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Nanoscale Anionic Macromolecules Can Inhibit Cellular Uptake
of Differentially Oxidized LDL
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Nanoscale particles could be synthetically designed to potentially intervene in lipoprotein matrix retention and
lipoprotein uptake in cells, processes central to atherosclerosis. We recently reported on lipoprotein interactions
of nanoscale micelles self-assembled from amphiphilic scorpion-like macromolecules based on a laurytchloride
mucic acid hydrophobic backbone and poly(ethylene glycol) shell. These micelles can be engineered to present
varying levels of anionic chemistry, a key mechanism to induce differential retentivity of low-density lipoproteins
(LDL) (Chnari, E.; Lari, H. B.; Tian, L.; Uhrich, K. E.; Moghe, P. \Biomaterials2005 26, 3749). In this study,

we examined the cellular interactions and the ability of carboxylate-terminated nanoparticles to modulate cellular
uptake of differentially oxidized LDL. The nanoparticles were found to be highly biocompatible with cultured
IC21 macrophages at all concentrations examined. When the nanoparticles as well as LDL were incubated with
the cells over 24 h, a marked reduction in cellular uptake of LDL was observed in a nanoparticle concentration-
dependent manner. Intermediate concentrations of nanoparticiéd\(} @licited the most charge-specific reduction

in uptake, as indicated by the difference in uptake due to anionic and uncharged nanoparticles. At these
concentrations, anionic nanoparticles reduced LDL uptake for all degrees of oxidation (no oxidation, mild, high)
of LDL, albeit with qualitative differences in the effects. The anionic nanoparticles were particularly effective at
reducing the very high levels of uptake of the most oxidized level of LDL. Since complexation of LDL with
anionic nanoparticles is reduced at higher degrees of LDL oxidation, our results suggest that anionic nanopatrticles
interfere in highly oxidized (hox) LDL uptake, likely by targeting cellular/receptor uptake mechanism, but control
unoxidized LDL uptake by mechanisms related to direct Eblanoparticle complexation. Thus, anionically
functionalized nanoparticles can modulate the otherwise unregulated internalization of differentially oxidized LDL.

Introduction cellular matrix molecules, mainly proteoglycans, and get further
chemically and oxidatively modified before release, whereupon
Atherosclerosis, the occlusive artery disease, is associatedthey can interact with intimal macrophages. Depending on the
with the accumulation of lipid-laden macrophages, called foam degree of oxidative modification, LDL interacts with macro-
cells, within the artery wal.lt is the primary cause of heart  phages through different sets of receptors, which has significant
disease and stroke and the major underlying cardiovascularconsequences on the nature and rate of LDL uptake processes.
pathology for nearly half of all adult deaths in Western Unoxidized (native) LDL is steadily and slowly internalized
societies® Elevated serum cholesterol, particularly in the form mainly through the LDL receptor via clathrin-mediated endo-
of apolipoprotein B-containing lipoproteins, is an important cytosis, a pathway that is controlled by a feedback inhibition
etiological factor in the pathogenesis of atherosclerb$ighe mechanism, leading to down-regulation of cell surface receptors
rate of development of atherosclerotic lesions depends greatlywhen intracellular cholesterol levels increase. Oxidized LDL
on the lipoprotein-arterial wall interactions. One of the factors  uptake, in contrast, is more rapid and is mediated by scavenger
that accelerate the atherogenic process is believed to be LDLreceptors, such as scavenger receptor A (SRLAY,scavenger
modification within the arterial wall, specifically LDL oxidation,  receptor B (SR-B), and CD36;17 as well as CD688 all of
which leads to unregulated cellular uptake of the modified LDL which lead to uncontrolled lipoprotein uptake and accumulation
in the earliest stages of the development of atherosclerotic of cholesteryl esters in the cytopladfi®2°thus contributing
plaques’® Early atherogenesis is accompanied by the formation g foam cell formatior?®:21
of fatty streaks that consist of a subendothelial collection of
foam cells derived from cholesterol-laden macrophages or 4,

smooth musple .cell%. ) . . LDL uptake by macrophages to control unregulated intracellular
Low-density lipoproteins (LDLs) are the major carriers of | b accumulation. We have designed a family of nanoparticles
cholesterol in the blood plasma and enter the arterial wall g re 1) hased on amphiphilic micellar macromolecules self-
through the injured endothelium, or through areas of arterial jgsempled from unimers containing (i) methoxy-terminated
branching®° In the intima, LDLs are sequestered by extra- v athylene glycol) (PEG), contributing to the hydrophilicity
and flexibility of the polymer, as well as to controlled protein
* C_qrresponding 'author. Phone: 732-445-4951. Fax: 732-445-2581. repulsion, (ii) mucic acid, a multihydroxylated saccharide
E'Tg’gpx;’nggﬁt@;rfcgggggésié:?‘éngineering providing reaction sites for polymer modification, and (iii)
* Department of Chemical and Biochemical Engineering. aliphatic chains of varying lengths for control of the polymer
8 Department of Chemistry and Chemical Biology. hydrophobicity and aggregation behavior. We have previously

In this study it is hypothesized that anionic nanoparticles
signed with differential LDL-retentive properties can modulate
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mass spectroscopy (for chemical composition) as well as gel permeation

All products were characterized by nuclear magnetic resonance and
&= chromatography (for macromolecular size and size dispersity).

Critical micelle concentration (cmc) measurements were performed
R“MO{/\J/ by fluorescence spectroscopy and determined to bé Wofor both
0 - anionic and uncharged nanoparticié®Dynamic light scattering (DLS)
0 was utilized to determine the micelle size and distributitime
nanoparticles were unimodal and very stable upon dilution. Interactions
4 74 between the nanoparticles and LDL were studied at a nanopatrticle

concentration of 10* M, which is well above the cmc. These polymeric

R = - COOH (anionic) A B micelles were incubated with 1@g/mL LDL at 37 °C for 12 h to

- O-CH,CH, (uncharged) reach equilibrium. Samples were then analyzed using dynamic light
Figure 1. Schematic of the structure of the amphiphilic nanoparticles. scattering (DLS) to examine the formation of LBbanoparticle
The nanoparticle unit (Mi2Ps macromolecule) (A) consists of three complexes.As previously describetithe DLS analysis was performed
biocompatible building blocks, PEG, mucic acid, and alkyl chains, and on aqueous nanoparticle solutions via photon correlation spectroscopy
spontaneously forms micelles in solution (B) for concentrations above using a PSS Nicomp 380 submicrometer particle sizer instrument

the critical micelle concentration (cmc = 10~7 M). For the uptake
studies, two different chain end functionalities, carboxylic groups as
anionic nanoparticles and ethoxy groups as uncharged (control)
nanoparticles, were evaluated as shown in part A.

(Particle Sizing Systems, Santa Barbara, CA), and data were analyzed
using intensity weighted histograms.

Cell Culture Conditions. Nanoparticle and LDL uptake studies were
conducted using mouse IC21 peritoneal macrophage cell line (IC21)

] : : _(ATCC, Manassas, VA), which was propagated in culture using RPMI-
shown that carboxylate-terminated nanoparticles (termed, an 1640 media (ATCC, Manassas, VA) containing 10% fetal bovine serum

ionic nanoparticles) (_:an_succe_ssfully recapitulate tha interactipns(FBS) (Gibco-Invitrogen, Carlsbad, CA) and 1% penicillin/streptomycin
bletween Chzrg;:g amor_"?lmatn_)é.mocljecl_ul:l)ef ;UCh _?s glllycoshamlno'(Biowhittaker, Walkersville, MD). The cells were harvested at conflu-
glycans an ! Qrentla y oxidize ->peciiicaty, the ence, and 10 000 cells/well were recultured in 96-well tissue culture
anionic nanoparticles retain native and mildly oxidized LDL

. . 1 - plates for 5 days, prior to experimental use. IC21 sublines were
but not highly oxidized LDL! The respective uncharged propagated for a maximum of 8 weeks.

nanoparticle controls do not exhibit any affinity for LDL atany  Nanoparticle Exposure and Cellular Viability. The nanoparticle
degree of oxidation. Utilizing the same nanoparticles in this piocompatibility with the cells was investigated using the live/dead assay
study, the interactions between differentially oxidized LDL and  (Molecular Probes, Eugene, OR). This cell viability assay is based on
nanoparticles were carefully evaluated for further influence on the simultaneous determination of live and dead cells using two
the LDL uptake behavior by IC21 macrophages. The IC21 respective fluoroprobes: calcein-AM (green), which stains cells with
macrophage system has already been evaluated as an effectivplasma membrane integrity; and ethidium-homodimer (red), which
and appropriate model to study atherogenic processes; cellstains the nuclei of dead cells lacking plasma and nuclear membrane
exposure to modified lipoproteins elicits reactive oxygen integrity. Cells were cultured in 96-well Falcon tissue culture polysty-
intermediate production and apopto¥isWe report that the  rene plates (Fisher Scientific, Suwanee, GA) for 5 days prior to
anionic nanoparticles can sensitively control the LDL cellular experiment. To identify the nanoparticle concentrations that may be

uptake as a function of the degree of LDL oxidation. potentially cytotoxic, the cells were incubated with increasing nano-
particle concentrations (from 1®to 1074 M) for different time points

(t =1, 5, 24 h) in a 37C, humidified incubator. Then, cells were
Materials and Methods washed twice with Dulbecco’s phosphate-buffered saline (DPBS) with
Ca*" and Mg+ (Biowhittaker, Walkersville, MD) and stained for cell
Lipoprotein Model —LDL Oxidation. Fluorescently labeled low- viability measurements. Images were captured with a computer-
density lipoprotein (LDL-BODIPY) purified from human plasma interfaced inverted LSM 410 Zeiss epifluorescence microscope (Sun
(Molecular Probes, Eugene, OR) was employed for all the experiments Microsystems, Santa Clara, CA), and the percent of live cells compared
in this study. Differentially oxidized LDL was obtained and character- to total cells was enumerated. Each condition was performed in
ized via methods elaborated in an earlier sttdiy.brief, mild LDL triplicate, and 5 fields were captured per well.
oxidation was achieved by incubating p@/mL LDL with 10 uM Effect of Nanoparticle Concentration on LDL Uptake. Cells were
CuSQ at 37°C for 2 h#2*Highly oxidized LDL was generated by  incubated with 1gug/mL of fluorescently labeled differentially oxidized
incubating 50ug/mL LDL with 10 uM CuSQ at 37 °C for 18 h LDL for 24 h at 37 °C in the absence or presence of varying
exposed to aif®>? In all cases, oxidation was terminated with an concentrations (from 16 to 104 M) of anionic and uncharged
aqueous solution of 0.01% w/v ethylenediaminetetraacetic acid (EDTA) nanoparticles. The cells were then washed, and fluorescent images were
(Sigma, St. Louis, MO). The extent of LDL oxidation was characterized captured on a computer-interfaced inverted LSM 410 Zeiss epifluo-
by the content of conjugated dierfs lipid peroxides’® and thiobar- rescence microscope (Sun Microsystems, Santa Clara, CA) for deter-
bituric acid reactive substances (TBAREY as well as by monitoring mination of cell-associated fluorescence. Then, the cells were lysed,
LDL relative electrophoretic mobility (REM), which correlates with  and the concentration of intracellular fluorescently labeled LDL was
the overall change in the LDL particle char§§é! In our experiments, quantified. Results were normalized to mg of cell protein using the
the REM values for mildly oxidized LDL and highly oxidized LDL  Lowry assay and correlated to the fluorescence intensity quantified via
were 1.5 and 3.6, respectively, compared to REM of 1.0 for native microscopy.
LDL.t Cell Uptake Kinetics of LDL —Nanoparticles. The uptake behavior
Interactions between Nanoparticles and LDL.Details about the of fluorescently labeled LDL and nanoparticles by IC21 macrophages
synthesis of the amphiphilic micellar nanoparticles employed in our was investigated systematically at 3C. Briefly, 10 ug/mL fluores-
investigation were previously publishé&3*The macromolecules that  cently labeled LDL preincubated with anionic nanoparticles was
form the micellar nanoparticles consist of a hydrophobic segment of incubated with IC21 cells for 2, 5, and 24 h, at 37 in a humidified
mucic acid with pendant lauryl chloride chains and a hydrophilic incubator with 5% C@ Controls included incubations with equivalent
segment of poly(ethylene glycol) (Figure 1). Carboxylate-terminated concentrations of LDL in the absence of nanoparticles, as well as LDL
polymers were used as model anionic nanoparticles, whereas methoxy4n the presence of uncharged nanoparticles. The cells were, then, washed
terminated polymers were used as uncharged control nanopatticles. twice with serum-free RPMI containing 0.4% bovine serum albue'BV
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Figure 2. Biocompatibility studies of the nanoparticles with IC21 macrophages. Varying concentrations of (A) anionic and (B) uncharged

nanoparticles were incubated with IC21 macrophages over time. The live/dead assay was performed to quantify cell survival after exposure to
the nanoparticles. Data represent two independent experiments. Each experiment was evaluated in triplicate with 5—7 fields captured per condition.

(BSA) (Sigma, St. Louis, MO) and twice with serum-free RPMI. The uncharged nanoparticles (Figure 1) in cell growth medium
cell-associated fluorescence was measured by capturing images on {RPMI-1640). The cellular viability data indicate that both
confocal microscope (Sun Microsystems, Santa Clara, CA) and anionic and uncharged nanoparticles are highly biocompatible
quantifying the fluorescence intensity using Image Pro Plus 5.1 software with our cellular system, as more than 90% of the cells exposed
(Media Cybernetics, San Diego, CA). The cells were, then, lysed using t the nanoparticles survived even at the highest concentration
0.03 g of sodium dodecyl sulfate (SDS) (BioRad, Richmond, CA) in - of the nanoparticles (Figure 2). The nanoparticle biocompat-
30 mL of sodium hydroxide (NaOH, 0.1 N) (EM Science, Gibbstown, ipjjity did not considerably decrease with exposure time up to
NJ). The internalized fluorescence was determined with fluorescence 24 h and was not sensitively dependent on the nanoparticle
intensity measurements using the Cytofluor 4000 fluorescence multiwell concentration.

plate reader (Applied Biosystems, Foster City, CA) and converted into . . . . .
concentration using a standard curve. The results were normalized per To investigate the interactions between the nanoparticles and

mg of cell protein that was determined using the modified Lowry protein macrophages,_ we quore_scentIy labeled the carriers with Texas
assay (Pierce, Rockford, IL) and used in conjunction with the red ,a”q monitored their uptal§e by t.he .Ce”S' Confoeal
microscopy results to calculate differentially oxidized LDL uptake by ~Sectioning of the cells showed internalization of the nanopar-
macrophages. ticles, which was a function of nanoparticle concentration (data
Fluorescent Labeling of Nanoparticles.To elucidate the interac- not shown).
tions of the nanoparticles with IC21 macrophages, the anionic nano-  Effect of the Nanoparticle Concentration on LDL Uptake.
particles were fluorescently labeled with cationic Texas red hydrazide The effect of nanoparticle concentration on the LBdell
dye (Molecular Probes, Eugene, OR) using carbodiimide chemistry. interactions was quantified for differentially oxidized LDL
Briefly, to a polymer solution of anionic nanoparticles at a concentration (Figure 3). For nanoparticle concentrations above the critical
of 10°* M, 10-% M of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  micelle concentration (cmc), LDL uptake was significantly
hydrochloride (EDC or EDAC) (Advanced ChemTech, Louisville, KY)  reduced with increasing nanoparticle concentration, which
and 10° M Texas red dissolved iiN,N-dimethylformamide (DMF)  sjgnifies competitive uptake between nanoparticles and LDL.
(Sigma, St. Louis, MO) were added. The reactants were incubated Nanoparticle concentrations below the cmc(1®) did not
overnight under stirring to maximize conjugation of the dye to the have a significant effect on LDL uptake, implying the impor-
nanoparticles and evaporation of the organic solvent. The solution WaSiance of the 3-D presentation and clustering of the anionic
then dialyzed against phosphate-buffered saline (PBS)°&t for 24 charges in the efficiency of the LDL uptake inhibition. For all
h through 3500 MWCO regenerated cellulose dialysis tubing (wet in LDL oxidative states, a significant decrease in the LDL uptake
0.1% sodium azide) (Spectrum Labs, Rancho Dominguez, CA), for in the presence of n,anoparticles was observed that was more
removal of unbound Texas red and purification of the fluorescently . S .
labeled nanoparticles. Texas red in PBS in the absence of nanoparticleéjrono_unced in the case (_)f tf_]e anionic nanopfirtl_cl_e_s. The most
prominent effect of the anionic charges on the inhibition of LDL

was used as a control throughout the process. . . §
Uptake Studies of Fluorescently Labeled Nanoparticles and LDL- uptake was observed for nanoparticle concentration of 10

BODIPY by IC21 Macrophages. For cellular uptake studies, a 5% .Hig'h(.er nanoparticle concentrations appeared to mask the §pecific
solution of the fluorescently labeled nanoparticles was mixed with inhibitory effect of the carboxyl groups of the nanoparticles.
nonfluorescent anionic or uncharged nanoparticles dissolved in serum- T he difference in the inhibitory capacity of the anionic nano-
free RPMI (named after Roswell Park Memorial Institute, where it was particles compared to that of the uncharged ones increased with
developed). The nanoparticles were mixed with 4¢/mL LDL increasing LDL oxidation.

overnight to allow for complexation. Then, the mixture was added to ~ LDL Uptake Studies in IC21 Macrophages.The effect of

the cells and incubatedif® h at 37°C in a humidified incubator with anionic or control nanoparticles on the time course of the
5% CQ. After the incubation, the supernatant with the unbound macrophage internalization was evaluated using differentially
nanoparticles and LDL was removed, and the cells were washed with gxidized LDL. The data of intracellular LDL concentration
serum-free RPMI and imaged using a LSM 410 Zeiss epifluorescence normalized to the cellular protein content is plotted in Figure

microscope (Sun Microsystems, Santa Clara, CA) at Btagnification. 4. For all oxidative states of LDL, the uptake by macrophages
was markedly decreased in the presence of both anionic and
Results uncharged nanoparticles compared to that of LDL alone. Overall,

the inhibition of LDL uptake was significantly greater for the
Nanoparticle Interactions with Macrophages.To evaluate anionic nanoparticles and the effect was more prominent with
the possible cytotoxicity of the nanopatrticles, IC21 macrophagesincreasing LDL oxidation. To visually confirm this effect, the
were incubated with different concentrations of anionic and nanoparticles were fluorescently labeled with Texas red C?BQ/
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Figure 3. Effect of nanoparticle concentration on the uptake of
differentially oxidized LDL. Anionic and uncharged nanoparticles were
prepared at a range of concentrations (from 108 to 10~* M) and
incubated with 10 ug/mL (A) native, (B) mildly oxidized, and (C) highly
oxidized LDL overnight. They were, then, added to IC21 macro-
phages, and LDL uptake was quantified after 24 h. The circled
conditions represent the most sensitive condition (106 M) that shows
the effect of uncharged and, more importantly, anionic nanoparticles
in reducing LDL uptake. The results were normalized to mg of cell
protein using the Lowry assay. Results represent 2—3 independent
experiments per condition. Experiments were done in triplicate.
Statistical analysis was conducted with ANOVA single factor (P <
0.05).

Chnari et al.

nanoparticles (Figure 5F). The prominent red fluorescence
signifies enhanced nanopartieleell interactions that may
potentially be blocking the hoxLDL internalization. Lack of
prominent yellow fluorescence in this case represents the lack
of interactions between hoxLDL and the nanoparticles.

Discussion

The uncontrolled uptake of oxidized forms of LDL by the
cells of the vascular intima is one of the most significant
determinants of the escalation of atherogenesis. The interactions
between LDL and cells are, in turn, governed by the retention
behavior of LDL by charged matrix molecules, the glycos-
aminoglycans. In a previous studywe demonstrated that
carboxyl-terminated amphiphilic nanoparticles {29 nm size)
interact primarily with native and mildly oxidized LDL, forming
complexes of around 6890 nm in diameter. Notably, the
carboxylated nanoparticles did not interact with highly oxidized
LDL, a behavior consistent with proteoglycans that also display
anionic functionalities and release highly oxidized, and conse-
quently negatively charged, LD The respective uncharged
nanoparticle controls did not exhibit any affinity for LDL at
any degree of oxidation. The major finding of our current report
is that synthetic nanoparticles can be designed to present GAG-
mimetic negative charges to differentially reduce the internaliza-
tion of oxidized LDL within 1C21 macrophages.

The basal uptake behavior of IC21 macrophages toward LDL
was similar to those previously reported for other cell types,
including murine peritoneal macrophadés4 THP-1 cells3?435
and J774 macrophagé&s®” although the absolute amounts of
LDL internalization varied depending on cell type and oxidative
conditions. Uptake of unoxidized LDL by macrophages in the
absence of nanoparticles follows the typical pattern of regulated
uptake reported for native LDL; when more highly oxidized
LDL was examined, the degree of uptake and the kinetics of
uptake were significantly enhanced.

The key finding of this study is that the synthetically designed
anionic nanopatrticles could significantly reduce the very rapid
uptake of the highly oxidized LDL, which is the most pathogenic
form of LDL. The reduction in uptake rate was maximal at early
times (2 h) when almost 80% decrease in the uptake rate was
observed. Notably, in our culture system, the basal uptake rate
of highly oxidized LDL in the absence of any nanoparticles
was very high early on (almost 5-fold that of unoxidized LDL),
but it slowed by 24 h, indicating the significance of intervention
early on. Future efforts will need to examine whether long term
uptake rates of highly oxidized LDL are similarly affected by
the anionic nanopatrticles.

Although our studies do not address the mechanisms directly,
the mechanism for nanoparticle-mediated inhibition of uptake

high-magnification images were captured of the cell association of highly oxidized LDL and unoxidized LDL are likely to be

for nanoparticles and green fluorescent LDL (Figure 53).

distinct. As previously demonstratétjghly oxidized LDL does

Simultaneous addition of LDL and nanoparticles to the cells not complex with either anionic or uncharged polymer. Thus,
led to reduced cell-associated LDL (green fluorescence) com-we hypothesize that the inhibitory effect of the anionic nano-
pared to that of LDL alone for both types of nanoparticles and particles on the internalization of highly oxidized LDL is
LDL oxidative states. In the case of native LDL, the presence primarily due to the anionic nanoparticle interactions with the
of uncharged (Figure 5G) and anionic nanoparticles (Figure 5E) scavenger receptors mediating oxidized LDL uptake. One of
causes similar decrease in LDL uptake. The yellow fluorescencethe major receptors known to mediate highly oxidized LDL
observed mainly at the anionic nanoparticle condition (Figure uptake is SR-A that binds to LDL principally, but not
5E) represents colocalization of LDL (green) and nanopatrticles exclusively, via charge interactiod3A typical feature of the
(red), associated with complexation of the two. For highly class A scavenger receptors is that they mediate the uptake and
oxidized LDL, the uncharged nanopatrticles (Figure 5H) cause degradation of several polyanionic ligands and modified pro-
a basal reduction in the green fluorescence (LDL uptake), which teins11 As LDL gets progressively oxidized, the positive charge
is significantly further reduced in the presence of anionic on thee-amino groups of the apolipoprotein B-100 in LDL c&rbv
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Figure 4. Inhibition of differentially oxidized LDL uptake by IC21 macrophages. Cells were incubated with (A) native, (B) mildly oxidized, and
(C) highly oxidized LDL for 2, 5, and 24 h, in the presence and absence of 1076 M anionic and uncharged nanoparticles. Fluorescent images
were captured before the cells were lysed, and intracellular fluorescently labeled LDL was quantified. The results were normalized to mg of cell
protein using the Lowry assay. The changes in the rate of LDL uptake over time (D—F) were calculated as AC/At. Results represent 2—3
independent experiments per condition. Experiments were performed in triplicate. Statistical analysis was conducted with ANOVA single factor
(P < 0.05). * represents significant difference compared to the no nanoparticle control and ** compared to the uncharged nanoparticle control.

get neutralized, thereby increasing the net negative charge ofanionic nanoparticles readily complex with LDL and, thus,
LDL,46thus converting it into a major ligand for this scavenger compete with native LDL receptor for binding to LDL. In
receptor. SR-A is a ligand for many polyanionic molecules that contrast, for highly oxidized LDL, no complexation is reported
are not structurally related:*6The anionic nanoparticles could, between anionic nanoparticles and LDL; the anionic nanopar-
thus, interact with the scavenger receptor, blocking highly ticles compete with LDL for binding to the scavenger receptors.
oxidized LDL binding and uptake. Current studies are ongoing Mildly oxidized LDL exhibits a combined fate: it is internalized
to explore the role of both scavenger receptor and nonscavengewria scavenger receptors, but it can also be complexed to the
receptor mechanisms mediating nanoparticle uptake by mac-anionic nanoparticles; thus, the mechanism of inhibition is likely
rophages (Chnari et al., in preparation). Future studies on LDL a combination of competition with both the receptors (for
uptake will need to focus on systematically examining the role binding to LDL) as well as with LDL (for binding to the
of the nature and density of anionic groups displayed from the receptors). In the case of unoxidized LDL, the anionic nano-
nanoparticles, as well as the cooperative roles of the nanopatrticleparticles form complexes with LDL, and the reduced LDL
core properties (hydrophobicity, flexibility, degree of PEGyla- uptake could be explained either by steric hindrance for binding
tion). to the LDL receptor or by slower diffusion, due to the bigger
It is noteworthy that despite the distinct carrier-retention size of the LDL—nanoparticle complexes compared to that of
behaviors of unoxidized and highly oxidized LDL, which have single LDL particles. Studies comparing large versus small
been previously documentédsignificant inhibition of cell particles of LDL uptake and degradation by fibroblasts have
uptake of all differentially oxidized forms of LDL was observed shown that fewer large LDL particles are catabolized than small
in our current study. We believe this behavior can be explained particles, although large LDL binds with higher affinity to the
by two different modes of inhibition. For unoxidized LDL, the receptor than small LDE® Chappell et afé proposed a Iattic%DV
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Figure 5. Visualization of the role of nanoparticles in inhibiting native
and highly oxidized LDL uptake. Anionic (A) and uncharged (B)
nanoparticles were fluorescently labeled with Texas red and incubated
with native and highly oxidized LDL to allow for complexation. Native
LDL uptake was considerably reduced in the presence of both the
anionic (E) and the uncharged nanoparticles (G) compared to the
condition where no nanoparticles were added (C). The uncharged
nanoparticles also had a basal effect in inhibiting highly oxidized LDL
uptake (H), but the inhibition was more dramatic in the presence of
anionic nanopatrticles (F), compared to that of hoxLDL in the absence
of nanoparticles (D).

model to describe LDL catabolism via the LDL receptor
pathway, wherein the ligand size plays an important role in
receptor-mediated binding and cellular uptake. Similarly, the
internalization of nanoparticle-complexed LDL in this study may
be diminished due to the increased size of the EDRnoparticle
complexes (6690 nm) compared to that of uncomplexed LDL
(22 nm)! This hypothesis is further supported by the clathrin

Chnari et al.

coated pits’ (e.g., LDL receptor pathway) and caveolae (e.g.,
SRB-I pathway) capacity to bind particles of sizes up to 200
nm and less than Am, respectively? For a certain capacity in
these invaginations, fewer large particles (complexes) than
smaller particles (uncomplexed LDL) would fit. The signifi-
cantly reduced internalization of complexed native LDL com-
pared to that of uncomplexed LDL could also be attributed to
the steric hindrance for LDL binding to the native LDL receptor,
since the receptor binding site on LDL is proximal to the charge-
sensitive site on LDL for binding to the nanoparticfe/§:42
Similarly, binding of LDL to proteoglycans shields the positively
charged domains required for interaction with the LDL recep-
tor .43

Notably, the uncharged nanoparticles also lowered differen-
tially oxidized LDL uptake, although significantly less than the
anionic nanoparticles. This effect may represent the baseline
of the nonspecific inhibition for LDL uptake due to introduction
of certain molecules in the system. When isolating the inter-
actions of the nanoparticles with cells in the absence of any
LDL, both anionic and neutral nanoparticles were observed to
be directly taken up by macrophages (Figure 5, parts A and B),
which may occur concomitantly and possibly competitively with
the binding and uptake of LDL or LDktnanoparticle com-
plexes. These interactions may have a more pronounced effect
at higher nanoparticle concentrations, as supported by the data
presented in Figure 3. Preliminary experiments aimed at
clarifying the nanoparticlecell interactions indicate that none
of the receptors examined (LDL receptor, scavenger receptor
A, CD36, SRBI/Il) mediated the uptake of uncharged nanopar-
ticles within IC21 macrophages, whereas SRA receptors were
partially involved in the uptake of anionic nanopatrticles (Chnari
et al., in preparation). Thus, uncharged particles are likely
internalized via nonreceptor-mediated pathways, potentially lipid
rafts**45 or pinocytosis (nonspecific internalization of small
particles), so their inhibitory effect may represent the blocking
of these nonspecific routes of LDL internalization.

Studies are currently under way to identify the specific
receptor-mediated pathways involved in the inhibitory effect
of the anionic nanoparticles in oxidized LDL uptake by
macrophages. Insights from such studies could aide in the
development of synthetic nanoparticles as efficient receptor
blockers for controlled oxidized LDL uptake. Future efforts will
also need to examine the physicochemical properties of the
nanoparticles (size, amphiphilicity, location of charge display)
that may be important to high-potency binding to receptors.
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