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The interaction of highly conserved microbial constituents with the innate immune system
contributes greatly to the recognition and reaction against intruding pathogens by mammals.
Examples of such microbial constituents include the lipopolysaccharides (LPS) and
lipooligosaccharides (LOS), also known as endotoxin (E), of Gram-negative bacteria. These
potent pro-inflammatory molecules include a hydrophilic oligosaccharide chain of variable
length and a hydrophobic, membrane anchoring moiety, termed lipid A.[1–3] The interaction
of E with cells of the innate immune system leads to the formation and release of
endogenous mediators initiating inflammatory and immune responses essential for optimal
antibacterial defense.[4,5] Such a cascade of events is triggered by activation of the Toll-like
receptor 4 (TLR4) by E. This is the last step of a sequential process of E recognition and
interaction with extracellular and cell surface host proteins, including LPS-binding protein
(LBP), soluble and membrane-associated CD14, secreted and TLR4-associated MD-2, and
TLR4 itself.[6–8] The amphiphilic character of both LPS and LOS results in the formation of
micelles in aqueous environment above their critical micellar concentration (CMC) (Scheme
1, upper).[9] CMC values between 10−8 M and 10−7 M for deep rough mutant LPS Re, [10,11]

and between 1.3 and 1.6 μM for E. coli LPS, [12] were reported. In balanced salts solutions
containing physiologic extracellular concentrations of Mg2+ and Ca2+, CMC values of 1 nM
or lower are likely.[13,14] From these data and from the fact that LPS aggregates are usually
highly stable, aggregated forms of LPS should predominate in the concentration range
relevant for biological responses. In physiological fluids, LPS aggregates were also found as
membrane “blebs”, which are constitutively released from growing Gram-negative
bacteria.[15] Transmission electron microscopy revealed that blebs exist predominantly as
vesicles with an average size of 40–80 nm.[15] The current view of mammalian LPS sensing
and signaling is that it is initiated by the LBP-catalyzed extraction and transfer of an LPS
monomer from aggregates[16] to CD14[17] and subsequent transfer of the LPS monomer
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from CD14 to MD-2 and to the MD-2-TLR4 heterodimer.[7] While monomeric E-CD14 and
E-MD-2 complexes are therefore the proximal vehicles for activation of MD-2-TLR4 and
TLR4, respectively, by E, preceding interactions of host E-binding proteins that
preferentially interact with E-rich interfaces and either promote (LBP) or preclude (BPI)
transfer of E to CD14 play key roles in determining the potency of TLR4 activation by E.[18]

Accordingly, variables in the aggregation state and the 3D form of E aggregates may
directly influence the kinetics and potency of TLR4 activation and signaling.[9]

The design of metal-based nanoparticles that possess a suitable rigid size-controlled support
for the reversible anchorage of a limited number of E molecules suggests a novel approach
to the development of nanoscale vectors for delivery of TLR4 agonists. The potential of
integrating inorganic nanoparticles with biomolecular probes has been demonstrated by the
creation of targeted contrast agents for magnetic resonance imaging achieved by the
conjugation of multiple ligands to iron oxide nanoparticles, [19] and by the development of
multivalent magnetic relaxation nanosensors for the detection of biomolecules, such as DNA
and proteins, and of metabolic activity.[20–22] An additional advantage of these particles is
the capability of the magnetic core to facilitate the separationof hybrid nanoparticles after
ligand conjugation. In this paper we present the synthesis and application of novel bioactive
LPS magnetic nanocarriers (LMNP). LMNPs were designed to mimic natural E micelles or
membrane blebs (Scheme 1, bottom) that contain an E-rich monolayer on the surface with
the fatty acyl chains of lipid A oriented inward away from the aqueous surroundings.

The strategies commonly employed for the stable anchorage of organic molecules on the
surface of nanoparticles were not appropriate for our purpose, as they usually involve
irreversible ligand immobilization or nonspecific physical adsorption onto the nanoparticle
surface. The latter typically results in a very unstable hybrid system with unregulated release
of the bound molecules and, quite possibly, non-uniform arrangement of the bound ligands
on the nanoparticle surface.

To provide nanoparticles that would more likely make possible the stable and reversible
binding of a monolayer of E monomers, we designed a hydrophobic brush nanoparticle
(HBNP) system containing an outer layer of exposed hydrocarbon chains at the surface
(Scheme 1). Spherical HBNPs were oleylamine-coated iron oxide nanocrystals, for which a
tight control on size and shape could be achieved by wet chemical synthesis.[23] HBNPs
were resuspended in hexane and added to an aqueous dispersion of commercial LPS (from
E. coli 055:B5, Sigma, purified by gel-filtration chromatography) at a 5:1 weight ratio. This
biphasic mixture was mildly warmed (40 °C) and sonicated to cause the slow evaporation of
the organic solvent while mixing. This process promoted the formation of hydrophilic LPS-
coated magnetic nanoparticles (LMNP) with the polysaccharide chains of LPS forming the
outer shell. Of the various buffered media tested, dispersion of LPS in 50 mM TRIS-HCl
buffer with 5 mM EDTA, pH 7.5, was optimal for formation of LMNP.

LMNP stability was dependent on the reaction time and on the initial relative concentrations
of HBNPs and LPS in the mixture. These parameters were optimized by monitoring the
hydrodynamic size of isolated LMNPs and of the supernatant solutions containing the
excess LPS. In absence of HBNPs, LPS micelles had a mean hydrodynamic diameter of 80–
100 nm (Figure S1, SI).

If the coating reaction with LPS was stopped at shorter times, larger size distributions of the
recovered particles were observed, possibly reflecting varying aggregation of particles that
were only partially covered by LPS. These observed nanoparticle agglomerates of varying
size could be reversed (disaggregated) by continued sonication in the presence of LPS until
LPS coating was completed. The coating process resulted in stable particle dispersion with a
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hydrodynamic diameter of 193 ± 4 nm. TEM images of LMNPs in water confirmed that the
recovered hybrid nanoparticles retained their shape and were generally organized as small
clusters of individual particles after solvent evaporation on the sample grid (Figures 1a, b).
LMNPs prepared with the described procedure were very stable and could be purified and
isolated by magnetic decantation (Figures 1c–e) without apparent loss of water stability once
resuspended even after several purification cycles. Moreover, LMNPs could be stored at 4
°C for longer than 1 month, showing no sign of aggregation as determined by DLS and no
degradation in terms of biological activity.

A quantitative evidence of the stability of LMNPs in water and physiological aqueous
environments was obtained from relaxivity measurements, as the T2 value was almost
unvaried after 2 h (Figure S3, SI). By comparison of the measured T2 with a standard
calibration curve, we could assess the iron content in LMNP dispersions, which was
determined to be 1.35 mM Fe. The amount of bound E was quantified by measuring the
bound radioactivity of purified LMNPs obtained with the described procedure using tritiated
LOS, [13] yielding an estimate that each individual LMNP contained an average of 130
endotoxin molecules.

The bioactivity of LPS bound to LMNPs was assessed by measuring the ability of LMNPs
to stimulate TLR4-dependent cell activation. Increasing concentrations of LMNPs (from 4.2
pM to 4.2 nM of nanoparticle-bound LPS) induced a dose-dependent activation of
transformed HEK293 cells expressing CD14, MD-2, and TLR4, as manifest by extracellular
accumulation of IL-8 from treated “HEK-TLR4” cells (Figure 2A) and of secreted
embryonic alkaline phosphatase (SEAP) (a NF-kB/AP-1 reporter gene) from treated “HEK-
Blue™” cells (Figure 2B). In contrast, LMNPs did not activate the parental HEK293 cells
that do not express CD14, MD-2, or TLR4 (Figure 2C), confirming that activation of HEK-
TLR4 and HEK-Blue™ cells by LMNPs was CD14, MD-2-TLR4-dependent.

To further define the ability of LMNPs to stimulate TLR4-dependent cellular responses,
LMNP-induced activation of cells of the innate immune system was investigated using wild
type (wt), CD14−/− and TLR4−/− murine bone marrow-derived dendritic cells (BMDCs) and
bone marrow-derived macrophages (BMDMs). Cell activation was monitored by the
accumulation of extracellular TNF-α during 24 h incubations. As shown in Figure 3,
LMNPs produced dose-dependent activation of both cell types derived from wt mice. The
potency of the LMNPs was reduced about 10-fold toward CD14−/− cells and little or no cell
activation was induced by LMNPs in TLR4−/− cells. Thus, activation of BMDCs and
BMDMs by LMNPs was TLR4-dependent and promoted by CD14, consistent with action of
the bound LPS in the LMNPs. This view was further supported by demonstrating that
activation of HEK-Blue™ cells by LMNPs could be inhibited by IAXO-101 (Figure 4), a
synthetic glycolipid previously shown to interrupt E-triggered TLR4 activation by
antagonizing the LPS-CD14 interaction.[24,25]

To verify that the biological activity observed for LMNPs was exclusively related to the
immobilized endotoxin and not influenced by the inorganic core, we tested LPS-free, water
soluble MNPs as a negative control. To this aim, hydrophobic HBNPs were transferred to
aqueous solution via ligand exchange with N-phosphonomethyl iminodiacetic acid
phosphonate (PMIDA), obtaining water-soluble anionic MNPs (AMNPs), [26] which
exhibited a zeta potential of −25 ± 2 mV, very close to that of LMNPs (−18 ± 3 mV). As
expected, when treating HEK-Blue™ cells with AMNPs, no TLR4-dependent SEAP
production was observed.

Comparison of the dose-dependent activation by LMNPs and by LPS of HEK-TLR4 and
HEK-Blue™ cells (Fig. 2) and of wt and CD14−/− murine BMDM and BMDC (Fig. 3)
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revealed that the LMNPs were about 10-fold less potent than LPS when normalized for the
amount of LPS added. Even at the highest dose tested (4.2 nM), LMNPs had no detectable
cytotoxic effect (Figure S4, SI), indicating that the reduced potency of LMNPs in inducing
TLR4-dependent cell activation was likely due to reduced efficiency of delivery of LPS
from LMNPs (vs. aggregates of LPS) to CD14 and to MD-2-TLR4 and not a general
cytotoxic effect of the LMNPs.

In summary, we have developed an efficient and reproducible synthetic strategy to prepare
LMNPs with defined size and shape. The hydrophobic coating of the spherical HBNPs has
made possible binding of LPS molecules on the nanoparticle surface in an orientation that
likely resembles the natural presentation of LPS in the outer membrane of Gram-negative
bacteria as well as in aggregates of extracted and purified LPS. The LMNPs are stable in
solution and the LPS is stably immobilized on the nanoparticles in the absence of suitable E
acceptors. LMNPs trigger cell activation in an LPS- and TLR4-dependent manner that is
promoted by CD14, making likely that cell activation is dependent on mobilization of LPS
monomers from the surface of the LMNPs to MD-2-TLR4. Work is in progress to further
investigate the in vitro and in vivo effects of controlled LPS release from LMNPs and the
possible application of these reagents as new, nanoparticle-based vaccine adjuvants or
immunotherapeutics.
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Figure 1.
TEM images of a) HBNPs in hexane and b) LMNPs in distilled water. Bar = 10 nm. c) The
upper colored phase is a HBNP dispersion in hexane, while the lower colorless phase is 16.7
μM LPS in TRIS-EDTA. d) LMNP aqueous dispersion after phase mixing and evaporation
of the organic solvent. e) Purification of LMNPs by magnetic decantation.

Piazza et al. Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2012 December 07.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
(A) LMNP-dependent IL-8 production HEK-TLR4 cells. (B) Measurement of LMNP-
induced activation of NF-κB level in HEK-Blue™ cells (C) LMNP do not stimulate IL-8
production in parental HEK cells (D) Comparison of dose-response curves for LPS and
LMNP from data shown in panel A. Results shown represent the mean ± SEM of three
independent experiments, each in triplicate. The asterisks indicate a significant statistical
difference (P<0.01; ANOVA, Dunnett’s test) between data in the analyzed group and
reference data (LPS 25 pM and LMNP 4.2 pM for both panel A and C panels).
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Figure 3.
LMNP- and free LPS-mediated activation of BMDCs (left panel) and BMDMs (right panel).
Cells of the innate immune system were activated with LMNPs and the corresponding
amounts of free LPS and the release of TNF-α measured in the supernatant 24 h later. Data
are means of at least three independent experiments.
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Figure 4.
Co-administration of LMNP (42 ng/mL) and increasing amount of IAXO-101 (0–10 μM) to
HEK-Blue™ cells. Results shown represent the mean ± SEM of three independent
experiments, each in triplicate. The asterisks indicate a significant statistical difference
(P<0.01; ANOVA, Dunnett’s test) between data in the analyzed group and reference data
(LMNP alone).
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Scheme 1.
LPS or LOS either extracted and purified or spontaneously released from Gram-negative
bacteria form large aggregates (micelles, membrane blebs) in aqueous environment. LPS-
coated magnetic nanoparticles (LMNPs) mimicking LPS aggregates has been obtained by
coating a hydrophobic brush nanoparticle (HBNP) with bacterial LPS.
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