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nanomedicine and multi-disease therapies, for which a major portion of HDL functionality is attributed
to its primary scaffolding protein, apolipoprotein A1 (apoA1). ApoAl-mimetic peptides were formulated
as cost-effective alternatives to apoA1-based therapies; reverse-4F (r4F) is one such peptide used as part
of a nanoparticle platform. While similarities between r4F- and apoA1-based HDL-mimetic nanoparticles
have been identified, key functional differences native to HDL have remained undetected. In the present
study, we executed a multidisciplinary approach to uncover these differences by exploring the form,
function, and medical applicability of engineered HDL-mimetic NPs (eHNPs) made from r4F (eHNP-r4F)
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Nanoparticles and from apoA1 (eHNP-A1). Comparative analyses of the eHNPs through computational molecular dy-
ApoA1l-mimetic namics (MD), advanced microfluidic NP synthesis and screening technologies, and in vivo animal model
Drug delivery studies extracted distinguishable eHNP characteristics: the eHNPs share identical structural and

compositional characteristics with distinct differences in NP stability and organization; eHNP-A1 could
more significantly stimulate anti-inflammatory responses characteristic of the scavenger receptor class B
type 1 (SR-B1) mediated pathways; and eHNP-A1 could outperform eHNP-r4F in the delivery of a model
hydrophobic drug to an in vivo tumor. The biomimetic microfluidic technologies and MD simulations
uniquely enabled our comparative analysis through which we determined that while eHNP-r4F is a
capable NP with properties mimicking natural eHNP-A1, challenges remain in reconstituting the full
functionality of NPs naturally derived from humans.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

High-density lipoprotein (HDL) is an endogenous nanoparticle

(NP) with anti-inflammatory properties and carrier capabilities.

- With an average diameter of 7—17 nm, HDL naturally transitions
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primary protein component, apolipoprotein A1 (apoA1), which
serves both as a scaffold to bind free lipids and cholesterols and as
an agonist for anti-inflammatory processes like reverse cholesterol
transport (RCT) from macrophages and the production of endo-
thelial nitric oxide (NO) [1]. The most common receptors involved
in the apoAl-stimulated regulatory processes include scavenger
receptor class B type 1 (SR-B1), ATP-binding cassette transporter
subfamily A member 1 (ABCA1), and ATP-binding cassette trans-
porter subfamily G member 1 (ABCG1); while ABCA1 and ABCG1
are primarily attributed to RCT from macrophages, SR-B1 has been
shown to be involved in both pathways of RCT and endothelial NO
production [2]. Being a natural transporter for hydrophobic mate-
rials with the added anti-inflammatory benefits, HDL became a
prime candidate for transporting therapeutic and diagnostic, or
theranostic, agents for a variety of applications [3,4]. These appli-
cations have been applied to engineered NPs mimicking the form
and function of HDL, allowing for the additional benefit of con-
trolling the NP composition. Simplifying the complex lipidome and
proteome of HDL to apoA1 and phospholipids, the development of
HDL-mimetic NPs first started with direct proteo-lipidic self-as-
sembly or the sodium cholate dialysis methods to reconstitute HDL
(rHDL) [5], and has more recently incorporated microfluidic
methods for a single-step assembly approach [6].

The engineering of HDL-mimetic NPs should involve a combi-
nation of computational and experimental approaches to compre-
hensively understand the form and function of the resulting NPs.
For instance, the discoidal structure of HDL is often presented in a
double-belt configuration, which has been commonly imple-
mented in computational models of HDL self-assembly and is used
to explain the structural stability of HDL [7—9]. Engineering HDL-
mimetics has also resulted in the development of many apoA1l-
mimetic peptides for synthetic theranostic platforms to be used
against diseases like cardiovascular disease (CVD), Alzheimer's
disease, diabetes, and cancer [10,11]. Compared to apoA1, which has
more than 240 amino acids, apoAl-mimetic peptides are not
sequence homologous and are 18—22 amino acids in length to
make the class-A amphipathic helical motif from the apoA1 lipid
binding domain (Fig. S1) [10]. These mimetic peptides are also
relatively cost-effective synthetic alternatives to apoA1l, the purifi-
cation and use of which requires difficult and expensive tests to
ensure that human plasma (from which natural apolipoproteins are
purified) is infection and endotoxin free [12]. Of the mimetic pep-
tides studied, reverse-4F (r4F) has shown promising results in vivo
in combatting the pathogenesis of atherosclerotic mouse models,
and in the delivery of drug therapeutics [11,13—16]. The develop-
ment of r4F was spurred by the varied properties among the 4F and
r4F mimetic peptides, of which r4F was engineered to combine the
bioavailability of 4F with different lipid-binding and anti-
inflammatory properties that were demonstrated in mouse
models [13]. NPs formulated with r4F have already shown HDL-like
structures and reactivity with the receptor SR-B1 for various
theranostic applications [11,16]. However, a direct comparison of
r4F to apoAl in the context of NP form, function, and drug delivery
potential has yet to be conducted.

The applications promised in NP therapies show broad reaches
inclusive of imaging agents for targeted areas in the body and
treatments for various diseases. With an extensive library of pos-
sibilities, different methods have been used to synthesize NPs
based on lipids, polymers, proteins/peptides, and their combina-
tions [17]; the most common method is to use bulk benchtop
mixing to enhance NP self-assembly, or the spontaneous organi-
zation of NP precursors. A major challenge associated with this bulk
synthesis technique is the resultant high batch-to-batch variation
of the NP physicochemical properties. To address this challenge,
microfluidic technology has brought a new synthesis strategy

presenting a continuous production platform for highly uniform
NPs assembled through controlled mixing patterns (diffusive or
convective means) [18], which facilitate precursor microscale in-
teractions that were not achievable through traditional macroscale
(centimeter to millimeter) benchtop synthesis techniques.

Additional critical barriers to translational studies for nano-
medicine arise from the inability of conventional experimental
model systems to conduct mechanistic studies of NP interactions
with cells in pathophysiologically relevant microenvironments.
Microfluidic technologies also offer a method through which to
screen NP interactions with a biological microenvironment through
in vitro microengineered physiological systems. These in vitro
platforms, otherwise known as “organ-on-a-chip” systems, are
capable of more accurately replicating the physiological tissue
environment over traditional in vitro assays through the inclusion
of key parameters needed for appropriate cellular functionality
[19]. In the case of NPs delivered intravenously, studies examining
the interactions between NPs and blood-vascular components are
of great importance. Substantial research has presented 3D co-
culture systems of vascular endothelial cells (ECs) and mural cells
(e.g., smooth muscle cells, pericytes, fibroblasts) with a lumen
structure that improves the physiological relevance over non-
lumen based models [20]. With such a platform commonly used
to study endothelial responses such as permeability and angio-
genesis [21,22], probing the capacity of HDL-mimetics to exert
hallmark properties of HDL, such as stimulating the production of
endothelial NO [23], is a critical step in their comparative analysis.

In this work, we conducted a comparative analysis between the
use of apoA1l and r4F in HDL-mimetics. We first developed and
implemented a novel microfluidic platform with which to synthe-
size engineered HDL-mimetic NPs (eHNPs) made from r4F and
apoAl. Through the combined results of experimental and
computational NP characterization techniques, our findings
initially drew parallels across the various physical and chemical
properties shared between the eHNPs including NP structure, size,
stability, and composition. We then applied an innovative trans-
lational nanomedicine approach by pairing a microengineered
vasculature system to screen eHNP function in vitro with a murine
model to examine eHNP drug delivery to vascularized tumors
in vivo. Our initial comparisons included eHNP interactions with
cells that commonly interact with HDL; we then probed eHNP in-
teractions with macrophages and ECs in the context of prevalent
diseases such as CVD and cancer for the purposes of delivering
incorporated theranostic agents. Analyzing the computational and
experimental results unraveled distinct differences between the
eHNPs that were tied to NP stability and the mimicry of hallmark
HDL functions linked to the SR-B1 pathway.

2. Results and discussion

2.1. eHNPs share similarities in form, but they have distinct
temporal differences

The engineering of NPs benefits from incorporating both
computational and experimental methods to comprehensively
understand the similarities and differences between different NP
formulations. Comparisons between eHNP-A1 and eHNP-r4F made
through molecular dynamics (MD) simulations showed similar
discoidal structures for the self-assembled NPs (Fig. 1A). Trans-
mission electron microscopy (TEM) micrographs also showed dis-
coidal structures for both eHNP-A1 (Fig. 1B) and eHNP-r4F (Fig. 1C),
the stacking structures of which were artifacts of the negative
staining techniques in preparing the eHNPs for TEM imaging [24].
The synthesis of the eHNPs was accomplished using our new
microfluidic platform that contains a micropost array to induce the
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generation of microvortices that propagate down the length of the
channel to increase the overall mixing efficiency of the platform
(Fig. 1D). This microvortex propagation mixer ({VPM) mixed the
precursor solutions more efficiently than our previous approach [6]
to form eHNPs with a physiological composition with the addition
of the micropost array (Fig. S2). With this increased mixing effi-
ciency, synthesizing eHNPs with the puVPM resulted in highly
reproducible and uniform sizes that were more physiologically
relevant to natural HDL; the pVPM yielded particles closer to 10 nm
with no lipid aggregates whereas the platform without microposts
yielded NPs greater than 20 nm (Fig. 1E). Both eHNPs not only
shared this physiological size when synthesized, but they also
shared a physiological protein-lipid composition [25]; eHNP-A1
and eHNP-r4F, with average diameters of 10.1 and 11.7 nm
respectively (Fig. 1F), both had a composition of 65% protein and
35% lipid (Fig. 1G). However, in terms of size stability, eHNP-A1 was
more stable over the course of a week compared to eHNP-r4F
(Fig. 1H). The lower size stability of eHNP-r4F may be attributed
to the aggregation of eHNP-r4F over time, which is consistent with
MD simulations (Fig. 11). The tendency of eHNP-r4F to aggregate
may be due to the shorter 18 amino acid peptide length compared
to the 240 + amino acids of apoA1. The impact of this difference is
shown in the configuration of the scaffolding proteins in the MD
simulations; eHNP-A1 consisted of two apoA1 proteins horizontally
wrapped around the perimeter of the particle, whereas the smaller
r4F peptides in eHNP-r4F were more vertically aligned around the
perimeter of the particle. The shorter length of the peptides may
facilitate a more dynamic exchange of lipids and peptides between
particles that can cause particle aggregation (Video S1).
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.04.011.

2.2. eHNP reactivity is shared with macrophages, but not with ECs

With natural HDLs most notably interacting with macrophages
and ECs [1], we examined eHNP interactions with these cell types
to compare the bioreactivity of eHNP-A1 and eHNP-r4F. Both eHNP-
A1l and eHNP-r4F were taken up by ]J774a.1 macrophages to a
similar extent (Fig. 2A and B), however eHNP-A1 induced 15% more
cholesterol efflux compared to that of eHNP-r4F (Fig. 2C). Compe-
tition assays for endothelial and macrophage uptake of eHNP-A1
and eHNP-r4F also showed distinct difference between these
2 cell types (Fig. 2D); while J774a.1 macrophages showed a gradual
decrease in uptake of rhodamine-labeled eHNP-r4F with the
introduction of eHNP-A1 (Fig. 2E), human umbilical vein ECs
(HUVECs) showed more than a 2-fold decrease in eHNP-r4F uptake
when adding an amount of eHNP-A1 equivalent to just half the
amount of eHNP-r4F (Fig. 2F). While ECs and macrophages share
certain HDL receptors such as SR-B1, ABCA1, and ABCG1, macro-
phages express more scavenger receptors, such as scavenger re-
ceptor class A (SR-A) [2], that allow macrophages to exhibit uptake
characteristics that are less selective than those of ECs. This lack of
selectivity may contribute to the lack of retardation in the J774a.1
uptake of eHNP-r4F with the addition of eHNP-A1. In addition, the
differences between eHNP reactivity may be tied specifically to the
receptor SR-B1 as seen with the differences in the cholesterol efflux
measurements (Fig. 2C). Although the amino acid sequences be-
tween murine and human SR-B1 are 80% homologous, it should be
noted that both murine and human models are appropriate for
studying human lipoproteins [26,27]. Since inhibition of SR-B1 in
ECs does not necessarily completely inhibit the uptake of eHNPs
due to redundant HDL uptake pathways [28], we determined it was
necessary to examine hallmark endothelial responses to HDL that
are classically stimulated through SR-B1 triggered pathways: the
production of endothelial NO and its downstream anti-

inflammatory effects [23].

2.3. Anti-inflammatory endothelial responses are more prominent
with eHNP-A1

To further explore the preferential endothelial uptake of eHNP-
A1l over eHNP-r4F, we used a microengineered vascular system
(Fig. 3A) to measure 2 hallmark markers to quantify endothelial
inflammation: the levels of endothelial NO production and the
expression of intercellular adhesion molecule 1 (ICAM-1) [21].
While the responses of the microvascular network to the eHNPs
were similar across all measurements for both eHNP-A1 and eHNP-
r4F, the responses were more underscored in the cases of eHNP-A1
exposure. Both eHNPs were able to significantly stimulate endo-
thelial NO synthase (eNOS) and promote NO production, however
eHNP-AT1 elicited more than double the NO levels compared to the
levels eHNP-r4F stimulated (Fig. 3B). A primary marker of the
endothelial inflammatory process is with the expression of surface
adhesion proteins; endothelial cells activated through mechano-
chemical stimuli such as oscillatory shear stress or inflammatory
cytokines like tumor necrosis factor o (TNF-a.) express several
adhesion proteins, including vascular cell adhesion molecule
(VCAM-1), ICAM-1, and E-selectin [1]. The ability of HDL to inhibit
cytokine-induced adhesion molecule expression has been
demonstrated in the protective function against the development
of atherosclerosis [29]. As seen with apoAl-based reconstituted
HDLs (rHDL), both eHNPs did not trigger ICAM-1 expression
(Fig. 3C) and were able to significantly reduce ICAM-1 levels
induced with TNF-a stimulation (Fig. 3D) [30,31]. In line with the
magnified effects of eHNP-A1 on NO production however, the
reduction of ICAM- 1 was more than twice as prominent with
eHNP-A1. These results are consistent with the competition assay
(Fig. 2F) in that HUVECs responded more preferentially in the up-
take of eHNP-A1 over eHNP-r4F. While both eHNPs could trigger
SR-B1 related processes in ECs, eHNP-A1 outperformed eHNP-r4F
in the magnitude to which these processes were stimulated.

2.4. DOX delivery to HL-60 is facilitated with eHNPs.

The use of HDL and HDL-mimetics for therapeutic and diag-
nostic multi-disease applications is widely being explored due to its
natural role as a stable transport vehicle for hydrophobic materials
through the body [3,16]. In the case of chemotherapeutics, patient
treatments employing anthracyclines have been connected to car-
diovascular side effects such as acute ischemic heart disease that
are typically a result of atherosclerosis [32]. With the known car-
dioprotective properties of apoA1 and HDL, we examined the drug
delivery potential of eHNP-A1 and eHNP-r4F in the context of
delivering anthracyclines. As a proof of concept for this notion, we
incorporated a widely used anthracycline cancer drug, doxorubicin
hydrochloride (DOX), into the eHNPs for which the resulting size
distributions interestingly yielded similar peaks at 40 nm when
adding equal initial amounts of DOX to the synthesis of both eHNP
types (Fig. 4A). Again, it is interesting that eHNP-r4F-DOX had the
same size as eHNP-A1-DOX that uses a 10x larger scaffolding
protein to incorporate this model drug. To confirm the presence of
DOX in our eHNPs, we found that eHNP-A1-DOX had an improved
loading concentration and encapsulation efficiency over eHNP-r4F-
DOX with efficiencies of 1.5% and 0.5% respectively (Fig. 4B and C);
the encapsulation efficiency, without additional conjugation be-
tween drugs and NPs, was comparable to values reported by other
studies for HDL platforms used for drug encapsulation [4]. The
discrepancy in DOX incorporation between eHNP-A1-DOX and
eHNP-r4F-DOX may be a result of the weaker stabilizing intermo-
lecular forces of r4F than those available to apoAl [9]; this
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Fig. 1. Comparison of eHNPs made from apoA1 or r4F. (A) Molecular dynamics simulations show that 2.3 kDa peptide r4F self-assembles with lipids to produce discoidal eHNPs
similar to those made with the 28 kDa apoA1 (scale bar is 2.5nm). (B, C) TEM images of the synthesized eHNP-A1 (B) and eHNP-r4F (C) particles (scale bar is 25 nm). (D) A
microvortex propagation mixer was engineered for the enhanced assembly of the NPs. (E) DLS size distribution of eHNPs synthesized with (+) and without (—) microposts. (F) DLS
size distributions of the produced eHNPs. (G) Protein/lipid compositions of the produced eHNPs (n = 3). (H) Stability of the produced eHNPs at 4 °C after 7 days post synthesis. (I)
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difference in stability was also observed with drug-free eHNPs in
the context of size stability (Fig. 1H).

Having diseases treated with anthracyclines in mind, we
cultured acute myeloid leukemia (AML) HL-60 promyeoblasts and
administered our newly synthesized eHNP-DOX with either r4F or
apoA1 and an equivalent amount of DOX. The examination of the
short-term (4 h) uptake of eHNP-A1-DOX and eHNP-r4F-DOX by
HL-60 cells showed the eHNPs and DOX fluorescent signals co-
localized primarily in the same region of the cell cytoplasm
(Fig. 4D). Compared to the naked DOX case for which DOX trans-
located into the nucleus, our eHNPs facilitated the delivery of DOX
into this cancer cell with slower translocation of DOX into the nu-
cleus [33]. It should also be noted that the HL-60 cells treated with
naked DOX and eHNP-A1-DOX exhibited more swollen nuclei than
the HL-60 cells treated with eHNP-r4F-DOX and saline (Fig. 4E);
nuclear swelling is a characteristic of DOX treatment [34]. This

difference in HL-60 morphology may be due to a difference in
uptake between eHNP-A1-DOX and eHNP-r4F-DOX, for which we
tested the cytotoxicity of the eHNPs. Over the course of a 24 h
culture, we found significant drops in the HL-60 cell viability with
eHNP-r4F-DOX and eHNP-A1-DOX (Fig. 4F). The cytotoxicity to the
HL-60 cells proved to be more significant with eHNP-A1-DOX than
with eHNP-r4F-DOX, which was consistent with the DOX-induced
nuclear effects that were observed in the confocal microscopy
results.

To further explore the capabilities of both eHNP-A1 and eHNP-
r4F in the context of drug delivery, we studied the tumor uptake
of near-infrared (NIR) dye labeled eHNPs delivering DOX in a mu-
rine xenograft tumor model of HL-60 cells. The biodistribution of
the eHNPs with DOX measured using an in vivo imaging system
(IVIS) showed a similar, yet distinct, distribution between eHNP-
A1-DOX and eHNP-r4F-DOX; eHNP-A1-DOX accumulation was
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0.0001 respectively.

significantly higher in the lung, kidney, spleen, and the tumor
(Fig. 5A). Confocal imaging of the cyrosectioned tumor samples
showed less delivery of DOX to the tumor site with the naked DOX
treatment compared to the eHNP-DOX treatments (Fig. 5B), be-
tween which eHNP-A1-DOX treated mice showed the highest
particle (Fig. 5C) and DOX (Fig. 5D) uptake by the tumor. The co-

localization of eHNP and DOX signals in the tumor sections
(Fig. 5B) was also consistent with the in vitro results (Fig. 4D). The
discrepancy between eHNP-A1 and eHNP-r4F accumulation in the
tumor may be dependent on the interactions between the eHNPs
and the tumor microenvironment, which has been shown to be
especially important in tumor growth through processes like
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angiogenesis [35].

Our previous work has shown that eHNP-A1 can interact with
the endothelium to modulate the angiogenic process [22]. It has
also been shown that the HDL-sensitive receptor SR-B1 is overex-
pressed in some cancers including myeloid leukemia [36]. Potential
modes of SR-B1 mediated eHNP tumor retention include in-
teractions with the tumor endothelium or the HL-60 tumor cells
[2]. Thus, the differences between eHNP-A1-DOX interactions with
the tumor over those of eHNP-r4F-DOX may be due to increased EC
and/or HL-60 tumor cell interactions with eHNP-A1, which was
already demonstrated with our in vitro results (Figs. 2—4). In
addition, the lower stability of eHNP-r4F we found (Fig. 1H and I)
may have affected the functionality through eHNP-r4F aggregation
in vivo, resulting in a different pharmacokinetic profile in the bio-
distribution of eHNP-r4F-DOX. Therefore, while r4F has potential in

disease theranostics through the retention of some of apoAl's
properties, the challenge remains in fully mimicking the complex
functions of apoA1 and other HDL associated proteins to stimulate
key functional, and potentially therapeutic, cellular responses.

3. Conclusions

HDL-mimetics offer a multitude of avenues through which to
explore disease therapy. We found that eHNP-r4F was comparable
to eHNP-A1 in the basic physicochemical properties: size, structure,
and composition. However, eHNP-A1 could elicit cellular responses
such as cholesterol efflux from macrophages and NO production in
ECs at a higher level than eHNP-r4F. When further compared to
eHNP-r4F, eHNP-A1 more preferentially interacted with HUVECs
and significantly reduced TNF-a stimulated ICAM-1 expression in
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Fig. 5. eHNP-facilitated DOX delivery to xenograft tumor in a murine model. (A) Biodistribution of DiR labeled eHNPs loaded with DOX (n = 7). (B) Confocal images of DiR
labeled eHNPs (pseudo-colored green) and DOX (red) in DAPI (blue) labeled HL-60 tumor sections (scale bar is 50 um). (C) Biodistribution of eHNPs to the tumor site (n = 7). (D)
DOX fluorescence intensity measurements in tumors (DOX: n = 4; eHNPs: n = 7). Plotted as mean + SEM where *, ***, and **** are for p < 0.05, 0.001, and 0.0001 respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the microvascular networks. In the context of drug delivery, eHNP-
A1 was also better able to incorporate and deliver DOX to the tumor
cells in vitro and in vivo. However, it should be noted that eHNP-r4F
was still able to deliver more doxorubicin to the tumor site over the
naked DOX treatment in vivo. More studies are needed to elucidate
the possibilities of using apoA1-based nanocarriers like our eHNPs,
as the development of apoA1-mimetic peptides such as r4F may be
able to serve as a cost-effective alternative to apoA1l. However, it is
clear from our study that apoA1 has many properties that cannot

yet be fully recapitulated using the apoAl-mimetic peptide r4F.
Additional future work to be considered would be in the incorpo-
ration of other HDL-associated proteins and small molecules that
modulate the functionality of HDL. By leveraging the combined
insights provided from experimental and computational ap-
proaches, we may examine the functionality of eHNPs with these
added components to further analyze one of the most complex and
heterogeneous transporters of the body.
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4. Materials and methods
4.1. eHNP synthesis materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rhodamine-DMPE) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). The near-infrared label for
the eHNPs, 1,1’-Dioctadecyl-3,3,3’,3'-Tetramethylindo-
tricarbocyanine lodide (DiR), was purchased from Thermo Fisher
Scientific (Waltham, MA). ApoA1 from human plasma, 3,3’-dio-
ctadecyloxacarbocyanine perchlorate (DiO), and DOX were pur-
chased from Sigma-Aldrich Co. LLC. (St. Louis, MO). The peptide r4F
was purchased from RS Synthesis, LLC. (Louisville, KY) using the
sequence Ac-FAEKFKEAVKDYFAKFWD [11]. Polydimethylsiloxane
(PDMS) for fabrication of the uVPM synthesis platform was made
using the Sylgard 184 silicone elastomer kit purchased from Dow
Corning Corporation (Auburn, MI).

4.2. Molecular dynamics simulations

The MD simulations were performed using the GROMACS soft-
ware package [37]. The course grain model for the simulations was
done with the MARTINI course grain force field for biomolecular
systems [38]. Combining the ElneDyn elastic network model with
the course grain molecular force field to maintain the secondary
and tertiary structure of apoA1l, we simulated the self-assembly of
eHNP-A1 in a 15 x 15 x 15nm simulation box with a periodic
boundary and a trajectory of 500 ns [39]. The initial conditions of
the simulation involved 2 apoA1 molecules arranged in antiparallel
around 160 DMPC lipids using the insane method for lipid bilayers
[40]. Using the same boundary box size of 15 x 15 x 15nm and
number of lipids, we initiated 1 ps trajectory eHNP-r4F simulations
with varying protein:lipid molecular ratios based on our eHNP-A1
simulations and on past simulations using the apoAl-mimetic
peptides 18A and 4F (Table S1) [41,42]. To examine the aggrega-
tion of multiple eHNP-r4F particles, we used the initial conditions
of a 30 x 30 x 30 nm simulation box and a protein:lipid molecular
ratio of 1:16 for a trajectory of 3.5 us [41].

4.3. uVPM design, analysis, and fabrication

The pVPM was first conceptualized from previous platform de-
signs using the CAD software SolidWorks from Dassault Systemes
SolidWorks Corp. (Paris, France), after which we conducted
computational flow studies using the solver SC/Tetra (Software
Cradle Co., Ltd., Osaka, Japan) [18,43,44]. The diffusion coefficient
was set for 1072 m?/s for a small molecule in water at room tem-
perature as previously determined [45]. Fabrication of prototype
devices using PDMS allowed us to conduct flow visualization
studies using phenol red and water imaged with an EVOS FL Auto
microscope from ThermoFisher Scientific (Waltham, MA). Starting
from reference inlet ratios and flowrates [6], we adjusted the
flowrates of the phenol red and water while simultaneously
comparing them to results yielded from the computational anal-
ysis. To evaluate the mixing efficiencies of the pVPM, we used a
mixing index to compare the lipid mass fraction distributions of the
channel cross sections to reduce the under-mixed lipid mass frac-
tion at the outlet (Fig. S2) [46]. The uVPM uses three inlets and a
single outlet, with a height of 100 um, outlet width of 2 mm, and 27
microposts with the dimensions 200 x 400 um. For the device
fabrication, SU-8 was spun onto 100 mm silicon wafers to a height
of 100 um before undergoing photolithography. The wafers were
developed and dried before casting. PDMS was molded to the
patterned silicon wafer using a 10:1 mass ratio of elastomer to

curing agent before curing at 80°C. Molded devices were then
bonded to glass slides using the PDC-32G plasma cleaner from
Harrick Plasma (Ithaca, NY) for 1 min.

4.4. eHNP synthesis and characterization

The synthesis conditions used for all NPs were with a Reynolds
number of 50, where the flow ratio between the side streams and
the center stream was 5.5:1 respectively. The NP precursor solu-
tions included a lipid solution that was composed of DMPC with a
concentration of 2.75 mg/mL in 200 proof ethanol, and a protein
solution that had either apoAl or r4F with a concentration of
0.2mg/mL in PBS (1x, pH 7.4). Syringe pumps from Harvard
Apparatus (Holliston, MA) were used to pump the solutions into the
device, from which the mixed solution was collected and then triple
washed with PBS using a 10,000 M.W. (30,000 M.W. when incor-
porating DOX or fluorescent labels) centrifugal filter from EMD
Millipore Corporation (Darmstadt, Germany) at a speed of
3900 rpm for 20 min. The size distribution of the final washed
sample was measured with a Zetasizer Nano ZS from Malvern In-
struments (Worcestershire, United Kingdom). Protein and lipid
precursor compositions between eHNP-A1 (Fig. S3) and eHNP-r4F
(Fig. S4) were tuned to achieve an average size of 10 nm. Fluo-
rescently labeled eHNPs used a modified lipid precursor solution
with Rhodamine-DMPE, DiR, or DiO as 15% of the total lipid mass
[14,16]. Incorporation of DOX into the eHNP was done through
mixing the protein precursor solution to accommodate a 1 mg/mL
solution of DOX in DMSO for a final precursor solution containing
0.2 mg/mL of both apoA1 (or r4F) and DOX. The protein-DOX pre-
cursor was then microfluidically mixed with the lipid precursor
followed by a triple wash in PBS all in the same way as for when
synthesizing eHNPs without DOX. eHNP-DOX samples were placed
into black well, clear bottom 96 wells plates and measured using
the excitation/emission wavelengths of 490/580 nm [47,48]. Sam-
ples were measured using with a Cytation 5 plate reader from
BioTek (Winooski, VT). The Schiffer-Edmunson diagrams were
made using the Membrane Protein Explorer (MPEX) research tool
[49].

4.5. TEM preparation

Samples for TEM were prepared on nickel grids with a formvar
coating from Electron Microscopy Sciences (Hatfield, PA). The NPs
to be imaged were triple washed in an ammonium acetate buffer.
The NPs were then loaded onto the TEM grids before they were
negatively stained using a 2% phosphotungstic acid solution (PTA).
The final samples were then imaged on an HT7700 TEM (Hitachi,
Tokyo, Japan) at 120 kV coupled with the DigitalMicrograph camera
and software suite from Gatan (Pleasanton, CA).

4.6. eHNP protein and lipid quantification

Protein quantification was done using the colorimetric Micro
BCA Protein Assay kit from ThermoFisher. As per the recommen-
dations from the instructions, SDS (1%) was added to all samples to
prevent the interference of lipids on the protein measurement.
Lipid quantification was done using the fluorometric Lipid Quan-
tification Kit (neutral lipids) from Cell Biolabs, Inc. (San Diego, CA).

4.7. Cell culture

The macrophage adherent cell line J774a.1 from ATCC (Mana-
ssas, VA) was cultured in Dulbecco's Modified Eagle Medium sup-
plemented with 1% penicillin streptomycin (PS) and 10% Fetal
Bovine Serum (FBS). Human umbilical vein endothelial cells
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(HUVECs) were purchased from Lonza (Basel, Switzerland), and
were cultured using complete endothelial growth medium 2 (EGM-
2). Normal human lung fibroblasts (LFs, Lonza) were cultured in
Fibroblast Growth Medium (FGM-2, Lonza); cell passages 3—4 were
used for the microengineered vascular experiments. Human pro-
myeoblast suspension cell line HL-60 originally purchased from
ATCC, cultured in complete medium consisting of Iscove's Modified
Dulbecco's Medium supplemented with 20% FBS and 1% PS. Media
was refreshed every 3 days.

4.8. eHNP uptake and competition assay

HUVECs and J774a.1 were cultured for 24 h in a 96-well plate
before triple washing with PBS and adding culture media with
rhodamine-DMPE labeled eHNP-r4F (20 pg/mL of protein) and/or
eHNP-A1 (0, 10, 20, 50, or 100 pg/mL of protein) overnight at 37 °C.
The cells were then triple washed with PBS before fixation with 4%
paraformaldehyde and counter staining with DAPI. Samples were
then imaged and the fluorescent intensity was analyzed using the
Cytation 5 plate reader from BioTek.

4.9. Cholesterol efflux assay

J774a1 cells were cultured in 96 well-plates (black well, clear
bottom) at a density of 12,500 cells/well. Plates were cultured for
24h before adding NBD cholesterol (ThermoFisher Scientific)
overnight at a concentration of 100 pg/mL. The cells were washed
the next day with PBS before incubating with 2 mg/mL fatty-acid
free albumin overnight. Cells were then washed and incubated
with eHNPs or BSA for 16 h. Supernatant media from each well was
extracted and cells were washed with PBS. Supernatant and cell
samples were measured with a Cytation 5 plate reader from BioTek
using the excitation/emission wavelengths of 469/537 nm.

4.10. Cell seeding in the microengineered vascular system

A previously reported microengineered vascular system
designed to probe endothelial cell responses in a 3D vascularized
network was used to examine endothelial interactions with our
eHNPs [21,50,51]. To fabricate the devices, SU-8 was spun onto
100 mm silicon wafers to a height of 100 um before undergoing
photolithography. The wafers were developed and dried before
casting. PDMS was molded to the patterned silicon wafer using a
10:1 mass ratio of elastomer to curing agent before curing at 80 °C.
Molded devices were then bonded to glass slides using the PDC-
32G plasma cleaner from Harrick Plasma (Ithaca, NY) for 1 min.
Fibrinogen (Sigma) was dissolved in DPBS (w/calcium and mag-
nesium, Gibco), filter-sterilized (0.22 um pore) and then supple-
mented with aprotinin (0.15 U/mL, Sigma). Fibroblasts were re-
suspended in the fibrinogen solution (2.5 mg/mL) at a concentra-
tion of 8 x 10° cells/mL. The cell solution was mixed with thrombin
(1 U/mL, Sigma) immediately prior to injection into fibroblast
channels. Following 3 min of polymerization at room temperature.
The central channel was filled in the same manner as the peripheral
channels; HUVECs were introduced into the gel at a concentration
of 5 x 10° cells/mL instead of fibroblasts. After allowing the gels to
polymerize for 3 min at room temperature, the inlet reservoirs of
the cell culture medium channels were filled with EGM-2 medium,
and then aspirated to fill the hydrophobic channels (Fig. S5).
Following loading all four reservoirs, the microfluidic platforms
were incubated at 37°C for 5 days to allow for microvascular
network formation (Fig. S6). Experiments were conducted under
static conditions.

4.11. Quantifying endothelial NO production and ICAM expression

The perfusates were supplemented with L-arginine (5mM,
Sigma) and DAF-FM DA (5 puM, Molecular Probes) to support and
detect the NO production by HUVECs. The levels of NO were
quantified via confocal microscopy and the fluorescent intensity
was analyzed with Image]. The background fluorescence of each
image was eliminated to compare NO levels between different
dosage conditions, and the total fluorescence was normalized to the
0 pug/mL dosage for comparisons between eHNP-A1 and eHNP-r4F.
Z-stack projections were collected to obtain an average intensity
value for each chip. To compare the effect of the eHNPs on ICAM-1
expression, each microvascular network was pre-incubated with
each dosage of eHNP (0, 1, 10 and 100 pg/mL) for 16 h before
exposure to TNF-a (50 ng/mL) to maximize inhibition of ICAM-1
expression [30]. During TNF-c. activation for 4 h, the concentra-
tion of eHNP was maintained. The devices were then fixed and
stained for ICAM-1 expression before comparing the fluorescence
intensity between the eHNP dosages with confocal microscopy. The
fluorescence intensities were normalized to the Opg/mL eHNP
dosage. ICAM-1 expression without TNF-a. was quantified in the
same way with the exclusion of the TNF-a incubation step.

4.12. Immunostaining in microengineered vascular system

For immunofluorescence staining, cells in the device were fixed
using 4% PFA for 15 min at room temperature (RT), permeabilized
with Triton X-100 (0.15% v/v in PBS) for 15 min, and then blocked in
bovine serum albumin (BSA 3% w/v in PBS) for 1hat room tem-
perature. Monoclonal antibodies specific for human ZO-1 (Alexa
Fluor 488) were purchased from Thermo Fisher, CD31 (Alexa Fluor
647) were purchased from BioLegend and Hoechst 3342 were
purchased from Molecular Probes. Mouse monoclonal antibodies
specific for ICAM-1 (Alexa Fluor 488) were purchased from Bio-
Legend. All the samples were washed three times and stored in PBS
before imaging.

4.13. Cell viability assay

Trypan blue was used to evaluate the viability of HL-60 cells
counted in a Countess II FL Auto from Life Technologies. Cells were
cultured at 37°C in complete medium with Iscove's Modified
Dulbecco's Medium and 20% FBS in a 96 well at a density of
20,000 cells/well. Viability was measured in triplicate every 24 h
after addition of eHNPs and DOX at a dosage of 150 ng. The amount
of eHNPs to be administered to achieve the appropriate DOX dosage
was determined through the characterization of DOX loading into
the eHNPs (Fig. S7). All measurements were normalized to HL-
60 cell samples cultured without the addition of eHNPs or DOX.

4.14. Co-localization of eHNPs and DOX

eHNPs were synthesized using a rhodamine-DMPE lipid to
allow for visualization of both eHNPs and DOX. HL-60 cells were
incubated with either eHNP-r4F-DOX or eHNP-A1-DOX for 4 h
before being fixed for 15 min with 4% PFA at RT and spun onto poly-
[-lysine coated glass coverslips and mounted to glass slides using
VectaShield (Vector Laboratories, Burlingame, CA) with DAPI
counterstain prior to fluorescent imaging with a LSM 700 confocal
microscope from ZEISS (Oberkochen, Germany) [52,53]. Images
were pseudo-colored for consistency through the study; green for
eHNPs, red for DOX, and blue for DAPI.
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4.15. Murine xenograft tumor biodistribution of eHNPs

Nude female balb/c mice were ordered at 5 weeks of age and
allowed to acclimate to the lab facility conditions for 1 week on an
irradiated dietary regiment. Two million HL-60 cells were injected
in 100 uL of PBS into the rear right flank of the mouse. To maximize
the amount of DOX delivered by the IVIS-trackable eHNPs,
increasing amounts of DOX were added to the hydrophobic pre-
cursor with DiR to find an upper limit of loaded DOX. Using the 5:1
mass ratio between DOX and protein, a 200 pL tail vein injection of
saline, DOX, eHNP-A1-DOX, or eHNP-r4F-DOX was administered to
the mouse after its tumor reached at least 100 mm?> in volume as
measured by digital calipers (Fig. S8). The dosages for the injections
were 5mg/kg of protein, equivalent to 0.25 mg/kg of DOX. The
animals were sacrificed and perfused with saline and 4% PFA for
15 min at RT 24 h after the tail-vein injection to allow for uptake of
the eHNPs (12 h half-life for both) into the tumor [14,54]. This 24 h
time point was also consistent with the in vitro cytotoxicity assay.
The harvested organs were then imaged for their DiR content using
an in vivo imaging system (IVIS) from Perkin Elmer (Waltham, MA)
(Fig. S9). The organ masses were measured on a scale, and the
biodistribution data was calculated from the IVIS data (Fig. S10).
The tumors were first cryosectioned and mounted onto glass slides
using the antifade mounting medium with DAPI (H-1200) from
Vector Laboratories (Burlingame, CA) before being imaged under a
confocal microscope (Zeiss LSM 780) [55]. Image analysis of the
tumors was done using Image] for 3 sections per tumor.

4.16. Statistical analysis

Statistical analyses were run in Prism 7 (GraphPad Software Inc,
La Jolla, CA) and significance was defined as P < 0.05 (*). Statistical
significance analysis was done via t tests or ANOVA.
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