dox; scale bar = 10
pum). e) Growth Kinetics of 4T1 tumors that were implanted orthotopically into BALB/c mice and treated with
either free Dox or Dox-RBC (n = 6; mean £ SEM). ) Survival of the mice in (e) over time (n = 6). g) Enumeration
of metastatic nodules present on the lungs after treatment (n = 3; mean + SD). h) Body weight of treated tumor-

bearing mice over time (n = 6; mean + SD). (i) Representative H&E-stained histological sections of cardiac tissue
after treatment (scale bar = 250 um).

Dox-RBC group (Figure 4f). Notably, 33% of the mice receiving nanoparticles had complete
regressions and remained tumor-free long-term. The Dox-RBC formulation was also better at

preventing the formation of lung metastases, reducing the number of nodules after 21 days of
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treatment (Figure 4g). With regards to safety, mice subject to a full course of Dox-RBC treatment
did not experience any weight loss (Figure 4h). While also true of the free Dox group, it should be
noted that their loss of body weight was likely counteracted by rapid tumor growth. The difference
in safety could more readily be seen upon histopathological examination of the cardiac tissue
(Figure 4i). Chronic myocardial toxicity with free Dox is a well-known occurrence in the clinic.(5)
For this group, we observed that the myocardial fibers became thin and loose, with varying degrees
of rupture. On the other hand, the hearts from mice treated with Dox-RBC did not show any
significant alterations in the fiber architecture. In all, it was demonstrated that Dox-RBC could
more effectively control tumor growth compared with free drug while also displaying evidence of
increased safety.

Following the antitumor studies, we explored if the remote loading strategy could be
generalized to additional payloads. For this purpose, the antibiotic vancomycin (Vanc), another
amine-containing small molecule drug, was employed. At increasing input concentrations, a
loading yield of up to approximately 40% could be achieved (Figure 5a). The higher yield
compared with Dox may be explained by the higher molecular weight of VVanc. Like Dox loading,
the optimal temperature was 37 °C (Figure 5b), whereas saturation took longer and occurred at 1
hour (Figure 5c). Drug release kinetics followed a similar trend, with an initial burst observed in
the first several hours and lower pH accelerating the process (Figure 5d). The absolute rate of
release was slower when compared with Dox, and it took approximately 48 hours for all the drug
to release at pH 5.0.

After confirming Vanc loading, we sought to test the nanoformulation against MRSA. A
Forster resonance energy transfer (FRET) study was performed to demonstrate the ability of the

membrane vesicles to interact with the bacteria (Figure 6a). As increasing amounts of bacteria
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Figure 3.4.6. Antibacterial activity of Vanc-RBC. a) Fluorescence recovery of donor dye after incubation of FRET
air-doped RBC vesicles with MRSA (n = 6; mean + SD; linear regression). b) Bacteria count after incubation with
ree Vanc, RBC vesicles, or Vanc-RBC (n = 3; mean + SD). 3 Lesion size on the skin of mice challenged with MRSA

and treated with free Vanc or Vanc-RBC (n = 6; mean = SEM). d) Enumeration of bacteria in the skin tissue on day 5

g = 6; geometric mean + SD). e) Representative macroscopic images of bacterial challenge site on day 5. f)
epresentative H&E-stained histological sections of skin from the challenge site on day 5 (scale bar = 200 pm).

were incubated with FRET pair-doped RBC vesicles, more of the donor signal was recovered,
signaling that fusion was occurring. This effect could potentially be leveraged to facilitate delivery
of loaded drugs to bacteria upon contact.(6) To confirm drug activity, Vanc-RBC or free VVanc was
incubated at increasing concentrations with MRSA in culture, and viability was assessed after 24
hours (Figure 6b). The results confirmed that the remotely loaded drug still retained its activity,
with a near identical profiles between the free drug and Vanc-RBC. No effect was observed from
RBC vesicles alone, precluding the possibility of nanocarrier fusion influencing bacteria viability.

Therapeutic efficacy of the Vanc-RBC formulation was tested using a murine model of
MRSA skin infection. Mice were challenged subcutaneously with a bolus dose of bacteria,
followed by administration of either free Vanc or Vanc-RBC. Over the course of 5 days, the
nanoformulation proved to be exceptionally potent, completely inhibiting the formation of skin
lesions at the challenge site (Figure 6c,e). The free Vanc group experienced subtle lesion
formation, which was much improved compared with the untreated controls. While the difference

in physical effect between the treatment groups was slight, bacterial enumeration at the infection
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sites revealed that VVanc-RBC outperformed the free drug by around 3 orders of magnitude (Figure
6d). Histological analysis showed that MRSA-induced lesions were marked by the loss of cilia and
columnar morphology, characteristic of acanthosis and apoptosis (Figure 6f). These symptoms
were decreased with free Vanc, although hyperkeratosis with aberrant hair shafts could still be
observed. Samples from the Vanc-RBC group appeared normal. Ultimately, the enhanced
performance of the nanoformulation could likely be attributed to its retention at the treatment site,

preventing the Vanc from diffusing away.

3.4.3 Experimental Section

Preparation of cholesterol-enriched red blood cell (RBC) vesicles.

Human RBCs were derived from whole blood (BioreclamationlVT). Erythrocyte
membrane ghosts were obtained by hypotonic lysing. To produce cholesterol-enriched RBC
vesicles, cholesterol (Avanti Polar Lipids) dissolved at 50 mg/mL in chloroform was added at
varying inputs to RBC ghosts suspended in 300 mM ammonium sulfate (Sigma Aldrich), followed
by gentle mixing at 37 °C for 10 minutes. To form vesicles, the suspensions were either sonicated
for 6 minutes in a Fisher Scientific FS30D bath sonicator, or they were extruded sequentially
through 1-pum, 400-nm, and 200-nm pore size polycarbonate membranes (Whatman) using an
Avanti Polar Lipids mini extruder. The ammonium sulfate gradient was obtained by transferring
the resulting vesicles into phosphate buffered saline (PBS) using a column packed with Sephadex
G-75, fine (GE Healthcare). Hydrodynamic size was measured by dynamic light scattering using
a Malvern ZEN 3600 Zetasizer. Unless specified, further experiments were performed with RBC

vesicles inputted with 5% cholesterol.

Examination of membrane sidedness by dot blotting.
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To prepare standards in which both the intracellular and extracellular portions of CD47
could be accessed, RBC ghosts were serially diluted and prepared in a 4x detergent solution made
with 37% glycerol (Fisher Chemical), 55% 1 M Tris-HCI pH 8 (Mediatech), and 8% Triton X-100
(EMD Millipore). RBC vesicles prepared in either water, ammonium sulfate, or prepared in
ammonium sulfate and transferred to PBS were used natively without denaturation to keep the
vesicle structure intact. Using 5 pL drops, standards were blotted twice and samples were blotted
three times onto nitrocellulose membrane (Pierce). After air-drying the membrane in a fume hood
the membrane was blocked with 5% bovine serum albumin (BSA; Sigma Aldrich) prepared in
PBS with 0.05% Tween-20 (National Diagnostics) for 1 hour. Blots were then probed using anti-
CDA47 (extracellular domain) (ARP63284; Aviva Systems Biology) or anti-CD47 (intracellular
domain) (EPR4150(2); GeneTex) followed by the corresponding HRP- conjugated secondary
antibody (Biolegend). The membrane was then incubated with ECL western blotting substrate
(Pierce) and developed using an ImageWorks Mini-Medical/90 Developer. ImageJ software was

used to quantify the signal from each individual spot.

Stabilizing effect of cholesterol on RBC vesicles.
To evaluate the ability of RBC vesicles to compartmentalize the inner aqueous chamber,
RBC vesicles, either unmodified or enriched with 5% cholesterol input, were loaded with calcein
dye (Sigma Aldrich) at 5 pg/mL and purified. Dye that remained loaded self-quenched, and release
of the dye was evaluated by measuring the fluorescence (excitation 495 nm, emission 515 nm)
using a BioTek Synergy Mx microplate reader. To investigate the effect of cholesterol on the
ability of RBC vesicles to maintain an ammonium sulfate gradient, LysoSensor Green DND-189

(Invitrogen) at 1 nM was loaded along with ammonium sulfate into RBC vesicles made using
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varying concentrations of cholesterol. After purification, the emission spectrum of the dye, using
an excitation wavelength of 445 nm, was measured using a microplate reader. To visualize the pH
gradient, LysoSensor-loaded RBC vesicles, either without cholesterol or with 5% cholesterol
input, were fabricated with 2% 1,1'-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine (DiD;
Invitrogen) to label the membrane. The samples were immobilized on glass slides with Tissue-Tek
OCT compound (Sakura Finetek). Visualization was performed using an Olympus FV1000

confocal laser scanning microscope.

Optimization and characterization of remote-loaded RBC vesicles.

RBC vesicles with a 5% cholesterol input and with an ammonium sulfate gradient were
prepared as described above. Subsequently, doxorubicin-HCI (Dox; Biotang) or vancomycin-HCI
(Vanc; Sigma Aldrich) was added to the RBC vesicle dispersion. The non-encapsulated free drug
was separated by passing the solution through a Sephadex G-75 column. The drug loaded RBC
vesicles were quantified by detecting the absorbance of Dox at 480 nm or the Vanc at 230 nm
using a microplate reader after disruption of the RBC vesicles with acetonitrile and removal of
precipitated proteins by centrifugation. The loading yield was calculated as the mass of the loaded
drug divided by the protein mass of the RBC membrane vesicles. To optimize drug loading, the
effect of initial drug concentration, temperature, and incubation time on drug loading yield were
studied evaluated. The morphology of drug-loaded formulations was visualized by negatively
staining the samples with 1% uranyl acetate (Electron Microscopy Sciences) and observing using
a Zeiss Libra 120 PLUS EF-TEM transmission electron microscope. Drug release from the RBC
vesicles was evaluated by loading 500 pL of either Dox-loaded RBC vesicles (Dox-RBC) or Vanc-

loaded RBC vesicles (Vanc-RBC) into 100,000 molecular weight cut-off Slide-A-Lyzer MINI
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dialysis units (Thermo Scientific), followed by immersion into PBS at pH 5.0 or pH 7.4. Samples
were agitated at 100 rpm in a shaking incubator at a temperature of 37 °C. At predetermined time
intervals, samples were withdrawn from the outer media and an equal volume of fresh PBS was
immediately replenished. The amount of drug released was determined by absorbance

measurements using a microplate reader.

Antitumor activity and safety of Dox-RBC.

All antitumor experiments were performed using mouse RBCs, which were purified from
whole blood collected via submandibular puncture of female BALB/c mice (Envigo) using sodium
heparin (Sigma Aldrich) as the anticoagulant. All animal experiments were performed in
accordance with NIH guidelines and approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of California, San Diego. Mouse 4T1 breast cancer cells
(CRL-2539; American Type Culture Collection) were maintained in RPMI 1640 media (Gibco)
supplemented with 10% fetal bovine serum (Hyclone) and penicillin-streptomycin (Gibco). For
the in vitro cytotoxicity study, 4T1 cells were seeded in a 96-well plate at a density of 5,000 cells
per well and cultured overnight. Free Dox and Dox-RBC at varying drug concentrations were
incubated with the cells for 24 hours at 37 °C, after which an MTS cell proliferation kit (Promega)
was used to assess cell viability according to the manufacturer’s instructions. To study cellular
uptake, 4T1 cells were seeded on a 12-well plate at a density of 1x10° cells per well and incubated
with the Dox formulations at a final drug concentration of 3 pg/mL for 1 hour. After incubation,
the culture media was removed and cells were detached, washed, and fixed with 10% formalin
(Fisher Scientific) for data collection using a BD Biosciences FACSCanto-1l flow cytometer.

Analysis was performed using Flowjo software. For imaging, the same cells were cultured on a
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glass coverslip followed by incubation with the different samples for 30 minutes. After washing
and fixation, the samples were mounted in 50% glycerol in PBS and imaging was performed on
an Olympus FVV1000 confocal laser scanning microscope.

For the in vivo antitumor efficacy study, 2x10° 4T1 cells were implanted into the mammary
fat pads of 6-week-old female BALB/c mice. The tumors were allowed to grow to a size of
approximately 50 mm?. The mice were then randomly divided into 3 different experimental
groups. Dox-RBC, free Dox, or PBS was administered intravenously via the tail every 3 days at a
drug dosage of 3 mg/kg for 7 times. Tumor size (volume = (length x width?)/2) and weight were
recorded over time. Survival was defined as either natural death or tumor size > 2000 mm?®. To
evaluate the effect on metastasis and assess safety, 5x10° 4T1 cells were implanted, and the same
treatment schedule as above was followed. At day 21 after start of treatment, the mice were
euthanized and their lungs and hearts excised for further evaluation. The numbers of metastatic
nodules in lungs were visually enumerated, while the heart tissues were sectioned for histological
analysis and stained with hematoxylin and eosin (H&E; Leica Biosystems). Images were acquired

using a Hamamatsu Nanozoomer 2.0-HT slide scanning system.

Antimicrobial efficacy of Vanc-RBC Methicillin-resistant Staphylococcus aureus (MRSA)
strain USA300 (BAA-1717; American Type Culture Collection) was cultured on tryptic soy broth
(TSB; Sigma Aldrich) agar overnight at 37 °C. Then a single colony was inoculated in TSB
medium and the medium was cultured in a rotary shaker at 37 °C. Overnight culture was refreshed
in TSB medium at a 1:100 dilution under shaking for another 3 hours until the OD600 of the
culture medium reached approximately 1.0, corresponding to the logarithmic growth phase. The

bacteria were then harvested by centrifugation at 5000 xg for 5 minutes and washed with sterile
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PBS twice. To assess the fusion between cholesterol-enriched RBC vesicles and MRSA, a Forster
resonance energy transfer (FRET) study was performed. Both a fluorescent donor N-[6-[(7-nitro-
2-1,3-benzoxadiazol-4-yl) amino]hexanoyl]-phytosphingosine (C6-NBD, excitation/emission =
460/534 nm; Avanti Polar Lipids) and a fluorescent acceptor 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine- N-(lissamine rhodamine B sulfonyl) (DMPE-RhB, excitation/emission =
560/583 nm; Avanti Polar Lipids) were incorporated into the RBC membrane by mixing the dyes
dissolved in chloroform with cholesterol prior to the preparation of the RBC vesicles. The final
ratios of C6-NBD and DMPE-RhB to RBC membrane protein were 0.08% and 0.8%, respectively.
FRET pair-labeled RBC vesicles at 1 mg/mL were then incubated with MRSA at concentrations
of 1x108, 2x108, 3x108, 4x108, and 5x108 CFU/mL. After 30 minutes of incubation at 37 °C,
unbound nanoparticles were removed by centrifugation at 5000 xg. The bacterial suspensions were
excited at 470 nm and the fluorescence emission spectrum of each sample was recorded using a
microplate reader. Fluorescence recovery of the donor (C6-NBD) at the lower emission peak (534
nm) was used to indicate increasing amounts of fusion.

For the in vitro antimicrobial efficacy study, 100 pL MRSA USA300 suspensions at 5x10°
CFU/mL (ODeoo = 0.05) were added to 1 mL of Vanc-RBC or free Vanc at various concentrations.
Empty RBC vesicles in PBS were used as a negative control. The mixtures were incubated at 37
°C for 24 hours under shaking. Following incubation, the mixtures were diluted from 10 to 10°
times with sterile PBS, and 5 pL of each solution was spotted onto TSB agar plates. After 24 hours
of incubation at 37°C, the colonies were enumerated.

To evaluate in vivo efficacy, a murine subcutaneous infection model was employed. Prior to
the study, the backs of male 6-week-old ICR mice (Envigo) were carefully shaved. Then 3x10’

CFU of MRSA USA300 suspended in 50 uL. of PBS was injected subcutaneously. For the
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treatment groups, 200 puL. of Vanc-RBC or free Vanc in PBS, each containing 200 ug of drug, were
injected subcutaneously into the infected area. For the negative control group, 200 uL of PBS was
injected. The lesion of each mouse was carefully monitored over the course of 5 days, and lesion
size was measured from photographs using ImageJ software. On day 5, the mice were euthanized
and the infected skin regions were collected. The tissues were homogenized using a Biospec Mini
Beadbeater in 1 mL of PBS for 3 minutes. The homogenate was then serially diluted from 10 to
10° times with sterile PBS and plated onto agar plates with a spotting volume of 50 pL. After 24
hours of culture, bacterial colonies were enumerated to determine the bacterial load in each organ.
For histological analysis, skin samples from each group were fixed in 10% formalin and stained
with H&E. The sections were visualized by a Hamamatsu Nanozoomer 2.0-HT slide scanning

system.

3.4.4 Conclusion

In conclusion, we have demonstrated a method of remote loading drugs into naturally
derived RBC vesicles. The process is greatly facilitated by supplementing the cell membrane with
additional cholesterol, which facilitates the maintenance of a pH gradient. This concept was
demonstrated using two small molecule model drugs, a chemotherapeutic drug and an antibiotic
drug. In both cases, the nanoformulations were able to outperform the corresponding drugs in the
free form using appropriate animal disease models. By employing a naturally derived nanocarrier,
it is possible to leverage the benefits of nanoparticulate delivery, such as improved localization to
diseased tissue, with fewer concerns regarding safety and immunogenicity. The work presented
here can help to provide guiding principles for the development of next-generation, remote-loaded

drug platforms.
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3.5 Nanoparticle-Based Anti-Virulence Vaccine for the Management

of Methicillin-Resistant Staphylococcus aureus Skin Infection

3.5.1 Introduction

The continued rise of antibiotic-resistant bacteria has become a significant burden on
global health and is responsible for an increased rate of life-threatening infections observed in
the clinic. The issue continues to rise to the forefront as the development of new antibiotics has
slowed to a near halt,’?l prompting physicians and scientists to explore alternative strategies to
control bacterial infections.®! Among the different approaches, anti-virulence vaccination is a
compelling strategy as it promotes host immunity by training the body to detect and disarm
specific mechanisms employed by pathogens during host invasion.l*! This approach has been
shown to inhibit the ability of pathogens to colonize within a host and is less susceptible to the
development of resistance as it does not exert direct selective pressure on individual bacterium.®!
Anti-virulence vaccination is most commonly accomplished through the use of toxoids, or
inactivated forms of live bacterial toxins, which include the commonly used tetanus toxoid!®! and
diphtheria toxoid.’l" Conventionally, these toxoids are prepared by denaturation via either
chemical or heat treatment in order to eliminate the dangerous effects of the original toxin.®!
However, such inactivation methods are often disruptive and can lead to altered antigen
presentation as well as compromised immunogenicity.®’ To overcome the tradeoff between
safety and efficacy, emerging techniques are being developed to produce vaccine candidates that
faithfully present antigenic epitopes for immune processing.*”!

Methicillin-resistant Staphylococcus aureus (MRSA) is an antibiotic-resistant pathogen

that represents a significant threat to public health, especially in hospital environments where
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many patients have weakened immune systems that are incapable of naturally fending off
infection.™ It can cause severe skin lesions and can ultimately be life-threatening upon systemic
invasion.[*? The pace of resistance exhibited by MRSA has severely limited treatment options,
with many strains of the bacteria being unresponsive to all of the most commonly used
antibiotics.[** 4 This has led researchers to explore other forms of treatment, including the
aforementioned anti-virulence therapy. Known to secrete many different types of exotoxins,
MRSA represents a good target for such therapies. One of its major virulence factors is a-
hemolysin (Hla),*%! a toxin that forms heptameric pores on cell surfaces, which contributes
greatly to the pathogenesis of MRSA during the process of infection.*l In fact, it has been
shown that the virulence of the pathogen correlates strongly with the level of Hla production.l”
18 Further, immunization with a mutant form of Hla has been shown to confer protection against
Staphylococcus aureus (S. aureus) pneumonia in mice.*® Passive immunization with anti-Hla
antibodies also protected against skin lesions caused by subsequent S. aureus infection, further
attesting to the utility of such a strategy for combating the pathogen.

The application of novel nanomaterials towards vaccine design has the potential to bring
about significant improvements via efficient and finely controlled immune manipulation.?%-2l
We have previously demonstrated a nanoparticle-mediated toxin detainment strategy for the
preparation of a safe and potent toxoid formulation. Biomimetic nanoparticles are fabricated with
a cell membrane-derived coating that presents a natural substrate for pore-forming toxins,?* 2l
leading to their stable entrapment onto the nanoparticles and enabling safe delivery in vivo for
immune processing.?1 Owing to the non-disruptive approach of this detainment strategy, the
platform was demonstrated to be superior to a traditionally formed toxoid by generating higher

anti-Hla titers with increased avidity. Further, vaccination with the detained toxin conferred a
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significant survival benefit in a murine model of lethal toxin challenge. In the present work, we
investigated the protective capabilities of nanoparticle-detained staphylococcal Hla, denoted
nanotoxoid(HIa), against live bacterial challenge using a mouse model of MRSA skin infection
(Figure 1). The immune potentiating effect of the nanoparticle formulation was studied more in-
depth by looking at the formation of germinal centers in the draining lymph nodes of vaccinated
mice, which was then correlated to anti-Hla titer production. The ability of the nanotoxoid(Hla)
vaccine to protect against MRSA infection and lessen bacterial colonization was evaluated in a
mouse model of skin lesion formation. Beyond local infection, the effect of the nanoparticle
vaccination on bacterial invasiveness was further studied by enumerating the bacterial load in

major organs.

3.5.2 Results and Discussion

Nanotoxoid(HIla) Synthesis and Characterization

Nanoparticles coated with red blood cell (RBC) membrane were prepared using a
previously described protocol.[?”] Briefly, mouse RBCs were subjected to hypotonic treatment to
obtain purified RBC membrane ghosts, which were then fused onto the surface of preformed
nanoparticle cores made using poly(lactic-co-glycolic acid) (PLGA) through a sonication method.
As the RBC membrane coating serves as a natural substrate for the pore-forming Hla,
nanotoxoid(Hla) complexes were formed by incubating free Hla with unloaded nanoparticles,
herein denoted nanotoxoid(-). Free Hla was subsequently removed from the nanotoxoid(Hla)
complexes by size exclusion chromatography to obtain a purified formulation. Physicochemical
characterization showed that the resulting nanotoxoid(Hla) was about 115 nm in diameter and
had a surface zeta potential of -32 mV (Figure 2a,b), both of which were similar to those of the
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Figure 3.5.1. Schematic of nanotoxoid(Hla) protection against MRSA infection. (a) Under normal conditions,
MRSA bacteria employ Hla to help them colonize the site of challenge, resulting in significant skin lesion formation
and systemic invasiveness. (b) After vaccination with the nanotoxoid(Hla) formulation, anti-Hla titers are induced.
These antibodies neutralize the toxin produced by the MRSA bacteria at the site of challenge, reducing the ability of
the pathogen to colonize and enter into systemic circulation.

unloaded nanotoxoid(-), suggesting that toxin insertion did not have a major impact on
overall nanoparticle properties. This was further confirmed via transmission electron microscopy
(TEM) of negatively stained nanotoxoid(HIa), which revealed that the characteristic core-shell
structure of the RBC membrane-coated nanoparticle was preserved even after toxin loading,
consistent with what has been previously observed!?* 2¢! (Figure 2c).

To confirm successful detainment of Hla by the RBC membrane-coated nanoparticles,
different immunoassays were performed. On TEM image, Hla-specific antibody labeling of
nanotoxoid(Hla) followed by secondary labeling using an immunogold conjugate showed
significant colocalization of the electron-dense gold signal with regions of intermediate density
occupied by the nanoparticles, indicating a significant presence of Hla-specific epitopes on the
nanotoxoid(Hla) (Figure 2d). Conversely, nanotoxoid(-) sample subjected to the exact same
staining procedure was absent of any gold signal, confirming that the positive signal seen in the
nanotoxoid(Hla) was not due to non-specific antibody staining. Dot blot analysis was used to
further confirm the presence of Hla on nanotoxoid(Hla) samples (Figure 2e). Using anti-Hla as
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the primary immunostain, nanotoxoid(Hla) gave a positive signal whereas nanotoxoid(-) did not
give any discernable signal. As a positive control, free Hla at the initial input concentration used
to prepare nanotoxoid(Hla) was tested in parallel, and image analysis of the blot intensities
revealed that approximately 95% of the Hla was retained on the nanoparticles after purification,
suggesting high affinity of the toxin for the membrane-coated nanoparticles. It has been shown
previously that the strong sequestration of toxin by the nanoparticle detainment strategy resulted
in little release over time, which effectively neutralized the activity of the toxin and enables safe

delivery both in vitro and in vivo.[%!
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Figure 3.5.2. Nanotoxoid(Hla) characterization. (a) Size and (b) zeta potential of nanotoxoid(-) [denoted “NT(-)"]
and nanotoxoid(Hla) [denoted “NT(Hla)”] (n=3). Error bars represent standard deviation. (c) TEM image of
nanotoxoid(Hla) after negative staining with uranyl acetate. Scale bar = 100 nm. (d) TEM images of immunogold-
stained NT(-) and NT(HIa) with anti-Hla as the primary immunostain and gold-labeled anti-1gG as the secondary
stain. The gold (~10 nm) appears as dark punctates on the images. Scale bar = 100 nm. (e) Dot blotting results
using anti-Hla as the primary immunostain. Quantification by image analysis revealed that 95.2% of the Hla input
was retained on the final NT(Hla) formulation.
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Next, the ability of the nanotoxoid(Hla) formulation to promote anti-Hla immune
responses was studied. Of particular interest was the formation of germinal centers (GCs), which
is a critical step in the potentiation of the humoral immune response against foreign antigens.?®
291 |t is in these regions that B cells mature, and it has been shown that improved retention of
antigens via nanoparticle-mediated delivery can better facilitate GC formation.*! We therefore
sought to evaluate lymphatic B cell activation in mice immunized with the nanotoxoid(HIa)
formulation. Immunostaining was employed to detect the presence of GCs in the draining lymph
nodes (dLNs) of mice immunized subcutaneously with the nanoformulation. PBS and unloaded
nanotoxoid(-) were administered as controls. Histological analysis of the dLNs from mice
immunized with nanotoxoid(Hla) revealed GL-7* regions characteristic of GC nucleation
(Figure 3a). In contrast, there was no visual evidence of GC formation in the PBS or
nanotoxoid(-) immunization groups, confirming the non-immunogenicity of the naturally derived
nanoparticle vector itself.] Flow cytometry results (Figure 3b) showed that 45.6% of
B220*IgD'" B cells in the dLNs of the nanotoxoid(Hla) group exhibited a GL-7* germinal
center phenotype. In contrast, only 15.7% and 13.6% of cells in mice administered with PBS and

nanotoxoid(-), respectively, exhibited the same phenotype.
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The ability of nanotoxoid(Hla) to elicit a humoral immune response against Hla was
further investigated. Mice were subcutaneously injected with nanotoxoid(Hla), nanotoxoid(-) or

PBS on day 0 and were subsequently administered a booster on day 14. The serum of the mice in
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Figure 3.5.3. Germinal center formation and antibody production induced by nanotoxoid(Hla) vaccination. (a,b)
Mice were vaccinated with PBS, nanotoxoid(-) [NT(-)], or nanotoxoid(Hla) [NT(Hla)] (n=3). The draining lymph
nodes were collected 21 days later for the analysis of B220 (blue), IgD (green), and GL-7 (red) expression by either
immunohistochemistry (a) or flow cytometry (b). Scale bars = 250 um. For flow cytometric analysis, cells were first
gated on B220+IgDIlow and the numbers reported are the percentage GL-7+ cells within that population. Error bars
represent standard error. Statistical significance determined by one-way ANOVA (**P < 0.01). (c-e) Mice were
vaccinated with PBS, NT(-), or NT(HIa) on day 0 with a boost on day 14 (n=6). On days 0 (c), 14 (d), and 35 (e),
serum was collected and the anti-Hla IgG titers were quantified by ELISA. Lines represent geometric means.
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each group was sampled on days 0, 14 and 35 to assess Hla-specific IgG titers (Figure 3c-e).
Nanotoxoid(HIa) vaccination elicited significant anti-Hla titers on day 14, and there was a further

increase when assayed on day 35. In contrast, the nanotoxoid(-) and PBS vaccinations resulted in
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Figure 3.5.4. Effect of nanotoxoid (HIa) vaccination on MRSA skin colonization. Mice vaccinated with PBS,
nanotoxoid(-) [NT(-)], or nanotoxoid(HIa) [NT(HIa)] on days 0 and 14 were challenged subcutaneously with 1 x 109
CFU of MRSA bacteria on day 35. (a) The skin lesions were monitored over the course of 6 days (n=6). Lesion size
is reported as the product of the largest and smallest dimensions. Error bars represent standard error. (b) Images of
skin lesions on day 6 post-infection. Scale bar = 1 cm. (c) On day 6 post-infection, the affected skin and underlying
tissue were collected and the bacterial burden enumerated (n=6). Lines represent geometric mean. Statistical
significance determined by one-way ANOVA (**P < 0.01).

no detectable anti-Hla titers over the course of the study. The nanotoxoid(Hla)-induced antibody
responses have previously been shown to be durable, with little to no drop in titers over the
course of a five-month period.[?! Taken together, the data demonstrates that the nanotoxoid(Hla)
formulation can effectively elicit potent anti-Hla immune responses, despite complete
deactivation of the toxin.[?Yl This is notable finding given that the formulation is absent of
immunological adjuvants, which are commonly required for conventional toxoid formulations

and help to boost germinal center antibody activity.[*?
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Efficacy in a Mouse Model of MRSA Skin Infection

To evaluate the protective capability of the nanotoxoid(Hla) vaccine against MRSA
infection, we employed a mouse skin infection model. MRSA represents one of the most
common causes of skin infections, both in the community and in hospitals.[*?! Because the
pathogen is hard to treat with common antibiotics, the infection can quickly progress and lead to
serious complications, from physical disfigurement to permanent organ damage, and in many
cases even death. For this experiment, mice were immunized with nanotoxoid(Hla) on day 0 and
given a booster dose on day 14. Mice injected with nanotoxoid(-) or PBS were used as control
groups. On day 35, the mice were subcutaneously challenged with live MRSA bacteria, and the
efficacy in the different experimental groups was assessed over time by monitoring the
dermonecrotic area resulting from bacterial burden. The progression of skin lesion development
in mice immunized with nanotoxoid(Hla) was significantly attenuated compared with mice in the
nanotoxoid(-) and PBS groups, which both experienced rapid lesion formation (Figure 4a,b). On
day 6 post-infection, there was an approximately 5-fold reduction in dermonecrotic area on mice
treated with the nanotoxoid(HIa) formulation compared to the control groups.

At the conclusion of the observation period, the bacterial burden was quantified in the
infected skin region of each mouse (Figure 4c). For the nanotoxoid(-) and PBS groups, the
bacterial burden of the infected skin tissue was 1.7 x 10" and 2.2 x 10’ CFU, respectively. Mice
immunized with nanotoxoid(Hla) showed an average burden of 1.5 x 10° CFU, representing an
11.3- and 14.7-fold reduction compared with the nanotoxoid(-) and PBS groups, respectively. It
has previously been shown that nanotoxoid(Hla) is capable of significantly inhibiting Hla-
mediated skin damage in the subcutaneous space, suggesting that the titers generated by the
formulation are sufficiently high to enable extravascular neutralizing activity.[?®! This prevents
the necrotic effect of high Hla concentrations,® thus preserving integrity of the local tissue. In
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the present study, the nanoparticle vaccine formulation was likewise able to reduce skin lesion
formation, demonstrating its ability to facilitate neutralization of Hla produced by the bacteria in
situ upon subcutaneous challenge. Given the importance of Hla in MRSA pathogenesis,
neutralization of the toxin also resulted in decreased bacterial burden, likely due to increased
clearance by immune cells protected from the cytotoxic activity of Hla.[**! Despite the significant
reduction in both lesion formation and bacterial load at the site of infection, the inability of the
nanotoxoid(Hla) to completely mitigate disease suggests a sizable role played by other virulence

factors, which can serve as targets for future nanotoxoid vaccine formulations.
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Figure 3.5.5. Effect of nanotoxoid(Hla) vaccination on MRSA invasiveness. Mice vaccinated with PBS,
nanotoxoid(-) [NT(-)], or nanotoxoid(Hla) [NT(HIa)] on days 0 and 14 were challenged subcutaneously with 1 x 10°
CFU of MRSA bacteria on day 35. On day 6 post-infection, the major organs, including the heart (a), kidneys (b),
spleen (c), lungs (d), and liver (e) were collected and the bacterial burden of each was enumerated (n=6). Lines
represent geometric means. Statistical significance determined by one-way ANOVA (**P < 0.01, ***P < 0.001 and
**%*%P < 0.0001).

Prevention of Disseminative MRSA Infection
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MRSA infections can quickly progress and enter systemic circulation, leading to a
markedly worse prognosis in the clinic.*!! Patients with invasive MRSA can precipitously
develop life-threatening infections in different organs such as the blood, heart, bones, and
kidneys. As a MRSA skin infection runs the significant risk of further dissemination, the effect
of nanotoxoid(HIa) vaccination on MRSA invasiveness after subcutaneous challenge was studied.
Mice were vaccinated with nanotoxoid(Hla), nanotoxoid(-), or PBS on day 0 with a booster dose
on day 14 and subcutaneously inoculated with MRSA on day 35. On day 6 post-infection, the
bacterial counts in the heart, kidneys, spleen, lungs, and liver were analyzed (Figure 5). In most
of the organs that were analyzed, the nanotoxoid(Hla) group showed a significant drop in
bacterial burden compared to the nanotoxoid(-) and PBS control groups. Of note, the kidneys and
spleen, two organs that traditionally experience heavy bacterial burden per unit weight,** both
had reductions of approximately two orders of magnitude. The sharp decrease in organ
penetration can likely be attributed primarily to better immune management at the site of
infection, which results in improved integrity of the skin protective barrier and fewer bacteria
entering the circulation system. Additionally, the presence of high amounts of neutralizing titers
within the body can further hamper the capacity of invading MRSA bacteria to colonize
individual organs, as shown by previous studies on the effect of anti-Hla vaccination in animal
models of sepsis.*8l Overall, the results demonstrate that nanotoxoid(HIla) not only prevents
superficial damage, but also decreases MRSA invasiveness, which can ultimately help to prevent

many of the harsh complications associated with MRSA infections.

3.5.3 Materials and Methods
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Preparation and characterization of nanotoxoid(Hla). Red blood cell (RBC) membrane-
coated nanoparticles were prepared as previously described.[?®! Polymeric cores were made using
0.67 dL/g carboxy-terminated 50:50 poly(lactic-co-glycolic acid) (PLGA; LACTEL Absorbable
Polymers) with a modified nanoprecipitation method. The polymer was dissolved in acetone at a
concentration of 10 mg mL™ and added rapidly to 2 mL of deionized water. The mixture was
placed under vacuum for 3 h to evaporate the organic solvent. To obtain the membrane material,
RBCs collected from 6-week old male CD-1 mice (Harlan Laboratories) were treated with
hypotonic medium and washed multiple times by centrifugation. The final RBC membrane-
coated nanoparticles, denoted nanotoxoid(-) were synthesized by sonicating a mixture of the
PLGA cores and RBC membrane using a Fisher Scientific FS30D bath sonicator at a frequency
of 42 kHz and a power of 100 W for 2 min. The membrane material from 1 mL of mouse blood
was used to coat 5 mg of 100 nm PLGA cores. The nanotoxoid(Hla) was generated by
incubating 0.2 mg of nanotoxoid(-) with 3 pg of Hla at 37 °C for 15 min. Nanoparticle
concentrations for both the nanotoxoid(Hla) and nanotoxoid(-) formulations are expressed as
milligrams of PLGA per 1 mL of solution (mg mL™). The mixture was then filtered through a
Sepharose CL-4B (Sigma Aldrich) column to obtain purified nanotoxoid(Hla) free of unbound
toxin. The size and the zeta potential of the different nanoformulations were measured by
dynamic light scattering (DLS) using a Malvern ZEN 3600 Zetasizer. The structure of the
nanotoxoid(Hla) was examined using a Zeiss Libra 120 PLUS EF-TEM Transmission Electron
Microscope. Samples were negatively stained with 0.1 wt% uranyl acetate prior to visualization.

Nanotoxoid(HIla) loading analysis. An immunogold staining assay was carried out to
confirm insertion of Hla onto the RBC membrane-coated nanoparticles. One drop of

nanotoxoid(HIa) or nanotoxoid(-) solution was added onto a glow-discharged carbon coated 400-
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mesh copper grid (Electron Microscopy Sciences). The grids were then washed before subjecting
to blocking with 1 wt% bovine serum albumin (BSA), primary immunostaining with polyclonal
rabbit anti-Hla antibody (Sigma Aldrich), and secondary staining with gold-labeled anti-rabbit
IgG antibody (Sigma Aldrich). Images were obtained using a Zeiss Libra 120 PLUS EF-TEM
Transmission Electron Microscope without negative staining. To analyze Hla retention by dot
blot analysis, 1 uL of nanotoxoid(HIa) solution at 2 mg mL™ was dropped onto a nitrocellulose
membrane and allowed to fully dry under vacuum. Afterwards, the membrane was blocked with
1 wt% BSA solution and then probed with a polyclonal rabbit anti-Hla primary antibody (Sigma
Aldrich) followed by a donkey anti-rabbit 1gG-horseradish peroxidase (HRP) conjugate
secondary antibody (Biolegend). The blot was developed with ECL western blotting substrate
(Pierce) using a Mini-Medical/90 Developer (ImageWorks). Nanotoxoid(-) solution at 2 mg mL*
was used as negative control and Hla solution corresponding to 100% loading (30 ug mL*) was
used as positive control. Blot intensity was measured by analyzing the mean gray values of dots
via Image J software.

Germinal center analysis. All animal experiments followed protocols that were reviewed,
approved and performed under the regulatory supervision of the University of California, San
Diego's institutional biosafety program and the Institutional Animal Care and Use Committee
(IACUC). Six-week old male CD-1 mice (Harlan Laboratories) were immunized subcutaneously
in the lateral tarsal region just above the ankle with 0.1 mg of nanotoxoid(Hla). Nanotoxoid(-)
and PBS were used as negative controls. On day 21 post-immunization, the mice were
euthanized and the draining popliteal lymph nodes were collected for analysis. For
immunohistochemical analysis, the lymph nodes were cryosectioned and stained with anti-

mouse/human B220-Pacific Blue, anti-mouse IgD-Alexa Fluor 488, and anti-mouse/human GL-
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7-Alexa Fluor 647 antibodies (Biolegend). For flow cytometry analysis, Lymph nodes were
digested in 1 mg mL™ collagenase D (Roche) solution, and stained with the above antibodies.
Data was collected using a BD FACSCanto-IlI flow cytometer and analyzed using Flowjo
software.

Anti-Hla titer analysis. Mice were subcutaneously administered with 0.1 mg of
nanotoxoid(HIa), 0.1 mg of nanotoxoid(-) or PBS, followed by a boost 14 days later (n=6). On
days 0, 14 and 35, the serum of each mouse was collected to assay for Hla-specific antibody
titers by an enzyme-linked immunosorbent assay (ELISA). A 96-well plate was coated overnight
with 2 pg mIt Hla using commercial coating buffer (Biolegend). The wells were then blocked
with 5 wt% milk before adding serially diluted serum samples as the primary antibody. Goat
anti-mouse IgG-HRP (Biolegend) was then employed as the secondary antibody. The plate was
developed with 1-Step Slow TMB-ELISA substrate (Pierce) and measured at 450 nm with a
Tecan Infinite M200 Multiplate Reader.

MRSA infection and vaccine efficacy. The MRSA strain USA300 TCH1516 (American
Type Culture Collection) was used in this study. The bacteria were cultured at 37 °C in tryptic
soy broth, harvested by centrifugation, washed, suspended with PBS and adjusted to the
appropriate concentration by optical density measurements before use. Mice immunized with 0.1
mg of nanotoxoid(HIa), 0.1 mg of nanotoxoid(-), or PBS on days 0 and 14 were challenged with
1 x 10° CFU of the bacteria on day 35. The bacteria were inoculated subcutaneously in the back
region in an area that was carefully shaved using hair clippers before the challenge. The
dermonecrotic area was monitored daily and reported as the width multiplied by the height of the
visible lesion. On day 6 post-challenge the mice were euthanized, perfused with PBS via the

heart, and the skin, heart, liver, spleen, lungs, and kidneys of each mouse were excised and
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processed for enumeration. Briefly, organs were homogenized in sterile PBS using a Biospec
Mini BeadBeater, diluted 10-fold serially with PBS, plated onto tryptic soy agar, and finally the

colonies were counted after 24 h of incubation at 37 °C.
3.5.4 Conclusions

This study investigated the use of nanoparticle-detained toxins for anti-virulence
vaccination as a prophylactic strategy against live MRSA skin infection. Such strategies address
an important need in the clinical management of bacterial infections as the rise of antibiotic
resistance has been difficult to overcome. An increasing emphasis has been placed on novel
strategies that transcend traditional treatment paradigms. The nanotoxoid(Hla) has been shown
capable of safely delivering the Hla toxin in its native form without the need for subunit
engineering or denaturation. Additionally, the anti-Hla titers elicited by the nanoformulation are
of high avidity and long-lived. In the present study, we demonstrated that nanotoxoid(Hla) was
capable of promoting strong humoral immunity in an adjuvant-free setting via efficient germinal
center formation. Using a mouse skin infection model, it was demonstrated that immunity could
substantially attenuate the ability of live bacteria to colonize and systemically invade their hosts,
which could ultimately abrogate the negative consequences of severe MRSA infections.

Successful validation of nanotoxoid(Hla) vaccination for protection against live MRSA
challenge opens the door for further development of similar platforms against many other
common yet deadly bacterial pathogens. Pore-forming toxins represent a large class of virulence
factors that have natural affinity for cell membrane substrates,'*”] and the reported detainment
strategy has been shown effective in neutralizing such toxins secreted by several different
organisms.[?!! 1t is also important to note that many pathogens secrete multiple membrane-

attacking virulence factors,[®®l and it can be envisioned that this platform can eventually be used
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for multi-toxin vaccination, which can further increase vaccine efficacy and limit bacterial
colonization. Changing the membrane coating material®>*! could help broaden applicability to
toxins that do not specifically target RBCs. Overall, the nanoparticle-based anti-virulence
vaccine platform is primed to help usher in a new generation of treatments that can address some

of the most critical needs in the current management of bacterial infection.
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Chapter 4

Platelet and Neutrophil Membrane Coated
Nanoparticles for Inflammation Targeting
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4.1 Nanoparticle Functionalization with Platelet Membrane Enables
Multi-Factored  Biological Targeting and  Detection  of

Atherosclerosis

4.1.1 Introduction

Cardiovascular disease is highly prevalent in many parts of the world and, depending on
the population being studied, can account for nearly half of all deaths.(1, 2) Among its different
forms, coronary artery disease and cerebrovascular disease are the most common. These diseases
generally involve the process of atherosclerosis, which follows a well-studied progression that
results in the gradual thickening of arterial walls over time.(3, 4) The condition is initiated by
dysfunction of the endothelial layer, which can lead to the accumulation of oxidized low-density
lipoprotein (LDL) in the intimal layer and promote local inflammation.(5, 6) This process
eventually leads to the recruitment of monocytes, which traverse the endothelial layer and
differentiate into macrophages.(7) As these white blood cells ingest the LDL particles, some
eventually die and rupture, which potentiates a positive feedback loop that recruits even more
immune cells to the area.(8, 9) Over time, a lipid core will form while a collagen-rich fibrous cap
develops, covering the growing atheroma and separating it from the arterial lumen.(10, 11) As
the atherosclerotic plaque continues to grow, it increasingly obstructs blood flow and can cause a
variety of conditions that affect quality of life.(12) In many cases, the plaque can rupture, leading
to a thrombotic event that often results in a heart attack or stroke, both of which can be fatal.(13,

14) Despite its prevalence, it is generally accepted that most deaths resulting from atherosclerosis
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can be prevented with lifestyle modifications,(15) making effective detection and monitoring of
plaque development of the utmost importance.(16)

A major challenge in addressing atherosclerosis as it develops is that patients are generally
asymptomatic until the very late stages when significant vessel occlusion occurs, or until there is
a traumatic event caused by plaque rupture.(17) Currently, there are various strategies that can be
applied towards the imaging of atherosclerotic plaque in the clinic.(18-20) Non-invasive
modalities such as coronary computed tomography angiography, nuclear perfusion imaging, and
cardiac magnetic resonance perfusion imaging can be effective at providing physical information
such as the degree of occlusion, or the presence of hard calcification. These techniques, however,
are not adept at tracking the biological development of the disease, and plaque build-up generally
must be fairly advanced for accurate visualization. More invasive techniques such as intravascular
ultrasound, optical coherence tomography, and coronary angiography can achieve higher
resolution and provide significantly more information on atherosclerotic plaques, including
superficial features, vulnerability characteristics, and biological composition. A hurdle in their
widespread use is that they can carry significant risks due to their invasive nature, making their
application for general purpose monitoring over time impractical. As it stands, the development of
a strategy for the imaging of atherosclerosis that is both facile to apply and can provide additional
biological information regarding plaque development would be highly beneficial.

Platelets, which are generally responsible for maintaining hemostasis within the body,
have been heavily implicated in atherogenesis at multiple stages of development.(21-24) It has
become increasingly apparent that, even at the outset, there is significant crosstalk between
platelets and inflamed endothelium.(25, 26) They are also capable of binding to immune cells

and recruiting them to sites of inflammation. Finally, their hemostatic properties necessitate that
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they bind strongly to exposed subendothelial matrices, particularly those rich in collagen, and it
is their binding at sites of plaque rupture that can lead to the deadly thrombus formation
commonly seen in the clinic.(27, 28) Given the multitude of interactions in which platelets
participate, we sought to directly leverage these biological affinities to design a naturally targeted
nanoparticle-based imaging platform capable of effectively localizing to atherosclerotic sites
(Figure 1a). This was done by directly coating cell membrane derived from platelets onto a
synthetic nanocarrier,(29) and the resulting platelet membrane-coated nanoparticles (PNPs)
demonstrated a marked ability to bind different components of atherosclerotic plaques in vitro.
The specificity afforded by the platelet membrane was further confirmed ex vivo using aortic
arch samples obtained from mice with established atherosclerosis. This translated to effective
targeting in vivo, effectively localizing the nanoparticles and their payload to the plaque region.
Finally, it was shown that, by incorporating an MRI imaging agent into the PNP formulation, it
was possible to generate sufficient contrast to distinguish the presence of plaque during live
imaging. With the multifactorial detection afforded by the platelet membrane functionalization, it
is possible to probe for the development of atherosclerosis and interrogate potentially diseased

tissue in a biologically relevant manner.

4.1.2 Materials and Methods

Preparation and characterization of platelet membrane-coated nanoparticles (PNPs).
PNPs were fabricated according to a previously reported method.(29) Whole blood from male
ICR mice (Envigo) was collected via puncture of the submandibular vein using 10 mM
ethylenediaminetetraacetic acid (EDTA; USB Corporation) as an anticoagulant. All animal

experiments were performed in accordance with NIH guidelines and approved by the Institutional
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Animal Care and Use Committee (IACUC) of the University of California San Diego. The
platelets were isolated by differential centrifugation and the membrane was derived using a
repeated freeze-thaw process.(30) Poly(lactic-co-glycolic acid) (PLGA; carboxyl acid-terminated,
0.67 dL/g, 50:50 monomer ratio; LACTEL Absorbable Polymers) nanoparticles were prepared by
nanoprecipitation. Briefly, PLGA dissolved in acetone was precipitated into distilled water and
allowed to evaporate under vacuum. Fluorescently labeled nanoparticles were fabricated by
incorporating 1,1’-dioctadecyl-3,3,3”,3’-tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt (DiD; Biotium) with the PLGA at 0.1 wt% during the synthesis of the
cores. The final PNPs were fabricated by coating platelet membrane onto the preformed PLGA
cores at a membrane protein to polymer weight ratio of 1:1 by sonicating in a Fisher FS30D bath
sonicator. Size and zeta potential were measured by dynamic light scattering using a Malvern
ZEN 3600 Zetasizer. Nanoparticle stability was assessed by measuring size after adjusting
nanoparticle solutions to 1x phosphate buffered saline (PBS). To visualize nanoparticle structure,
transmission electronic microscopy (TEM) was performed by depositing the particles onto a 400-
mesh carbon-coated copper grid (Electron Microscopy Sciences) and staining with 1 wt% uranyl
acetate (Electron Microscopy Sciences), followed by observation under a Zeiss Libra 120 PLUS

EF-TEM transmission electron microscope.

In vitro foam cell binding. The J774 mouse macrophage cell line (TIB-67; American
Type Culture Collection) was cultured and maintained in DMEM (Mediatech) supplemented
with 10% FBS (Hyclone) and 1% penicillin—streptomycin (Gibco). For foam cell conversion, the
J774 cells were cultured for 48 hours in the presence of 50 pg/mL oxidized low density
lipoprotein (LDL) (Bio-Rad).(31) Oil Red O (Sigma Aldrich) staining was used to confirm the

desired phenotype. Briefly, the cells were fixed in 10% phosphate buffered formalin (Fisher
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Scientific), rinsed in 60% isopropanol, stained with filtered Oil Red O solution, destained with
60% isopropanol, and finally washed with PBS. Under bright field observation, the cells
appeared red in color, confirming successful conversion. For the binding studies, the converted
cells were fixed in 10% formalin and subsequently incubated with DiD-loaded PNPs, RBCNPs,
or PEG-NPs at a concentration of 0.2 mg/mL for 30 minutes. The cells were then washed three
times with PBS to remove unbound nanoparticles. For imaging, the cells were mounted in
VECTASHIELD Antifade mounting media with DAPI (Vector Laboratories) and observed
under a Keyence BZ-9000 fluorescence microscope. For flow cytometry, the cells were detached
and data was collected using a FACSCanto Il flow cytometer (BD Biosciences). Data analysis

was performed using Flowjo software.

Collagen binding. Collagen type IV (Sigma Aldrich) was dissolved in 0.25% acetic acid
at a concentration of 0.5 mg/mL. Afterwards, 100 pL of the collagen solution was added into a
96-well plate and incubated overnight at 4 °C. For the binding study, collagen-coated or non-
coated plates were first blocked with 50% calf serum (Hyclone) for 1 hour and then incubated
with 100 pL of 1 mg/mL DiD-loaded nanoformulations in 25% calf serum. After 1 hour of
incubation, the plates were washed with PBS containing 0.05% Tween 20 (National Diagnostics)
three times. Retained nanoparticles were then dissolved with 100 puL of dimethyl sulfoxide and

quantified for fluorescence using a TeCan Infinite M200 plate reader.

Activated endothelial cell binding. HUVECs; Cell Applications) were maintained in
human endothelial cell growth medium (Cell Applications). Confluent cells were stimulated with
50 ng/mL of TNF-a (Gibco) for 24 hours. For the cell binding study, activated or non-activated
HUVEC cells were fixed with 10% phosphate buffered formalin for 30 minutes and blocked with

20% calf serum for another 30 minutes, followed by incubation with 0.2 mg/mL DiD-loaded
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nanoformulations in 20% calf serum. After 30 minutes of incubation on ice, the cells were
washed three times and collected by scraping for data collection using a FACSCanto Il flow

cytometer (BD Biosciences). Data analysis was performed using Flowjo software.

Ex vivo adherence to atherosclerotic plaque. ApoE KO mice (B6.129P2-Apoe™Une/J;
Jackson Laboratory) mice were fed with a high-fat diet (42% fat; TD88137; Envigo) for 4
months to promote the development of atherosclerotic plaque in the aortic arch. Age-matched
ApoE KO mice and wild-type C57BL/6NHsd mice (Envigo) were euthanized and immediately
perfused with PBS. The aortic arches were dissected and cut in half by making a longitudinal
incision. For the arteries from the ApoE KO mice, samples were taken from regions with and
without atherosclerotic plaque. For the wild-type mice, samples were collected from the same
region where plaque usually develops in the ApoE KO mice. All samples were fixed in 10%
phosphate buffered formalin for 30 minutes, blocked with 50% of calf serum for 1 hour, and then
incubated with 0.2 mg/mL DiD-loaded nanoformulations for 30 minutes. The samples were then
washed with PBS containing 0.05% Tween 20 three times before examination under a Keyence
BZ-9000 fluorescence microscope. Afterwards, the same samples were subject to Oil Red O
staining as described above to help visualize the presence of atherosclerotic plaque. For
histological analysis, artery samples were embedded in Tissue-Tek OCT compound (Sakura
Finetek) and cryosectioned, followed by fixation, blocking, and nanoparticle incubation using the
same procedure as the whole tissue samples. The sections were mounted with DAPI-containing

mounting media before imaging.

In vivo targeting to atherosclerotic plaque. ApoE KO mice fed with a high-fat diet for 4
months and age-matched wild-type mice were intravenously administered with 0.5 mg of the

various DiD-loaded nanoparticles via the tail vein. The nanoparticle dosage was chosen based on
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previous studies using PNPs to target vascular injury.(29) After allowing the nanoparticles to
distribute for 24 hours, the mice were euthanized and then perfused with PBS to remove
unbound nanoparticles. The aortas were isolated for imaging using a Keyence BZ-9000
fluorescence microscope. Oil Red O staining was performed to confirm the formation of
atherosclerotic plaque in the ApoE KO mice. Quantification of fluorescence intensity was carried
out using ImageJ software. For histological analysis, aortas from PNP-administered ApoE KO
mice were collected and embedded in OCT compound for cryosectioning. Sections were then
fixed in 10% formalin for 30 minutes and blocked with 4% bovine serum albumin (Sigma
Aldrich). For fluorescent imaging, sections were incubated with anti-mouse CD54 (YN1/1.7.4;
Biolegend), anti-mouse CD68 (FA-11; Biolegend) or polyclonal anti-collagen 1V (ab6586;
Abcam) followed by an Alexa Fluor 555-conjugated secondary (Biolegend). After washing three
times with PBS containing 0.05% Tween 20, the sections were mounted with DAPI-containing

mounting medium. All images were taken using a Keyence BZ-9000 fluorescence microscope.

Live magnetic resonance imaging of atherosclerotic plague. To prepare nanoparticles
for magnetic resonance imaging (MRI), a lipid-chelated gadolinium (Gd), DTPA-
bis(stearylamide) (Gd salt) (Gd-DTPA-BSA; Avanti Polar Lipids), was used. A stock solution of
the Gd-DTPA-BSA was prepared at a concentration of 10 mg/mL in 1:1 chloroform/methanol.
50 pL of the solution was then deposited into a glass vial and allowed to evaporate. The resulting
film was then hydrated with solution containing 2 mg (protein mass) of platelet membrane at 37
°C for 30 minutes. Gd-incorporated PNPs (Gd-PNPs) were fabricated by fusing the Gd-
containing platelet membrane with preformed PLGA cores through a sonication process. The
PNPs were purified by spinning down the unincorporated Gd-DTPA-BSA precipitate at 1,000 xg

for 5 minutes. The Gd-PNPs were characterized by DLS and TEM as described above.
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In vivo MRI was performed on a 4.7 T MR Solutions MRS 4000 preclinical MRI. The
animals were anesthetized with a 3% isoflurane/O> gas mixture and maintained with a 1-1.5%
isoflurane/O, gas mixture delivered through a nose cone. The mice were placed in a 30-mm
birdcage coil with an animal handling system. A respiratory pillow was placed under the
abdomen and ECG probes on the left forepaw and right hindpaw were used to monitor the
heartrate and respiration rate. The aortic arch with all three branches (the brachiocephalic trunk,
left common carotid artery, and left subclavian artery) were identified in a longitudinal position.
MRI was performed using a Ti-weighted cardiac sequence. A 1 mm thick slice was acquired
using a flash sequence. The repetition time and echo time for the T1-weighted images were 10
ms and 3 ms, respectively. One signal average was used with a total imaging time of about 3
minutes per scan. For the experiment, ApoE KO mice fed on a high-fat diet for 4 months were
first subject to a baseline scan and then administered with Gd-PNPs intravenously via the tail
vein at a dose of 16 pumol Gd/kg.(32) Postcontrast MRI was done after 1 hour using the same
parameters as the baseline scan. After the live imaging, the mice were euthanized and the aortic

arch was collected for Oil Red O staining to confirm the presence of plaque.

4.1.3 Results and Discussion

PNPs were fabricated by coating the membrane derived from platelets onto preformed
poly(lactic-co-glycolic acid) (PLGA) cores loaded with a far-red fluorescent dye, which was
used as a model payload to demonstrate the ability of the nanoparticles to target atherosclerotic
plaque.  Briefly, PLGA was mixed together with 1,1’-dioctadecyl-3,3,3°,3’-
tetramethylindodicarbocyanine (DiD) in an organic phase, which was then precipitated into an

aqueous phase to form DiD-loaded polymeric cores. Platelets were derived fresh from blood via
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differential centrifugation, and platelet membrane was prepared using a repeated free-thaw
process. Then the DiD-loaded cores and the membrane were mixed together and sonicated,
resulting in membrane-coated nanoparticles. Using dynamic light scattering, it was determined
that the final product was slightly larger than the bare PLGA cores in size (Figure 1b), and the
surface zeta potential of the PNPs approached that of the platelet membrane-derived vesicles
(Figure 1c), both results being indicative of successful membrane coating. The platelet
membrane coating also helped to enhance the colloidal stability of the PLGA cores, which are
normally unstable and aggregate when subject to physiological salt concentrations (Figure 1d).
Additionally, transmission electron microscopy of PNPs negatively stained with uranyl acetate
revealed the characteristic core-shell structure of membrane-coated particles,(33-35) with a lipid
membrane coating forming a ring around the nanoparticulate core; the observed sizes of the

nanoparticles were consistent with the dynamic light scattering measurements (Figure 1e).
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Figure 4.1.1. Platelet membrane-coated nanoparticle (PNP) schematic and characterization. (a) PNPs express a
variety of surface markers capable of targeting different components of atherosclerotic plaques, including activated
endothelium, foam cells, and collagen. (b) Z-average size of bare PLGA cores, platelet membrane-derived vesicles,
and PNPs as measured by dynamic light scattering (DLS) (n = 3, mean = SD). (c) Surface zeta potential of bare
PLGA cores, platelet membrane-derived vesicles, and PNPs as measured by DLS (n = 3, mean £ SD). (d) Z-average
size of bare PLGA cores and PNPs in water or in PBS (n = 3, mean = SD). (e) Transmission electron microscopy
(TEM) image of bare PLGA cores (left) and PNPs (right) negatively stained with uranyl acetate (scale bars = 100

™ After confirming successful nanoparticle fabrication, we conducted in vitro evaluations to
explore the binding potential of the PNPs to different elements that play a role in atherogenesis.
First, the ability of the particles to bind foam cells, which are largely responsible for the
deposition of lipid-rich material during plaque development,(36) was assessed. Mouse J774

macrophages were converted to foam cells by culturing them with oxidized LDL, and the cells

were subsequently fixed and incubated either with PLGA nanoparticles functionalized with
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polyethylene glycol (denoted ‘PEG-NPs’),®") red blood cell membrane (denoted ‘RBCNPs”), or
platelet membrane (PNPs). It was observed both by flow cytometric analysis, as well as by
fluorescent imaging, that PNPs much more readily bound to the foam cells (Figure 2a,b). Next,
the binding of the particles to collagen, which is a major component of the fibrous cap that sits
on top of the atheroma, (10, 11) was evaluated. Assay plates were coated with type IV collagen
and incubated with the different nanoparticle solutions. Again, the PNPs demonstrated
significantly higher binding compared with both PEG-NPs and RBCNPs (Figure 2c). Further,
this effect was specific to collagen, as uncoated wells showed similarly low levels of binding
among all the nanoparticle samples. Finally, the ability of the particles to bind to activated
endothelium, which plays a major role in initiating the process of atherosclerosis,(38) was tested.
Human umbilical vein endothelial cells (HUVECS) were activated with tumor necrosis factor
alpha (TNF-0) and incubated with the various types of nanoparticles. On the activated
endothelial cells, PNPs interacted much more strongly than the other samples. This difference
was significantly lessened on resting HUVECs that were not subject to activation (Figure 2d).
Overall, these results clearly demonstrated that PNPs possess particularly strong affinity with

multiple components important to the formation of atherosclerotic plaque.
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Figure 4.1.2. In vitro targeting of PNPs to atherosclerosis. (a,b) Binding of PEG-NPs, RBCNPs, or PNPs to foam
cells as demonstrated by (a) flow cytometry (n = 3, mean £ SD) and (b) fluorescence microscopy (blue = nuclei, red
= nanoparticle; scale bar = 50 um). (c) Fluorescent quantification of PEG-NPs, RBCNPs, or PNPs bound to non-
coated or collagen-coated surfaces (n = 3, mean + SEM). (d) Fluorescent quantification of PEG-NPs, RBCNPs, or
PNPs bound to HUVEC cells either in their normal state or after activation with tumor necrosis factor alpha (TNF-a)
(n =3, mean £ SD). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; one-way ANOVA.

Given the encouraging in vitro results, we sought to further verify the ability of PNPs to
bind with formed plague by employing a murine model of atherosclerosis. ApoE knockout (KO)
mice, which naturally develop plague over time,(39) were fed on a high-fat western diet, after
which their aortic arches were excised and incubated ex vivo with different nanoparticle types.
After incubating with PEG-NPs, RBCNPs, or PNPs, the vessels were washed and observed under
fluorescence microscopy. Both the PEG-NP and RBCNP controls exhibited negligible signal,
whereas the high amount of signal for the PNPs demonstrated significant binding across the
entirety of the plaque area (Figure 3a). Using Oil Red O lipid staining, the presence of plague
was then visually verified for each artery sample. This enhanced binding effect was further
confirmed on histological samples, in which the different types of nanoparticles were incubated

with cross-sections from a plaque-containing artery. Again, the PNPs displayed significant signal
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throughout, including directly on the plaque area across the luminal face of the vessel (Figure 3b).
To verify that this binding effect was specific to samples from atherosclerotic mice, the
experiment was repeated using wild-type mice with healthy aortic arches. In this case, the PNPs
had minimal binding to the luminal side of the vessel, with some binding along the edges where
there was exposed subendothelium due to the incision that was made to flatten the tissue sample
for imaging (Figure 3c,d).
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Figure 4.1.3. Ex vivo binding to atherosclerotic plaque. (a) Binding of PEG-NPs, RBCNPs, or PNPs to part of an
atherosclerotic aortic arch from ApoE knockout (KO) mice fed with a high fat western diet for 4 months (fluorescent
images: red = nanoparticle; scale bar = 200 um). Oil Red O staining was used to confirm the presence of plaque; the
presented image is representative. (b) Fluorescent imaging of PEG-NPs, RBCNPs, or PNPs bound to histological
cross-sections of atherosclerotic vessels of ApoE KO mice (L = luminal side; blue = nuclei, red = nanoparticle; scale
bar = 100 um). (c) Binding of PNPs to part of the aortic arch from a wild-type mouse (fluorescent image: red =
nanoparticle; scale bar = 200 um). Oil Red O staining was used to show the absence of plaque. (d) Fluorescent
imaging of PNPs bound to a histological cross-section of a healthy vessel from a wild-type mouse (L = luminal side;
blue = nuclei, red = nanoparticle; scale bar = 50 um). (e) Binding of PEG-NPs, RBCNPs, or PNPs to a plaque-free
region of the aortic arch from ApoE KO mice fed with a high-fat western diet (fluorescent images: red =
nanoparticle; scale bar = 200 um). Oil Red O staining was used to confirm the absence of plaque; the presented
image is representative (bright field imaging scale bar = 200 pum).
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In addition to observing nanoparticle binding to areas with overt plaque formation, we
also explored asymptomatic regions of arteries from the ApoE KO mice fed with the high-fat
western diet. To this end, a section further down the aortic arch proximal to where plaque usually
develops was chosen. With enough time, these regions will also develop visible atherosclerotic
plaque, indicating that the underlying biological processes of atherogenesis are most likely
present despite lack of ready evidence. For the experiment, visual observation was used to
confirm the lack of plaque on these arteries, and they were then incubated with the different
nanoparticle samples to assess binding. As shown in Figure 3e, while PEG-NPs and RBCNPs
again showed minimal binding across the face of the arteries, the PNPs in contrast displayed an
appreciable amount of signal, albeit less than was observed for the corresponding sample in
Figure 3a. Afterwards, Oil Red O staining was conducted to further verify that there was no
plaque present. The ability of the PNPs to bind such regions that are susceptible to plaque
formation indicate that the nanoparticles may have utility for early stage detection, taking
advantage of the biological mechanisms of platelet binding to probe for precursor processes

before actual plaque formation.
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Figure 4.1.4. In vivo targeting of atherosclerotic plaque. (a) Macroscopic fluorescent imaging of aortic arches from
wild-type (WT) or ApoE KO mice fed on a high fat western diet after intravenous administration with PEG-NPs,
RBCNPs, or PNPs (white = physical outline, red = nanoparticle). Oil Red O staining was used to confirm the
presence of plaque for ApoE KO mice (image is representative). (b) Fluorescent quantification of the aortic arch of
wild-type or ApoE KO mice after administration with PEG-NPs, RBCNPs, or PNPs (n = 3, mean + SD). ****p <
0.0001; one-way ANOVA. (c) Histological cross-section of an aortic arch with significant atherosclerotic plaque
from an ApoE KO mouse administered with PNPs. Slides were stained with antibodies against ICAM-1, CD68, or
collagen (fluorescent images: blue = nuclei, red = nanoparticle, green = marker of interest, scale bar = 50 um). Oil
Red O staining indicates presence of atherosclerotic plaque (bright field image: orange box indicates region
displayed in fluorescent images, scale bar = 100 um). (d) Histological cross-section of an aortic arch with lesser
developed atherosclerotic plaque from an ApoE KO mouse administered with PNPs. Slides were stained with an
antibody against ICAM-1 (fluorescent images: blue = nuclei, red = nanoparticle, green = marker of interest, scale
bar = 50 um). Oil Red O staining indicates presence of atherosclerotic plaque (bright field image: orange box
indicates region displayed in fluorescent images, scale bar = 100 pum).

Following the ex vivo binding evaluation, we next explored the ability of the PNPs to
target the same atherosclerotic regions in vivo using a live animal model. ApoE KO mice were
fed a high-fat western diet, allowing for the development of plaque over time. Subsequently,
solutions of either PEG-NPs, RBCNPs, or PNPs were intravenously administered via the tail
vein. After 24 hours, the mice were euthanized and their aortic arches analyzed for the presence
of fluorescent signal (Figure 4a,b). Oil Red O staining was again used to macroscopically

confirm the presence of plaque for each artery sample. Consistent with the ex vivo results, the

183



arteries of mice administered with PNPs displayed significant fluorescent signal, while the signal
for the other particles was negligible. To confirm that this effect was exclusive to atherosclerotic
sites, the same experiment was performed in wild-type mice, and this yielded arteries with
virtually no signal for all nanoparticle types. These results suggest that the PNPs, with their
natural platelet membrane coating, are well-equipped to navigate through circulation and

preferentially distribute to diseased tissue over healthy tissue.
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Figure 4.1.5. Live imaging of atherosclerotic plaque. (a) Z-average size of PNPs and PNPs incorporated with Gd-
chelated lipids as a contrast agent, termed Gd-PNPs, in water or in PBS as measured by DLS (n = 3, mean = SD). (b)
Surface zeta potential of bare PLGA cores, PNPs, and Gd-PNPs as measured by DLS (n = 3, mean + SD). (c)
Transmission electron microscopy (TEM) image of Gd-PNPs negatively stained with uranyl acetate (scale bar = 100
nm). (d) T1-weighted signal of Gd-PNPs was confirmed by MRI. (e) Bright field image of aortic arch from ApoE
KO mice stained with Oil Red O confirmed the presence of atherosclerotic plaque. (f) T1-weighted MRI images of
ApoE KO mice before and 1 hour after administration with Gd-PNPs (orange arrows = regions of positive contrast
along aortic arch).

Histological sections were then taken to obtain a more detailed microscopic view of the
in vivo PNP targeting to atherosclerotic and pre-atherosclerotic regions. In the first instance, we
analyzed a tissue sample with significant plaque development that resulted in a high degree of

vessel occlusion (Figure 4c). By studying the distribution of the far-red dye in the PNP

184



formulation, it was confirmed that the nanoparticle signal could be found in significant amounts
throughout the plagque region. Sections were then stained with separate antibodies to probe for
various elements of atherosclerosis development. This included ICAM-1 for activated
endothelial cells, CD68 for macrophages, as well as type IV collagen. Each of the three was
found to be present, and they displayed high degrees of proximity or co-localization with the
nanoparticle signal on the sections. In the second instance, a section was taken from a vessel with
significantly less disease burden, and the region of endothelium proximal to the plaque was
studied (Figure 4d). Upon staining for ICAM-1, it was confirmed that there was activated
endothelial cells at this region. This signal co-localized well with PNP signal, confirming that the
particles are capable of binding to regions that are plague-free but susceptible to future
development. In total, these in vivo targeting experiments further indicated the potential of the
platelet membrane-coated formulation to bind with atherosclerotic sites at different stages of
development, including pre-atherosclerotic regions with no visible sign of disease.

Finally, to confirm the utility of the PNP formulation for live imaging, PNPs were
formulated with a clinically relevant magnetic resonance imaging (MRI) contrast agent. In this
case, we chose to employ a lipid-chelated gadolinium (Gd), which could easily be inserted into
the lipid bilayer of the platelet membrane. After using this Gd-inserted membrane to fabricate
PNPs (denoted ‘Gd-PNPs’), we confirmed that the resulting nanoparticles were similar to
unmodified PNPs in terms of physicochemical characteristics, stability in PBS, and morphology
(Figure 5a-c). The zeta potential of Gd-PNPs was slightly more negative than PNPs, likely due
to the acidic nature of the lipid chelator. Additionally, the ability of the particles to provide MRI
contrast in Ti-weighted mode was evaluated (Figure 5d). The Gd-PNPs provided a high amount

of positive contrast and could easily be detected over background. The Gd-PNPs were then
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administered to live ApoE KO mice that had been fed a high-fat western diet (Figure 5e,f). Prior
to Gd-PNP administration, the aortic arch area did not exhibit any appreciable contrast within the
vasculature when observed under MRI. However, at 1 hour post-administration of the Gd-PNPs,
positive contrast can clearly be seen, strongly suggesting that the particles had specifically
targeted atherosclerotic plague at the aortic arch within this short time window. To confirm that
this region was indeed atherosclerotic, the mice were euthanized after imaging, and Oil Red O
staining of the aortic arch showed that there was significant fatty plaque present. This study
established that PNPs could be used to successfully target and deliver a sufficient quantity of
contrast agent to provide observable contrast at the site of interest. It should be noted that
previous studies have demonstrated PNPs to be absent of pro-thrombotic factors, alleviating
concerns of aggregation or clot formation at the target site.(29) Additionally, nanoparticulate
formulations employing chelated Gd have been shown to be well tolerated at high doses in

nonhuman primates.(40)

4.1.4 Conclusion

We have demonstrated that, by employing platelet membrane as a functional coating for
nanocarriers, it is possible to effectively target imaging payloads to sites of atherosclerosis. This
strategy leverages the natural interaction of platelet membrane markers with multiple
components present during atherogenesis, including activated endothelium, foam cells, and
collagen. It was shown that the PNPs can not only bind to regions with significant plaque
formation, but also to areas that are pre-atherosclerotic and prone to plaque formation. Beyond
simply providing contrast, this strategy also provides information about the underlying biology

of the targeted regions, which may eventually be used to give a more complete picture of disease
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development over time. While MRI imaging was used in the present work as a proof-of-concept
modality, given the generalizability of the cell membrane-coating technology,(41-43) it can be
envisioned that the strategy outlined here can be adapted towards a variety of imaging
modalities. This may ultimately enable improvements in specificity that can aid in the prevention
and management of cardiovascular diseases, significantly mitigating their impact on global

health.
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4.2 Neutrophil membrane-coated nanoparticles suppress synovial
inflammation and ameliorate joint destruction in inflammatory

arthritis

4.2.1 Introduction

Rheumatoid arthritis (RA) is a widespread and devastating autoimmune disease
characterized by systemic inflammation that causes progressive joint damage and disability[1, 2].
The precise cause of RA remains elusive and current treatment are primarily targeting
inflammatory response[3]. Although there has been success, especially with the use of biologics
that inhibit tumor necrosis factor alpha (TNF-a) and interleukin (IL)-1, existing approaches carry
considerable limitations[4, 5]. In particular, pathological inflammation in RA is orchestrated by a
large number of molecules [6, 7]. Inhibition of one or a few may not be adequate to halt or reverse
disease progression[8, 9]. Indeed, under current treatment regimens, RA remains poorly controlled
in up to 30% of patients and only a minor proportion of patients reach sustained clinical
remission[10, 11]. Moreover, due largely to the multiplicity of cytokine targets, the toxicity of
cytokine-inhibition remains highly unpredictable, causing substantial adverse effects and safety
concerns[12]. Therefore, alternative anti-inflammatory approaches that overcome the complexity
and heterogeneity of the inflammatory network are highly desirable for effective RA

treatment[13].

Recently, the rapid advance of nanomedicine has led to the development of cell membrane-
coated nanoparticles as an emerging therapeutic platform[14, 15]. Made by the fusion of natural

cell membranes onto synthetic cores, these nanoparticles inherit the antigenic profile of the source
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cells, enabling them to act as decoys that can absorb and neutralize pathological molecules
regardless of their structural specificity[14]. For example, nanoparticles coated with the membrane
of red blood cells (RBC-NPs) have demonstrated the ability to bind bacterial pore-forming
toxins[14] and pathological autoantibodies[16], diverting them away from and preventing their
attack of healthy RBCs. Furthermore, macrophage membrane-coated nanoparticles have shown

the ability to bind and neutralize endotoxins that would otherwise trigger immune activation[17] .

The advancement of cell membrane-coated nanoparticles in biodetoxification, particularly
their unique capability of neutralizing pathological targets that are heterogeneous and complex in
nature, inspired us to develop these nanoparticles as a novel anti-inflammatory strategy to address
the aforementioned challenges facing current RA treatment. Joint inflammation and damage in RA
are mediated by the influx of an innate and adaptive immune cell mixture into the synovial joint
space[18]. Among them, neutrophils play an important role because of their actions in resolving
inflammation and repairing tissues damages[19]. Neutrophils have been found to produce
microvesicles that entered cartilage and protected the joint in inflammatory arthritis[20, 21].
Moreover, neutrophils are also responsible for initiating and perpetuating RA progression[22]. In
RA, various chemoattractants have been identified that promote neutrophil migration into the
joints[23]. Subsequent neutrophil activation stimulates synovial cells to produce chemokines that
amplify neutrophil recruitment[24]. Neutrophil activation and granular content release contribute
directly to cartilage destruction and bone resorption[25]. Importantly, remission and subsequent
reversion of RA have been linked with a decrease in neutrophil recruitment to the synovial

fluid[26].
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Based on the active roles played by neutrophils in RA, herein, we developed neutrophil-
like nanoparticles (denoted ‘neutrophil-NPs’) by fusing neutrophil membrane onto polymeric
cores and investigated their use as a broad-spectrum anti-inflammatory agent for RA management.
By displaying neutrophil plasma membrane on their surface, the neutrophil-NPs were anticipated
to mimic the source cells and thus to bind with immunoregulatory molecules that would otherwise

target endogenous neutrophils (Fig. 1a).

4.5.2Results and Discussion

While To synthesize neutrophil-NPs, plasma membrane derived from purified and
activated human peripheral blood neutrophils (Supplementary Fig. 1) was coated onto poly(lactic-
co-glycolic acid) (PLGA) polymeric cores. The completeness of membrane coating was verified,
which provided neutrophil-NPs with superior colloidal stability (Supplementary Fig. 2). Dynamic
light scattering measurements revealed that the hydrodynamic diameter of the neutrophil-NPs
increased approximately 18 nm from the uncoated PLGA cores; the surface zeta potential was less
negative than the cores but comparable to neutrophil membrane-derived vesicles (Fig. 1b). The
neutrophil-NPs were visualized by transmission electron microscopy after uranyl acetate staining
and showed a spherical core-shell structure (Fig. 1c), consistent with a unilamellar membrane
coating around the polymeric core[14, 27]. Furthermore, immunoblotting confirmed the presence
and enrichment of key surface antigens, including TNF-a receptor (TNF-aR), IL-1 receptor (IL-
1R), and lymphocyte function-associated antigen 1 (LFA-1) on neutrophil-NPs, further confirming
the translocation of neutrophil membrane onto the polymeric cores (Fig. 1d). A right-side-out
protein orientation was verified by immunostaining and quantifying LFA-1 antigen on neutrophil-

NPs as compared to that on neutrophil cells with equal amount of membrane proteins (Fig. le).
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Overall, a series of quality assurance specifications for the production of neutrophil-NPs were
established to ensure physicochemical and biological reproducibility of the nanoparticles
(Supplementary Table 1).

In RA, neutrophils are known to engage in receptor-mediated adhesion with cytokine-
activated chondrocytes[28]. Herein, human neutrophil-NPs were fluorescently labeled and added
to monolayers of chondrocytes activated with TNF-a and human umbilical vein endothelial cells
(HUVECs). RBC-NPs were tested as a control because they had similar particulate structures as
neutrophil-NPs but RBCs are less plastic in promoting and resolving inflammations compared to
neutrophils[29]. After incubation and washing, significant fluorescence was observed on cells
incubated with neutrophil-NPs, but not with RBC-NPs (Fig. 1f). Flow cytometry measurements
confirmed that activated chondrocytes and HUVECs, when incubated with neutrophil-NPs,
showed a significant increase in mean fluorescence intensity (MFI) compared to naive cells
(without TNF-a activation) (Fig. 1g). These results demonstrate the ability of neutrophil-NPs to
target inflamed cells conferred by their neutrophil membrane coating. The binding is likely
attributed to specific interactions between LFA-1 on the neutrophil membrane and the intercellular

activation molecule 1 (ICAM-1) overexpressed on activated chondrocytes and HUVECs[22, 23].
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Figure 4.2.2. Neutrophil-NPs inhibit pro-arthritogenic factors in vitro. a, Binding capacity of human neutrophil-NP
with IL-1fB and TNF-q, respectively. b-c, Dose-response inhibition of chondrocyte activation (b) and chondrocyte
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activation (d), apoptosis (e), and matrix metalloproteinase-3 (MMP-3) secretion (f), elicited by human synovial fluid
(hSF) samples collected from three rheumatoid arthritis patients. In the study, chondrocyte activation was quantified
by measuring the level of ICAM-1 expression. Chondrocyte apoptosis was measured by examining mitochondrial
activity through cell staining with 3,3'-dihexyloxacarbocyanine iodide (DiOC6)

We next investigated the ability of human neutrophil-NPs to inhibit pro-arthritogenic
factors, with a focus on IL-1p and TNF-a due to their prominent roles in initiating RA and
promoting disease progression[6, 8]. We first tested the binding capability of neutrophil-NPs to
IL-1B and TNF-a. Based upon the measured binding kinetic profiles, it was determined using Hill
equation that neutrophil-NPs had an IC50 (half maximal inhibitory concentration) value of 188 ug
mL? for IL-1p binding and 1327 ug mL* for TNF-a binding (Fig. 2a, Supplementary Fig. 3). We
then evaluated the inhibition of chondrocyte activation induced by IL-1B and TNF-a. In the study,
10 ng mL IL-1B or 100 ng mL* TNF-a was added to the culture medium. After 6 h of incubation,
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significant chondrocyte activation was observed, indicated by an increased level of ICAM-1
expression (Supplementary Fig. 4a). However, expression levels decreased with the increase of
neutrophil-NPs added to the medium, suggesting a dose-dependent inhibition effect (Fig. 2b,
Supplementary Fig. 4b). An IC50 value of 0.88 mg mL™ for inhibiting IL-1p and 0.44 mg mL"*
for TNF-a were obtained by fitting the data. We also evaluated the capability of neutrophil-NPs in
inhibiting chondrocyte apoptosis caused by the cytokines. In the study, 48 h incubation of IL-1p
or TNF-a with chondrocytes resulted in 80% of apoptotic cells (Supplementary Fig. 5a). However,
the fraction of apoptotic cells decreased with the increase of neutrophil-NPs (Fig. 2c,
Supplementary Fig. 5b). An IC50 value of 1.58 mg mL™ for inhibiting IL-1p and 0.98 mg mL™*
for inhibiting TNF-a were observed. Neutrophil-NPs also inhibited HUVEC activation in a similar
dose-dependent manner (Supplementary Fig. 6). In contrast, the control group RBC-NPs did not
show any detectable cytokine neutralization effects (Supplementary Fig. 7).

The ability of human neutrophil-NPs to inhibit pro-arthritogenic factors was further tested
with human synovial fluid (hSF) samples obtained from three RA patients. Chondrocytes showed
enhanced activation after 6 h of incubation with all three hSF samples, with 2.0, 2.4, and 2.2-fold
increases, respectively. In contrast, when the hSF samples were pre-treated with neutrophil-NPs
at a concentration of 2 mg mL*? for 2 h, they showed significantly reduced activation of
chondrocytes with 1.5, 1.5, and 1.4-fold increase, respectively (Fig. 2d, Supplementary Fig. 8a).
Meanwhile, prolonged incubation with hSF samples caused 53.5, 67.3, and 53.6% chondrocyte
apoptosis, while pre-treatment with neutrophil-NPs reduced these values to 5.3, 15.4, and 27.2%,
respectively (Fig. 2e, Supplementary Fig. 8b). Neutrophil-NPs also inhibited HUVEC activation
by all three hSF samples (Supplementary Fig. 8c). Moreover, the presence of neutrophil-NPs

induced near 2-fold decrease of matrix metalloproteinase-3 (MMP-3) plateau concentration in the
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culture medium for all three samples (Fig. 2f). Neutrophil-NPs also significantly increased the
production of aggrecan from hSF-activated chondrocytes (Fig. 2g). Quantitatively, the three hSF-
activated chondrocyte samples had aggrecan production of 65.8%, 55.4%, and 61.1%,
respectively, compared to naive chondrocytes, which were increased to 85.9%, 82.8%, and 98.6%,
respectively, in the presence of neutrophil-NPs (Fig. 2h). Neutrophil-NPs reduced aggrecanolysis
caused by either aggrecanase or MMP, attributable to their neutralization of pro-arthritic cytokines
(Supplementary Fig. S9). It should be noted that different hSF samples caused different levels of
cell activation, apoptosis, and catabolic status, likely due to the variation of pro-arthritogenic
profiles of different individuals[30]. Nevertheless, neutrophil-NPs showed varying but significant
neutralization efficacy across all samples without pre-existing knowledge of the hSF composition.
Further study found that the catabolic status of chondrocytes remained unaltered when neutrophil-
NPs alone were used without hSF, suggesting that the observed effects of neutrophil-NPs on
chondrocytes were indeed related to their neutralization of pro-arthritogenic factors
(Supplementary Fig. S10).

To study the ability of neutrophil-NPs to penetrate injured cartilage in a mouse model, the
nanoparticles were fabricated using mouse neutrophil membrane, which showed comparable
properties with human neutrophil-NPs (Supplementary Fig. S11-14, Supplementary Table 2).
Mouse femoral head explants were collected and cultured in media supplemented with IL-1p to
mimic inflammatory arthritis[21]. Fluorescently labeled mouse neutrophil-NPs or RBC-NPs were
then added to the explants, followed by 18 h of incubation before sectioning. Using fluorescence
microscopy, we observed the accumulation of neutrophil-NPs on the distal region of the femoral
heads with clear penetration into the tissue (Fig. 3a). Dual fluorescence labeling demonstrated

colocalization of the polymeric cores and the neutrophil membranes during cartilage penetration
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(Supplementary Fig. 15). Below the surface zone, nanoparticles distributed throughout the
cartilage matrix. Strong nanoparticle signale in close proximity to the stained nuclei implied an
intracellular uptake by stimulated chondrocytes (Supplementary Fig. 16). RBC-NPs also showed
accumulation in the distal surface region, but with much weaker fluorescence intensity (Fig. 3b).
Below the distal surface, RBC-NPs accumulated primarily around the chondrocytes, and the
pericellular matrix was essentially free of nanoparticles. Fluorescence intensity at different
penetration depths was quantified by sampling image stacks with a width of 5 um and normalized
to the outmost section of tissue treated with neutrophil-NPs. The signal from neutrophil-NPs
decayed with increasing penetration depth, which dropped to approximately 1% at a penetration
depth of 140 pum (Fig. 3¢). In contrast, the signal of RBC-NPs was about 60% at the distal surface
compared to that from neutrophil-NPs, which decayed rapidly to 1% at a penetration depth of 30
um. The enhanced cartilage penetration of neutrophil-NPs is likely attributable to the adhesion
interactions between neutrophils and chondrocytes. Besides LFA-1 and ICAM-1, neutrophils may
exploit other ligands for adhesion[31, 32]. Despite the complexity of cell ligands, the top-down
fabrication of neutrophil-NPs can bypass the need for ligand identification and conjugation[14,
15].

We further examined whether neutrophil-NPs, with their combined ability to neutralize
cytokines and penetrate deep into cartilage, would provide chondroprotection in inflammation-
induced cartilage damage. We extracted the femoral heads from mice and maintained them in
culture media under various conditions, followed by safranin-O staining for cartilage
histopathology analysis[21]. The control femoral head sample without additional manipulation
showed cartilage with an intact surface and perichondrium with homogenous cartilage matrix

i9.3d). When the culture medium was supplemented wit ng mL™ IL-1pB, the femoral hea
(Fig.3d). When the cul di I d with 10 Lt IL-1B, the fi | head
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showed obvious cartilage loss with matrix fibrillation that extended vertically downward into the
mid zone. The sample also showed significant cartilage matrix loss in both superficial zones and
fissured domains (Fig. 3e). When RBC-NPs were added, the stained section showed similar
pathology as the sample treated with IL-1pB alone (Fig. 3f). However, when neutrophil-NPs were
added to the tissue culture, cartilage damage induced by IL-1p was halted. The sample showed a
mostly intact surface with a large area of continuous cartilage matrix preserved below the
superficial zone with reduced areas of disorganization, increased number of chondrocytes, and
absence of fissures (Fig. 3g). The cartilage content of the samples represented by areas with
Safranin-O staining (dark red) was further quantified (Fig. 3h). In tissues cultured with IL-1p alone
or with supplemented RBC-NPs, only about 40% of the cartilage remained when compared to the
unmanipulated control. In contrast, the tissue cultured with IL-1B and neutrophil-NPs was able to
maintain more than 80% of its cartilage, suggesting a strong chondroproection effect conferred by
neutrophil-NPs. Notably, without adding cytokines, neutrophil-NPs or RBC-NPs alone did not
alter the cartilage content, implying that the observed chondroprotective effect was mediated by

neutralization of arthritic factors (Supplementary Fig. 17).
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Figure 4.2.3. Neutrophil-NPs enhance cartilage penetration and confer chondroprotection. a-b, Representative
fluorescence images of the cross-section of mouse femoral heads stimulated with recombinant mouse IL-1p and
incubated with fluorescence-labeled mouse neutrophil-NPs (a) or RBC-NPs (b) (scale bar, 100 um). ¢, Quantitative
analysis of nanoparticle penetration depth into IL-1B-stimulated mouse femoral heads (n = 3). d-g, Representative
safranin-O stained cross-sections of mouse femoral head explants under various treatment conditions, including
without either IL-1B stimulation or nanoparticle treatment (d), stimulated but without nanoparticle treatment (e),
stimulated and treated with RBC-NPs (f), and stimulated and treated with neutrophil-NPs (g). On the images, s:
superficial zone, m: mid zone, c: chondrocytes, f: fissure, b: bone marrow, t: bone trabeculae. Scale bar = 100 um. (h)
Quantitative analysis of safranin-O positive area among the above groups (n = 3).
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The efficacy of neutrophil-NPs to ameliorate joint destruction was first evaluated using a murine
model of collagen-induced arthritis (CIA)[33]. Following arthritis induction, CIA mice developed
mild swelling of the knee joints, where mouse neutrophil-NPs were injected (Fig. 4a). Mice
injected with PBS, anti-IL-1p, or anti-TNF-a served as controls[34, 35]. At the study endpoint, the
transverse knee diameter of mice injected with neutrophil-NPs was comparable to that of mice
treated with anti-IL-1B or anti-TNF-a, but significantly smaller than the PBS control group,
indicating a reduction in cellular influx and oedema formation (Fig. 4b). Knee joints of the mice
were also sectioned for histological analysis. Haemotoxylin and Eosin (H&E)-stained sections
from neutrophil-NP group showed an even distribution of chondrocytes within the articulate
cartilage without obvious degeneration. In contrast, chondrocytes in PBS group were largely
absent and an intense neutrophil infiltration was observable in the joints and synovium. Anti-
cytokines treated groups showed less neutrophil infiltration but slight enlargement and depletion
of chondrocytes (Fig. 4c). Sections stained with Safranin-O showed a higher level of sulfated
glycosaminoglycans (SGAGS) in the cartilage of neutrophil-NP group than PBS group, but similar
to anti-IL-1p and anti-TNF-o groups (Fig. 4d, e). The phenotype of fibroblast-like synoviocytes
(FLS) in the synovial intimal lining was also examined. Specifically, we stained FLS for the
expression of CD248 and fibronectin known to upregulate with IL-1f and TNF-a[36, 37]. Elevated
expression of these markers indicates an aggressive phenotype that invades the extracellular matrix
and exacerbates joint damage in RA[38]. As shown in Fig. 4f, neutrophil-NP group showed weak
staining of CD248 with few positively stained cells in synovium. In contrast, a large number of
CD248-postive cells were found in sections of PBS group. Similarly, fibronectin-positive cells

were largely present in PBS control joints, but not within the synovium of neutrophil-NP and anti-
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cytokine groups. Collectively, these results demonstrate an effective protective role of neutrophil-

NPs against joint destruction in the CIA mouse model.
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Figure 4.2.4.. a, The study protocol of a therapeutic regimen with a collagen-induced arthritis (CIA) mouse model. b,
Change of hind knee diameter on day 60 after CIA induction compared to that on day 0. c-d, Representative images
of H&E staining (c) and safranin-O staining (d) on knee sections from mice treated with neutrophil-NPs, PBS, anti-
IL-1p antibody, or anti-TNF-a antibody (scale bar, 100 um). On the images, F: synovial membrane fibrillation, H:
synovium hyperplasia, I: immune cell infiltration. e, Cartilage content was quantified from safranin-O stained sections
of mice treated with different groups. f, Representative images of immunohistochemical staining for CD248 (top row)
and fibronectin (bottom row) on knee sections from mice treated with different groups (scale bar, 10 pm). g, The study
protocol of a therapeutic regimen with a human TNF-a transgenic mouse model of inflammatory arthritis. h, Change
of hind knee diameter on day 70 compared to that on day 0. i-j, Representative images of H&E staining (i) and safranin-
O staining (j) on knee sections from mice treated with neutrophil-NPs, PBS, or anti-TNF-a antibody (scale bar, 100
um). On the images, F: synovial membrane fibrillation, H: synovium hyperplasia, I: immune cell infiltration. P: pannus
formation. k, Cartilage content was quantified from safranin-O stained sections of mice treated with different groups.
I, Representative images immunohistochemical staining for CD248 (top row) and fibronectin (bottom row) on knee
sections from mice treated with different groups (scale bar, 10 um). Statistical analysis was performed using one-way
ANOVA with Dunnett’s post hoc analysis. All bars represent means + s.d. In CIA mouse study, n = 7 for all groups.
In transgenic mouse study, n =5 for neutrophil-NP and anti-TNF-a antibody groups, n = 3 for PBS group. *P < 0.05,
**P <0.01, and ***P < 0.001.

Image on next page
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We further examined the cartilage protection efficacy of neutrophil-NPs using a human
transgenic mouse model of inflammatory arthritis, where mice express a human TNF-a transgene
and spontaneously develop arthritis[39]. In the study, mouse neutrophil-NPs or controls including
PBS and anti-TNF-o were injected into the knee of transgenic mice after 6 weeks of arthritis
development (Fig. 49)[40]. Similar as observed in the CIA model, at the study endpoint, the knee
diameter of neutrophil-NP group was smaller than that of the PBS group, but comparable with the
anti-TNF-o group (Fig. 4h). H&E-stained sections from neutrophil-NP group showed the
preservation of chondrocytes in the articular cartilage, contrasting with the chondrocyte depletion
and matrix deformation in sections of PBS group, but consistent with features in sections of anti-
TNF-a group (Fig. 4i). In addition, neutrophil-NP group maintained a higher level of SGAGs in
the cartilage than PBS group, but comparable to anti-TNF-o group (Fig. 4j and k). Moreover, most
FLS in neutrophil-NP and anti-TNF-a groups remained CD248-negative and fibronectin-negative,
contrasting with the positive ones in PBS group (Fig. 41).

Finally, to evaluate the broad applicability of the neutrophil-NPs, we tested their anti-
arthritis effectiveness using CIA mice with early stage arthritis following a prophylactic regimen
(Fig. 5a). We first observed chondral protection at the knee joints where the mouse neutrophil-
NPs were injected. Specifically, at the study endpoint the knee diameter measured from mice in
neutrophil-NP group is significantly smaller than that in PBS group, but comparable with values
in anti-1L-1p and anti-TNF-a groups (Fig. 5b). Histological analysis also confirmed reduction of
immune infiltration and preservation of cartilage in mice received neutrophil-NPs (Fig. 5c-e). In
addition, most FLS in PBS group showed CD248-postive and fibronectin-positive phenotypes as

opposed to negative ones in neutrophil-NP and anti-cytokines groups (Fig 5f). Notably, similar
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inhibition of CD248 and fibronectin expression with neutrophil-NPs was also observed in
synovium tissues further away from cartilage (Supplementary Fig. 18). While the neutrophil-NPs
were injected locally and retained primarily at the knee joints (Supplementary Fig. 19), they might
still be able to neutralize diffusive arthritic factors and thus elicit a systemic therapeutic response,
thereby alleviating overall disease progression and severity. To examine the potential systemic
response, we monitored the serum levels of TNF-a and IL-1p in CIA mice, which are known to
increase with the onset of arthritis and correlate strongly with disease severity. Surprisingly,
alleviated concentrations of these cytokines were observed for the neutrophil-NP and anti-
cytokines treated groups as compared to PBS group, indicating effective reduction of arthritis at
systemic level (Fig. 5g). In addition, neutrophil-NP group showed the smallest diameter of ankle
below the knee (Fig. 5h). Meanwhile, paws of the mice receiving PBS developed erythema and
severe swelling; this effect was significantly lessened for mice treated with neutrophil-NPs or anti-
cytokines, quantified by measuring paw volume (Fig. 5i, Supplementary Fig. 20) and paw cartilage
loss (Supplementary Fig. 21). Moreover, blinded scoring of the swelling and redness of the mouse
paws was conducted to evaluate the severity of arthritis of the experimental mice[41]. The results

showed that neutrophil-NP treated mice had significantly lower arthritis score as compared to the
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Figure 4.2.5. Neutrophil-NPs ameliorate joint destruction and elicit systemic therapeutic response following a
prophylactic regimen. a, The study protocol of a prophylactic regimen with a collagen-induced arthritis (CIA) mouse
model. b, Change of hind knee diameter on day 60 after arthritis induction compared to that on day 0. On day 60, mice
were euthanized and the hind knees were sectioned for histological analysis. c-d, Representative images of H&E
staining (c) and safranin-O staining (d) on knee sections from mice treated with neutrophil-NPs, PBS, anti-IL-1B
antibody, or anti-TNF-o antibody (scale bar, 100 um). On the images, F: synovial membrane fibrillation, H: synovium
hyperplasia, I: immune cell infiltration. e, cartilage content was quantified from safranin-O stained sections of mice
treated with neutrophil-NPs, PBS, anti-IL-1f antibody, or anti-TNF-a. f, Representative images of CD248 and
fibronectin immunohistochemical staining on knee sections (scale bar, 10 um). g, Concentration profiles of TNF-a
and IL-1B in the serum of CIA mice treated with different groups. h, Change of hind ankle diameter on day 60 after
arthritis induction compared to that on day 0. i-j, Values of paw volume (i) and arthritis score (j) were recorded every
other day for a total of 60 days. Statistical analysis was performed using one-way ANOV A with Dunnett’s post hoc
analysis. Arthritis score was analyzed by Kruskal-Wallis non-parametric test with Dunnett’s post hoc analysis. All
data points represent means + s.d. (n =7)
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PBS group (Fig. 5j). These results clearly demonstrate promising efficacy of neutrophil-NPs in

suppressing systemic inflammation and overall arthritis severity.

4.2.3 Materials and Methods

Animal care

Mice were housed in an animal facility at the University of California San Diego (UCSD)
under federal, state, local, and National Institutes of Health (NIH) guidelines for animal care. All
animal experiments were performed in accordance with NIH guidelines and approved by the
Institutional Animal Care and Use Committee (IACUC) of UCSD.
Neutrophil collection

Fresh human peripheral blood neutrophils were purchased from ZenBio Inc. and activated
within 16 h after the blood collection from human donors. Neutrophils were purified by the
manufacturer with OptiPrep™ density gradient centrifugation to a purity of approximately
95%][42]. Briefly, leukocyte-rich plasma was layered over a 1.077/1.090 g mL™* OptiPrep gradient
and centrifuged at 800 xg for 25 min. Neutrophil fraction was collected between 1.077 and 1.090
g mL " interface. Cells received were washed with 1x PBS and then suspended in serum-free RPMI
media (ThermoFisher Scientific) at a density of 2 x 107 cells mL™. Neutrophils were then
stimulated with 50 ng mL"* recombinant human TNF-a (ThermoFisher Scientific) for 2 h at 37 °C
in order to activate cells and upregulate adhesion molecules and cytokine receptor expression.
Stimulated cells were then washed with 1X PBS, resuspended in 1:1 mixture of serum-free RPMI
and HyCryo 2x cryopreservation medium (GE Healthcare), and stored at -80 °C for subsequent
membrane derivation. Mouse neutrophils were collected from whole blood of ICR mice (six-week-

old, male, Harlan Laboratories) using a modified Percoll® gradient method. Specifically, prior to
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the blood collection, 1.5 mg kg™ Lipopolysaccharide from Escherichia coli K12 (LPS, 1 mg mL
1in 1X PBS, InvivoGen) was injected intraperitoneally into the mice to activate neutrophils in
vivo. After 6 h, blood was collected by submandibular bleeding into heparin tubes. Pooled blood
was centrifuged (3220 xg, 5 min, 4 °C) and the buffy coat layer on the top was carefully transferred
to the top of a three-layer Percoll® gradient of 78%, 69% and 52%. Samples were centrifuged
(1500 xg, 30 min, 4° C) and cell contents from the interface of the 69% and 78% gradient layers
and the upper part of 78% layer were collected. RBC lysis buffer was then added to the sample to
lyse the erythrocytes. Neutrophils were purified by washing with 1X PBS three times, suspended,
and stored at -80 °C for subsequent membrane derivation.

A series of experiments were conducted to optimize the neutrophil isolation process and
ensure high yield of uniformly activated mouse neutrophils. Mouse neutrophils were co-stained
with FITC anti-mouse Gr-1 antibody and PE anti-mouse LFA-1 antibody (Biolegend) to identify
mouse neutrophils and examine LFA-1 expression on neutrophil plasma membrane. In the mouse
neutrophil activation optimization experiment, 2 x 10° mouse neutrophils were stimulated in vitro
with 100 ng mL™ LPS for 6 h. In the collection time optimization experiment, mice were injected
with 1.5 mg kg LPS and whole blood was collected at the designated time points. In the LPS
dosage optimization experiment, mice were injected with the designated dosage of LPS, and whole
blood was collected at 6 h post-injection. Washed mouse neutrophils were resuspended in PBS at
1 x 108 cells mL* and analyzed by a Becton Dickinson FACSCanto-11 flow cytometer. Results
were analyzed using FlowJo software.

Neutrophil membrane derivation
Plasma membrane of neutrophils was harvested by following a previously published

protocol[43]. Briefly, frozen cells were thawed and washed with 1X PBS three times by
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centrifugation at 800 xg. Cells were then suspended in a hypotonic lysing buffer containing 30
mM Tris-HCI (pH = 7.5), 225 mM D-mannitol (Sigma Aldrich), 75 mM sucrose, 0.2 mM EGTA,
and protease and phosphatase inhibitor cocktail (Pierce). Cells were further disrupted using a
dounce homogenizer with a tight-fitting pestle. The cell suspension was subjected to 20 passes,
followed by centrifugation (800 xg, 5 min, 4 °C). The supernatant was collected while the pellet
was suspended in the hypotonic lysing buffer and homogenized again with 20 passes. The solution
was combined with supernatant from the first homogenate and centrifuged at 20,000 xg for 25 min
at 4 °C. The pellet was discarded and the supernatant was centrifuged at 100,000 xg for 35 min at
4 °C. Following the centrifugation, the supernatant was removed and the pellet was washed twice
with 0.2 mM EDTA in water. Membrane content was quantified by using a BCA kit (Pierce) to
measure the absorbance at 562 nm in comparison with bovine serum albumin (BSA) protein
standards. Approximately 125 million human neutrophils or 200 million mouse neutrophils were
able to yield 1 mg membrane material (protein weight). Membrane was suspended with 0.2 mM
EDTA at a protein concentration of 4 mg mL™ and stored at -80 °C for subsequent studies.
RBC membrane derivation

RBC membrane was derived based on a previously published protocol*®. Briefly, washed
RBCs were resuspended in 0.25X PBS in an ice bath for 20 minutes, then centrifuged at 800 xg
for 5 min. The hemoglobin was removed, and the pink pellet was resuspended in 0.25X PBS in an
ice bath again for 20 min. The process was repeated until hemoglobin was completely removed.
The RBC membrane was resuspended in water at a protein concentration of 4 mg mL™ and stored
at -80 °C for subsequent studies.

Synthesis of neutrophil membrane-coated nanoparticles (neutrophil NPs)
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Neutrophil-NPs were synthesized by using a sonication method. Briefly, to synthesize
nanoparticle cores, 0.2 mL poly(dl-lactic-co-glycolic acid) (50:50 PLGA, 0.67 dL g*, Lactel
Absorbable Polymers) in acetone (20 mg mL™*) was added dropwise into 1 mL water. The solution
was placed under a vacuum aspirator until organic solvent evaporated completely. For
fluorescence imaging experiments, 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine
perchlorate (DiD, excitation = 644 nm/emission = 665 nm, ThermoFisher Scientific) was
encapsulated into PLGA cores (0.1 wt%). For membrane coating, neutrophil membrane was mixed
with PLGA cores at a polymer-to-membrane protein weight ratio of 2:1. The mixture was then
sonicated with a bath sonicator for 2 min (Fisher Scientific FS30D). Red blood cell membrane-
coated nanoparticles (RBC-NPs) used in control groups were synthesized by following the same
procedure. Coating completeness was confirmed by studying the nanoparticle stability in 1X
PBS[44].

Nanoparticle characterization

Neutrophil-NPs were measured for hydrodynamic size and surface zeta potential with
dynamic light scattering (DLS) using a Malvern ZEN 3600 Zetasizer. Nanoparticle morphology
was studied with transmission electron microscopy (TEM). In the study, samples were deposited
on a glow-discharged, carbon-coated, 400-mesh copper grid (Electron Microscopy Sciences). The
grid was then washed with distilled water and negatively stained with uranyl acetate (0.2 wt%).
The grid was subsequently dried and visualized using an FEI 200 kV Sphera microscope.
Neutrophil-specific surface markers on neutrophils, neutrophil membranes and neutrophil-NPs
were examined by western blotting. In the study, all samples were prepared in lithium dodecyl
sulfate (LDS) sample loading buffer and run at equivalent protein concentrations on NUPAGE

Novex 4%-12% Bis-Tris minigels in MOPS running buffer. The gel was transferred onto a
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nitrocellulose membrane and probed with antibodies specific for human or mouse CD120b, IL-
1R, LFA-1, along with HRP-conjugated secondaries against mouse IgG or rat IgG (Biolegend).
Cell culture

Primary human chondrocytes (Cell Applications) were cultured in human chondrocyte
growth medium (Cell Applications) at 37 °C in a 5% CO> environment. Cells were used between
passages 2 and 6. Human umbilical vein endothelial cells (HUVECs, ATCC) were maintained in
human endothelial cell growth medium (Cell Applications) at 37 °C in a 5% CO2 environment.
Neutrophil-NP adhesion assay

HUVECs or human chondrocytes were seeded in 12-well tissue culture plates at 50%
confluency and cultured overnight. Cell culture media was changed and recombinant human TNF-
a or IL-1B (ThermoFisher Scientific) was added to the desired concentration. After 6 h of
stimulation, cells were washed with 1x PBS and fixed with 10% phosphate buffered formalin
(Fisher Scientific) for 10 min. Fixed cells were washed and then incubated with 1X PBS containing
1% BSA for 1 h to block the non-specific binding. The cells were then incubated with 0.2 mg mL"
1 DiD-labeled neutrophil-NPs or RBC-NPs in PBS at 4 °C for 60 s. After the incubation, cells were
washed five times with ice-cold PBS. Cells were mounted with Vectashield Antifade Mounting
Medium with DAPI (Vector Laboratories) and imaged with an EVOS® inverted fluorescence
microscope (Thermo Fisher Scientific). For flow cytometric analysis, cells were scraped and
collected after PBS wash, then analyzed with a Becton Dickinson FACSCanto-11 flow cytometer.
Results were analyzed using FlowJo software.
Quantification of cytokine binding by neutrophil-NPs

Recombinant human TNF-a (Thermo Fisher Scientific, final concentration 8.82 + 0.80 ng

mL™) or human IL-1B (Thermo Fisher Scientific, final concentration 7.92 + 1.28 ng mL™!) was
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mixed with neutrophil-NPs at final concentrations ranging from 0 to 4 mg mL™. The mixtures
were incubated for 2 h at 37 °C and then centrifuged at 16,100 xg for 10 min to remove the
nanoparticles. Nanoparticle removal was confirmed by comparing fluorescence signal from DiD-
labeled neutrophil-NP suspension and supernatant after nanoparticles were centrifuged at 16,100
xg for 10 min. Remaining cytokine concentration in the supernatant was quantified by human
TNF-o or human IL-1B ELISA kits (Biolegend) per manufacturer’s instruction. Non-linear fitting
of the curves was performed in GraphPad Prism 7.
Chondrocyte apoptosis assay

Human chondrocytes were seeded in 12-well tissue culture plates at a density of 1 x 10°
cells per well and cultured overnight. TNF-a or IL-1p were incubated with neutrophil-NPs or
RBC-NPs in chondrocyte culture medium at the desired concentrations at 37 °C for 2 h. Synovial
fluid samples from human rheumatoid arthritis patients (Bioreclamation) were filtered with sterile
0.22 um syringe filter (Spectrum Laboratories) and incubated with neutrophil-NPs or RBC-NPs in
chondrocyte culture medium at 37 °C for 2 h. The mixture was then centrifuged at 16,100 xg for
10 min to remove the nanoparticles. The supernatant was used to stimulate chondrocytes for 48 h.
The cells were detached with 0.25% trypsin-EDTA (Life Technologies) and washed with sterile
PBS. To determine mitochondrial activity, cells were stained with DiOCs (100 nM final
concentration from 10 mM stock in 100% ethanol, Life Technologies) for 30 min at 37°C. The
cells were washed with PBS and analyzed using a Becton Dickinson FACSCanto-1l flow
cytometer. Results were analyzed using FlowJo software. For fluorescent imaging experiments, a
chondrocyte monolayer was cultured, stimulated, and imaged with an EVOS® inverted
fluorescence microscope in tissue culture plates. Apoptotic cells are FITCY™ while non-apoptotic

cells are FITC®9" In human synovial fluid experiments, human synovial fluids (Bioreclamation)
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were incubated with neutrophil-NPs or RBC-NPs in the same condition. Supernatant was used to
stimulate the cells as described above. Statistical analysis was performed using paired t-test (n >
3).
Chondrocyte activation assay

Cells were prepared in the same way as described above. Cytokines were incubated with
nanoparticles in culture media at 37 °C for 2 h. Filtered human rheumatoid arthritis patient synovial
fluid samples were incubated with neutrophil-NPs or RBC-NPs in chondrocyte culture medium at
37 °C for 2 h. The mixture was then centrifuged at 16,100 xg for 10 min to remove the
nanoparticles. The supernatant was used to stimulate chondrocytes for 6 h. The cells were then
washed with PBS and fixed with 10% phosphate buffered formalin. Cells were stained with anti-
human CD54 antibody (Biolegend) for 30 min at room temperature, then stained with FITC-anti-
mouse 1gG (Biolegend) antibody. Washed cells were scraped and analyzed by a Becton Dickinson
FACSCanto-1l flow cytometer. Results were analyzed using FlowJo software. For fluorescent
imaging experiments, chondrocyte and HUVEC monolayers were cultured and stimulated in tissue
culture plates. ICAM-1 expression was probed with anti-human CD54 antibody as described
above, then detected with Alexa647-anti-mouse 1gG antibody (for HUVECs, Biolegend) and
FITC-anti-mouse 1gG antibody (for chondrocytes). Cells were then mounted with Vectashield
Antifade Mounting Medium with DAPI. An EVOS® inverted fluorescence microscope was used
to image the cells. In human synovial fluid experiments, human synovial fluids were incubated
with neutrophil-NPs or RBC-NPs in the same condition. Supernatant was used to stimulate the

cells as described above. Statistical analysis was performed using paired t-test (n > 3).
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Chondrocyte MMP-3 secretion assay

Chondrocytes were seeded into 96-well tissue culture plates at a concentration of 1 x 10°
cells/well and cultured overnight. Filtered human rheumatoid arthritis patient synovial fluid
samples were diluted 4 x with chondrocyte culture medium and added to chondrocytes.
Neutrophil-NPs or RBC-NPs were added to chondrocytes to achieve a final concentration of 2 mg
mL?. At designated timepoint, MMP-3 concentration from undiluted culture medium was
quantified with human MMP-3 PicoKine™ ELISA kit per manufacturer’s instruction (Boster
Biological Technology). Statistical analysis was performed using repeated-measure one-way
ANOVA (n > 3).
Chondrocyte aggrecan production assay

Cells were prepared in the same way described above. Filtered human rheumatoid arthritis
patient synovial fluid samples were diluted 4 x with chondrocyte culture medium and added to
chondrocytes. Neutrophil-NPs or RBC-NPs were added to chondrocytes to achieve a final
concentration of 2 mg mL™. Cells were cultured at 37 °C for 24 h. After 24 h, culture medium was
replaced with fresh culture medium, and fresh synovial fluid samples and nanoparticles were added
to the cells. After 3 identical treatments, chondrocytes were washed and stained with anti-human
aggrecan antibody (Biolegend) at room temperature for 2 h, and further probed with FITC-anti-
mouse IgG antibody at room temperature for 30 min. Washed cells were analyzed by a Becton
Dickinson FACSCanto-Il flow cytometer. Results were analyzed using FlowJo software. For
fluorescence imaging experiment, cells were mounted with Vectashield Antifade Mounting
Medium with DAPI and imaged with an EVOS® inverted fluorescence microscope. Statistical

analysis was performed using paired t-test (n > 3).
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Neutrophil-NP penetration study

Mouse femoral heads were collected from 12-week-old ICR mice. The femoral heads were
cultured for 48 h in high glucose serum-free DMEM medium (4.5 g L glucose, Hyclone).
Following the culture, 10 ng mL™ of recombinant mouse IL-1f (ThermoFisher Scientific) was
added to the culture on days 0, 1, and 2. Culture medium was changed each time before IL-1p was
added. On day 3, 0.2 mg mL™ of DiD-labeled mouse neutrophil-NPs were incubated with the
femoral heads at 37 °C for 24 h. After incubation, femoral heads were washed with PBS and
embedded in Tissue-Tek® O.C.T. Compound (Sakura® Finetek) for frozen sectioning. Frozen
sections were mounted with Vectashield Antifade Mounting Medium with DAPI and imaged with
an EVOS® inverted fluorescence microscope. Images were analyzed by ImageJ to quantify
nanoparticle penetration depth into the inflamed cartilage. Specifically, images were divided into
5 um thick sections, starting from the distal femoral head surface. Fluorescence within each image
section was measured by ImageJ and normalized to the fluorescence of the outermost tissue of the
neutrophil-NP-treated femoral head. Mouse RBC-NPs were used in the control group.
Mouse femoral head degradation assay
Mouse femoral heads were collected using the same procedure as described above and maintained
in high glucose serum-free DMEM medium. To study degradation, 10 ng mL* of IL-1B was mixed
with 2 mg mL? neutrophil-NPs in medium and added to femoral head cultures to stimulate
cartilage degradation for 48 h. The medium was then changed, and the same amount of cytokine-
nanoparticle mixture was added to the femoral heads. A total of 3 treatments, 48 h each, was

administered to the samples. The samples were then fixed and processed for safranin-O staining
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to detect cartilage loss. The safranin-O positive area was quantified by ImageJ. PBS and mouse

RBC-NP-treated samples were used as control groups.

Mouse models of inflammatory arthritis

A collagen-induced arthritis mouse model was established by following a previously
published protocol[33]. Specifically, initial immunization was prepared by dropping 1 mg mL™* of
chicken type-I1 collagen slowly into 1 mg mL™* of Complete Freund’s Adjuvant (Sigma Aldrich)
while sonicating with a probe sonicator (2 min, 70% power with pulsing of 2 s on and 1 s off,
Fisher Scientific 150E Sonic Dismembrator). Then 100 puL of the obtained emulsion was injected
intradermally into the tail of DBA/1J mice (8-week-old male, Jackson Laboratory), approximately
1.5 cm distal from the base of the tail. On day 21, a booster immunization was prepared by
dropping 1 mg mL* of chicken type-Il collagen slowly into 1 mg mL™? of Incomplete Freund’s
Adjuvant (Sigma Aldrich) while sonicating with a probe sonicator. Then 100 pL of the obtained
emulsion was administered using the same procedure. Human TNF-a transgenic mice (5-week-
old male) were obtained from Taconic Biosciences and allowed to accustom to standard housing
conditions for one week. Mice were randomized before the experiment.
Study protocols for evaluating neutrophil-NPs in vivo

To study joint protection with CIA mice, 20 pL of mouse neutrophil-NPs (2 mg mL™) was
injected into each knee joint of the hind legs on days 28 (first day of obvious clinical signs of
arthritis), 30, 32, 34, 36, and 38. Sterile PBS was injected intra-articularly on the same days as
negative control. Positive control mice were injected intraperitoneally with an anti-mouse IL-1p
antibody (3 mg kg?) or an anti-mouse TNF-a antibody (3 mg kg™) three times a week from day

2810 60. To study joint protection with human TNF-a transgenic mice, 20 pL of mouse neutrophil-
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NPs (2 mg mL™) was injected into each knee joint of the hind legs on days 42, 45, 49, 52, 56, 59,
63, and 66. Sterile PBS was injected intra-articularly on the same days as negative control. An
anti-human TNF-a antibody (10 mg kg, Biolegend) was administered intraperitoneally on days
42, 49, 56, and 63 as positive control. To study the reduction of overall arthritis with CIA mice,
20 pL of mouse neutrophil-NPs (2 mg mL™) was injected into each knee joint of the hind legs on
days 7, 14, and 21. Sterile PBS was injected intra-articularly on the same days as negative control.
Positive control mice were injected intraperitoneally with an anti-mouse IL-1p antibody (3 mg kg
1Y or an anti-mouse TNF-a antibody (3 mg kg™) three times a week from day 7 to 21.
Histological analysis of mouse knee joints

Mice were euthanized on day 60 of CIA studies and on day 70 of human TNF-a transgenic
mouse study and hind knee joints were collected and processed for histological analysis. To study
immune cell infiltration, morphological change in the joint space, and cartilage erosion, mouse
hind knee joints were sectioned and stained with hematoxylin and eosin (H&E) staining and
safranin-O staining. To analyze fibroblast-like synoviocyte activation, knee joint sections were
stained with a rabbit anti-CD248 antibody (Bioss Antibodies) or a rabbit anti-fibronectin antibody
(Novus Biologicals). CD248 and fibronectin were detected using biotinylated anti-rabbit 1gG
secondary antibody for chromagen development. Sections were counter-stained with hematoxylin
to visualize cell nuclei. Images were taken with a Micromaster ™ 11 Microscope (Fisher Scientific).
The safranin-O positive area was quantified by using ImageJ.
Quantification of serum cytokines

To study the attenuation of systemic inflammatory response, CIA mouse serum samples
were collected on days 8, 15, 22, 29, 36, 43, 50, 57 and concentrations of IL-1p and TNF-a were

quantified with ELISA. Specifically, CIA mouse whole blood was collected by submandibular
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bleeding into Eppendorf tube and was allowed to clot at room temperature for 30 min. Samples
were then centrifuged at 2,000 xg for 6 min to collect serum from supernatant. Serum samples
were immediately frozen at -20 °C until analysis by using mouse IL-1p and mouse TNF-a ELISA
kits (Biolegend) within 3 days after collection.
Joint swelling assessment and arthritis scoring

Mouse hind knee joint diameters were measured with a digital caliber at study endpoint of
CIA studies and human TNF-a transgenic mouse study. To study the reduction of overall arthritis
with CIA mice, images of mouse paws were taken every 2 days from day 0 to day 60 and paw
volumes were calculated by analyzing images with ImageJ. Specifically, paw volume was
measured by taking top and side view images of each paw on a ruler. The length, width, and
thickness of mouse paws were measured against the ruler. Paw volume was approximated as the
product of these three parameters in order to assign equivalent importance to each parameter in
reflecting the extent of inflammation in the paw. In addition, paw scorings (score = 0~4) were
given from day 0 to day 60 by a blinded researcher based on the following criteria: 0—normal;
1—mild redness of ankle or tarsal joints; 2—mild redness and swelling extending from ankle to
the tarsals; 3—moderate redness and swelling from ankle to metatarsal joints; 4—severe redness
and swelling encompassing the ankle, foot and digits. Hind ankle joint diameters were measured
with a digital caliber at day 60.

Statistical analysis was performed using one-way ANOVA. Paw scoring data was

analyzed by using Kruskal-Wallis test. Replicates represent different mice subjected to the same
treatment. In CIA studies, n = 7 for all groups. In human TNF-a transgenic mouse study, n =5 for

neutrophil-NP group and anti-TNF-a antibody group, n =3 for PBS group
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4.2.4 Conclusion

In summary, we have developed neutrophil-NPs and demonstrated their potential as an
anti-inflammatory strategy for RA management. Neutrophil-NPs inherit the antigenic exterior of
their sources cells and act as decoys capable of engaging in the interfacing roles of neutrophils
without potentiating inflammatory processes that can promote RA. Unlike existing anti-cytokine
agents that inhibit specific and limited targets, neutrophil-NPs provide a function-driven, broad-
spectrum, and disease-relevant blockade that dampens the inflammation cascade in the disease
process. In addition, the direct use of membrane from the effector cells of the disease allows
neutrophil-NPs to neutralize highly relevant inflammatory factors without the need to identify
them. Even if the target is known, the top down fabrication of neutrophil-NPs can avoid the
necessity to engineer binding motifs that are often difficult to identify, synthesize, and conjugate.

In this work we chose to mimic neutrophils for nanoparticle fabrication and anti-
inflammatory efficacy. Notably, the rheumatoid synovium contains a mixture of cells with origins
of monocytes, macrophages, dendritic cells, and T cells, which together orchestrate RA process|[6,
45]. Membrane of these cells can be also derived for coating and combined with other
nanotherapeutic agents for targeted and synergistic therapy for RA[46][47]. Similarly to RA,
various infections, traumatic injuries, and chronic diseases are marked by inflammatory responses
that can damage host tissue and cause organ dysfunction[48]. The neutrophil-NPs developed here
can likely be adopted to address some of these diseases, promising to eventually improve the
clinical outcomes of the patients. Regarding future clinical translation of neutrophil-NPs, it is
critical to consider scale-up and manufacturing issues because of the use of naturel cell
membranes. In terms of the source materials, bioprocesses for ex vivo production of neutrophils at

a clinical scale can supply large quantity of neutrophil membranes[49]. Meanwhile, significant
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progress has been made in producing human cells with universal immune compatibility, which
would also enable cell supply for clinical studies[50]. These technological advances together offer
a promising prospect to the translation of neutrophil-NPs and cell membrane-coating technology

in general.
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Chapter 5

Cell Membrane Fusion Platforms for
Multifunctional Nanoparticles
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5.1 Erythrocyte-Platelet Hybrid Membrane Coating for Enhanced

Nanoparticle Functionalization

5.1.1 Introduction

Nanotechnology has increasingly been employed for the design of drug delivery and
imaging modalities in order to further improve efficacy in the clinic. There are many classes of
nanoscale delivery vehicles, including liposomes, polymeric nanoparticles, and inorganic systems
among many others.'*4 For applications such as cancer treatment, the use of such nanoparticle
platforms has the potential to enable greatly enhanced potency while minimizing the systemic
toxicity associated with traditional therapeutics.>°1 Recently, a new class of drug nanocarrier has
been reported that is fabricated by combining synthetic nanoparticulate cores with a biologically
derived membrane coating.[®*% These biomimetic, cell membrane-coated nanoparticles directly
leverage the versatility and complexity of cellular membrane, which has been crafted by nature
through the process of evolution to perform specific functions, especially with regards to
biointerfacing.'*"1 By translocating the entire membrane from a cell onto the surface of a
nanoparticle, all biologically relevant surface moieties are transferred, including those that can
potentially be used for immune evasion and targeting, two highly desirable properties.
Additionally, it may be possible to take advantage of cell-specific functionalities that are known
to exist, but have not been well characterized on a fundamental biological level.[*¥2% The first
platform of this type employed red blood cells (RBCs), also known as erythrocytes, as the source
material in order to achieve lengthened blood residency, and the resulting RBC membrane-coated
nanoparticles (RBCNPs) displayed significantly enhanced circulation half-lives compared with a

nanoparticle stabilized by a layer of polyethylene glycol (PEG).[?Y] It was later demonstrated that
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these cell membrane-coated nanoparticles exhibited right-side-out membrane orientation and
included immunomodulatory markers such as CD47 at the same density as the original RBCs.[??
RBCNPs have also been used for novel detoxification applications, including for toxic nerve
agents and bacterial toxins.[?>-261 More recently, many different cell types other than RBCs have
been used to source the membrane material, each with its own set of unique characteristics.!*+127-
291 Of note, expansion of the cell membrane-coated platform to other cells has enabled the
fabrication of naturally targeted drug carriers.*® This includes the use of cancer cells for
homotypic delivery to the tumor of origin, or platelets, which are implicated in a wide array of

different diseases that range from atherosclerosis to bacterial infection.

5.1.2 Results and Discussion

While cell membrane coating is a powerful method of enhancing nanoparticle utility, it is
often desirable to introduce additional functionality depending on the specific application. For
example, while RBCNPs can circulate for extended periods of time, the addition of a targeting
ligand can help to improve localization to the desired target, such as a tumor.*YI Herein, we report
on an approach for combining the functionality from two different cells into a single nanocarrier.
This approach, which involves the fusion of two types of natural cell membranes, represents a
facile and effective means of fashioning nanoparticles that can perform increasingly complex tasks
within biologically relevant contexts. Specifically, we aimed to combine the functionality of
human-derived RBCs and platelets (Figure 1A). The resulting RBC-platelet hybrid membrane-
coated nanoparticles ([RBC-P]NPs) were thoroughly characterized, and it was demonstrated that

they retained functionality that is characteristic of each individual cell type. Finally, we show that
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these dual membrane-coated nanoparticles displayed in vivo properties consistent with

expectations, warranting further study.
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Figure 5.1.1. Fabrication of RBC-platelet hybrid membrane-coated nanoparticles (denoted [RBC-P]NPs). A)
Schematic of membrane fusion and coating. Membrane material is derived from both RBCs and platelets and then
fused together. The resulting fused membrane is used to coat poly(lactic-co-glycolic acid) (PLGA) polymeric cores to
produce [RBC-P]NPs. B) Platelet membrane was doped with a FRET pair of fluorescent probes and mixed with
increasing amounts of RBC membrane. The recovery of the fluorescence emission from the donor at the lower
emission peak (534 nm) was monitored (RBCm:Pm = RBC membrane to platelet membrane protein ratio). C)
Confocal fluorescent microscopy images of either a mixture of RBCNPs and PNPs or of the [RBC-P]NPs (red = RBC
membrane, green = platelet membrane; scale bar = 10 pm).

In order to fabricate the [RBC-P]NPs, the first step was to verify that it was possible to fuse
RBC membrane and platelet membrane together, the product of which would then be used as the
base material for downstream nanoparticle preparation. To test for fusion, platelet membrane was
doped with two different dyes that constituted a Forster resonance energy transfer (FRET) pair and
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added to increasing amounts of RBC membrane under elevated temperature and stirring (Figure
1B). It was observed that, as the amount of RBC material increased, there was a recovery of
fluorescence at the lower emission wavelength around 534 nm, indicating the interspersing of the
two membrane materials weakening the FRET interactions in the original platelet membrane.
Using a 1:1 protein weight ratio of RBC membrane to platelet membrane, we fabricated a batch of

the hybrid [RBC-P]NPs. RBC membrane labeled with a red fluorescent dye was fused with platelet
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Figure 5.1.2. Physicochemical characterization. A) Z-average size of bare PLGA cores, RBCNPs, [RBC-P]NPs, and
PNPs as measured by DLS (n = 3; mean + SD). B) Surface zeta potential of bare PLGA cores, RBCNPs, [RBC-P]NPs,
and PNPs as measured by DLS (n = 3; mean = SD). C) Representative TEM images of RBCNPs, [RBC-P]NPs, and
PNPs negatively stained with vanadium (scale bar = 100 nm).

membrane that was labeled with a green fluorescent dye, and the resultant material was coated
onto preformed poly(lactic-co-glycolic acid) (PLGA) cores. When a dilute solution of the [RBC-
P]JNPs was immobilized in glycerol and viewed under confocal microscopy, significant
colocalization of fluorescent signals was observed (Figure 1C). In stark contrast, a mixture of

RBCNPs and platelet membrane-coated nanoparticles (PNPs) fabricated with the individual
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fluorescently labeled membranes exhibited distinct red and green punctates. The results indicate
that it was indeed possible to fuse the two types of natural cell membrane and incorporate the

material of both onto the same nanoparticle.

Dynamic light scattering (DLS) was used to compare the [RBC-P]NPs with each single
membrane formulation of RBCNPs or PNPs (Figure 2A,B). It was observed that bare PLGA cores,
which were originally 80 nm in size, exhibited a very uniform increase in size of approximately
20 nm after coating with each membrane. Additionally, the surface zeta potential increased by over
10 mV for each of the three nanoparticle types compared with PLGA cores, a phenomenon
commonly seen after membrane coating that indicates shielding of the highly negative cores with
the less negative outer membrane surface.?1 When visualized under transmission electron
microscopy (TEM), the RBCNPs, PNPs, and hybrid [RBC-P]NPs all displayed a characteristic
core-shell structure that was consistent with the sizing results (Figure 2C). A set of assays were
then carried out to assess nanoparticle stability in various media. To determine stability of the
hybrid formulation in solution over time, samples were stored in either water or 1x phosphate
buffered saline (PBS, pH 7.4) and the size was measured over time (Figure 3A,B). The [RBC-
PINPs, in addition to RBCNPs and PNPs, exhibited stable size over the 3 week duration of the
study in both solutions. In contrast, bare PLGA cores, which are only stabilized by charge
repulsion, immediately aggregated in PBS to the micron range. Additionally, [RBC-P]NPs
displayed little change in absorbance before and after incubation with 100% serum, while bare
PLGA cores again exhibited a large increase (Figure 3C). Taken together, the characterization data
give strong physical evidence for successful coating by the fused membrane material, with results
in line with what would be expected given the properties of the single membrane-coated RBCNPs

and PNPs.
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Figure 5.1.3. Nanoparticle stability. A) Z-average size of bare PLGA cores, RBCNPs, [RBC-P]NPs, and PNPs over
3 weeks in water (n = 3; mean + SD). B) Z-average size of bare PLGA cores, RBCNPs, [RBC-P]NPs, and PNPs over
3 weeks in PBS (n = 3; mean + SD). C) Change in absorbance at 560 nm of PLGA cores, RBCNPs, [RBC-P]NPs, and
PNPs after transferring into 100% serum from water. An increase in absorbance was used to indicate particle

aggregation.

To analyze the overall protein content of the [RBC-P]NPs, SDS-PAGE was used to run
RBC membrane, platelet membrane, hybrid membrane, and all corresponding nanoparticle
formulations followed by Coomassie staining for visualization (Figure 4A). Compared with
RBCNPs and PNPs, the [RBC-P]NPs had a profile that represented the union of the two single
membrane formulations. As expected, all nanoparticles had protein profiles that largely mirrored
that of the corresponding membrane. Further, to analyze specific protein markers, western blotting
analysis was carried out (Figure 4B). CD235a, also known as glycophorin A, is one of the major
sialoglycoproteins on the surface of RBCs, and it was present on RBCNPs and also to a lesser
degree on [RBC-P]NPs. CD41, also known as integrin aIlb,® is important for platelet adhesion
as well as activation, and it was present on PNPs and also to a lesser degree on [RBC-P]NPs.
Meanwhile, CD47,B4*1 an immunomodulatory protein responsible for inhibiting macrophage
uptake that is expressed by both cell types, was found at a near equivalent degree on RBCNPs,

PNPs, and [RBC-P]NPs. The protein analysis indicated that functionalization with the hybrid
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membrane was able to bestow both RBC and platelet surface proteins onto the hybrid [RBC-

PINPs.

A

Figure 5.1.4. Protein characterization. A) Protein content visualization of RBC membrane (RBCm), fused RBC-
platelet membrane ([RBC-P]m), platelet membrane (Pm), RBCNPs, [RBC-P]NPs, and PNPs run on SDS-PAGE at
equivalent protein concentrations followed by Coomassie staining. B) Western blot analysis of RBCm, [RBC-P]m,
Pm, RBCNPs, [RBC-P]NPs, and PNPs for a characteristic RBC marker CD235a (glycophorin A), a characteristic
platelet marker CD41 (integrin allb), and a shared marker CD47. All samples were run at equivalent protein
concentrations.

Upon confirming successful transference of markers unique to both source cells, we next
sought to characterize the hybrid membrane coating on a functional level. Both RBCNPs and
PNPs, given the presence of immunomodulatory markers on their surface, have been shown to be
adept at minimizing macrophage uptake.[*#22361 An uptake study using human THP-1 monocytes
differentiated into macrophage-like cells was thus carried out to evaluate this property in [RBC-
PINPs (Figure 5A). Using flow cytometric analysis after incubation with the macrophage-like

cells, [RBC-P]NPs had low uptake consistent with both RBCNPs and PNPs, whereas PLGA cores,
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without immunomodulatory membrane coatings, exhibited a high degree of uptake. As an RBC-

specific functional marker, we next assessed the level of acetylcholinesterase activity (Figure 5B).
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Figure 5.1.5. Membrane biological function assays. A) Uptake of fluorescently labeled bare PLGA cores, RBCNPs,
[RBC-P]NPs, and PNPs when incubated with human macrophage-like cells as analyzed by flow cytometry (n = 3;
mean = SD). B) Acetylcholinesterase activity of RBCNPs, [RBC-P]NPs, and PNPs measured by an Amplex
acetylcholinesterase assay kit (n = 3; mean = SD). C) Binding of fluorescently labeled RBCNPs, [RBC-P]NPs, and
PNPs to human MDA-MB-231 breast cancer cells as analyzed by flow cytometry (n = 3; mean + SD). D) Confocal
fluorescence imaging of dye-labeled RBCNPs, [RBC-P]NPs, and PNPs after incubation with MDA-MB-231 cells
(red = nanoparticles, blue = nuclei; scale bar = 50 um)

The enzyme is important for regulating neurotransmitter concentrations, and RBCNPs have been
shown to be potent decoys capable of neutralizing lethal doses of poisonous compounds that can
deactivate the protein.I?! It was confirmed that [RBC-P]NPs had an intermediate level of activity
compared with RBCNPs and PNPs, the latter of which had a negligible amount of activity.

Regarding platelet-specific functionality, the cancer targeting properties of the hybrid [RBC-
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PINPs was evaluated (Figure 5C,D). PNPs, given the large number of disease-relevant binding
markers present on their surface, have been shown to be effective at targeting certain metastatic
cancers.*1 Using both flow cytometry as well as fluorescent imaging, it was demonstrated that
[RBC-P]NPs bound to highly metastatic MDA-MB-231 human breast cancer cells within the
spectrum between RBCNPs and PNPs, which exhibited low and high amounts of binding,
respectively. Overall, the ability of [RBC-P]NPs to incorporate the functional properties of both
RBCs and platelets is encouraging and provides a strong indication that other cell-specific

functions should likewise be present on the dual membrane-coated nanoparticles.

Finally, to evaluate the [RBC-P]NP formulation for potential in vivo application, the
circulation and biodistribution of the nanoparticles were evaluated using a mouse model. Murine-
derived RBCs and platelets, along with fluorescently labeled PLGA cores, were used as the starting
materials to fabricate RBCNPs, PNPs, and [RBC-P]NPs. To test the circulation half-life,
nanoparticles were administered intravenously via the tail vein, and blood was sampled at
increasing timepoints to evaluate remaining nanoparticle concentration (Figure 6A). After fitting
to a two-phase decay model, it was apparent that all three formulations exhibited very similar
circulation profiles. Indeed, both RBCNPs and PNPs have previously been reported to circulate
for extended periods of time upon administration.[?:3"1 Numerical analysis indicated that RBCNPs,
PNPs, and [RBC-P]JNPs had one-phase half-lives of 5.7, 5.7, and 6.4 hours and two-phase
elimination half-lives of 42.4, 38.3, and 51.8 hours, respectively. All values were within error of
each other (see Experimental Section). To analyze biodistribution, nanoparticles were again
administered intravenously, and the mice were euthanized 24 hours afterwards in order to collect
the heart, lungs, kidneys, liver, and spleen for fluorescence analysis (Figure 6B). All three

nanoformulations, including the [RBC-P]NPs, displayed similar organ-level localization, with the
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majority of the nanoparticles found in the liver and spleen. This pattern is consistent with what has
been previously reported for similar nanoformulations.[*4?Y1 The similarity in circulation and
distribution profiles between all experimental groups can be explained by the fact that, under
normal conditions in healthy individuals, both RBCs and platelets are designed to circulate for

extended periods of time and be nonreactive within the body.
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Figure 5.1.6. In vivo characterization. A) Circulation time of fluorescently labeled RBCNPs, [RBC-P]NPs, and PNPs
after intravenous administration to mice via the tail vein (n = 4; mean £ SEM; lines represent two-phase decay model).
B) Biodistribution of fluorescently labeled RBCNPs, [RBC-PINPs, and PNPs 24 hours after intravenous
administration to mice via the tail vein (n = 4; mean = SEM).

5.1.3 Materials and Methods

Membrane Fusion Study

Human RBC membrane was derived from whole blood (BioreclamationlVVT) and human
platelet membrane was derived from platelet-rich plasma (San Diego Blood Bank) using
previously described protocols.'*38 To conduct the Forster resonance energy transfer (FRET)
study, two lipophilic dyes were employed: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (DOPE-RhB, excitation/emission = 560/583 nm; Avanti Polar
Lipids) and N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-phytosphingosine (C6-
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NBD, excitation/emission = 460/534 nm; Avanti Polar Lipids). Both dyes were dissolved in
chloroform and subsequently evaporated in a glass vial to form a thin film such that, with respect
to platelet membrane protein, the final ratios would be 0.17 and 1.74 wt% for C6-NBD and DOPE-
RhB. Solution containing platelet membrane was then added to the vial and stirred at 37 °C for 50
minutes. Afterwards, the free dye was washed away by centrifuging the membrane at 21,000 xg
for 15 minutes four times. RBC membrane was added to the DOPE-RhB/C-6NBD doped platelet
membrane at RBC membrane to platelet membrane protein weight ratios of 5:1, 3:1, 2:1, 1:1, and
0:1, respectively, followed by stirring at 37 °C for 10 minutes to facilitate membrane fusion. The
fluorescence spectrum of each sample was then read between 500 and 650 nm using an excitation
wavelength of 470 nm on a Tecan Infinite M200 plate reader. Fluorescence recovery of the donor

(C6-NBD) at the lower emission peak (534 nm) was used to indicate increasing amounts of fusion.
Nanoparticle Synthesis

Membrane-coated nanoparticles were fabricated by a previously reported sonication
method.* Briefly, poly(lactic-co-glycolic acid) (PLGA) cores were fabricated using carboxylic
acid-terminated PLGA polymer (0.67 dL/g, 50:50 ratio; Lactel Absorbable Polymers). The
polymer was dissolved at 10 mg/mL in acetone and precipitated into water. Afterwards, the
solution was placed under a vacuum aspirator until the organic solvent was removed. Either RBC
membrane, platelet membrane, or fused RBC-platelet membrane at a 1:1 protein weight ratio was
employed as the coating material. A mixture of PLGA cores and membrane material at a polymer
to membrane protein weight ratio of 2:1 was then sonicated using a Fisher Scientific FS30D bath

sonicator for 2 minutes to form the final coated nanoparticles.

Confocal Microscopy
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To conduct the membrane colocalization study, RBC membrane was labeled with 1,1'-
dioctadecyl-3,3,3",3’- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD;
excitation/emission = 644/663 nm; Biotium) and platelet membrane with 5-(and 6)-
carboxyfluorescein diacetate succinimidyl ester (CFSE, excitation/emission = 494/521 nm;
eBiosciences). RBCNPs, PNPs, or [RBC-P]NPs made using these labeled membranes were then
visualized under confocal fluorescence microscopy using an Olympus FV1000 microscope at a
magnification of 100x. In order to obtain stable images, the particles were dispersed in glycerol to

significantly decrease their mobility.
Physicochemical Characterization

Nanoparticle size and surface zeta potential were measured by dynamic light scattering
(DLS) using a Malvern ZEN 3600 Zetasizer. Transmission electron microscopy (TEM) was
employed to visualize the nanoparticle structure. Samples were deposited on a glow-discharged,
carbon-coated 400-mesh copper grid (Electron Microscopy Sciences). The grid was then washed
using distilled water and negatively stained with vanadium (Abcam). Imaging was carried out on

a Zeiss Libra 120 PLUS EF-TEM transmission electron microscope.
Stability Study

To evaluate the stability of the different nanoformulations in solution over time, bare
PLGA cores, RBCNPs, PNPs, and [RBC-P]NPs were suspended in either water or 1x PBS (pH
7.4) at a final concentration of 1 mg/mL. At set timepoints over the course of 3 weeks, the sizes of
the samples were measured by DLS to test for aggregation. To evaluate the stability in serum, a
previously reported absorbance-based method was employed.°! Nanoparticle samples were added

to an equivalent volume of 2x fetal bovine serum (Hyclone) concentrated using 10 kDa MWCO
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Amicon centrifugal filters (EMD Millipore). The absorbance at 560 nm was measured, and the

background signal from equivalent blank solutions was subtracted to give the reported values.

Protein Characterization

To examine the protein profile of RBCNPs, PNP, [RBC-P]NPs, and their corresponding
membranes, SDS-PAGE was employed followed by incubation in InstantBlue Protein Stain
(Expedeon). All samples were prepared in lithium dodecyl sulfate (LDS) sample loading buffer
(Invitrogen) and run at equivalent protein concentrations on NUPAGE Novex 4-12% Bis-Tris
minigels (Invitrogen) in MOPS running buffer (Invitrogen). Western blotting was conducted to
assess the presence of specific protein markers. Gels were transferred onto a nitrocellulose
membranes (Thermo Scientific) and probed with antibodies specific for human CD41 (Biolegend),
CD47 (eBiosciences), and CD235a (Biolegend) along with the appropriate HRP-conjugated

secondaries (Biolegend).

Macrophage Uptake Study

Human THP-1 cells (TIB-202; American Type Culture Collection) were maintained in
RPMI 1640 (Life Technologies) supplemented with 10% FBS (Sigma Aldrich) and penicillin-
streptomycin (Gibco). The cells were differentiated into a macrophage-like phenotype by
incubating in 100 ng/mL phorbol myristate acetate (Sigma Aldrich) for 48 hours. Fluorescently
labeled nanoparticles were fabricated by incorporating 0.1 wt% DiD into the PLGA cores during
synthesis. The different nanoformulations were incubated with the cells at a final concentration of
0.25 mg/mL for 10 minutes at 37 °C. The media were then replaced with fresh media and the cells

were incubated for another 30 minutes. Afterwards, the cells were washed 3 times with PBS and
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detached by scraping. Fluorescent signal was measured on a Becton Dickinson FACSCanto-II

flow cytometer and analyzed using FlowJo software.

Cell-Specific Functional Study

As an RBC-specific property, the level of acetylcholinesterase in the different
nanoformulations was assessed. Samples were analyzed wusing an  Amplex
Acetylcholine/Acetylcholinesterase Assay kit (Life Technologies) according to the manufacturer’s
instructions. As a platelet-specific property, the ability of the nanoformulations to bind metastatic
cancer cells was assessed. Human MDA-MB-231 breast cancer cells (HTB-26; American Type
Culture Collection) were grown in DMEM (Corning) supplemented with FBS and penicillin-
streptomycin. Nanoformulations with DiD-labeled PLGA cores were added to each well at a final
concentration of 0.25 mg/mL and incubated for 5 minutes on ice to minimize cellular uptake. The
cells were then washed 3 times with cold PBS and detached by scraping for flow cytometric
analysis. Fluorescent signal was measured on a Becton Dickinson FACSCanto-11 flow cytometer
and analyzed using FlowJo software. For the fluorescent imaging, the cells were plated on 8-well
Lab-Tek Il chamber slides (Nunclon) and incubated with the nanoformulations as described above.
The cells were then fixed with 10% buffered formalin phosphate (Fisher Scientific), mounted with
VECTASHIELD Antifade mounting media with DAPI (Vector Laboratories), and imaged on an
Olympus FV1000 confocal microscope. Images were representative of the experiment done in

triplicate and all were subjected to the same brightness and contrast adjustments.
In Vivo Characterization
All animal experiments were performed in accordance with NIH guidelines and approved

by the Institutional Animal Care and Use Committee (IACUC) of the University of California, San
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Diego. Mouse RBCs and platelets were collected from 6-week-old male CD-1 mice (Harlan
Laboratories) in order to fabricate mouse RBCNPs, PNPs, and [RBC-P]NPs. Fluorescently labeled
nanoparticles were prepared using DiD-loaded PLGA cores. To perform the circulation study, 200
uL of fluorescently labeled particles at 3 mg/mL were administered intravenously. Blood was
sampled by submandibular puncture at 3 minutes, 30 minutes, 1 hour, 3 hours, 7 hours, 24 hours,
48 hours, and 72 hours. Nanoparticle retention in circulation at these timepoints was determined
by measuring the fluorescence on a Tecan Infinite M200 plate reader. The data from each mouse
was normalized to the very first data point and analyzed using Graphpad Prism. Using a one-phase
decay model, the half-lives were calculated from the fitted K parameter in the software as ti, =
In(2)/K. The values of K with standard error for the RBCNPs, PNPs, and [RBC-P]NPs were 0.1213
+ 0.0182, 0.1219 + 0.0240, and 0.1092 + 0.0144 hr, respectively. To calculate the two-phase
elimination half-life, the normalized signal was transformed using natural log, and the slow phase
from the resulting data was fitted using a linear regression curve. Elimination half-life was
calculated as t12 = In(2)/$, where f is the negative slope obtained from the fit. The values of £ with
standard error for the RBCNPs, PNPs, and [RBC-P]NPs were 0.0164 + 0.0045, 0.0181 + 0.0042,
and 0.0134 + 0.0034 hrt, respectively. To study the biodistribution of the different nanoparticles,
200 pL of fluorescently labeled formulations at 3 mg/mL were administered intravenously. At 24
hours, mice were euthanized and perfused with 1x PBS. Afterwards, the heart, lungs, kidneys,
liver, and spleen were collected and homogenized in 500 uL of water using a Biospec Mini-

Beadbeater-16. Fluorescence was read using a Tecan Infinite M200 plate reader.
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5.1.4 Conclusion

In conclusion, we have successfully fabricated a new class of cell membrane-coated
nanocarrier that combines the function of two different cell types. It was confirmed that it is
possible to fuse RBC membrane and platelet membrane together, using it as a coating material to
fabricate hybrid [RBC-P]NPs. Physically, the resultant particles were similar to pure, single
membrane formulations of either RBCNPs or PNPs. On a protein and functional level, the [RBC-
PINPs represented a cross between the two parent nanoparticle types, retaining properties once
only exclusive to either. The reported method of bestowing nanoparticles with enhanced
functionality provides a facile and natural alternative to synthetic post-functionalization strategies.
Importantly, the dual membrane-coated nanoparticles are expected to maintain excellent
biocompatibility as long as the source cell types are appropriately chosen. It can easily be
envisioned that, using this strategy, a countless number of different combinations can be explored,
and this may ultimately give rise to new multi-membrane nanoparticle platforms that have the

potential to outperform their single membrane counterparts.
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5.2 Hybrid Biomembrane—-Functionalized Nanorobots for

Concurrent Removal of Pathogenic Bacteria and Toxins

5.2.1 Introduction

Tiny robots at the micro- and nanoscale have recently attracted great attention because of
their unprecedented features and functions as well as enormous potential applications, especially
in the areas of health care and biomedicine (1, 2). These small-scale mobile devices can effectively
overcome low Reynolds number viscous drag and Brownian motion by converting locally supplied
chemical fuels or external energy (e.g., magnetic, acoustic, or light) into propelling force and
movement (1, 3-5). More recently, the efficient propulsion of these man-made small robots has
been combined with previously unknown functionalities, including advanced motion control,
cargo towing and release, chemotactic and collective behavior, and facile surface modification.
These features together provide the robots with capabilities for per- forming diverse tasks in
different disciplines, including cell separation, active drug delivery, noninvasive surgery (2),
environmental remediation (6-10), and nanoscale fabrication and imaging (11). With the rapid
advancement of micro- and nanorobots in biomedical research, it becomes important to develop
robots with biocompatible and bio- mimetic surfaces for favorable interfaces and interactions with
natural biological subjects. For example, synthetic nanorobots have been integrated recently with

motile cells, such as sperm and bacteria (12, 13).

Herein, we report the integration of diverse biological functions from the plasma
membranes of two cell types, red blood cells (RBCs) and platelets (PLs), into a single nanorobot

surface to create a robust biomimetic nanorobot for multipurpose biodetoxification and con-
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current removal of pathogenic bacteria and toxins in particular. In Gram-positive bacterial
infections, pathogens normally generate and release a variety of hemolytic toxins, namely, pore-
forming toxins (PFTs), into the bloodstream. These toxins actuate pore formation in cell
membranes, altering membrane permeability and leading to cellular lysis. This process is one of
the major routes of bacterial pathogenesis and results in life-threatening infections in humans (14—
16). From a therapeutic perspective, it would be ideal to remove both the hemolytic toxins and the
toxin-produced bacteria to achieve desirable treatment efficacy. However, the major challenge is
that the toxins and the bacteria are vastly different physicochemical structures and normally have
different biological targets. For instance, PFTs typically target RBCs and destroy them, whereas
bacteria may have no specific interactions with RBCs; instead, they bind with other cell types,
such as PLs. To solve this problem, we hypothesized that, by coating synthetic nanorobots with a
mixture of cell membranes derived from RBCs and PLs, these hybrid biomembrane—
functionalized robots will bear lipid membranes and associated functions similar to both RBC and
PL membranes. The dual RBC-PL membrane coating will give nanorobots a variety of functional
proteins and thus multifaceted biological functions. There- fore, these biomimetic nanorobots are
expected to concurrently absorb and remove RBC-targeted PFTs and PL-bound bacteria that
produce the PFTSs. To test this hypothesis, we adopted a recently developed cell membrane—coating
technology to functionalize an acoustic gold nanowire (AuNW)-based nanorobot used as a model

of fuel-free robot with potential biomedical applications.

Cell membrane coating has recently emerged as a platform technology that presents a
simple top-down approach for functionalizing synthetic subjects with the highly complex
functionalities associated with natural cell membranes (17-19). Specifically, cell membrane—

coated nanodevices inherently mimic the surface properties of the source cells and thus bear unique

250



functions, such as disease-relevant targeting ability. For example, RBC membranes can target and
absorb toxins, and PL membranes can adhere to pathogens (14, 17-22). Initial attempts have
integrated nanorobots with singular cell membranes (23-25). The resulting biomimetic nanorobots
combined the advantages of both the dynamic movement of mobile robotics and the functional
versatility of the cellular membrane coatings. This coupling greatly accelerated detoxification
processes compared with counterparts based solely on Brownian motion (12, 13, 23-25). For
example, RBC membrane—coated robots have demonstrated effective and rapid removal of
bacterial toxins and other contaminants (e.g., nerve agents) from biological samples (23, 24). So
far, only singular cell membranes have been coupled with nanorobots, providing them with the
specific biological function of the corresponding cells while lacking multifaceted functionality.
The integration of diverse membrane functionalities from multiple cell types into single mobile
nanorobots could result in broader and more robust uses, where the nanorobots could perform
multiple com- plex therapeutic tasks in a single treatment. In this work, we prepared RBC-PL
hybrid membrane—functionalized fuel-free nanorobots (denoted as “RBC-PL-robots”), by
enclosing acoustic AUNW robots with the hybrid membranes derived from hu- man RBCs and
PLs, for simultaneous targeting and removal of pathogenic bacteria along with toxins secreted by
the bacteria (Fig. 1A). The biomimetic robots were fabricated by using a template-assisted AUNW
electrochemical deposition proto- col (26), followed by a dual-cell membrane- cloaking technique
(27). The dual-membrane coating contained a wide variety of functional proteins associated with
human RBCs and PLs, which gave the nanorobot diverse biological functions. Coupling the
biological functions of the hybrid mem- branes with the fuel-free navigation of ultrasound (US)—
propelled mobile nanorobots thus resulted in a dynamic bio- mimetic multifunctional

detoxification platform that locally enhanced mass trans- port and increased directional collisions
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with biological targets and may represent a unique tool in situations where external mechanical
stirring is not possible or desired. The RBC-PL-robots displayed rapid and efficient propulsion in
whole blood, with no apparent biofouling, and mimicked the movement of natural motile cells.
These mobile nanorobots show pulsion capabilities of the dual-membrane—functionalized
nanorobots may be used for rapid bacteria isolation and efficient neutralization of PFTs in a variety
of biomedical and biodefense scenarios. This dual-cell membrane coating represents a unique and
robust technique to functionalize nanorobots for potential use in different fields, including targeted
drug delivery, immune modulation, and de- toxification. Although acoustic propulsion was
selected as a model of fuel-free propulsion, the reported dual—cell membrane coating concept can

be readily expanded to other types of nanorobots involving different propulsion mechanisms.
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Protein concentration (mg/mL)

Figure 5.2.1. Preparation and characterization of RBC-PL-robots. (A) Schematic of biomimetic robots for binding
and removal of threatening biological agents. (B) Preparation of RBC-PL-robots: (i) The gold surface of the nanowire
(AUNW) robots was modified with MPA,; (ii) hybrid membranes were prepared by fusion of RBC membranes and
PL membranes (using 1:1 protein weight ratio), and the resulting hybrid membranes were used to coat the MPA-
modified nanorobots; (iii) after 5-min sonication, the RBC-PL-robots were obtained. (C) SEM images of a bare
AUNW robot without hybrid membrane coating (top) and an RBC-PL-robot (bottom). (D) The measured weight of
protein content on bare robots and RBC-PL-robots (both 20 mg ml—1) stored in 1x PBS at 4°C for 24 hours. UD,
undetectable. Error bars represent the SD from three different measurements. (E) SDS-polyacrylamide gel
electrophoresis analysis of proteins present on the RBC-PL-vesicles and the RBC-PL-robots. The samples were run
at equal protein content and stained with Coomassie blue. The RBC-PL-robots used in (D) and (E) were exposed to
the acoustic field for 5 min before performing the protein analysis. (F) Optical (i) and fluorescent (ii to iv) images of
a group of RBC-PL-robots, in which the RBC membranes were labeled with DiD dye (red) and the PL membranes
were labeled with FITC (green). Overlay of the DiD and FITC channels is shown in (iv) (yellow).

253



5.2.2 Results and Discussion

Preparation of RBC-PL-robots

The preparation of RBC-PL-robots involved the combination of template-assisted
electrodeposition and cell membrane—cloaking techniques. As shown in Fig. 1B, the AUNW robots
were prepared by a common membrane-template electrodeposition protocol (see Ma- terials and
Methods) (26) consisting of gold deposition within the nanopores (400 nm diameter) of a
polycarbonate (PC) membrane, followed by the membrane dissolution and release of the resulting
AUNWSs. The surface of the AUNWSs was then modified with 3-mercaptopropionic acid (MPA)
(Fig. 1B, i) before membrane coating. In parallel, RBC-PL hybrid membrane—derived vesicles
(denoted as “RBC-PL-vesicles”; diameter, 100 to 150 nm) were prepared by fusion of the RBC
and PL membranes (1:1 protein weight ratio) during a 5-min ultrasoni- cation (27). The resulting
RBC-PL-vesicles, having diverse biological capabilities, were mixed with the MPA-modified
AuNWSs under ultrasonication for 5 min (Fig. 1B, ii). The nanoscale RBC-PL-vesicles, with high
surface energy, were prone to bind and fuse onto the AuNW nanorobots to minimize the system’s
free energy (Fig. 1B, iii). The ultrasonic mixing further enhanced the adsorption of the RBC-PL
hybrid membranes onto the AuUNWSs. The fusion process allowed for the retention of the bilayer
structure of the hybrid membranes and the preservation of their protein functions. In addition,
because of the large asymmetric negative charge between the ectoplasmic and cytoplasmic
surfaces of the hybrid membranes, the outer surface of the membranes was much more negatively
charged than the inner surface. Hence, electrostatic repulsion allowed the hybrid membranes to
fuse onto the negatively charged robots at the right-side-out ori- entation (18). This orientation of

RBC-PL hybrid membranes enabled the selective adsorption and neutralization of PFTs and
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pathogens and protected the nanorobots from biofouling during movement in complex biological

media.

Bare robot
60 RBC-PL-robot

s
el

Speed (prﬁls)
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Water Blood0h  Blood 1h

Figure 5.2.2. Propulsion performance and anti-biofouling property of RBC-PL-robots. Tracking trajectories showing
the propulsion of bare robots (A) and RBC-PL-robots (B) in water (i) and after 0- and 1-hour incubation in blood (ii
and iii, respectively). (C) Comparison of the speed of bare robots with RBC-PL-robots in water and after 0- and 1-
hour incubation in blood. The acoustic nanorobots were propelled using a frequency of 2.66 MHz and a voltage of 2.0
V. Error bars estimated as a triple of SD (n = 3).

The fabricated RBC-PL-robots were characterized by different techniques. Figure 1C
shows the scanning electron microscope (SEM) images of a bare AUNW robot and an RBC-PL-
robot (top and bottom, respectively), both with a diameter of 400 nm and a length of 1.5 to 2.0 um.
An SEM image of the bare AUNW is shown in fig. S1. Both SEM images show the asymmetric
shape of the robots containing a concave end obtained by the template electrodeposition (28). This
structural asymmetry allowed each individual nanowire to convert the acoustic steady streaming
produced over the surface of the nanowire into axial motion with an independent trajectory, rather
than being dragged as an aggregate by the acoustic radiation or flow forces (26, 28, 29). Other key
factors affecting the conversion of the acoustic energy into mo- tion include material density and
dimension, because only structures fabricated with relatively dense materials (e.g., Au, Pt, and Ru)
and sizes larger than 500 nm have been reported to present autonomous propulsion (30, 31).
Although there are multiple fuel-free microrobots (8, 32) and alternative acoustic propulsion

mechanisms based on traveling waves (33), streaming (34), or bubble cavitation (35), the present
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use of acoustically propelled nanowires produced a synergistic ef- fect of enhancing mass transport
while preconcentrating the sample in an acoustic levitation plane, thereby enhancing directional
collisions between the nanorobot and the biological target. A thin coat- ing can be observed around
the RBC-PL-robot corresponding to the membrane coating. We also investigated the RBC-PL-
robots in terms of their protein content from the dual-cell membrane coating. For this purpose, the
RBC-PL-robots were repeatedly washed with phosphate- buffered saline (PBS) to remove
uncoated membranes and exposed to the acoustic field for 5 min, and then a bicinchoninic acid
(BCA) protein assay was used to quantify the level of membrane proteins on the nanorobot surface.
A protein content of 0.5 mg ml—1 was obtained for the RBC-PL-robots, in comparison with the
undetectable protein content for the bare nanorobots, using the same robot con- centration (20 mg
ml—1) (Fig. 1D). Furthermore, gel electrophoresis followed by protein staining showed the protein
profile of the puri- fied RBC-PL-vesicles and RBC-PL-robots (Fig. 1E). The protein profile of the
coated robots closely matched that of the hybrid mem- branes, indicating that the RBC-PL
membranes can be translocated onto the nanorobot surface without altering their protein profile.

To further confirm the presence and cloaking of hybrid membranes onto the surface of
AuNW robots, we labeled the RBC and the PL membranes before coating with the dyes 1,1'-
dioctadecyl-3,3,3",3’- tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt (DiD;
excitation/emission = 644/665 nm) and fluorescein isothiocyanate (FITC; excitation/emission =
495/525 nm), respectively. Figure 1F shows optical (i) and fluorescent (ii to iv) images of a group
of RBC- PL-robots coated with the DiD-labeled RBC membranes (red) and FITC-labeled PL
membranes (green). Full coverage of the nanorobots is illustrated in the fluorescence microscopy
images, indicating the successful incorporation of the dye-labeled dual cell membranes onto the

robots. The corresponding overlay of the DiD and FITC channels (shown in Fig. 1F, iv) confirmed
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the effective co-localization of both cell membranes on the same robot, further verifying the

successful coating of the AUNW robots with the dual membranes.
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Figure 5.2.3. Binding and isolation of PL-adhering pathogens by RBC-PL-robots. (A) SEM image of an MRSA
USA300 bacterium attached to an RBC-PL-robot. (B) Microscopic images showing the binding of an MRSA USA300
bacterium to an RBC-PL-robot: bright-field image (top) and fluorescence image showing the DAPI-stained bacterium
(bottom). (C) Normalized fluorescence intensity of DAPI-stained MRSA USA300 bacteria retained on (i) PBS (ho
robots), (ii) bare robots, (iii) RBC-robots (without PL membranes), (iv) RBC-PL-robots under a static condition
(without US), (v) RBC-PL-vesicles, (vi) US-propelled RBC-PL-robots, and (vii) PL-robots (without RBC
membranes). PBS, bare robots, RBC-robots, and RBC-PL-vesicles were used as negative controls; PL-robots were
used as a positive control. Error bars were estimated as a triple of SD (n = 3). Reaction time, 5 min. Biomimetic robots,
10 mg ml—1. MRSA USA300 bacteria, 5 x 108 CFU ml—1.

Propulsion performance and anti-biofouling property of RBC-PL-robots

The propulsion performance and anti-biofouling ability of the RBC-PL- robots were
evaluated by comparing the propulsion speed of the un- coated AUNW robots and the RBC-PL-
robots in water and in whole blood, as illustrated from the stack of overlapping microscopy images
in Fig. 2 (A and B) (corresponding to movies S1 and S2). The pro- pulsion of bare robots and
RBC-PL-robots was examined first in water, as indicated by the 4-s tracking trajectories shown in
Fig. 2 (A, i, and B, i, respectively). Both robots displayed efficient propulsion with a high speed
in the aqueous medium (51 and 46 um s—1; Fig. 2C, gray and red bars, respectively). In contrast,
when tested in whole blood, the bare robots displayed notable hindered propulsion, with a greatly

diminished speed of ~10 um s—1, nearly independent of the incubation time (right after mixing
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and after 1-hour incubation in blood) (Fig. 2A, ii and iii). This hindered movement reflects severe
protein fouling of the robots. However, the RBC-PL-robots exhibited only a slight speed decrease
when incubated in blood, as shown by the 4-s tracking trajectories of Fig. 2B (ii and iii) and
demonstrated by the calculated speeds (Fig. 2C; red bars: 38 and 35 um s—1, respectively).
Although the propulsion of the RBC-PL-robots was slightly affected by the blood viscosity, the
robot movement in this complex biological environment remained active over the entire 1-hour
operation. Overall, these data indicate that the natural sur- face proteins and functions of the RBC-
PL hybrid membranes enabled an effective anti-biofouling property of the biomimetic nanorobots,

which allows the robots to work in complex physiological fluids continuously.
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Figure 5.2.4. Binding and neutralization of a-toxin and other PFTs by RBC-PL-robots.(A) Images of centrifuged 5%
RBC solution after incubation with a-toxin in (i) PBS, (ii) static RBC-PL-robots, (iii) US-propelled RBC-PL-robots,
and (iv) US-propelled RBC-robots. PBS without a-toxin (v) was used as a control. (B) Hemolysis quantification of
the samples shown in (A). (C) Images of centrifuged 5% RBC solution after incubation with PFTs (50 ul) produced
by MRSA bacteria (after 8-hour incubation) in (i) PBS, (ii) static RBC-PL-robots, (iii) US-propelled RBC-PL-robots,
and (iv) US-propelled RBC-robots. PBS without PFTs (v) was used as a control. (D) Hemolysis quantification of the
samples shown in (C). Error bars estimated as a triple of SD (n = 3). Treatment time with samples, 5 min; hemolysis
incubation time (5% RBC solution plus PFTs), 30 min at 37°C.
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Binding and isolation of PL-adhering pathogens by RBC-PL-robots

Characterizations of the robot structure and its US propulsion were followed by critical
evaluation of the detoxification potential of the biomimetic nanorobots. Initially, the RBC-PL-
robots were assessed for selective binding and rapid isolation of PL-adhering pathogens. Such
bacteria binding to a PL is a postulated central event in the pathogenesis of infective endocarditis
(36), and PL-bacterium interactions are also associated with bacterial immune evasion and
bacteremia (37). In this study, a strain of MRSA expressing a serine-rich adhesin for PL, MRSA
USA300 (36), was used as a model PL-adhering pathogen. Figure 3A (see also fig. S2) shows an
SEM image indicating an MRSA USA300 bacterium binding to an RBC-PL-robot after a 5-min
incubation under a US field (2.66 MHz and 2.0 V). To further characterize the robot/ MRSA
binding and compare it with other different controls, we incubated the RBC-PL-robots (10 mg
ml—1) in the MRSA USA300 suspension [5 X 108 colony-forming units (CFU) ml—1] under US
for 5 min, followed by collection of the robots through precipitation, fixation of adhered bacteria
with formalin, and staining with 4',6- diamidino-2-phenylindole (DAPI). Subsequently, the
amount of bacteria adhered to the RBC-PL- robots was calculated by measuring the DAPI
fluorescence intensity. Figure 3B shows microscopic bright-field and fluorescence images (top and
bottom, respectively), which further illustrate the specific binding between an MRSA USA300
bacterium and the RBC-PL-robot. The normalized fluorescence intensity of DAPI-stained MRSA
USA300 was calculated and compared with other control experiments (Fig. 3C). PBS, bare
nanorobots (without cell membrane coating), and RBC-robots (coated with RBC membranes) were
used as negative controls and dis- played a negligible fluorescent intensity due to the absence of
bacterial adhesion (Fig. 3C, i to iii). Low fluorescence intensity values were also observed for

MRSA USA300 incubated with RBC-PL-robots under static conditions or with RBC-PL-vesicles
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(Fig. 3C, iv and v). In contrast, a remarkable fluorescence intensity increment was observed when
incubating DAPI-stained MRSA bacteria with US-propelled RBC-PL-robots (vi) or PL-robots
(vii, coated only with PL membranes, used as a positive control), reflecting the active bacterial
recognition and binding of the PL membranes. DAPI-stained MRSA treated with US-propelled
RBC-PL-robots reached a 3.5-fold increase in DAPI fluorescence intensity compared with their
static counterparts {Fig. 3C, vi [2283 arbitrary units (a.u.)] versus iv (650 a.u.)}, indicating the
importance of US propulsion for rapid bacteria isolation associated with the enhanced directional
collisions between the RBC-PL-robots and bacteria under the acoustic field. Overall, these results
demonstrate the unique characteristics of the US-propelled biomimetic robots for achieving rapid

and selective isolation of PL-adhering pathogens such as MRSA.

Binding and neutralization of PFTs by RBC-PL-robots

After having studied the pathogen binding capacity of the RBC-PL- robots, we evaluated
their application as a powered toxin decoy to absorb and neutralize PFTs, a family of toxins that
target RBCs by forming pores in cellular membranes, altering their permeability. We first used [1-
toxin as a model PFT to test the detoxification potential of the RBC-PL-robots. S. aureus secretes
this toxin as a water-soluble protein, which can spontaneously incorporate into lipid membranes,
forming a heptameric structure with a central pore that facilitates uncontrolled permeation of
different molecules, finally leading to cell lysis (38-40). Developing effective strategies for
neutralizing a-toxin is of great importance because it has been demonstrated that the inhibition of
a-toxin can reduce the severity of S. aureus infections (14, 41). To test such detoxification
potential, we mixed a fixed amount of commercially purchased purified a -toxin (1.7 [Jg ml—1)
with the RBC-PL-robots and incubated them for 5 min under a US field. Then, the mixed solution

was added to a 5% purified RBC solution and incubated for 30 min at 37°C. After this incubation,
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the 5% RBC solution was centrifuged, and the absorbance of the supernatant was measured at 540
nm to determine the degree of hemolysis. The absorbance value obtained from a 5% RBC solution
sonicated for 5 min was considered as 100% hemolysis, which allowed calculating the relative
hemolysis percentage of all the samples (Fig. 4). The supernatant of RBCs incubated with free a-
toxin at the same concentration was used as a positive control (Fig. 4A, i), which gave a relative
hemolysis close to 100% (Fig. 4B, i). However, substantial lower hemolysis (5.5%) was observed
when using US-propelled RBC-PL-robots in the toxin solution (Fig. 4, A and B, iii). These results
confirmed the effective binding of the membrane- coated robots to the toxin and indicated that the
efficient US pro- pulsion in the a-toxin solution facilitated the number of robot-toxin contacts,
improving the toxin absorption and its neutralization. This hemolysis percentage was slightly
larger than the one obtained from samples treated with US-propelled RBC-robots (Fig. 4, A and
B, iv). PBS without toxin was included as a negative control (Fig. 4, A and B, v). A 4.5 times
lower hemolysis was found when using US-propelled RBC-PL-robots compared with the use of
the RBC-PL-robots under static conditions (Fig. 4, A and B, ii versus iii), highlighting the

important effect of the robot propulsion upon the efficiency of the de- toxification process.

To further examine the binding of PFTs to RBC-PL-robots and the following
neutralization, we performed similar experiments using toxins naturally secreted from MRSA
USAS300 (Fig. 4, C and D), including a-toxin, Panton-Valentine leukocidin, and [1-toxin (42). In
this experiment, MRSA USA300 bacteria were grown for 8 hours, and at this time, an aliquot of
the bacterial suspension was treated for 5 min with the US-propelled RBC-PL-robots or the other
controls (i to v). After each treatment, the bacterial suspension was centrifuged, and 50 (11 of the
supernatant containing PFTs was mixed with 5% purified RBC solution to quantify its hemolytic

activity. Similar to the previous results, the US-propelled RBC-PL-robots produced lower
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hemolysis when compared with static RBC-PL-robots (17% versus 40%; Fig. 4, C and D, iii versus
iv), demonstrating the effective action of the propulsion. Under the acoustic field, the collective
propulsion of the RBC-PL-robots can dramatically accelerate their binding with PFT mixture, thus
enhancing the neutralization process. A tendency in the hemolysis percentage similar to the one
obtained with commercial toxin was found for the rest of the controls (Fig. 4, C and D, i, iii, and
iv). The absorbance spectra of oxyhemoglobin after incubation with purified commercial [J-toxin
or a cocktail of bacteria-secreted PFTs in the different control experiments are shown in figs. S3
and S4, respectively. Overall, the results of Fig. 4 demonstrate that cloaking RBC-PL membranes
onto the AUNW robots and moving these biomimetic robots under a US field result in dynamic

detoxification vehicles that can efficiently remove PFTs from their environment.
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Figure 5.2.5. In situ concurrent removal of MRSA bacteria and MRSA-secreting PFTs by RBC-PL-robots. (A)
Schematic of RBC-PL-robots for bacteria targeting and PFT neutralization. (B) Optical density values (ODgoo) Of
MRSA bacteria obtained before and after treatment (blue, without robots; red, RBC-PL-robots). (C) Relative
hemolysis percentages of PFTs obtained before and after treatment (blue, without robots; red, RBC-PL-robots). Error
bars estimated as a triple of SD (n = 3). (D) MRSA bacterial growth curves (indicated by ODego) versus incubation
time for nontreated bacteria and bacteria treated with RBC-PL-robots. (E) Corresponding relative hemolysis curves
versus incubation time for nontreated bacteria and bacteria treated with RBC-PL-robots. Arrows indicate first
measurement right after treatment.

Concurrent removal of bacteria and bacteria-secreting PFTs by RBC-PL-robots

To further examine the dual detoxification ability of these biomimetic nanorobots for
binding and isolation of PL-adhering pathogens and neutralization of bacterial toxins, we
performed a combined appli- cation for MRSA targeting and PFT neutralization (Fig. 5A). In this
specific study, the RBC-PL-robots were incorporated with a nickel segment to enable the magnetic
separation of the robots after the treatment (fig. S5). To test the combined detoxification action,
we compared an MRSA bacterial sample treated with US-propelled RBC-PL-robots with a

nontreated bacterial control (Fig. 5, red versus blue). A detailed schematic showing the
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experimental protocol followed to perform the combined application is shown in fig. S6 (see also
Materials and Methods). Briefly, we took two aliquots of MRSA USA300 bacteria from the same

culture: One was treated by US-propelled RBC-PL-robots, and one served as an untreated control.

Before performing the robot treatment, the optical density at a wave- length of 600 nm
(OD600) and hemolysis percentage were calculated for aliquots taken from both MRSA samples.
As shown in Fig. 5 (B and C), both OD600 and hemolysis values were very similar for both
bacteria samples before the treatment. Afterward, RBC-PL-robots were added to the bacterial
suspension under a US field for 5 min. After the robot treatment, the robots were magnetically
separated from the bacterial suspension. Then, the treated bacterial sample and the nontreated
control sample were grown for 10 hours under the same conditions. The OD600 of both samples
was monitored every hour during the first 6 hours and then every 2 hours until the end of the
experiment to construct the respective curves (Fig. 5D). In parallel, aliquots of both bacterial
samples were collected and centrifuged, saving the supernatants to perform the hemolysis assay
(Fig. 5, C and E). As shown in Fig. 5 (B and C, red columns), both the OD and hemolysis values
notably decreased in the RBC-PL-robot sample at the 0-hour time point (right after the 5-min robot
treat- ment or nontreatment control, indicated by black arrows). Specifically, in the robot- treated
sample, the OD and the hemolysis decreased 3.1 and 2.2 times, respectively, when compared with
the control sample (Fig. 5, B and C, red versus blue columns). These results demonstrate the rapid
and effective detoxification ability of the RBC- PL-robots, which can simultaneously bind to

MRSA bacteria and neutralize the secreted PFTs from the same sample in a single treatment step.
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5.2.3 Experimental

Nanorobot fabrication

The AuNW robots were prepared by a common membrane-template electrodeposition
protocol. A thin gold film was first sputtered on one side of the porous PC membrane template
containing 400-nm-diameter nanopores (catalog no. 110407, Whatman Nuclepore) to serve as a
working electrode. The membrane was assembled in a Teflon plating cell with aluminum foil
serving as an electrical contact for the subsequent electrodeposition. A sacrificial silver layer was
electrodeposited into the branched area of the PC membrane using a charge of 0.1 C and a potential
of —0.90 V (versus a Ag/AgCl reference electrode, along with a Pt wire as a counter electrode).
Subsequently, Au was plated by using a commercial gold plating solution (Orotemp 24 RTU Rack;
Technic Inc., Anaheim, CA) at —1.0 V (versus Ag/AgCl), with a charge of 1.5 C. The sputtered
gold was removed by mechanical polishing using 3- to 4-CJm alumina powder. The silver
sacrificial layer was removed by chemical etching using a cotton tip applicator soaked with 8 M
HNO3 solution. The removal of this sacrificial layer helped to create the concave shape in one end
of the gold wire nanorobot. The resulting AUNWSs had a length between 1.5 and 2 [Jm. The PC
membrane was then dissolved in a pure methylene chloride solution for 30 min; this process was
performed two times to completely release the AUNWSs. The resulting nanorobots were separated
from the solution by cen- trifugation at 8000 rpm for 5 min and washed two times with iso-
propanol, two times with ethanol, and three times with ultrapure water (18.2 megohm cm).
Between washing steps, the nanorobot solution was centrifuged at 8000 rpm for 3 min. All AUNWs
were stored in 1 ml of ultrapure water at room temperature until use. Magnetic robots were

prepared following a similar protocol. A sacrificial silver layer was electrodeposited using a charge
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of 0.1 C and a potential of —0.90 V (versus a Ag/AgCl reference electrode, along with a Pt wire as
a counter electrode). Subsequently, Au was plated at —1.0 V (versus Ag/AgCl) using a charge of
0.6 C, followed by Ni electrodeposition at —1.3 V (versus Ag/AgCl) using a charge of 0.4 C. Then,
Au was electro- deposited again (—1.0 V and 0.6 C), and the rest of the protocol was performed as

described above.

RBC-PL-robot preparation

RBC-PL-robots were prepared by enclosing AuNW robots with the dual plasma
membranes derived from RBCs and PLs. Human RBC membranes were derived from whole blood
(BioreclamationlVVT) as previously described (43). Briefly, whole blood was centrifuged at 800g
for 5 min at 4°C, and the serum and buffy coat were discarded. The remaining RBC pellet was
then treated with hypotonic medium to remove hemoglobin. After three hypotonic treatment and
wash cycles, the pink pellet of RBC membranes was obtained and stored at —80°C until use.
Human PL membranes were prepared from PL- rich plasma (San Diego Blood Bank) following
previously described methods (22). After obtaining purified PLs, PL membranes were de- rived
using a repeated freeze-thaw process and washed by centrifugation in PBS solution mixed with
protease inhibitor tablets. Aliquots of suspensions were first frozen at —80°C, thawed at room
tempera- ture, and pelleted by centrifugation at 4000g for 3 min. After three repeated washes, the
pelleted PL membranes were suspended in water and stored at —80°C until use. After having
isolated both RBC and PL membranes, the hybrid membranes were prepared via fusion of both

membranes (1:1 protein weight ratio) under 5-min ultrasonication (42 kHz, 100 W).

In parallel, the surface of the AUNWSs was modified with 0.25 mM MPA (Sigma-Aldrich)

through overnight incubation to introduce negative charges onto the gold surface. After the
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incubation, the AuNWSs were washed with deionized water three times, repeating centrifugation
processes (8000 rpm, 3 min) between each washing step. Then, the MPA-AuNWSs were coated

with the resulting hybrid membranes after 5-min ultrasonication (42 kHz, 100 W).

RBC-PL-robot characterization

SEM images of bare and RBC-PL-robots were obtained with a Philips XL30 environmental
scanning electron microscope instrument using an acceleration voltage of 10 kV. To further
confirm the presence and cloaking of RBC-PL hybrid membranes onto the surface of the AUNW
robots, we labeled RBC membranes with DiD (excitation/ emission=644/665nm; Sigma-Aldrich),
and PL membranes were labeled with FITC (excitation/emission = 495/525 nm; Sigma-Aldrich)
before being coated on the AUNWSs. Fluorescence microscopy images were captured by using an

EVOS FL microscope coupled with 20x and 40x microscope objectives. To determine the protein

content of the RBC-PL-robots, we centrifuged both bare robots and RBC-PL-robots (20 mg ml_l)
and resus- pended them with 1x PBS three times. After that, the RBC-PL-robots were exposed to
the acoustic field for 5 min, and then a BCA colorimetric assay (Sigma-Aldrich) was used to
quantitatively measure the level of membrane proteins on the nanorobot surface. Briefly, the
purple-colored reaction product of this assay is formed by the chelation of two molecules of BCA
with one cuprous ion, and this water- soluble complex exhibits a strong absorbance at 562 nm that
is nearly linear with increasing protein concentrations. Gel electrophoresis followed by protein
staining with Coomassie blue was also performed. The RBC-PL hybrid membrane and RBC-PL-
robot samples containing equivalent total proteins were prepared in lithium dodecyl sulfate sample
loading buffer (Invitrogen). The samples were then separated on a 4 to 12% bis-tris 17-well MiniGel
in Mops running buffer using a Novex XCell SureLock Electrophoresis System (Life Technologies).

Last, the protein columns were stained according to the manufacturer’s protocol.

267



Ultrasound equipment and propulsion studies

The acoustic cell setup consisted of a piezoelectric transducer (Ferroperm PZ26 disk; 10 mm
diameter, 0.5 mm thickness) responsible for the generation of US waves, attached by conductive
epoxy glue to the bottom center of a steel plate (50 mm by 50 mm by 0.94 mm); the steel plate
was covered with a 240-[1m Kapton tape protective layer that contains a circular reservoir at
the center (5 mm). A glass slide was used to cover the reservoir for US reflection and to protect
the sample. The continuous US sine wave was applied via a piezoelectric trans- ducer, through an
Agilent 15-MHz arbitrary waveform generator, in connection to a homemade power amplifier.
All experiments were performed by mixing the RBC-PL-robots with corresponding media
(water, PBS, or whole blood) or samples (MRSA USA300 or toxins) and by applying a continuous
sine wave form that had a frequency of 2.66 MHz and a voltage amplitude of 2.0 V. Videos were
captured using a CoolSNAP HQ2 camera, with 20x and 40x objectives (unless mentioned
otherwise), and acquired at 10 frames per second using the MetaMorph 7.1 software (Molecular
Devices, Sunnyvale, CA). The particle displacement image stacking was performed using ImageJ

software and Flow Trace Plugin (44).

Binding and isolation of PL-adhering pathogens

RBC-PL-robots were assessed for selective binding and rapid isolation of PL-adhering
pathogens using MRSA USA300 (BAA-1717; American Type Culture Collection) as a model
pathogen. The bacteria were cultured on tryptic soy broth (TSB) agar (Becton, Dickinson and
Company) overnight at 37°C. A single colony was inoculated in TSB medium at 37°C in a rotary
shaker. Overnight culture was refreshed in TSB medium at a 1:100 dilution at 37°C under shaking

for another 3 hours. RBC-
PL-robots (10 mg ml_l) were mixed with the bacterial suspension (5 x 108 CFU ml_l), and they
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were incubated for 5 min under a US field (2.66 MHz and 2.0 V). After the US incubation, the
robots werere- collected through precipitation, and the adhered bacteria were fixed with formalin

and stained with DAPI (Sigma-Aldrich).

Binding and neutralization of PFTs

RBC-PL-robots were tested as a toxin decoy to absorb and neutralize PFTs using []-toxin as
a model toxin. A fixed amount of commercial a-toxin (1.7 pg ml_l; IBT Bioservices) was mixed

with the RBC-PL- robots (10 mg ml_l) and incubated under a US field for 5 min (2.66 MHz and 2.0
V). After the US treatment, the mixed solution was added to a 5% purified RBC solution and
incubated for 30 min at 37°C. After such incubation, the 5% RBC solution was centrifuged, and
the absorbance of the supernatant was measured at 540 nm to determine the degree of hemolysis
(corresponding to the absorbance spectra of oxyhemoglobin).

To perform the experiments using toxins naturally secreted from MRSA USA300 bacteria,
we refreshed overnight bacterial culture in TSB medium at a 1:100 dilution at 37°C under shaking
for another 8 hours. The bacterial suspension was centrifuged at 5000g for 5 min to collect the

culture supernatant. We treated 50 ul of bacterial culture medium containing secreted PFTs with

the US-propelled RBC-PL-robots (10 mg ml_l; 2.66 MHz and 2.0 V) and the rest of the controls for
5 min. After treatment and centrifugation, the supernatant from each group was collected and

measured for the degree of hemolysis.
Concurrent removal of bacteria and bacteria-secreting PFTs

To test the combined detoxification action of the RBC-PL-robots, we took two aliquots of
MRSA USA300 bacteria from the same liquid culture to perform the RBC-PL-robot treatment and

to serve as a nontreated control, respectively. Before performing the robot treatment, ODgoo and
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hemolysis percentage were measured for aliquots taken from both MRSA samples. Afterward,

magnetic RBC-PL-robots (10 mg ml_l) were added to the bacterial suspension (5 x 108 CFU ml_l)
under a US field for 5 min (2.66 MHz and 2.0 V). After the robot treatment, the RBC-PL-robots
were magnetically separated from the bacterial suspension. Then, the treated bacterial sample
and the nontreated control sample were grown for 10 hours under the same conditions. The
OD600 of both bacterial samples was monitored every hour during the first 6 hours and then
every 2 hours until the end of the experiment. In parallel, 50-[11 aliquots of both bacterial samples
were collected and centrifuged (13,200 rpm, 5 min), saving the supernatants to perform the
hemolysis assay (5% RBC solution plus [J-toxin, 30 min at 37°C). The relative hemolysis
percentages were calculated con- sidering 100% hemolysis, the absorbance value obtained from
5% RBC solution sonicated for 5 min. All the hemolysis studies were performed in the presence

of 200 nM 1,4-dithiothreitol (Sigma-Aldrich).
5.1.4 Conclusion

In summary, we have demonstrated that the use of dual cell membranes to modify synthetic
nanorobots represents a versatile approach for interfacing natural and synthetic biomaterials to
form biomimetic robots. The synergy of combining hybrid biological membranes with mobile
robots leads to a powerful platform for diverse biomedical applications. In particular, the
biomimetic RBC-PL-robots reported in this proof-of-concept work consisted of an acoustic AUNW
robot (selected as a model of fuel-free robots) cloaked with RBC-PL hybrid membranes. The
resulting biomimetic fuel-free robots offer a one-step de- toxification treatment for simultaneous
bacterium targeting and toxin neutralization. Such hybrid cell membrane—coated nanorobots can

thus act as a robust mobile therapeutic device capable of accelerating multiple processes, including
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bacterial detoxification and toxin neutralization. In this work, such capability to accelerate multiple
processes was demonstrated for the binding and removal of PL-adhering pathogens (e.g., S. aureus
bacteria) and technology could be readily adapted to a wide range of nanorobots with different
propulsion mechanisms. Coating nanorobots with multi-functional biomembranes imparts

important capabilities to robotic technology that are difficult to achieve with uncoated robots.

Although this proof-of-concept work is still at an early stage and requires further
improvement and evaluations of the cell membrane— coated robots before their potential uses, it
opens the door to the use of fuel-free biomimetic nanorobots as an active broad-spectrum bio-
detoxification platform. Overall, the ability to concurrently remove pathogenic bacteria and toxins
of these biomimetic nanorobots offers considerable interest for diverse therapeutic and
detoxification appli- cations. Such biomimetic nanorobots that integrate natural cellular functions
with synthetic nanomachines are expected to provide opportunities and inspire ideas for rapidly

emerging robotic research and development.
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Chapter 6

Conclusions



Nanoparticles for Targeted Delivery and Detoxification

Nanoparticles specifically targeted to the location of a disease or pathogen show
significant benefits over untargeted delivery of free drug. Targeting can prevent toxicity, reduce
unintended off-target effects of the drug, and allow for higher efficacy using less drug. Many
biomimetic strategies for designing targeted nanoparticle platforms have been developed and
discussed. Here we summarize the novel contributions to the nanomedicine field and new tools
developed for designing drug delivery vehicles.

Ultra-small lipid-polymer hybrid nanoparticles functionalized with a folate receptor
targeting molecule were built and tested for chemotherapeutic delivery. At 25nm, they are the
smallest lipid polymer hybrid particle yet developed. Due to their small size they can provide
significantly improved tumor penetration. These particles are coated with a PEG shell, and
functionalized with folate receptor targeting moieties to promote tumor targeting. They are able
to be loaded with the tumor drug docetaxel, and show improved targeting and penetration ability
in vitro and in vivo, slowing the tumor progression in a xenograft mouse model and resulting in
better therapeutic efficacy. This evolution of the classical lipid polymer hybrid particle can
expand its application and efficacy as a drug delivery system.

Cell membrane coatings, developed in 2011, heralded in the next generation of targeting
strategies. Cloaking drug loaded polymeric nanoparticles in cell membranes allows them to gain
the targeting mechanisms and functionalities unique to that cell type. Red blood cell membrane
coated nanoparticles are highly biocompatible and long circulating, with the stealth marker
CD47 shielding them from being destroyed by the immune system. They have shown efficacy as

a drug delivery carrier; loading red blood cell membrane coated nanoparticles with doxorubicin
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allowed for improved efficacy against solid tumors as compared to free doxorubicin. Red blood
cell membrane also has the added ability of toxin neutralization. Bacteria can secrete pore
forming toxins which target and destroy red blood cells. Red blood cell nanoparticles can act as
decoys, allowing these toxins to be sequestered and neutralized. This dual functionality of toxin
removal and long circulation of the red blood cell membrane makes these particles a robust
choice for a drug delivery vehicle.

Platelet membrane also has many surface functionalities and targeting moieties that make
it an idea membrane for drug delivery, particularly for applications in bacterial infection,
cardiovascular disease, and cancer treatment. Platelets possess proteins and receptors that can
scavenge for and bind to sites of inflammation, and platelet membrane coated nanoparticles also
have this ability. Platelet membrane coated nanoparticles were shown to bind to sites of
atherosclerosis, for both treatment and imaging purposes. They were also able to successfully
target bacteria, in vitro and in vivo. Platelet membrane coated particles loaded with antibiotics
were also used to effectively manage a bacterial infection, with a much lower dose of antibiotics
than needed to treat mice without the platelet membrane coated nanoparticle encapsulation.
Platelets also naturally bind to cancer cells, particularly circulating tumor cells. Platelet
membrane coated particles have been shown to bind to these cell types, making them a candidate
for chemotherapeutic delivery as well.

Fusions of multiple cell types have the potential to revolutionize these cell membrane
coating technologies, and allow for modular construction of particles based on the needs of the
application. Membrane fusion cloaks can combine membranes from multiple cell types, and
these resulting nanoparticles have expanded abilities. Two cell membranes, platelet and red

blood cell, were fused together and coated onto polymeric nanoparticles, creating particles with
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hybrid properties. This new particle retained functionalities from both cell types, allowing
tailoring to a specific need. The fusion particles were used to neutralize toxins as well as bind to
bacteria. These particles could also bind to cancer, and to hallmarks of cardiovascular disease
such as exposed collagen. Recent technology, such as immunostaining and improved electron
microscopy, allowed for careful evaluation of the nanoparticle surface to show both cell
membrane types are present on a single nanoparticle surface.

The ability to combine cell types onto a single particle may be used in the future to create
synergism between properties of different cell types, minimization of unwanted effects of a
specific cell type, or dilution of a membrane type that is difficult to obtain. Fusion membranes
can be designed and mixed at varying ratios with potentially unlimited cell types, which allows
for facile tailoring the surface properties. Through fusion technology, nanoparticles can be easily
designed to have the exact surface properties needed for a particular application, without the

need for complex functionalization chemistry or synthetic materials.
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