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Abstract
Kinetically assembled nanoparticles are fabricated from an advanced class of bioactive
macromolecules that have potential utility in counteracting atherosclerotic plaque development via
receptor-level blockage of inflammatory cells. In contrast to micellar analogs that exhibit poor
potency and structural integrity under physiologic conditions, these kinetic nanoparticle
assemblies maintain structural stability and demonstrate superior bioactivity in mediating oxidized
low-density lipoprotein (oxLDL) uptake in inflammatory cells.
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Rapid progress in nanotechnology has allowed development of novel therapeutic vehicles
that provide enhanced pharmacological properties of bioactives.[1–3] Of these vehicles,
polymeric micelles, including polymer-lipid conjugates, have received considerable
attention due to the ease in synthesizing reactive-functional macromolecules and the ability
to sequester aqueous insoluble therapeutics.[4–6] These assemblies, although attractive, can
be labile due to equilibrium between micelles and unimeric chains (Figure 1A).[7, 8] This
dynamic equilibrium raises uncertainty about micelle integrity when introduced into a
physiological environment.[8] In fact, researchers have observed both poor drug retention
and micelle dissolution in vitro as well as in vivo, ascribed to unimer or drug partitioning
into neighboring plasma proteins or lipophilic sinks.[1, 4, 8–14] Premature micelle dissolution
leads to suboptimal therapeutic efficacy and biodistribution.

In contrast to thermodynamically assembled micellar systems of macromolecules, we
propose a new approach to stabilize biological active macromolecules around hydrophobic
cores, resulting in stable nanoparticles (NPs), which are resistant to thermodynamic
disruption into unimers. The organic nanoparticles were fabricated by adapting flash
nanoprecipitation principles,[15–20] as depicted in Figure 1A. The process highlighted in
Figure 1B shows the rapid mixing of an aqueous stream with a water-miscible organic
solvent stream containing selected hydrophobic solutes and amphiphilic macromolecules
(AMs). Rapid mixing causes supersaturation of the hydrophobic solute in the aqueous
stream, which induces nucleation and NP growth.[21, 22] To fabricate stabilized nanoparticles
of bioactive macromolecules we employed core-forming solutes that mirror the hydrophobic
domains of the AMs.

Bioactive AMs have been proposed as therapeutic ligands for inflammatory cells with
potential to mitigate atherosclerosis,[23–26] a condition involving the accumulation of lipid-
rich plaques and chronic inflammation of the vascular wall.[27] Plaque deposits initiate when
low-density lipoproteins (LDL) accumulate in the artery wall and subsequently undergo
oxidative modification (oxLDL). OxLDL stimulates endothelial inflammation triggering
monocyte recruitment and subsequent monocyte differentiation to macrophages. Intimal
macrophages exhibit unregulated uptake of oxLDL, via scavenger receptors, leading to the
formation and accumulation of lipid-laden macrophages called foam cells, which in turn
drives plaque development. The design of new bioactives that can inhibit macrophage
internalization of oxLDL may hold promise in managing atherosclerosis.[28] Notably, a new
class of synthetically derived bioactive AMs, displaying various structural features (i.e. ionic
charge, charge placement, hydrophilic/lipophilic balance, and rotational mobility of the
lipophile), has been recently designed and investigated for mediating oxLDL uptake by
macrophage-like THP-1 cells.[23, 25, 26] Computer modeling and in vitro
experimentation[25, 29] suggest that these bioactive AMs can inhibit oxLDL uptake by
competing for or occupying cell surface scavenger receptors, the main binding sites and
cellular entry points for oxLDL. More recently, localized delivery of these bioactive AMs,
carrying a cholesterol efflux drug, to injured carotid arteries of Sprague Dawley rats fed a
high fat diet led to decreased cholesterol accumulation in the intima and inhibited retention
of macrophages.[29] To date, micellar assemblies of these bioactive AMs have been
explored, however, these systems display decreased efficacy in serum containing media and
are susceptible to the aforementioned drawbacks of micellar constructs under physiologic
conditions such as those in circulation in vivo.
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The key hypothesis of this report is that kinetically assembled macromolecular bioactive
NPs offer a more stable alternative to the thermodynamically assembled micellar systems,
and can potentially exhibit enhanced biological activity in the presence of serum proteins.
To test this hypothesis, a new class of bioactive NPs was fabricated to examine the NP
potential for enhanced inhibition of human macrophage uptake of oxLDL and foam cell
formation under physiologically relevant conditions. The Flash NanoPrecipitation process
enables the fabrication of NP constructs with various shell components based on
amphiphilic macromolecular chains and core components containing derivative hydrophobic
domains (Figure 1C). Colloidal stability was investigated by dynamic light scattering (DLS)
and in vitro studies were carried out utilizing human monocyte-derived macrophages
(HMDMs) isolated from peripheral blood mononuclear cells (PBMCs). The ability of the
NP system to inhibit oxLDL uptake in HMDMs and prevent formation of the foam cell
phenotype was studied in the presence of serum proteins and directly compared to HMDMs
treated with an analogous micellar system. NP interactions with macrophage scavenger
receptors, which mediate the uptake of modified cholesterols, were also investigated.

The compositions for stabilizing AMs and the organic solutes employed in Flash
NanoPrecipitation are listed in Figure 1C. Based on previous findings that electrostatic
charge and structural features affect bioactivity, the bioactive AMs chosen for the study are
comprised of a mucic acid modified with lauroyl groups, 5 kDa poly(ethylene glycol)
(PEG), and either a carboxylic acid (AM 1) or propyl amide (AM 2) terminal
functionality.[23, 26] NPs formulated with PEG-block-poly(lactic acid) (PEG-b-PLA)
copolymer, where each block has a molecular weight of 5 kDa, served as a non-active
control for in vitro studies, as PEG and PLA are cytocompatible, but do not exhibit inherent
biological activity towards managing atherosclerosis. The hydrophobic solutes (Figure 1C),
which constitute the core of the NP and provide an anchoring site for the AM, were chosen
to be either mucic acid modified with lauroyl groups, 2,3,4,5-tetrakis-dodecanoyloxy-
hexanedioic acid abbreviated as M12, or an 11 kDa PLA. Both anionically terminated
macromolecules (AM 1) and uncharged macromolecules (AM 2) were packaged into NPs
by Flash NanoPrecipitation as depicted in Figure 1. The rapid solvent exchange of this
process leads to kinetically trapped NPs while maintaining control of core
compositions.[14, 16] Rapid micromixing is produced by novel impinging jet micromixers as
previously described.[15, 21, 22] To ensure uniform kinetics and thus a homogenous NP size
distribution, the time of mixing both streams, τmix, was prescribed to be less than the NP
formation time, τflash, or in other words the induction times of both AM aggregation and
precipitation/nucleation of the core solute. In this study, two streams were used: a THF
solvent stream containing bioactive AM and the core molecules M12 or PLA (2:1 by
weight) and an anti-solvent stream of water. Mixing produces high supersaturation with
drives rapid nucleation and growth. After mixing, the final H2O:THF ratio was 9:1 v/v and
the newly formed NPs were immediately dialyzed against MilliQ H2O to remove the
residual solvent THF. Uniform particle size distributions were observed by DLS and
hydrodynamic diameters (Dh) of NPs ranged from 150 to 200 nm, with the exception of the
NP 6 system, ~ 45 nm. Dh and polydispersities (PDI) for the NPs are listed in Figure 1C.
The number of AM 1 chains per NP 1 was determined to be between 3300 and 5600, while
the number of M12 molecules per NP 1 was between 10000 and 17000 (see Supporting
Information for estimated values using an approach presented previously [30] and based on
the volume of a typical NP with average diameter of 150 ± 10 nm).

Solution stability of the fabricated NPs upon storage and co-incubation with fetal bovine
serum (FBS) was monitored by DLS (Figure 2). Colloidal stability of the bioactive AM NP,
NP 1, is displayed in Figure 2A. No significant changes in the intensity distributions, Dh, or
count rate relative to time zero were detected during the 37 °C 4 week incubation period,
indicating extended aqueous stability of the colloids. Colloidal stabilities of other NP
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systems upon storage are elaborated in the Supporting Information, Figure S1. To mimic
physiologic conditions, colloidal stability was additionally monitored in the presence of
serum proteins. The intensity distribution of the NP 1 at 0.6 mg mL−1 in RPMI media
containing up to 20 % FBS was measured initially and after 24 h incubation (Figure 2B). For
comparison, NPs were also incubated at 37 °C under serum-free conditions. No appreciable
difference in the NP Dh under serum-free or serum containing media was observed. The
difference in Dh between NPs dispersed in deionized water (Figure 2A; ~160 nm) versus
salt- and serum-containing RPMI media (Figure 2B; ~190 nm) potentially arises from the
shielding of the anionic charges of the M12 core and the AM 1 bioactive AM by
counterions. Because DLS operates on Brownian motion and determines Dh from particle
diffusion coefficients, counterion diffusion in DI water and the electrostatic coupling
between the counterions and macro-ion can lead to a faster macro-ion diffusivity and,
therefore, apparent smaller hydrodynamic size.[31] Electrostatic screening by the buffer is
evident in zeta potential measurements where NP charge in deionized water was −30 mV
versus −6 mV in phosphate buffer. The small distribution peaks in Figure 2B under 100 nm
can be attributed to serum proteins as reported previously.[32] As shown in Figure 2B, the
particle size was unaffected by the addition of serum proteins even after 24 hours of
incubation. These results indicate enhanced stability against aggregation in serum media,
which is an important requisite for in vivo drug delivery, and has been problematic for many
NP formulations.[33, 34]

As previously described, micelle formulations can suffer from premature release or exhibit
unimer partitioning into neighboring hydrophobic/lipophilic environments.[1, 4, 8–14, 35] In
order to demonstrate the enhanced physiological stability of kinetically fabricated NPs
versus micelles, the percent release of AM 1, under sink conditions, was monitored via
dialysis against both PBS and PBS containing 10% FBS (Figure 2C). The fractional release
of AM 1 from both systems was accomplished by fluorescently labeling the hydrophilic
PEG chains with a reactive fluorescein molecule and measuring absorbance via UV-vis
spectroscopy. Fluorescently labeled AM 1 was incorporated at 20 wt% for both systems
with the remainder comprising of unlabeled AM 1. Incorporation of fluorescently labeled
AM 1 had no effect on the Dh of the fluorescently labeled systems relative to the unlabeled
systems. As expected, in both micellar and NP systems, the release of AM 1 was greater in
the presence of FBS vs PBS. However, the quantitative level of retention of AM 1 by the NP
system versus micellar system in both PBS and PBS containing 10% FBS was markedly
superior. These findings indicate that kinetic fabrication of these bioactive AMs into NPs,
rather than thermodynamically assembled micelles, provides a drug delivery formulation
with enhanced structural integrity in physiologic conditions. This data also validates our
premise that the kinetic trapping process anchors the AM within the NP core, thus, obviating
the dynamic equilibrium between unimers and micelles as seen in thermodynamic
assemblies.[15]

To confirm that the new NP configurations did not alter the intrinsic cytocompatibility of
macromolecules, we compared the viability of cells incubated with various NP systems
using a LIVE/DEAD fluorometric assay. Figure 3A shows the percent cell viability data for
several NP systems in three different cell types that are relevant to vascular remodeling
leading to atherosclerotic lesions: human monocyte-derived macrophages (HMDMs), human
coronary artery endothelial cells (HCAECs) and human coronary artery smooth muscle cells
(HCASMCs). As seen in Figure 3A, all tested NPs demonstrated undetectable levels of
cytotoxicity over the range of concentrations studied. In addition, cytocompatibility for the
NP 1 system was determined at NP concentrations ranging from 9 to 900 μg mL−1, which
corresponds to a bulk AM 1 concentration of 10−6 to 10−4 M, respectively.
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The key biological efficacy of the kinetically assembled macromolecules was evaluated in
terms of the degree of inhibition of oxLDL uptake in HMDMs by AM NPs versus analogous
micellar systems (Figure 3 B–E). Although the bioactivity of other NP systems was
evaluated (See Supporting Information), the remainder of this account will focus on the
bioactivity and cell specificity of the NP 1 system, which is comprised of AM 1 as the
stabilizing NP shell and M12 as the core solute at an AM: core solute weight ratio of 10 mg:
5 mg. Human PBMC monocytes isolated from whole blood were first differentiated into
macrophages using macrophage colony stimulating factor for one week prior to initiating
experiments. HMDMs were co-incubated with 5 μg mL−1 of 3,3′-
dioctadecyloxacarbocyanine (DiO)-labeled oxLDL and either NPs or micelles for 24 h in the
presence of 0 (serum-free), 5, 10 or 20% FBS. Uptake of oxLDL in HMDMs was
determined by densitometry analysis via ImageJ of a series of digitized images (9 fields for
each condition, 3 per well, were captured at 20X magnification per biological replicate, n =
3). The key results for NP 1 and the AM 1 micelle systems are shown in Figure 3B & C,
where all conditions were normalized to HMDMs only receiving DiO-labeled oxLDL. In
addition, NP 4 versus AM 2 micellar systems were investigated and the oxLDL uptake
results are available in the Supporting Information, Figure S2.

The comparative uptake inhibition of oxLDL was done using equivalent levels of AM 1
concentration of 10−6 M, which corresponds to a NP concentration of 9 μg mL−1. This
concentration was chosen to be an effective range of bioactivity in the micellar form and
because it is sufficiently above the critical micelle concentration of AM 1, ~10−7 M.[23, 24]

As shown in Figure 3B, NP and micelle vehicles exhibited similar inhibition of oxLDL
uptake when HMDMs were treated under serum-free conditions. However, as FBS
concentration was increased to 20%, the efficacy of the micelles decreased to 6 % while NP
1 maintained more than 40 % inhibition of oxLDL uptake. Retention of bioactivity for the
NP system can be attributed to a slower rate of partitioning to surrounding serum proteins as
the bioactive AM is kinetically anchored to the NP core through favorable hydrophobic
interactions. In contrast, the micelle system loses bioactivity in the presence of serum
proteins likely due to the disruption of the micelle organization and premature release of the
bioactive AM.[4, 11] A significant difference in oxLDL uptake between NP 1 and the
traditional micelle system, as determined by one way ANOVA and subsequent post-hoc
analysis, is evident at conditions incubated with 10% FBS (p < .05) and 20% (p < .01).
Visual evidence is provided in Figure 3C, which clearly shows the level of fluorescence in
each system is similar under serum-free conditions, but is significantly weaker (i.e. the AM
1 is still bioactive) when cells are treated with NP 1 20 % FBS. Fluorescent images for DiO
oxLDL uptake alone and other serum-containing conditions for AM 1 micelles and
corresponding NPs are available in the Supporting Information (Figure S3). In initial in vitro
studies, utilizing human macrophage cell lines (i.e.; differentiated THP-1s), the hydrophobic
core M12 had minimal-to-no therapeutic efficacy towards inhibiting oxLDL uptake as
determined by co-incubating macrophages with PEG-b-PLA NPs loaded with M12 and DIO
oxLDL (data not shown). Due to this observation PEG-b-PLA/M12 NPs were not further
investigated in human primary cells. Further, the inhibition of DiO oxLDL uptake under
serum-free conditions (Figure 3B) is similar for both the NP 1 and AM 1 micelle systems
suggesting that M12 of the NP core does not, by itself, additionally contribute toward
enhanced bioactivity. While the hydrophobic moiety of AM 1 is nearly identical to that of
M12, it is hypothesized that the PEG group of AM 1 significantly increases the partition
coefficient between the NP core and the serum phase, which allows AM 1 to become
bioavailable. Clearly the NP system retains bioactivity in the presence of serum protein.
However, there are two possible hypotheses for the mechanism of action. First, the NPs are
stabilizing the bioactive AM and it remains bioactive as is the case in micelle form, or
second, M12 is the bioactive and the NP formulation allows delivery of M12. In a previous
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report, our laboratories demonstrated that minor structural changes in the bioactive AM,
such as charge type, charge number and rotational mobility have a marked effect on the
inhibition of oxLDL uptake.[26] Perhaps, the absence of PEG or an additional carboxylic
acid (M12 versus AM 1), affect how M12 interacts with the cell surface or macrophage
scavenger receptors responsible for oxLDL uptake. Whether the binding event itself or the
PEG chain attached to the bound receptor blocks oxLDL uptake is unresolved; a more
detailed studied is required to clarify this observation. Importantly, the non-active NP with
the PLA core, NP 6, displays no inhibitory effects.

Excessive accumulation of cholesterol through intimal macrophage uptake of modified
LDLs alters the macrophage phenotype.[36, 37] Excess cholesterol leads to the formation of
numerous intracellular lipid droplets, thus giving the cell a “foam-like” appearance.[38] As
foam cell formation is associated with the development of atherosclerotic plaque,
therapeutics that can retard this change in macrophage phenotype hold promise. Therefore,
we examined foam cell formation in HMDMs while in the presence of the NP 1 (Figure 3D
& E). Foam cell phenotype was induced by incubating HMDMs with 50 μg mL−1 of oxLDL
and either NPs or micelles for 48 h in the presence of 10% FBS. To maintain the AM 1 to
oxLDL concentration ratio used in the DiO oxLDL uptake studies above, a AM 1
concentration of 10−5 M, equivalent to 90 μg/mL for the NP, was used. The intracellular
lipids were visualized by staining with Oil Red O after cell fixation (Figure 3E). After
staining, foam cells were labeled red and subsequently counted via image analysis software.
The percentage of foam cells for the oxLDL control condition was near 60 ± 3 %, while
HMDMs incubated with NP 1 reduced foam cell formation close to the basal level with
statistical significance (p < .05), 18 ± 4 %, versus 12 ± 2 %. The low level of foam cell
formation seen in the basal condition is attributed to the presence of serum lipids in FBS.
Notably, foam cell formation in HMDMs receiving treatment with AM 1 micelles did not
display statistical significance from HMDMs incubated with oxLDL. This result further
corroborates the DiO oxLDL studies and demonstrates that the methods used to package and
deliver the bioactive AMs, micelles versus kinetically formed NPs, can have a significant
effect on inhibiting oxLDL uptake in the presence of serum proteins.

To further confirm the molecular cell targeting potential of kinetically assembled
macromolecules, we examined the scavenger receptor interactions of the NP 1. Scavenger
receptors (SRs) have been identified and implicated in the unregulated uptake of oxLDL by
a number of inflammatory and vascular cell types.[37] Class A and B scavenger receptors
account for 75 to 90% uptake of modified LDLs.[39] Therefore, blocking or binding of these
receptors would be advantageous for limiting oxLDL internalization in developing
atherosclerotic lesions. Previous reports by our laboratories demonstrated that bioactive
AMs exhibit enhanced affinity of binding towards scavenger receptor A1 (SR-A1).[25] We
used this established model system to demonstrate the binding potential of NP 1 with SRs in
cells engineered to express SR-A1 (HEK-SRA). Dual fluorescent NPs were prepared via
Flash NanoPrecipitation utilizing fluorescein-labeled AM 1, incorporated at 20 wt% of total
AM 1 weight, and by co-precipitating a highly hydrophobic red fluorophore, 2,2,10,10-
tetraethyl-6,14-bis-(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-dicyclopenta[b,m]pentacene
(EtTP-5), with M12. Human embryonic kidney (HEK) cells, genetically engineered with or
without inducible SR-A1 expression, were incubated with fluorescent NP 1 for 24 h.
Confocal images in Figure 4A–C clearly show the level of NP associated fluorescence is
significantly increased in SR-A1 expressing cells (Figure 4B & C) relative to non-
expressing cells (Figure 4A). Further, NP specificity towards SR-A1 was confirmed via
receptor blocking experiments (Figure 4D–G). SR-A1 expressing cells incubated with
fluorescent NPs (Figure 4D) resulted in a high level of cell associated fluorescence;
however, when cells were pre-incubated with either primary SR-A1 monoclonal mouse
antihuman antibody (mAb; Figure 4F) or polyinosinic acid (PIA; Figure 4G), a known SR-
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A1 ligand, cell associated fluorescence was noticeably reduced. To discern non-specific
from specific binding, SR-A1 monoclonal antibody was replaced with purified mouse IgG1
(Figure 4E) as an isotype control. Importantly, when SR-A1 was blocked with antibody, cell
associated fluorescence decreased ~ 50%, as evidenced from fluorescence microscopy, in
comparison to the isotype control (Figure 4E versus 4F). In addition, blocking SR-A1 with
PIA reduced cell associated NP fluorescence ~ 95% (Figure 4D vs. 4G). These results
provide strong visual evidence that the NP 1 system displays affinity towards SR-A1 and
highlight the possibility of developing NPs that associate with other cell surface receptors
responsible for oxLDL uptake. Interaction of these macromolecular bioactive NPs with not
only SR-A1, but other SRs is currently being investigated.

In summary, a new approach for fabrication of macromolecular bioactive NPs that retain
bioactivity and colloidal stability in the presence of serum proteins has been presented. Core
solutes and bioactive AMs possessing comparable hydrophobicities were chosen and
assembled into aqueous stable NPs via Flash NanoPrecipitation. The formulated NPs, in
contrast to analogous bioactive AM micelles, revealed an improved bioactivity in the
presence of serum proteins, as evidenced by inhibition of oxLDL uptake and foam cell
formation, thus demonstrating potential utility in the management of atherosclerosis.
Furthermore, NP affinity towards cell surface receptors that are active participants in the
development and progression of atherosclerotic lesions was demonstrated. In contrast to
traditional delivery methodologies, kinetic fabrication provides high therapeutic loading
capacities and NPs with tunable hydrodynamic diameters and drug partitioning rates, thus
improving the pharmacological properties of the packaged therapeutic. These findings
highlight the utility of kinetically formed NPs versus thermodynamically formed micelles
for managing atherosclerosis. The observation of increased stability and bioavailabity of
these kinetically assembled nanoparticles in serum media indicates the potential to enhance
the delivery and efficacy of a wide range of drugs that have been studied in labile polymeric
micelle formulations. These findings provide impetus for further applications of similar
nanoparticles to different pathologies including targeting atherosclerotic plaques and lesions
and various cancerous tissues. The nanoparticle systems can also be used for fundamental
studies related to the partitioning of bioactive macromolecules between nanoparticle cores,
protein and lipid components, and cellular membranes during cellular uptake and
delivery.[40–42]

Experimental Section
Materials and experimental procedures are provided in the Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Kinetically assembled nanoparticles (NPs) of bioactive macromolecules fabricated via Flash
NanoPrecipitation. A) Schematic contrasts differences between thermodynamic micelle
assemblies by aqueous dissolution above the critical micelle concentration (top) and kinetic
assembled NPs formulated by Flash NanoPrecipitation (bottom). B) Basic components of
the Flash NanoPrecipitation process requisite to the formation of colloidal stable NPs. τmix
represents the time required for complete and homogenous mixing of the aqueous and
solvent stream, while τflash is the precipitation or NP formation time. C) Table listing the
chemical structures of amphiphilic macromolecules (AMs) and the hydrophobic core
solutes; AM-to-core solute weight ratios investigated; NP acronyms; and hydrodynamic
diameters (Dh) and polydispersity indices (PDI). Data are from an n = 3–5 conducted in
triplicate with error representing ± S.E.M.
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Figure 2.
Kinetically assembled nanoparticles exhibit colloidal stability when stored for extended time
(4 weeks) or incubated in the presence of serum proteins. A) Intensity distribution of NP 1
stored at 37 °C for 4 weeks. Hydrodynamic diameters (Dh) and polydispersity indices (PDI)
are listed next to the respective sample. B) Intensity distribution of NP 1 incubated with
20% fetal bovine serum (FBS) at time zero and 24h. NP incubation under serum-free
conditions is plotted for reference. C) The release of AM 1 from kinetically fabricated NPs
(black symbols) is significantly lower than that from thermodynamically assembled micelles
(gray symbols) when dialyzed under sink conditions against PBS (open symbols) or PBS +
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10% FBS (closed symbols). The release of fluorescein labeled AM 1 (20% by weight) was
monitored via UV-vis spectroscopy (error bars ± S.D.).
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Figure 3.
Nanoparticle cytocompatibility (A) and in vitro comparison of kinetic assembled NPs versus
thermodynamic assembled micelles for inhibiting oxLDL uptake (B–C) and foam cell
formation (D–E), a critical requisite for atherosclerotic therapies, in HMDMs. A) Cell
viability of HMDMs, HCAECs and HCASMCs after incubation with NPs for 24 h and 10 %
FBS. Experiment repeated in triplicate, error bars = ± S.D. B) Quantification of DiO oxLDL
(5 μg mL−1) uptake by HMDMs after 24 h incubation with AM 1 micelles or NP 1 under 0
to 20% FBS, [AM 1] = 10−6 M. NP 6 serve as a non-active control and all treatments are
normalized to cells incubated exclusively with DiO oxLDL. C) Representative fluorescent
images contrasting the level of oxLDL uptake between HMDMs co-incubated with DiO
oxLDL (green) and either AM 1 micelles (top) or NP 1 (bottom) under serum-free or 20 %
FBS for 24 h. Nuclei were counterstained with Hoechst 33342. D) Quantification and E)
bright field images of foam cell phenotype after 48 h incubation of HMDMs with no oxLDL
(Basal), oxLDL, AM 1 micelles + oxLDL, or NP 1 + oxLDL with 10% FBS ([oxLDL] = 50
μg mL−1, [AM 1] = 10−5 M). Foam cells were quantified using OilRed O (red) staining and
marking cell nuclei with Hoechst 33342. Examples of native HMDM phenotype and foam
cell phenotype are highlighted by black and yellow arrows, respectively. Data for Figure 3B
and D are from an n = 3 conducted in triplicate (error bars = ± S.E.M.). Figure 3B, statistical
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significance was evaluated at p < 0.05, * indicates significance versus NP 6 and # versus
AM 1 micelles. Figure 3D, statistical significance was evaluated at p < 0.05, * indicates
significance versus oxLDL and # versus Basal conditions.
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Figure 4.
Fluorescent NPs, labeled at the PEG termini with fluorescein (green) and loaded with the
hydrophobic fluorophore ETTP5 (red), exhibit affinity towards scavenger receptor A1, a key
mediator of oxLDL accumulation in atherosclerotic lesions. NPs appear yellow in fields
supported by stable colocalization of core-shell fluorophores. HEK cells engineered to
express SR-A1 were incubated overnight (A–C) or for 6 h (D–E) with fluorescent NP 1,
[AM 1] = 10−5 M. Confocal images of NP binding/uptake in basal cells with low SR-A1
expression (A) and following SR-A1 expression (B) indicate substantial NP interaction with
SR-A1. C) Higher magnification image of cells with positive SR-A1 expression clearly
showing NP association/internalization. Primary SR-A1 mAb (mouse antihuman) or
polyinosinic acid (PIA), a well known ligand for SR-A1, blocking experiments (D–G)
confirms NP affinity towards SR-A1. D) NPs incubated with SR-A1 expressing cells and
following incubation with E) 10 μg mL−1 isotype control antibody (IgG1), F) 10 μg mL−1

primary anti-SR-A1 monoclonal antibody and G) 10 μg mL−1 PIA for 6h. Yellow signal
indicates co-localization of both fluorophores associated with the NP. Cell nuclei were
counterstained with Hoechst 33342.
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