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ABSTRACT Scavenger receptors (SRs) are molecular pattern recognition
receptors that have been shown to mediate opsonin-independent uptake of
therapeutic and imaging nanoparticles, underlying the importance of SRs in
nanomedicine. Unlike pathogens, engineered nanomaterials offer great flexibility
in control of surface properties, allowing addressing specific questions regarding
the molecular mechanisms of nanoparticle recognition. Recently, we showed that
SR-type Al/ll mediates opsonin-independent internalization of dextran super-
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paramagnetic iron oxide (SPI0) nanoparticles via positively charged extracellular

Dextran-SPIO

Decreased binding/uptake

collagen-like domain. To understand the mechanism of opsonin-independent SPIO recognition, we tested the binding and uptake of nanoparticles with

different surface coatings by SR-Al. SPIO coated with 10 kDa dextran was efficiently recognized and taken up by SR-Al transfected cells and J774

macrophages, while SPI0 with 20 kDa dextran coating or cross-linked dextran hydrogel avoided the binding and uptake. Nanoparticle negative charge

density and zeta-potential did not correlate with SR-Al binding/uptake efficiency. Additional experiments and computer modeling revealed that

recognition of the iron oxide crystalline core by the positively charged collagen-like domain of SR-Al is sterically hindered by surface polymer coating.

Importantly, the modeling revealed a strong complementarity between the surface Fe—OH groups of the magnetite crystal and the charged lysines of the

collagen-like domain of SR-Al, suggesting a specific recognition of SPI0 crystalline surface. These data provide an insight into the molecular recognition of

nanocrystals by innate immunity receptors and the mechanisms whereby polymer coatings promote immune evasion.
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anomaterials interact in the body
N with a variety of extracellular plas-

ma proteins,' as well as cell surface
receptors on erythrocytes, platelets, leuko-
cytes, and macrophages.® The complex in-
terplay of these interactions is responsible
for many phenomena observed for in vivo
administered nanoparticles, including pre-
mature liver and spleen macrophage se-
questration® and acute/chronic toxicity.?
Two main innate immunity arms are actively
involved in the body's first line of neutrali-
zation and clearance of foreign patho-
gens: (1) opsonin-independent mechanism
(C-type lectins, scavenger receptors, Toll-like
receptors) and (2) opsonin (plasma protein)-
dependent mechanism (complement, IgM,
fibronectin).>>® The same mechanisms ap-
pear to be relevant to the recognition of
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engineered nanoparticles and liposomes.>’
At the same time, the molecular basis of
recognition of engineered nanomaterials by
these defense systems is only partially un-
derstood. Scavenger receptors (SRs) are
some of the most interesting and important
phagocytic receptors that mediate opsonin-
independent recognition and elimination of
polyanionic molecular patterns, including
apoptotic cells (via phosphatidylserine),®®
damaged proteins and lipoproteins,'® lipo-
polysaccharides," and viruses.'? Several re-
ports demonstrated that SRs mediate the
uptake of engineered nanoparticles, includ-
ing polystyrene,’>' quantum dots,"” diesel
particles,’® DNA-gold,"” titania, and maghe-
mite nanoparticles.®

Superparamagnetic crystalline iron oxide
(SPIO) is a significant magnetic resonance
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Figure 1. Preparation and modification of SPIO nanoparticles: (A) 10 kDa dextran-SPIO was modified with amino dextran by
oxidation—Schiff base reduction method; 20 kDa dextran-SPIO particles were prepared from 20 kDa dextran by the
precipitation method and cross-linked with epichlorohydrin in basic conditions. CLIO was further conjugated with glycine
via residual epoxy groups (described in Methods). (B) Transmission electron microscopy images of various SPIO and CLIO
without counterstaining (dextran and hydrogel are not visible). Size bar: 50 nm for all images.

imaging (MRI) contrast agent by itself and as a compo-
nent of multifunctional nanomedicines for cancer ima-
ging and treatment.'®2° Dextran-SPIO consists of
magnetite (Fes04)-maghemite (y-Fe,03) crystals of
5—10 nm size embedded in a meshwork of carbohy-
drate polymer dextran of 6—40 kDa molecular
weight.?' Recently, it has been reported that macro-
phage scavenger receptors, in particular, SR-Al/II, 2223
play an important role in the uptake of dextran-SPIO by
macrophages in vitro.*>~?> In addition, we recently
demonstrated that SR-Al/Il mediates recognition of
10 kDa dextran-SPIO (Feridex) via collagen-like domain
(CLD) and suggested that the interaction is due to a
very significant positive charge field on the CLD.*® The
surface of SPIO is always Fe*" due to oxidation. The
crystal surface is acidic?®~2® due to binding of water
hydroxyls to Fe** and thus can interact with various organic
bases.”® However, it has been well-established* 32
that being polyanionic is not the only requirement
for scavenger receptor binding (e.g., polyinosinic acid
binds to SRs, while polyadenylic acid does not).

In view of these data, we sought to further under-
stand the mechanisms of binding and uptake of SPIO
nanocrystals by SR-Al. Since the surface coating and
charge are some of the critical determinants of nano-
particle uptake by macrophages,®* > we were moti-
vated to understand how SPIO coating and negative
charge modulate the interaction with SR-Al. Numerous
studies focused previously on the physicochemical
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properties that control nanoparticle binding and up-
take by macrophages and monocytes,*333%3637 pyt
due to the intrinsic complexity of macrophage phago-
cytic machinery, it is difficult to address basic mecha-
nisms of nanoparticle recognition. There is a significant
interest in macrophage targeting for therapeutic and
imaging applications, including magnetic cell labeling,*®
lipoprotein uptake blockade,* tumor macrophage
imaging,*® and immunotherapy.*' On the opposite, there
is a great interest in creating “stealth” nanomedicines that
avoid the reticuloendothelial system for prolonged resi-
dence in blood.* Structure—activity studies in a simplified
and more “clean” system of isolated phagocytic recep-
tor in an opsonin-free environment can provide spe-
cificinformation on the molecular recognition of nano-
particles and may offer clues to the design of efficient
nanoparticulate systems.

RESULTS AND DISCUSSION

To study the effect of surface coating on the direct
recognition of SPIO by SRs, we prepared SPIO with the
following surface coatings (Figure 1A and Methods): (a)
10 kDa dextran-coated SPIO (hereafter 10 kDa SPIO)
was either obtained commercially (Feridex) or synthe-
sized by precipitation of Fe>™ and Fe*" in the presence
10 kDa dextran; (b) 10 kDa dextran was conjugated to
the 10 kDa SPIO coating of by oxidation—Schiff base
reduction method to produce 10 kDa-10 kDa SPIO; (c)
20 kDa SPIO was synthesized by precipitation method
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TABLE 1. Size and Zeta-Potentials of SPIO Formulations
with Different Surface Coatings

particle Z-average diameter (PDI) zeta-potential, mV
10 kDa SPIO 85 nm (0.24) —131
CLIo 82 nm (0.15) -5
10 kDa-10 kDa SPIO 101 nm (0.25) —55
20 kDa SPI0 92 nm (0.20) —713
glycine-CLIO 75 nm (0.12) —15
20 kDa dextran NM -1

using 20 kDa branched dextran; (d) cross-linked hydro-
gel CLIO**? was prepared by reacting 20 kDa SPIO with
epichlorohydrin in basic conditions; (e) CLIO was
further reacted with glycine (via residual epoxy groups)
to increase the negative charge of the hydrogel
shell. Epoxide chemistry is routinely used to conjugate
ligands via amino groups to the CLIO hydrogel
surface.*® All of the particles had average hydrody-
namic diameters between 75 and 101 nm (Table 1).
Dextran-iron oxides prepared by precipitation possess
broad size distribution;** our formulations had poly-
dispersity indexes (PDI) between 0.12 (glycine-CLIO) to
0.25 (10 kDa-10 kDa SPIO). Since dextran-SPIO particles
are not ideally spherical, the contribution of dextran
thickness to the nanoparticle size is not straightfor-
ward from DLS measurements. All formulations were
negatively charged: 10 kDa SPIO had zeta-potential of
—13 mV, while increasing the size of dextran or cross-
linking the dextran resulted in a decrease of negative
zeta-potential (Table 1). Addition of glycine to CLIO
resulted in negative zeta-potential of —15 mV. Dextran
20 kDa was neutral (Table 1), suggesting that the
negative charge of SPIO originates from the crystalline
iron oxide core, which is supported by the literature.?®
According to transmission electron microscopy (TEM)
images (Figure 1 and Supporting Information Figure S1),
the particles appeared as clusters of 5—10 nm crystals.
The shape of 10 kDa SPIO and 10 kDa-10 kDa SPIO was
mostly irregularly spherical, whereas the shape of 20 kDa
SPIO, CLIO, and glycine-CLIO was elongated “worm-like”
(we term them magnetic nanoworms>*).

Dextran and Cross-Linked Dextran Block Scavenger Receptor-
Mediated Uptake. Scavenger receptors play an impor-
tant role in the opsonin-independent uptake of 10 kDa
SPIO. Western blotting (Supporting Information Figure 2)
showed the enrichment of SR-Al/Il on 10 kDa SPIO
when incubated with J774.A1 monocyte—macrophage
cellline lysate (see Supporting Information). To test the
role of surface dextran in the uptake by J774.A1
macrophages in opsonin-free, nanoparticles with dif-
ferent surface coatings were added to the cells in 10%
FBS-supplemented DMEM for 2 h (optimal time point
determined in our previous studies).”> DLS analysis
showed no significant aggregation of 10 kDa SPIO,
20 kDa SPIO, and CLIO formulations in cell medium
(Supporting Information Figure 3). According to Prussian
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blue staining (Supporting Information Figure 4) and
iron assay quantification (Figure 2A), 10 kDa SPIO showed
efficient accumulation in J774A.1 macrophages. Poly-
inosinic acid, a well-known polyanionic inhibitor of SR
uptake,'® reduced the binding and uptake (Figure 2A
and Supporting Information Figure 4) of 10 kDa SPIO
by 81% (P =0.0026, t test, n = 5), confirming that 10 kDa
SPIO uptake by J774A/1 macrophages is mediated via
scavenger receptor mechanism. According to Figure 2A
and Supporting Information Figure 4, the binding and
uptake of 10kDA-10 kDa SPIO, 20 kDa SPIO, and CLIO was
70—77% less (P = 0.0037, t test, n = 5) that 10 kDa SPIO.

After establishing the dominant role of SRs in
opsonin-independent recognition of SPIO by macro-
phages, in the subsequent experiments, we focused on
molecular mechanisms of recognition of nanoparticles
as well as the role of surface coating in the binding and
uptake by S-Al in a simplified and well-characterized
system of transiently transfected nonphagocytic
cells.?®> SR-Al and SR-All are the splicing isoforms of
the same receptor; both possess an identical CLD that
mediates recognition of anionic ligands*® and SPI0.%
Both receptor isoforms have been previously shown by
us to efficiently bind and internalize 10 kDa SPIO
(Feridex).?> Nanoparticles with different surface coat-
ings were incubated with HEK293T cells transfected
with SR-Al in FBS-supplemented DMEM. According to
Figure 2B,C and Supporting Information Figure 5, there
was a significant binding and uptake of 10 kDa SPIO by
SR-Al-transfected cells but not by vector (pcDNA3)-
transfected cells. According to Figure 2B,C and Sup-
porting Information Figure 5, the binding and uptake
of 20 kDa SPIO, CLIO, and 10 kDa-10 kDa SPIO was 83,
87, and 78%, respectively, lower than that of 10 kDa
SPIO (p-value 0.0065, t test, n = 5 for 20 kDa SPIO),
suggesting similar effect of surface coating on macro-
phages and SR-Al-transfected cells.

To confirm that surface coating prevents the bind-
ing of nanoparticles to SR-Al, we immobilized recom-
binant His-tagged SR-Al on Ni*"-NTA agarose beads
and incubated them with 10 kDa SPIO, CLIO, and
20 kDa SPIO in PBS. According to Figure 2D,E, 20 kDa
SPIO and CLIO showed 80 and 83%, respectively, less
binding that 10 kDa SPIO (p-value <0.0001, t test,n =5).
When 20 kDa SPIO was treated with Dextranase (1,6-a-
p-glucan-6-glucanohydrolase), a bacterial enzyme that
cleaves o-1,6 linkages of dextran,* this treatment
restored the binding of SPIO to the SR-Al beads
(Figure 2D,E). Unfortunately, since the particles aggre-
gated in cell medium after the digestion of surface
coating, we were not able to test the role of
Dextranase on SR-Al binding and SR-Al uptake in cell
medium. CLIO and 20 kDa SPIO have a worm-like
shape, while 10 kDa SPIO has an irregular “spherical”
shape (Figure 1A and Supporting Information Figure 1).
Particle shape is an important factor in nanoparticle
uptake, and elongated nanoparticles have been shown
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Figure 2. The 20 kDa dextran and hydrogel coating block the binding and uptake via SR-AI. (A) Binding and uptake by J774.A1
macrophages following incubation with nanoparticles at 0.1 mg/mL was quantified with iron assay. Dextran 20 kDa and
hydrogel coating and polyinosinic acid (PIA) block the binding and uptake (nonpaired t test, n = 5). (B) Top row: HEK293T cells
were transfected with SR-Al-coding plasmid using Lipofectamine 2000, and the receptor expression was visualized with anti-
SR-Al/Il antibody (red). Transfection efficiency was over 70%. Size bar 50 um. Middle and bottom: transfected cells were
incubated with nanoparticles at 0.1 mg/mL. The binding and uptake of iron was visualized with Prussian blue (blue stain), and
the nuclei were counterstained with nuclear fast red (red stain). The 10 kDa SPIO shows the highest binding and uptake,
whereas 20 kDa SPIO does not show any visible staining. Insets show individual cropped cells (from another field)
demonstrating binding and internalization of 10 kDa SPIO and no visible binding and uptake of 20 kDa SPIO. No significant
binding and uptake by control plasmid-transfected cells (pcDNA3.1) was observed under these conditions. Note that
HEK293T cells grow in clusters, and the cell density is higher in the top row of images. Size bar is 200 xm for middle and lower
rows. (C) Quantification of iron uptake by SR-Al-transfected cells shows a significant decrease in the binding and uptake of
dextranated and hydrogelated SPIO (nonpaired t test, n = 5). (D) Binding of SPIO to agarose beads coated with recombinant
SR-Al (see Methods) as a function of dextran coating. The 10 kDa SPIO show efficient binding to the beads as detected with
Prussian blue stain (green-blue color). The 20 kDa dextran coat blocks the binding to the beads, while the digestion of dextran
with Dextranase (DXase) restores the binding. No binding to control beads (noncoated beads) was observed (right column).

(E) Quantification of iron binding to the SR-Al beads with iron assay (nonpaired t test, n = 5).

to exhibit lower cell uptake for gold and polystyrene
nanoparticles.**=*® However, 10 kDa-10 kDa SPIO,
which has the irregular spherical shape, showed 78%
less uptake by SR-Al-transfected cells than the parent
10 kDa SPIO particles (Figure 2C), and digestion of
dextran on worm-like 20 kDa SPIO promoted the binding
to SR-AI (Figure 2D). Therefore, we conclude that surface
coating rather than shape is the major determinant of
binding efficiency of SPIO by SR-Al and, consequently,
the uptake efficiency by SR-Al-transfected cells.
SR-Al-Mediated Uptake Does Not Correlate with the Nano-
partide Negative Charge. Negative zeta-potentials of
20 kDa SPIO, 10 kDa-10 kDa SPIO, and CLIO were
somewhat decreased compared to 10 kDa SPIO
(Table 1), possibly as a result of a shift in shear plane
farther from the crystalline surface. To test whether
dextranation and hydrogelation mask the negatively
charged crystalline core, we tested the binding of
protamine sulfate, a small cationic arginine-rich protein
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(5 kDa), to 10 kDa SPIO, 20 kDa SPIO, and CLIO. The
binding of protamine sulfate turned the zeta-potential
of all of the particles from negative to positive (+9.3 mV
for 10 kDa SPIO, +9.4 mV for 20 kDa SPIO, and —8.3 mV
for CLIO). SDS-PAGE analysis showed that 10 kDa SPIO,
20 kDa SPIO, and CLIO absorbed protamine sulfate to
the same extent (Figure 3A). We also compared the
binding of high molecular weight kininogen, a 120 kDa
plasma protein, which absorbs to SPIO through histidine-
rich domain D5.%° The particles were mixed with mouse
plasma, washed, and the protein was detected with
Western blotting. Similarly to protamine sulfate, the
same level of binding to all SPIO formulations was
observed (Figure 3B). These data suggest that the
crystalline core charges are not neutralized by dextran
and hydrogel coating and are available for interactions
with globular cationic proteins.

To test if negative charge determines the binding
and uptake by SR-Al, we added negative charges to the
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hydrogel coat of CLIO by conjugating glycine to resid-
ual epoxy groups (Figure 1). We chose this strategy
because cross-linked hydrogel is stable and allows more
extensive modifications than non-cross-linked dextran.
Following the conjugation, zeta-potential increased from
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Figure 3. The 20 kDa dextran and hydrogel coating do not
inhibit binding of cationic proteins to SPIO. SPIO with
different surface coatings was tested for binding of salmon
sperm protamine sulfate or mouse plasma kininogen as
described in Methods. (A) Protamine sulfate bound to the
particles. The bands were quantified using ImageJ program.
There was no difference in the binding to all formulations.
(B) Binding of plasma kininogen was detected with Western
blotting. Similar to protamine sulfate, there was no differ-
ence in the binding to 10 kDa SPIO, 20 kDa SPIO, and CLIO.
The bands show kallikrein-mediated cleavage of single-
chain high molecular weight kininogen (120 kDa) into heavy
and light chains.
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—5mV to —15 mV (Table 1 and Figure 4A). Despite the
fact that glycine CLIO had the same zeta-potential as
10 kDa SPIO, these particles showed only about 20%
uptake by SR-Al-transfected cells (Figure 4B, p-value
0.0022, t test, n =5).

The experiments above suggest that the charge
per se does not determine the efficiency of uptake by
SR-Al. To test this hypothesis for other nanoparticle
types, we prepared large unilamellar liposomes with
different mole ratios of negatively charged lipid dipal-
mitoyl phosphatidylserine. Phosphatidylserine is a nat-
ural ligand of scavenger receptors.®? The liposomes
were extruded through a 0.1 um membrane to yield
sizes between 140 and 200 nm (Supporting Informa-
tion Figure 6) and zeta-potential between —65 and
—85 mV (Figure 4C). DPPS 100% liposomes were
efficiently taken up by SR-Al-transfected HEL293T cells
(Figure 4D and bound to SR-Al beads (Figure 5E).
However, the uptake of DPPS/DPPC (2:1) drastically
decreased by 74%, while the uptake of DPPS/DPPC
(1:1) was almost nondetectable (Figure 4D). Also,
DPPS/DPPC (1:1) did not bind to SR-Al coated beads
(Figure 4E). Control beads and nontransfected cells did
not show much binding and uptake (Supporting In-
formation Figure 7). The negative surface charge den-
sity of DPPS 100% is approximately 1/nm?, while that of
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Figure 4. Anionic charge (zeta-potential) does not correlate with SR-Al uptake. (A) CLIO was reacted with glycine in basic
conditions to increase the negative charge on the particles as described in Methods. Following incubation at 0.2 mg/mL for
2 h, the uptake by SR-Al-expressing cells was visualized with Prussian blue staining. (B) Quantification of uptake shows that,
despite the same zeta-potential as 10 kDa SPIO, glycinated CLIO shows only about 20% of the uptake (nonpaired t test, n = 5).
(C) Pure DPPS or mixed DPPS/DPPC liposomes were prepared by dehydration—rehydration—vortexing—extrusion. Lipo-
somes were fluorescently labeled with 0.3 mol % of fluorescein-dioleyl phosphatidylethanolamine. (D) Liposomes were added to
the SR-Al-transfected 293T cells, and total lipid and fluorescent lipid concentration (0.5 mM) were constant for all formulations. At
67% DPPS, there is a marked decrease in the SR-Al binding and uptake, while 50% DPPS liposomes do not show visible binding and
uptake. (E) Binding to SR-Al-coated beads (Methods) shows excellent correlation with cell uptake studies described above.
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Figure 5. Modeling of SR-AI-SPIO binding. The receptor and nanoparticle were modeled as described in Methods. Modeling
shows real size relationship between the SR-Al extracellular part and 10 kDa dextran-SPIO. (A) SPIO interacts with the charged
collagen-like domain (CLD), while dextran is sandwiched between. (B) SPIO interacts with SR-Al CLD in the areas incompletely
covered by dextran chains. (C) Calculation of electrostatic attraction energy between SR-Al positive charge field* and the
crystal face anionic charge (4 per 100 nm?). The interaction is not feasible at distances comparable to the thickness of dextran
layer (30 A), suggesting that the receptor binds to SPIO in areas not coated by dextran. (D) Conjugation of 10 kDa dextran (red
arrows) to 10 kDa SPIO leads to the masking of the “naked” crystal surface, making it impossible for the receptor to bind. Note
that dextran chains are of different lengths because this is a 2-D projection of 3-D conformations.

DPPS 50% is approximately 0.5/nm? (assuming that
each serine headgroup has the cross-sectional area of
approximately 0.5 nm? and a charge of —1 at physio-
logical pH).>® Based on titration studies,®*>' negative
surface charge density of both magnetite and maghe-
mite at neutral pH 7.4 is less than 10 x 10> coulomb/m?,
or <0.059 electron/nm?® At pH >12, when all proton
donors are ionized, the negative charge density would
be 0.99/nm2>" Surface charge density of comparable
100 nm diameter polystyrene particles with zeta-
potential of —10 mV was previously calculated at
6.8 x 102 coulomb/m?, or 0.04 electron charges
per nm?32 Based on this evidence, we assumed surface
charge density of magnetite-maghemite crystals at
0.04/nm?. Therefore, a DPPS 50% liposome has about
10 times higher charge density than a SPIO crystal.
Since DPPS 50% liposomes did not show appreciable
binding and uptake, as opposed to efficient binding
and uptake of 10 kDa SPIOQ, it is reasonable to suggest
that SR-Al binding and uptake is mediated via specific
recognition mechanisms rather than plain electrostatic
attraction.

Computer Simulation of Interaction between SR-Al and
SPI0. The experiments above suggest that SR-Al recog-
nizes the Fe30, crystalline core while surface coating
blocks the binding. To get a better insight into molec-
ular mechanisms of recognition of SPIO as well as the
mechanisms by which surface coating interferes with
the binding, we used our previously described charge
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model of SR-Al.>> SPIO was modeled as a cluster of
10 nm crystals covered with 10 kDa dextran chains
(Figure 5A). This model is consistent with the looplike
absorption of polymer chains onto the maghemite
surface (the fully stretched 10 kDa dextran molecule
charge is around 40—50 nm)>* with approximately 2—3
dextran molecules absorbed per crystal.?®

We hypothesize that two modes of interaction are
possible: (a) direct binding of SR-Al collagen-like do-
main (CLD) to the crystalline surface (Figure 5A); (b)
electrostatic attraction between CLD and the anionic
crystal with dextran chains sandwiched between
(Figure 5B). The latter scenario is possible only if the
attraction force is sufficiently strong. We calculated the
electrostatic energy of interaction between CLD posi-
tive charge field that we modeled previously?® and one
face of the 10 nm crystal (4 negative charges per
100 nm?). According to Figure 5C, the electrostatic
energy drops sharply at 15 A from the crystalline
surface (from —5.8 kcal/mol at 3 A to —1.7 kcal/mol
at 15 A) and reaches background plateau at 20—30 A.
Studies by Jung?® and others*”** showed that 10 kDa
dextran adds between 33 and 100 A to the surface
thickness, which is consistent with our model
(Figure 5B). Based on these data, CLD can interact with
the particle only in the areas not covered or minimally
covered with dextran. The model shows that there are
multiple “gaps” in the dextran coat, and incomplete
coverage of SPIO surface by 10 kDa dextran was

A N N
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Figure 6. Proposed model of interaction between the charged lysine cluster in SR-Al and the crystalline magnetite (one unit
cell). (A) Two-dimensional frontal and rotated projections of the magnetite unit cell. Albeit SPIO surface is maghemite due to
oxidation, the spinel structure and unit cell dimensions are almost identical. White square shows the dimensions of the
maghemite unit cell (8.33 A). Therefore, surface planes of the Fe** cations have periodicity of 5.89 A. (B) Three-dimensional
view of the crystal unit approaching the charged domain in CLD. The crystal was scaled to real receptor dimensions. Oxygen of
Fe—OH is shown in red (not all surface Fe*" are hydroxylated).?® The distance between spatially arranged lysines on the
receptor's collagen triplex nicely match the periodicity of the surface Fe—OH planes. Lysine side chains' atoms are not scaled

to the crystal's atoms. One lysine cluster out of three is shown.

previously demonstrated.?® For 10 kDa-10 kDa SPIO,
additional 10 kDa chains (Figure 5D, red arrows) should
further hinder the access to the crystal surface. It is
remarkable that the dextran coating still leaves rela-
tively large pores and defects that can allow access of
smaller, more flexible proteins including protamine
sulfate and kininogen. It was previously demonstrated
that stealth coatings (PEG, dextran, Poloxamer, hydrogel)
do not efficiently prevent binding of plasma proteins to
nanoparticles,>>**> and our model of surface coating can
explain this phenomenon.

In our experiments, negatively charged DPPS 50%
liposomes and glycine-CLIO were not efficiently recog-
nized by SR-Al. Both SR-Al and SR-All recognize poly-
anionic ligands via a charged lysine cluster in the
highly conserved motif GPKGQKGEK.>°>® Previous
work using polyanionic polymers and lipoproteins
suggested that efficient ligand recognition by SR-Al/II
requires correct spacing and alignment between the
receptor's lysines and the ligand's anionic groups.3**’
Therefore, we questioned whether there is a comple-
mentarity between the SPIO crystal and SR-Al charged
domain. The spinel structure of magnetite and mag-
netite has a high level of planar order (Figure 6A).
Magnetite and maghemite have similar unit cell di-
mensions (lattice parameter a = 8.397 and 8.33 A,
respectively).”® Since the surface of SPIO magnetite
crystal is maghemite due to air oxidation,?® we used
maghemite dimensions to calculate interplanar dis-
tance between the surface Fe*" planes at 589 A
(Figure 6A). The alignment of the magnetite unit cell
with the charged collagen triplex showed a striking
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complementarity between the acidic Fe—OH planes
and the spatially arranged lysine side chains K332A,
K332C, and K335B (Figure 6B). It is likely that this type of
complementarity does not exist for highly anionic but
otherwise less ordered surfaces of DPPS 50% and
glycine-CLIO particles. It is also obvious that sterical
interference by surface polymer coating could severely
disturb the delicate alignment of charges and lead to a
complete loss of binding, something that we observed
in our experiments.

CONCLUSIONS

The results unambiguously show that increasing
molecular weight of SPIO dextran coating, or forming
a cross-linked hydrogel coat, leads to a complete loss of
SR-Al binding and uptake. Collectively, the data sug-
gest that SR-Al recognizes the charged crystalline core
of iron oxide nanoparticles, while polymer coating
sterically prevents the interaction. Computer modeling
demonstrates that the binding of collagen-like domain
of SR-Al to Fe;0, crystalline core takes place in the
areas without polymer coverage. Furthermore, the fact
that magnitude of anionic charge does not correlate
with SR-Al recognition brings up a hypothesis of a
specific recognition mechanism of the crystalline lat-
tice's charges. Such mechanism could also be relevant
for titania and silica particles that are avidly recogniz-
able by scavenger receptors.'® Albeit in vivo recogni-
tion mechanisms are inherently more complex>*° and
possibly involve plasma protein corona and comple-
ment,®” our in vitro data are an important advance in
understanding the phenomenon of nanoparticle immune
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recognition by macrophage receptors and could bear
important implications on the design of nanoparticu-
lates for variety of therapeutic and imaging applica-
tions. For example, the knowledge of how iron oxides
are recognized by immune receptors could be used for
more efficient “camouflaging” of the nanoparticle sur-
face. As a consequence, the increased circulation time
can allow reducing the injected dose and achieving

METHODS

Nanoparticle Synthesis and Characterization. SPIO coated with
10 kDa or 20 kDa dextran (hereafter 10 kDa SPIO and 20 kDa
SPIO) was prepared by precipitation of Fe?* and Fe*" salts in
ammonia in the presence of branched dextran, as described
elsewhere in the literature.?®**%1 Feridex intravenous (i.v.)
nanoparticles coated with 10 kDa (T-10) dextran were obtained
from the UC San Diego Department of Radiology. Particles were
resuspended in phosphate buffered saline (PBS) at 1—2 mg (Fe)/mL
and filtered through a 0.2 um membrane filter. For conjuga-
tion of 10 kDa dextran molecules to the existing 10 kDa dextran
coat of Feridex, 0.1 mg of sodium periodate (Sigma-Aldrich, St.
Louis, MO) was added to 1 mL of nanoparticles at 2 mg/mL Fe.
After stirring at 4 °C overnight, the particles were extensively
dialyzed against PBS and added to the excess amount (1 mg Fe/
20 mg dextran) of aminated 10 kDa dextran (Life Technologies,
Carlsbad, CA). After 24 h mixing at 4 °C, the particles were
washed three times with ultracentrifugation at 70000g for
10 min using a Beckman-Coulter TLA-100 ultracentrifuge
(Brea, CA), then reduced with 10 mg/mL sodium cyanoborohy-
dride (Sigma-Aldrich) for 5 h at room temperature and dialyzed
against double-distilled water (DDW) overnight. The residual
primary amines were blocked by incubation with 0.5% v/v
glycidol (Sigma-Aldrich) for 4 h at room temperature. The
washed particles were stored in PBS at 4 °C prior to use.
Cross-linking of 20 kDa SPIO with epichlorohydrin was per-
formed according to a previously described protocol with
modifications.? Briefly, 2 mg/mL (iron) solution was mixed with
one part of 5 N NaOH 1:1 and one part of epichlorohydrin
(Sigma-Aldrich) and incubated overnight. The particles were
dialyzed in DDW overnight. To conjugate glycine groups, the
CLIO solution in DDW was incubated with 5 mg/mL solution of
glycine and 1% triethanolamine (both from Sigma-Aldrich)
overnight. The particles were washed by ultracentrifugation
as described above.

Nanoparticle and liposome size (intensity distribution)
was measured using a Zetasizer Nano (Malvern Instruments,
Worchestershire, UK) by diluting 20—30 uL of 1 mg/mL particle
solution in 1 mL DDW. Zeta-potential () was measured with the
same instrument at the same particle solution in 1 mL of DDW.
This volume of PBS was just sufficient to keep the pH at neutral
(pH 7.23) without damaging the electrodes of the zeta cell.
For nanoparticle imaging with transmission electron microscopy,
the nanoparticle solution in water was placed on Formvar/
carbon-coated grids (Ted Pella, Redding, CA). After 5 min, the
grid was gently blotted and air-dried. All samples were studied
without counterstaining. Grids were viewed using a JEOL
1200EX Il transmission electron microscope at 75 kV and
different instrumental magnifications. Images were captured
using a Gatan digital camera.

Plasmid Preparation and Receptor Transient Expression. Full-length
mouse cDNA of SR-Al (splicing variant A, NM_001113326) was
amplified from mouse liver mRNA by reverse transcription PCR
using the following primers: forward, GCAGTC GGATCCATGA-
CAAAAGAGATGACAGAGAATC, reverse, GCAGTCCTCGAGTTAT-
GAAGTACAAGTGACCCCAG. The amplified CDNA was subsequently
cloned into pCDNA 3.1+ Zeo plasmid (Life Technologies)
using the BamHI and Xhol restriction sites. Human em-
bryonic kidney cells HEK293T were maintained in Dulbecco's
modified Eagle medium (DMEM)/high glucose media (Thermo

CHAO ET AL.

better tumor accumulation and MR imaging contrast.
Another important application of the structure-recog-
nition rules described herein could be in a more
specific targeting to scavenger receptors for antibac-
terial and antiatherosclerosis therapies>>®° Future
studies will focus on the interplay between scavenger
receptors and plasma factors (complement) in the
recognition of SPIO by macrophages in vivo.

Scientific HyClone, Logan, UT) supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin-L-glutamine
solution).

For transfection experiments, cells were seeded at a density
of 05—1 x 10° cells/well in 24-well plates and transiently
transfected with 0.5 ug of receptor plasmids or empty vector
PCDNA 3.1 using Lipofectamine 2000 (Life Technologies) as per
the manufacturer's instructions. The expression of SR-Al/Il on
the cell surface was tested by immunostaining with rat anti-
mouse SR-A antibody which detects both SR-Al and SR-All
isoforms (R&D Systems, Minneapolis, MN). The same antibody
was used for Western blotting of the receptor.

Nanoparticle Uptake Experiments. Mouse monocyte cells
J774a.1 and monkey kidney HEK293T cells were obtained from
the American Tissue Culture Collection (ATCC) and maintained
in DMEM supplemented with 10% heat-inactivated fetal bovine
serum, L-glutamine, and antibiotics. Nanoparticle uptake quan-
tification in receptor-transfected cells and J774A.1 cells was
performed as described elsewhere.® Briefly, the cells were
incubated with 0.1—0.2 mg/mL (Fe concentration) for 1-2 h
in complete medium at 37 °C. At the end of the incubation, the
cells were washed two times with serum-free DMEM followed
once with PBS, and iron uptake was quantified using Quanti-
Chrom iron assay (BioAssay Systems, Hayward, CA). For the
uptake visualization, the experiment was performed in 8-well
chamber slides (NalgeNunc, Rochester, NY). Following incuba-
tion with 0.1 mg/mL iron for 2 h, the cells were washed three
times as described above, fixed with 4% formaldehyde, and
stained with Prussian blue dye.®? Nuclei were counterstained
with nuclear fast red. For the ligand inhibition, polyinosinic acid
(Sigma-Aldrich) at 50 ug/mL was incubated with cells for 15 min
prior to the addition of nanoparticles.

Binding of Cationic Proteins to Nanoparticles. SPIO was incubated
at various weight ratios with salmon sperm protamine (Sigma-
Aldrich) in PBS for 10 min at room temperature. The unbound
protein was washed away four times using a Beckman-Coulter
TLA-100 ultracentrifuge (70 000g for 10 min in 1 mL of PBS) to
make sure there was no free protamine sulfate, and the pellet
was boiled in 50 uL of 8 M urea/1 M NaCl/1 M imidazole for
30 min. The mixture of particles and proteins (corresponding to
5 ug iron) was subsequently loaded into wells of Novex 4—20%
Tris-glycine polyacrylamide gel (Life Technologies), and the
proteins were electrophoretically separated and stained with
a SilverQuest kit (Life Technologies). The protamine was located
at around 6 kDa M,,.

Kininogen binding experiments were performed by mixing
SPIO and citrated mouse plasma as described previously.*°
High molecular weight kininogen cleavage fragments were
visualized with Western blotting using rabbit anti-mouse anti-
body provided by the laboratory of Dr. Keith McCrae, Lerner
Research Institute (Cleveland, OH).

Binding of Nanoparticles to SR-Al Immobilized on Beads. Five
micrograms (at 0.2 mg/mL) of purified recombinant mouse
SR-Al consisting of the extracellular domains fused to an
N-terminal Hisg tag (R&D Systems; 1797-MS-050) was mixed
with 50 uL of Ni-NTA Superflow beads (Qiagen, Valencia, CA) for
10 min at 4 °C. The beads were washed three times in PBS and
mixed with SPIO (10 uL beads, 10 ug iron) or with liposomes
(10 uL beads, 10 nmol lipid) at room temperature for 30 min.
The beads were washed in 0.1% Tween-20/PBS three times.
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The bound iron was visualized with Prussian blue stain and
quantified with QuantiChrom iron assay, and the liposomes
were visualized with a fluorescent microscope.

Computer Modeling of Receptor—SPIO Interaction. SR-Al forms a
variety of conformations at physiological pH;** we build a
nonfolded conformation for SR-Al model as described.?® Dex-
tran molecules were modeled using program Insightll (Accelrys,
San Diego, CA). They were then minimized by 10009 iterations
steepest descent algorithm. Electrostatic interaction between
full-length SR-Al and a plane of a crystal with the overall charge
4e~ has been calculated with the “Docking” module of the
Insightll program with the dielectric constant 2. Crystallo-
graphic data of magnetite crystal®® are available from variety
of public databases (e.g., http://www.crystallography.net). The
3D image of the magnetite crystal unit cell (rendered by jPOWD
applet, Materials Data, Inc.) is available online (http://www.web-
mineral.com/jpowd/JPX/jpowd.php?target_file=Magnetite_33.jpx).
The unit cell was rendered as a space-filled model with 100%
atom volume, scaled 1:1 (using oxygen as a reference), and aligned
with the extracellular part of SR-Al (collagen-like and cysteine-rich
domains only) using image processing software (Adobe Photo-
shop CS3).
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