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ABSTRACT One of the core issues of nanotechnology involves masking the foreignness of

nanomaterials to enable in vivo longevity and long-term immune evasion. Dextran-coated super-

paramagnetic iron oxide nanoparticles are very effective magnetic resonance imaging (MRI) contrast

agents, and strategies to prevent immune recognition are critical for their dlinical translation. Here we

prepared 20 kDa dextran-coated SPI0 nanoworms (NWs) of 250 nm diameter and a high molar transverse
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relaxivity rate R, (~400 mM~" s") to study the effect of cross-linking-hydrogelation with 1-chloro-2,3-

epoxypropane (epichlorohydrin) on the immune evasion both in vitro and in vivo. Cross-linking was

performed in the presence of different concentrations of NaOH (0.5 to 10 N) and different temperatures (23~ Macrophage uptake
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and 37 °Q). Increasing NaOH concentration and temperature significantly decrease the binding of anti-
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dextran antibody and dextran-binding lectin conconavalin A to the NWs. The decrease in dextran immunoreactivity correlated with the decrease in

opsonization by complement component 3 ((3) and with the decrease in the binding of the lectin pathway factor MASP-2 in mouse serum, suggesting that

cross-linking blocks the lectin pathway of complement. The decrease in (3 opsonization correlated with the decrease in NW uptake by murine peritoneal

macrophages. Optimized NWs demonstrated up to 10 h circulation half-life in mice and minimal uptake by the liver, while maintaining the large 250 nm

size in the blood. We demonstrate that immune recognition of large iron oxide nanoparticles can be efficiently blocked by chemical cross-linking-

hydrogelation, which is a promising strategy to improve safety and bioinertness of MRI contrast agents.
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ue to excellent anatomical resolu-
Dtion and contrast, magnetic reso-

nance imaging (MRI) is increasingly
being used as a first-choice clinical imaging
modality. Superparamagnetic iron oxide
(SPIO) nanoparticles are potent clinically
approved MRI contrast agents that cause
shortening of transverse (T,) proton relaxa-
tion times, resulting in dark negative con-
trast areas of T-weighted MR images." All
clinically approved SPIO contrast agents
are synthesized using the one-pot proce-
dure described by Molday and MacKenzie,?
wherein Fe?" and Fe*" salts are mixed with
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a biopolymer (usually dextran or carboxy-
dextran) and neutralized with ammonia.
Resulting SPIO consists of magnetite—
maghemite (FesO, and y-Fe,0s) crystals
embedded in a meshwork of the polysac-
charide. The surface of iron oxide crystals is
mostly acidic due to hydration of Fe3*3*
leading to hydrogen bonding with hydroxyl
groups of the polysaccharide coating. The
coatings are critical to impart water solubi-
lity and colloidal stability to the particles.
The key advantages of Molday precipitation
include easy and scalable fabrication and
the low cost of polysaccharides used for the
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synthesis. The main disadvantages of the resulting
SPIO nanoparticles are immune-related adverse effects
in patients, fast clearance, and nonspecific uptake by
monocytes and macrophages.” % The unfavorable
pharmacokinetics precludes the use of SPIO for ima-
ging of organs and tissues outside macrophage-rich
organs (liver and spleen).’

Recently, cross-linked iron oxide (CLIO) nanoparti-
cles have been described. CLIO was prepared by cross-
linking ultrasmall (15—30 nm) monocrystalline SPIO
with 1-chloro-2,3-epoxypropane (epichlorohydrin) in
the presence of NaOH. CLIO had a very low transverse
relaxivity rate R, of ~60 mM~' s~' and ultrasmall
size and, due to long-circulating properties, became a
popular nanoplatform for imaging applications.'®'
More recently, Sailor's group described a synthesis
of larger CLIOs dubbed magnetic nanoworms (NWs)
with a hydrodynamic diameter of 60 nm, moderate R,
relaxivity of 100—160 mM ' s~ ', and saturation mag-
netization of ~80 emu/g.'*'* CLIO NWs proved to be a
useful platform as multifunctional sensors and drug
delivery.'* '8

While there is a definite need for ultrasmall iron
oxides due to their efficient tissue penetration and
macrophage evasion, the disadvantage of the ultra-
small SPIO nanoparticles is their relatively low magnetic
contrast properties (relaxivity). Transverse relaxivity of
larger iron oxides is higher because of aggregated core
and low polymer/core ratio,'®~%* and their cell uptake
is generally more efficient than ultrasmall nano-
particles.>?>~28 To achieve specific and sensitive imag-
ing of disease markers, nanoparticles that possess
good contrast properties, avoid immune recogni-
tion, and have sufficient circulation time need to be
developed.”'??°~3! Here we synthesized large, 250 nm
diameter SPIO NWs with high transverse relaxivity R, of
~400mM~" s~ " and tested the effect of cross-linking with
epichlorohydrin on R, relaxivity and immune recognition
in vitro and in vivo. Epichlorohydrin cross-linking has been
empirically found to prolong circulation time and to
prevent liver macrophage recognition of smaller CLIO,*?
but the effect of cross-linking conditions on the size, R,
relaxivity, and immune recognition of larger nanoparticles
is unknown.33** We demonstrate that increasing NaOH
concentration and temperature blocks dextran immunor-
eactivity, prevents activation of sugar-dependent path-
ways of complement in mouse sera, and reduces recogni-
tion by macrophages in vitro and clearance by Kupffer cells
in vivo. Surprisingly, we also demonstrate that 250 nm
cross-linked NWs are able to circulate in blood with up to a
10 h half-life. These findings bear important implications
on the rational design of bioinert iron oxides for cell
labeling, cell isolation, and in vivo molecular imaging.

RESULTS AND DISCUSSION

Synthesis and Characterization of Iron Oxide Nanoworms.
SPIO NWs were synthesized by a one-pot ammonia
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precipitation reaction of Fe?* and Fe*" in the presence
of nonreduced dextran (15—25 kDa). Following the
synthesis, NWs were cross-linked with epichlorohydrin
(ECH) in the presence of NaOH. ECH reacts with sugar
hydroxyls (via chloride or epoxide), resulting in ether-
ification and cross-linking (Figure 1A). The methylating
and cross-linking effect of epichlorohydrin®® results in
the formation of a cross-linked dextran hydrogel,** and
concentration of NaOH and temperature of the reac-
tion are critical for the hydrogel formation. In order to
systematically study the effects of cross-linking condi-
tions on size, relaxivity, and immunological properties
of SPIO, the following protocol was used (Figure 1B; see
Materials and Methods). For “mild cross-linking”, SPIO
was reacted with ECH using different concentrations of
NaOH solutions (0.5, 2.5, 5, and 10 N), at 30 rpm mixing
speed and 23 °C. For “harsh cross-linking”, all NWs after
the mild cross-linking were cross-linked using 10 N
NaOH, at 1400 rpm mixing speed and 37 °C. Thereafter,
we refer to mild cross-linked iron oxide as CLIO-M (with
the NaOH normality in parentheses) and harsh cross-
linked SPIO as CLIO-H (with the NaOH normality in the
previous step in parentheses). Note that NaOH con-
centrations in parentheses are not the final concentra-
tion in the reaction, but rather the concentration of
NaOH added to the reaction (see Materials and
Methods), so the resulting concentration was about
one-third of that (ECH is not miscible with water, so its
volume is not considered). The reason for not subject-
ing SPIO directly to a harsh cross-linking step was that,
without the mild pre-cross-linking step, NWs disinte-
grated into smaller crystals with a subsequent de-
crease in transverse relaxivity (data not shown). The
mechanism of disintegration could be the base-
catalyzed deprotonation of dextran alcohols and de-
sorption from iron oxide crystals, but it was not in-
vestigated further in the present study.
High-resolution transmission electron microscopy
images (Figure 2A) of the selected formulations con-
firmed our previously observed®? worm-like structure
of the nanoparticles, although some nanoclusters were
also observed. The particles consisted of multiple
crystalline cores aligned in worm-like structures. Mag-
netization measurements with SQUID confirmed that
all particles exhibited classic superparamagnetic beha-
vior. According to Figure 2B, nanoparticles showed no
hysteresis at room temperature, and the room-tem-
perature magnetization curves are fit well to a Lange-
vin function. Particles exhibit a Curie-like susceptibility
until the blocking temperature is reached and the
fluctuations freeze out. Below the blocking tempera-
ture there is hysteresis. This is seen in the zero-field-
cooled—field-cooled (ZFC-FC) data (Figure 2B) and is
consistent classical behavior of superparamagnetic
materials.3® The observed blocking temperatures and
saturation magnetization at 300 K (~95 AmZ%kg,
Figure 2C) are consistent with 6—7 nm magnetite.>’
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Figure 1. Synthesis of cross-linked nanoworms. (A) Reaction between sugar moieties of dextran and epichlorohydrin (ECH).
(B) Two-step synthesis of CLIO from SPIO. The main differences between mild and harsh cross-linking were NaOH and ECH
concentrations, temperature, and mixing speed. ECH concentration is v/v; however, it is not miscible with the rest of the
components. Note that NaOH normality refers to the stock solution concentration rather than final concentration in the

reaction (for details, see Materials and Methods).

The size and relaxivity values of NWs are shown in
Table 1. The initial SPIO had around a 250 nm intensity-
weighted diameter and molar transverse relaxivity R,
of 388 mM~' s~'. The cross-linked particles did not
show any significant change in the intensity-weighted
diameter. The cross-linking did not significantly affect
the transverse relaxivity rate R, of NWs, except for
CLIO-H(10N), which showed decreased relaxivity R, of
254mM™~" s~'. However, the R, relaxivity values are still
much higher than the values previously reported for
smaller NWs'® and commercial iron oxides Feridex and
Feraheme (Table 1). The increase in transverse relaxivity
values of polycrystalline nanoparticles compared to
monocrystalline nanoparticles as a function of aggregate
size and number of crystals has been described before,>*
but the exact theoretical reasons for high relaxivity of
large nanoworms need to be investigated in the future.

In addition to inter- and intrachain dextran cross-
linking, in certain conditions, homopolymerization of ECH
occurs,** resulting in the formation of a three-dimensional
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poly(2-hydroxypropyl ether) hydrogel (Figure 3A). We
were unable to confirm the polyether formation with
Fourier transform infrared spectroscopy (FT-IR) and nucle-
ar magnetic resonance (NMR), due to the overwhelming
effect of iron oxide bonds on FTI-IR spectra and the effect
of magnetite on relaxation of NMR spectra (not shown).
Therefore, we used a modified Baleux iodine assay*® that
has been used for quantitative analysis of polyoxyethylene
on the nanoparticle surface,* to detect the presence of
polyether. Neither dextran nor unmodified SPIO showed
any significant iodine reactivity (Supplemental Figure S1).
Similarly, mild cross-linking using 0.5—5 N NaOH solution
did not produce a detectable iodine reactivity (Figure 3B,
Supplemental Figure S1). However, CLIO-M(10N) and all
CLIO-H formulations showed a gradual increase in iodine
reactivity, with CLIO-H(5N) and CLIO-H(10N) showing the
highest iodine reactivity. This experiment confirms forma-
tion of polyether structures following cross-linking.

Effects of Cross-Linking on Inmunological Properties of Iron
Oxide Nanoworms. In order to characterize the effect of
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Figure 2. Transmission electron microscopy images and magnetization curves of selected nanoworm formulations. (A) TEM
images. Upper panel, low magnification images; lower panel, cropped areas. Images clearly show worm-like particles with
electron-dense iron oxide crystals along the strings. The scale bar is 100 nm for the images in the upper panel. (B) SQUID
measurements of magnetic moment vs temperature (field-cooled and zero-field-cooled—field-cooled curves). Superpar-
amagnetic nanoparticles show a typical hysteresis below Curie blocking temperature. (C) SQUID measurements of magnetic
moment vs field strength. Saturation magnetization of 95 Am?/kg is typical for magnetite (see Results). The images and
magnetization curves are representative for all formulations tested.

TABLE 1. Measurements of Size and Relaxivity of Nano-
worms before and after Cross-Linking

intensity-weighted hydrodynamic

sample name diameter (peak, nm) Ry(mM~'s7)
SPIO 253 388
CLI0-M(0.5N) 202 455
CLI0-M(2.5N) 195 365
CLIO-M(5N) 198 320
CLIO-M(10N) 193 308
CLIO-H(0.5N) 277 339
CLIO-H(2.5N) 181 312
CLIO-H(5N) 291 331
CLIO-H(10N) 244 254
Feridex” 110 100
Feraheme” 35 70

“ Our measurements.

cross-linking and hydrogel formation on the immune
recognition of the NWs, we first measured the binding
of anti-dextran antibodies. Since anti-dextran antibodies
appear in a significant number of individuals in a general
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population,*® the binding of the anti-dextran immuno-
globulin G (IgG) is an important, clinically relevant criter-
ion for immunoreactivity of nanoparticles. According to
the dot-blot immunoassay, there was no obvious de-
crease in the binding of anti-dextran IgG to NWs cross-
linked in mild conditions at 0.5—5 N NaOH, but there
was a significant decrease (p < 0.0001) in the bind-
ing to NWs cross-linked in mild conditions at 10 N
NaOH and to all NWs cross-linked in harsh conditions
(Figure 4A). Thus, all CLIO-H showed between 94%
and 98% decrease of recognition of anti-dextran IgG
(Figure 4A). Next, we used conconavalin A (ConA) as a
surrogate probe of sugar reactivity. ConA s a glucose-
binding lectin obtained from the jack bean plant
Canavalia ensiformis. At physiological pH, ConA ex-
ists as a 104 kDa tetramer, and each monomer has a
glucose-binding site.*’*> The binding experiments
with ConA (Figure 4B) mirrored the results with anti-
dextran IgG; that is, there was a significant (p <
0.0001), 90%, decrease in ConA binding to CLIO-
M(10N) and all CLIO-H formulations.
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Figure 3. Harsh cross-linking leads to formation of cross-linked polyether on the nanoworm surface. (A) In addition to cross-
linking and alkylation of polysaccharide alcohols, epichlorohydrin self-polymerization will lead to formation of poly(2-
hydroxypropyl ether). (B) lodine assay confirmed the formation of polyether on the NW surface in harsh cross-linking
conditions. The y-axis shows average “integrated density” of each spot in triplicates. Differences between SPIO and CLIO NWs
are shown as *p < 0.05; **p < 0.01; ***p < 0.001. For statistical analysis, see Materials and Methods.

Nanosurface-grafted polyethylene or poly(propylene
oxide)s are known to create a brush border that sterically
prevents access of plasma proteins.**~*° A cross-linked
dextran hydrogel on the nanoworm surface could repel
dextran-binding proteins via a similar mechanism. There-
fore, we investigated whether blockade of anti-dextran
IgG and ConA binding was due to a specific loss of native
sugar epitopes or due to a nonspecific sterical effect.
We tested the binding of plasma protein kininogen
(120—130 kDa) and its histidine-rich domain 5 kininos-
tatin (fused to glutathione-S-transferase, 33 kDa) that
had been previously shown to bind to the iron oxide
crystalline core on SPIO and CLIO and not to the
nanoworm coating.3%*® There was a 50% decrease in
the binding of D5 and 70% decrease in the binding
of kininogen (Figure 4C and D, respectively) to
CLIO-H(10N). However, the blockade of absorption of
these proteins was much less efficient than that of
104 kDa ConA and 150 kDa anti-dextran IgG. There was
no correlation (Spearman coefficient 0.0) between the
kininogen and ConA binding (Figure 4E), despite hav-
ing similar molecular weight. On the other hand, there
was a significant correlation (Spearman coefficient
0.7381, p < 0.05) between ConA and anti-dextran IgG
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binding (Figure 4F), suggesting that the cross-linking
and hydrogelation block dextran-binding proteins
mostly by masking dextran epitopes (Figure 4G),
although some steric exclusion effect is also present.
Another important criterion of nanoparticle immu-
nogenicity is complement activation.*’*® The comple-
ment system is responsible for recognition, elimina-
tion, and destruction of pathogens.* The binding and
activation of a complement leads to the assembly of
complement component 3 (C3) convertase and cova-
lent deposition of C3b on the pathogen surface, with
subsequent uptake via complement receptors (e.g., CR3,
CR4) on macrophages, monocytes, and neutrophils.>”’
Moreover, complement cleavage byproducts C3a and
C5a are highly potent proinflammatory molecules and
macrophage activators with low nanomolar affinity.>?
We questioned whether the surface hydrogelation and
loss of dextran immunoreactivity lead to a decrease in
the opsonization of the NWs with C3 products. Accord-
ing to dot blot assay (Figure 5A), there was a significant
decrease (p < 0.0001) in the levels of C3 on CLIO-
M(10N) and all CLIO-H formulations. Thus, CLIO-M(10N)
showed a 64% decrease in the C3 deposition, whereas
CLIO-H(10N) showed over a 90% decrease in the C3

VOL.8 = NO.12 = 12437-12449 = 2014 “@L@Mi{\)

WWwWW.acsnano.org

12441



‘ mitd harsh mild harsh
e 0 © ‘ ‘ ® & o ©
) Ol | |
S — 100{ %
o &3
S 100p= o
p £
£ 2
% < 504
o 501 <
= Q
c (@]
< *k Kk ko k.
CO\\\\ \\\*:* CO\\\\ N Q) QD QD
9\ 9\ \O' o Ozz\\o:z\\ \O' 032\ ‘\\ xy\ \0909\ g\\ 32\\ \032\032\\
C}>OC}>O o 0\> (}> O\> o 0\> c}>OC}>O o O\> oV\ooQO o 0\>
Cc D
ild harsh
o | [0
1001 £ 100{ L
g 2
2 2
5 el
£ c
g 504 <lg>) 504
a £
= xaex
E
0 (OISO RN N\ PPN RPN RN Y 0 O D N Q) QD QD
AR NN S PBEES FS e
09\09\ o S og\\Og\\ < o:zs 09\09\ o O'Q 032\\022\\ o o’b
X P T O > T o o’
E F
;\3 80 r=0.0, non- ;\3
o 604 significant * > A
£ £
2 40 °/ 2
Qo o)
< 20 <
o ° (e}
o . ° o (&]
0+ r T r T 1 0+ r T !
0 20 40 60 80 100 0.0 0.5 1.0 1.5
Kininogen binding (%) a-Dextran 1gG binding
G
Non-crosslinked mild harsh
Fe;O,

ZZ

Fe,0, § Fe;0,
MR AS At

Kininostatin (GST-D5): 33kDa , Concanavalin A: 104kDa
High molecular weight kininogen: 120kDa Anti-dextran IgG: 150kDa

Z

Figure 4. Blockade of dextran immune recognition after cross-linking. Nanoworms were reacted with dextran-specific proteins,
anti-dextran antibody (A) and concanavalin A (B), and with iron oxide binding proteins, domain 5 of kininogen (C) and full-length
human kininogen (D). The bound proteins were detected with dot blot immunoassay (shown above each of the quantitative
densitometry graphs). (E) No correlation between kininogen and ConA binding despite similar sizes of these proteins, suggesting
that cross-linking is more selective toward dextran-binding proteins than toward iron oxide-binding proteins. (F) Significant
correlation (p < 0.05) between anti-dextran antibody binding and ConA binding. Spearman correlation coefficient is shown for all
correlation graphs. (G) The graph shows that cross-linked hydrogel blocks dextran immune recognition but is less efficient at
blocking iron oxide recognition, suggesting specific blockade of dextran epitopes. Differences between SPIO and CLIO NWs are
shown as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. For statistical analysis, see Materials and Methods.

deposition. Activation of the complement on the the lectin (sugar recognition) pathway, or the alterna-
foreign surface occurs via either the classical pathway, tive pathway. In mice, the lectin pathway is triggered
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For statistical analysis, see Materials and Methods.

through initial binding of mannose-binding lectin
(MBL-A/C) and MBL-associated serum protease MASP-2,
leading to formation of classical C3 convertase.*® Ac-
cording to Figure 5B, there was over a 90% decrease
in the binding of MASP-2 to all CLIO-H NWs. There was
a significant correlation between dextran immunor-
eactivity and MASP-2 binding (Figure 5C, Spearman
coefficient 0.9286, p < 0.05) and a significant correla-
tion between MASP-2 binding and C3 opsonization
(Figure 5D, Spearman coefficient 0.8810, p < 0.05). On
the basis of these data, we suggest that cross-linking
prevents complement activation by blocking the lectin
pathway in mouse sera, which needs to be investiga-
ted further. At the same time, it must be noted that
because mouse and human complement systems are
similar but not identical,>® the effect of cross-linking on
human complement activation cannot be extrapolated
from mouse serum data and will be the subject of a
separate study.

Effects of Cross-Linking on Nanoworm Uptake by Macro-
phages. In order to determine the effect of cross-linking
on the uptake by macrophages in vitro, we incubated
NWs with freshly isolated peritoneal macrophages

WANG ET AL.

(PMF) with or without mouse sera. Nanoworms were
incubated with mouse sera (1:3 v/v) for 15 min prior to
addition to macrophages. According to the images of
Prussian blue staining (Figure 6A), there was a high
level of uptake of Fe in SPIO- and CLIO-M(5N)-treated
PMF, whereas CLIO-M(5N)- and CLIO-H(10N)-treated
PMF showed much less uptake of Fe. Quantification of
Fe uptake (Figure 6B) showed an interesting trend:
SPIO was taken up either with or without serum, but
the uptake was significantly (p < 0.0001) higher in
serum. CLIO-M(0.5—5N) uptake was also significantly
(p < 0.0001) dependent on serum, whereas CLIO-M-
(1T0N) and all CLIO-H showed minimal uptake either
with or without serum (98% decrease compared to SPIO,
p < 0.0001). The mechanisms of serum-independent
uptake are not clear. Previously we demonstrated that
macrophage scavenger receptors are capable of recog-
nizing SPIO>* via a negatively charged iron oxide core
and that surface coating sterically blocks recognition of
negatively charged iron oxide by the collagen-like
domain of scavenger receptor SR-AI/IL>* It is possible
that SPIO is recognized in serum via both scavenger-
receptor-dependent and complement-dependent
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Figure 6. Uptake of nanoworms by peritoneal macrophages. (A) Prussian blue staining of macrophages after 3 h incubation
with 0.1 mg/mL nanoworms in mouse serum. (B) Iron uptake quantification with or without serum. Notably, SPIO and mild
cross-linked CLIO show significant serum-dependent and -independent uptake, whereas CLIO-M(10N) and CLIO-H show
minimal serum-dependent and -independent uptake. Differences between SPIO and CLIO NWs and within the same NW
group between serum and no serum conditions are shown as ****p < 0.0001. For statistical analysis, see Materials and

Methods.

mechanisms and that the effect of cross-linking on NW
uptake by macrophages is due to the blockade of both
mechanisms of uptake, but this hypothesis needs to be
studied further.

Effect of Cross-Linking on Clearance and Toxicity of Iron Oxide
Nanoworms in Vivo. One of the most serious problems of
nanomedicines is the avid recognition and clearance
by liver and spleen macrophages.**® Premature clear-
ance shortens nanoparticle half-life in circulation and
drastically decreases the bioavailability of nanoparti-
cles. This is especially the issue with larger nanoparti-
cles.***” We measured circulation half-life of SPIO and
selected CLIO formulations following intravenous in-
jection in mice. SPIO had a plasma half-life of 8 +- 2 min,
CLIO-M(5N), 67 + 26 min, and CLIO-H(5N), 198 +
114 min. CLIO-H(10N) showed a highly significant
(p < 0.001) increase in half-life to 574 £+ 203 min
(Figure 7A,B). To understand whether the short circula-
tion half-life of SPIO is due to the desorption of dextran
chains in serum, we incubated SPIO in mouse serum for
15 min, washed with an ultracentrifuge, and probed
the NWs with anti-dextran IgG. There was no loss of
dextran coating after incubation of SPIO in serum
(Supplemental Figure S2). As previously reported,?
SPIO exhibited a strong accumulation in Kupffer cells
in the liver (not shown here). CLIO-M(5N) exhibited
significant Kupffer cell accumulation (Figure 7C),
whereas CLIO-H(10N) showed no visible uptake by
Kupffer cells (20 h postinjection). According to Prussian
blue staining (Figure 7C), both CLIO-M(5N) and CLIO-
H(10N) accumulated in the spleen, while the kidneys
did not accumulate nanoparticles. Nanoparticles mostly
colocalized with the F4/80-positive marginal zone
macrophages in the spleen (Supplemental Figure S3),
suggesting that the spleen eventually clears nanopar-
ticles that evade the liver uptake. To determine
whether the size of CLIO-H(10N) with a long circulation
half-life changed in vivo, we used a magnetic column
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to recover CLIO-H(10N) NWs from blood 6 h postinjec-
tion. According to size measurements (Figure 7D), NWs
recovered from mice had the same size (250 nm,
intensity weighted diameter) as before the injection,
and the size agreed with TEM images of NWs recovered
from blood (Figure 7E). The long-circulating properties
of 250 nm CLIO-H(10N) and lack of recognition by
Kupffer cells are surprising findings, in view of the
fact that large size is known to promote nanoparticle
clearance,***” and we are not aware of other examples
of iron oxide nanoparticles of this size range having a
10 h half-life in mice. Interestingly, there was a 2.8-fold
difference between CLIO-H(5N) and CLIO-H(10N).
CLIO-H(5N) and CLIO-H(10N) are similar in terms of
size and immune recognition, but CLIO-H(10N) showed
slightly higher (albeit not statistically significant)
iodine reactivity, suggesting more polyether coating.
Although we cannot say at this point which macro-
phage receptors and mechanisms are responsible for
the clearance of NWs, it is plausible to suggest that
formation of a hydrogel coating together with preven-
tion of the complement C3 opsonization and alteration
of dextran structure could all be responsible for the
increase in the circulation half-life following harsh
cross-linking, but further investigation of the mechan-
isms of immunological recognition of the NWs is
definitely needed. Lastly, in order to test the toxicity
of nanoworms, mice were injected with SPIO, CLIO-
M(5N), and CLIO-H(10N) and weighed daily for 7 days.
There was no decrease in mouse weight in all experi-
mental groups (Supplemental Figure S4). Serum aspar-
tate aminotransferase (AST), which is the enzyme that
becomes elevated in liver damage, was normal in all
the experimental groups and did not differ significantly
from the control mice (Table 2). Further, we collected
the organs of injected and noninjected mice and
stained the histological sections of liver, spleen, kidneys,
lungs, and brain with hematoxylin—eosin. According to
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Figure 7. In vivo clearance and Kupffer cell uptake after cross-linking. (A) Nanoworms were injected into mice (n = 3 or 4 per
group), and the levels of iron in plasma were measured. The curve was fitted to a monoexponential decay. (B) Average
(£standard deviation) half-life in plasma shows the long-circulating properties of harsh-cross-linked CLIO. Differences
between SPIO and CLIO NWs are shown as *p < 0.05; **p < 0.01. (C) Histological sections of kidney, spleen, and liver 20 h
postinjection show lack of uptake of CLIO-H(10N) particles by the Kupffer cells in the liver and the uptake by the marginal zone
macrophages in the spleen (see Supplemental figure S3). (D) CLIO-H(10N) particles were recovered from blood samples 6 h
postinjection. Size data show CLIO-H(10N) intensity weighted diameter before (black trace) and after (red trace) injection (E) TEM
image of CLIO-H(10N) recovered from blood 6 h postinjection. The scale bar on the low-magnification image (left) is 100 nm.

TABLE 2. Measured Levels (IU/L) of Aspartate
Transaminase (AST) Following Intravenous Injection
into Male BALB/c Mice?

control day 1 day 4 day 6 day 7

group mean SD mean SD mean SD mean SD mean SD

SPIO 46.0 125 1029 927 700 367 844 537 611 33
CLIO-M(5N) 949 953 77.8 512 1799 1744 374 168 355 9.8
CLIO-H(10N) 384 139 468 23.5 595 493 656 387 38.1 244

@ AST levels (indicator of liver damage) are within a normal range of values (up to
255 1U/L in male mice, retro-orbital collection®®). N = 3 for all groups. SD =
standard deviation.

Supplemental Figure S5, no signs of tissue necrosis,
inflammation, or thrombosis were observed histologically.

CONCLUSION

In this work we set out to study the effect of base-
catalyzed cross-linking of the dextran shell of large,
high-relaxivity SPIO NWs with 1-chloro-2,3-epoxypro-
pane on the size, relaxivity, and immune recognition.
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The important finding was that increasing the concen-
tration of NaOH, agitation speed, and temperature
caused a progressive loss in the immunoreactivity of
dextran on the NWs, as evidenced by loss of binding of
anti-dextran 1gG and ConA. Moreover, with the in-
crease in NaOH concentration and dextran modifica-
tion, there was a loss of binding of critical lectin
pathway protease MASP-2 and over 90% decrease in
the C3 opsonization in mouse serum. The reduction of
NW immune recognition translated unexpectedly into
a long in vivo half-life of 250 nm NWs, suggesting that
ECH cross-linking could offer a straightforward strategy
to reduce the immunoreactivity of large carbohydrate-
coated iron oxides. Importantly, the bioinertness could
be achieved via surface hydrogelation rather than
PEGylation. Since PEG chains are known to prevent
interaction of targeted nanoparticles with the target
receptors,”®>° it would be interesting to compare the
targeting properties of our CLIO and PEGylated iron
oxides. Our work suggests that long-circulating MRI
contrast agents with high R; relaxivity can be manu-
factured in a simple, scalable procedure using
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commonly available pharmaceutical excipients. There
is a balance between the harshness of cross-linking
needed to achieve long-circulating properties and
its decreasing effects on relaxivity. Due to high relax-
ivity, long-circulating properties, and low complement

MATERIALS AND METHODS

Materials. All chemical reagents used for nanoworm synthe-
sis including iron salts and 15—25 kDa dextran were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Cell culture media were
purchased from Corning Life Sciences. Anti-dextran DX-1 anti-
body was purchased from StemCell Technologies (Vancouver,
BC, Canada). Goat anti-mouse anti-complement C3 antibody
was purchased from MP Biomedicals (Solon, OH, USA). Goat
anti-human domain 5 and mouse anti-human kininogen anti-
bodies were from R&D Systems. Goat anti-human/mouse
MASP-2 antibody was from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Human high molecular weight kininogen
was purchased from R&D Systems. For production of recombi-
nant domain 5 (D5) of human kininogen, the fusion GST-D5 was
cloned into pGEX vector and expressed in a BL21 system. GST-
D5 fusion was purified in a glutathione-sepharose affinity
column, eluted by a 5 mM reduced glutathione buffer. and
dialyzed against phosphate-buffered saline (PBS) before use.
Concanavalin A (fluorescein labeled) was purchased from Life
Technologies (Carlsbad, CA, USA). Copper grids (300 mesh) were
purchased from Electron Microscopy Sciences (Hatfield, PA,
USA). BALB/c mice were bred in an animal vivarium at the
University of Colorado Denver Anschutz Medical Campus ac-
cording to the IACUC approved breeding protocol. The BALB/c
breeder mice were purchased from Charles River Laboratories
International, Inc. (Wilmington, MA, USA).

Synthesis of Superparamagnetic Iron Oxide and Cross-Linked Iron Oxide
Nanoworms. Nanoworms were synthesized using a one-pot
Molday and MacKenzie? precipitation method. Nanopure water
was deoxygenated with nitrogen gas and used to dissolve 3 g of
dextran (molecular weight 20 K, Sigma-Aldrich), 0.42 g of Fe(lll)
chloride, and 0.166 g of Fe(ll) chloride in a round-bottom flask.
Then, 0.75 mL of a cold 25% solution of ammonium hydroxide
(Acros Organics) was slowly added to the mixture of dextran
and iron salts under a nitrogen atmosphere with rapid stirring
on ice. After formation of NWs, the mixture was oil-bathed at
80 °C in the open air with stirring. After cooling, SPIO was
purified overnight using a 1 MDa dialysis bag (Spectrum
Chemicals, New Brunswick, NJ, USA) against water to remove
extra free dextran. The SPIO was chemically cross-linked using
1-chloro-2,3-epoxypropane (epichlorohydrin or ECH) with so-
dium hydroxide as a catalyst. The cross-linked iron oxide NWs
were prepared in two steps: first, in a mild step by mixing 40%
SPIO solution (1—2 mg/mL), 20% NaOH (0.5, 2.5, 5, and 10 N),
and 40% ECH. The mixture was gently rotated at 30 rpm over-
night at 23 °C to form CLIO-Mild (CLIO-M) NWs. Second, the
harsh step consisted of mixing 20% CLIO-M, 10% NaOH (10N),
and 70% ECH and shaking at 1200 rpm overnight at 37 °C to
form CLIO-Harsh (CLIO-H) NWs. CLIOs were centrifuged to
remove the layer of ECH and then dialyzed to remove the
remaining NaOH and ECH. The SPIO and CLIO were filtered
through a 0.45 um pore filter (Millipore, Billerica, MA, USA) prior
to use.

Magnetization Measurements. Fe concentrations of NWs were
determined by measuring the absorbance at a wavelength of
400 nm using a Spectromax M5 microplate reader (Molecular
Devices, Sunnyvale, CA, USA). The magnetic measurements
were made on a commercial superconducting quantum inter-
ference device (SQUID) magnetometer (Quantum Design
MPMS). Samples were prepared by pipetting 100 mL of fluid
with Fe concentrations of approximate 1.2 mg/mL into small,
thin-wall polypropylene vials, which were subsequently heat
sealed. The samples were cooled in zero field, and then the
moment was measured upon warming in a 2 mT field.
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activation, we envision important applications of
these nanoparticles, including molecular MRl of
tumors for improving specificity of imaging of the

cancer process®® %2 or magnetic labeling for in vivo

cell tracking. 2643

Subsequently, the moment was measured as the sample was
cooled to obtain the field-cooled data. The moment versus
magnetic field curves were subsequently measured at 1.8, 35,
and 300 K. An additional magnetization curve was than mea-
sured by cooling back down to 1.8 K to determine if any changes
occurred in the magnetic particle configuration on exposure to
high fields and varying temperatures. After field cycling and
freezing and thawing cycles, moments at 1.8 K, 7 T were
observed to decrease by 6% to 20% depending on the sample.
The measured moment was corrected by subtracting out the
diamagnetic signals from the water and the polypropylene
sample holder. The diamagnetic correction was determined
from the measured masses of the sample, which is mostly water,
the sample container, and the measured values for the diamag-
netic susceptibility of water and polypropylene. The moment
was then converted to mass magnetization by dividing the
moment by the measured Fe concentration and the sample
volume (100 mL).

Size and Shape Measurements. Transmission electron micro-
scopy (TEM) imaging was conducted to visualize the NWs using
a FEl Tecnai Spirit BioTwin electron microscope (Electron Micro-
scopy Facility at the University of Colorado Boulder) at a 100 kV
working voltage. Size and zeta potential measurements of NPs
were determined using a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Malvern, UK). The intensity-weighted size distribu-
tion peak value was used to report hydrodynamic diameters
of NWs.

Transverse Relaxivity Measurements. Transverse relaxivity mea-
surements of NWs were performed with a 4.7 T Bruker Phar-
maScan MRI with a 64 mm birdcage receiver/transmitter RF coil
using MSME (multislice multiecho) T,-weighted pulse se-
quences. Briefly, two axial slices were placed with a field of
view of 4 mm, a slice thickness of 1.5 mm, and 1.8 mm slice
distance. T, weighting and calculation was achieved by using
repetition times (TR) of 2650 ms and 16 echo times (TE = 10, 20,
30, 40, etc., ms). The matrix size of 128 x 256 resulted in a total
scan time of 11 min. The inverted T, values (1/T,) were plotted
versus Fe concentrations, and the molar relaxivity rates were
determined as the slope of the linear curve. For iodine reactivity,
2 uL NW solutions at 0.5 mg/mL concentrations were applied in
triplicate on a nitrocellulose membrane (0.45 um, Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and allowed to dry briefly,
and 5 ul of 5% Lugol's iodine solution was applied onto each
spot. Membranes were dried under laminar flow in a biosafety
cabinet, and the reverse side of the membrane was scanned
with a flatbed scanner. The images were converted into 8-bit;
the background was subtracted and the integrated intensity of
the spots was determined using ImageJ software and plotted
with Prism software.

Dot Blot Protein Binding Assay. For binding of anti-dextran
antibody, SPIO and CLIO NWs (2 uL of 0.2 mg/mL) were applied
in triplicate onto a nitrocellulose membrane. For binding of
complement C3 and MASP-2 in mouse serum, SPIO and CLIO
NWs (50 uL of 0.2 mg/mL) were incubated with 20 uL of mouse
serum for 15 min at RT. At the end of incubation, particles
were washed three times with 1x PBS by centrifugation at
55000 rpm at RT using a Beckman Optima TLX ultracentrifuge.
The pellets were resuspended in 20 uL of PBS, and 2 uL aliquots
were applied in triplicate onto a nitrocellulose membrane. For
binding of recombinant D5, human kininogen, and ConA
proteins, NWs (50 uL of 0.2 mg/mL in PBS) were incubated with
either 1 uL of 1 mg/mL ConA, 10 uL of 0.35 mg/mL D5, or
10 uL of 1 mg/mL kininogen for 15 min at RT. Nanoworms were
washed three times with 1x PBS by centrifugation at
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55000 rpm at RT. The pellets were then resuspended in 20 uL
of PBS, and 2 uL aliquots were applied in triplicate onto a
nitrocellulose membrane. The membranes were blocked using
5% nonfat dry milk in PBS-T (1 x PBS with 0.1% Tween 20) for 1 h
at RT and probed with corresponding primary antibodies for 1 h
at RT, followed by washing the membranes three times with
PBS-T and finally 1 h incubation with the corresponding IRDye
800CW-labeled secondary antibodies against the primary anti-
body species (see Materials and Methods). The membranes
after immunoblotting were visualized using an Odyssey
infrared imager (Li-COR Biosciences, Lincoln, NE, USA). The
integrated dot intensity in the scanned images was quantita-
tively analyzed using ImageJ software and Prism 6 software
(GraphPad Software, Inc., La Jolla, CA, USA).

Macrophage Uptake of SPI0 and CLIO Nanoworms. Mouse perito-
neal macrophages were obtained by peritoneal lavage with
5 mL of cold PBS, post-mortem. The macrophages were washed
once with RPMI 1640, resuspended in RPMI 1640 at approxi-
mately 1 million cells/mL, and plated at 50 uL per well in a
96-well plate for 2 h. The NWs were added to macrophages at
0.1 mg/mL Fe concentration in the presence or absence of
mouse serum and incubated for 3 h. After the incubation,
macrophages were washed three times with PBS, fixed in 4%
paraformaldehyde for 1 h, and then stained by Prussian blue for
30 min. Cell imaging was conducted using a Nikon Eclipse
microscope under transmitted light. The Fe concentration in
macrophages was determined using a ferrazine QuantiChrome
iron assay kit as described.®

In Vivo Pharmacokinetics of SPI0 and CLI0 Nanoworms. All experi-
ments were performed under the University of Colorado-
approved IACUC protocol 103914(02)1E. NWs (0.25 mg/mlL,
200 uL in PBS) were injected into mice (4—6 week old, female
BALB/c) via tail vein. Blood collections were conducted with
heparinated capillaries using the retro-orbital method at 1 min
and several time points thereafter, up to 20 h postinjection. The
experiments were conducted with 3 or 4 mice per group. The
collected blood samples were centrifuged at maximum speed
for 5 min using a tabletop microfuge. The relative Fe concen-
trations in plasma were determined using a QuantiChrome iron
assay kit (using 1 min time point as 100% value). The percen-
tages of particles in plasma versus time points were plotted
using Prism 6 software and fitted into monoexponential decay
to derive circulation half-life. The liver and spleen organs were
collected, frozen in liquid nitrogen, and embedded in optical
coherence tomography (OCT) liquid for histological sections.
Frozen OCT-embedded tissues were sectioned using a Leica
CM1850 cryostat (Leica Biosystems) and air-dried. The sections
were then fixed using formalin (10%, diluted from 37% stock
formalin solution) for 1 h and stained with Prussian blue solution
(made in house) for 30 min and counterstained with Nuclear
Fast Red solution (Sigma-Aldrich) for 15 min. Imaging of sec-
tions was done using a Nikon light microscope.

Statistical Analysis. All statistical analysis was performed using
Prism 6 software. Differences in protein binding between SPIO
as the control group and each NW group were analyzed with
multiple t tests assuming 95% confidence interval. Differences
in macrophage uptake were analyzed by two-way ANOVA with
multiple comparisons. Differences in half-life between animal
groups were analyzed with a two-tailed parametric t test using
Prism 6 software assuming a 95% confidence interval. Differ-
ences of p < 0.05 were considered to be statistically significant.
The correlation coefficients between protein bindings and
macrophage uptake were computed using Prism 6 software
assuming a nonparametric Spearman correlation with two-
tailed p-value, 95% confidence interval. Differences in all data
are shown as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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