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N
anoparticles (NPs) are actively ex-
plored for encapsulation and tar-
geted delivery of drugs for improv-

ing the current treatment strategies for
cancer and other diseases.1�3 Several pre-
clinical studies have demonstrated the use
of nanoparticles for targeting various cancers
including breast, prostate, and lung.3�7 Some
of these strategies have also advanced to
clinical studies and have yielded promising
early results.8�11 Encapsulation in nanoparti-
cles provides distinct advantages over free
drugs including targeting and sustained re-
lease.12,13 Nanoparticles, however, suffer from
the limitation of rapid clearance by the mono-
nuclear phagocytic system (MPS) located pri-
marily in the liver and spleen, thereby limiting
the dose available for the disease site.14�16

Several strategies have been proposed to
address this limitation. The primary strategy
includes grafting hydrophilic polymers such
as polyethylene glycol (PEG) and poloxamer
molecules on the nanoparticle surface to

decrease MPS uptake.17,18 PEG serves to
mitigate the interactions of nanoparticles
with macrophages in the MPS, thereby re-
ducing their immune clearance. However,
PEG-modified nanoparticles have been shown
to activate the immune system and lose effi-
cacyupon repeatedadministrations.19�21Con-
jugation of CD47 or peptides derived from this
self-recognition determinant to the surface of
NP is an alternative approach.22

In theory, blood elements with a favor-
able circulation profile may be used as
“natural carriers” improving the NP pharma-
cokinetics. For example, red blood cells (RBCs)
represent an attractive carrier for optimizing
NP circulation and, perhaps, delivery to cer-
tain intravascular targets.23�26 Preclinical
studies indiverse animal species documented
that the coupling of drugs to a RBC surface
improves their delivery and therapeutic
effects.27�29 Coupling of NPs to RBCs has
thepotential to dramatically alterNPbehavior
in circulation. In addition, pharmacokinetics of
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ABSTRACT Nanoparticulate drug delivery systems are one of the most widely investigated

approaches for developing novel therapies for a variety of diseases. However, rapid clearance and poor

targeting limit their clinical utility. Here, we describe an approach to harness the flexibility, circulation,

and vascular mobility of red blood cells (RBCs) to simultaneously overcome these limitations (cellular

hitchhiking). A noncovalent attachment of nanoparticles to RBCs simultaneously increases their level in

blood over a 24 h period and allows transient accumulation in the lungs, while reducing their uptake by

liver and spleen. RBC-adsorbed nanoparticles exhibited∼3-fold increase in blood persistence and∼7-

fold higher accumulation in lungs. RBC-adsorbed nanoparticles improved lung/liver and lung/spleen

nanoparticle accumulation by over 15-fold and 10-fold, respectively. Accumulation in lungs is attributed

to mechanical transfer of particles from the RBC surface to lung endothelium. Independent tracing of both nanoparticles and RBCs in vivo confirmed that RBCs

themselves do not accumulate in lungs. Attachment of anti-ICAM-1 antibody to the exposed surface of NPs that were attached to RBCs led to further increase in

lung targeting and retention over 24 h. Cellular hitchhiking onto RBCs provides a new platform for improving the blood pharmacokinetics and vascular delivery

of nanoparticles while simultaneously avoiding uptake by liver and spleen, thus opening the door for new applications.
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the RBC/NP complex may be more favorable than that
of free NP in somemedical settings. Here,we investigate
this hypothesis and demonstrate that attachment to
RBCs reduces NP uptake by the MPS organs (liver and
spleen).

RESULTS

Attachment of Nanoparticles. Spherical polystyrenenano-
particles (200 nm or 500 nm diameter) were attached to
RBCs by incubation at varying particle/RBC ratios up to
100:1. Particle attachment to RBC was mediated by elec-
trostatic and hydrophobic interactions.23,30,31 The attach-
ment was confirmed through SEM (Figures 1a,b) and was
quantified using 3H-radiolabeled nanoparticles (Figure 1c).
At a particle/RBC ratio of 100:1, RBCs on average carried
∼24 particles (200 nm) per cell (Figure 1c). Under these
conditions, >99% of RBCs carried at least 1 attached
particle (Supporting Information, Figure 1). Attachment
of particles did not induce RBC hemolysis (Figure 1d).

Nanoparticles attached to RBCs did not detach from
RBCs under static conditions (Figure 2a). Yet the bind-
ing was reversible and particles detached from RBCs
upon exposure to physiological shear stresses experi-
enced by RBCs in circulation (5 Pa for 15 min at 37 �C,
Figure 2b). In theory, this may enable a natural mecha-
nism for release or transfer of NP load. Microscopic

observations of RBCs supported this notion. Nanoparticle-
laden RBCs were structurally fixed prior to exposure to
shear, and small indentations that matched the size of
the particles were found. These indentations likely
represent areas where nanoparticles were once at-
tached (Figure 2c). When RBCs were structurally fixed
after shear-induced particle detachment, no indenta-
tions were seen (Figure 2d). The presence of reversible
indentations suggests that adhesion of nanoparticles
on RBCs is mediated by the spreading of RBC mem-
brane on the surface of hydrophobic nanoparticles.
This spreading should increase the RBC-particle con-
tact area, thus leading to a strong adhesion. However,
upon shear-induced detachment, RBC's fluid mem-
brane is able to reversibly return to its original shape.

Effect of NP on Circulation of Carrier RBCs. RBCs are the
longest circulating cells in the body, circulating up to
120 days in humans. The effect of NP attachment on RBC
circulation of RBCs was studied at two doses (low, 10:1,
and high, 100:1). Attachment of NPs to RBCs at low doses
didnot significantly (p>0.05) decrease circulation timeof
these modified RBCs compared to native RBCs at low
dose (Figure 3, open vs hatched bars). The half-lives of
RBCs with and without NPs were comparable (33.5( 2.1
and 33.6/�5.8 h, respectively). Attachment of NPs at
higher doses (100:1) (Figure 3, black bars) however,

Figure 1. Attachmentof nanoparticles to redbloodcells (a) Scanningelectronmicrographsof 200nmpolystyrene spheres attached
to RBCs. (b) Scanning electron micrographs of 500 nm polystyrene spheres attached to RBCs. (c) Analysis of RBC-bound 200 nm
particles via 3H -labeling showing average number of nanoparticles attached per RBCwith increasing particle concentration. Values
representmean( SD (n=3). (d) RBCsþNPs at high loading (100:1 NP:RBC loading ratio) showno significant lysis compared to RBCs
in identical buffer. Data is normalized to a positive control of 1% Triton-X-100. Values represent mean( SD (n = 3).
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induced a decrease in circulation of RBCs likely due to
accelerated removal of RBCs carrying multiple particles.

Biodistribution of Red Blood Cells. Next, we tested
whether NP carriage affects RBC uptake in the organs.
RBCs were labeled with 51Cr and their biodistribution
was examined for high-loaded RBCs (100:1:NP:RBC
incubation). For these experiments, organs were not
perfused so as to reveal the potential effect that nano-
particles may have on irreversible uptake and reversible
retention of RBCs in the lumen (i.e., hyperemia) in organs.
At 1 h (Figure 4a) biodistribution of RBCs with or without
NPs was comparable. Similarly, at 24 h, organ retention
of RBCs with and without NPs was near the same
(Figure 4b). Results in Figure 4 indicate that attachment
of NPs to RBCs does not influence organ distribution or
retention of RBCs in the spleen, which is known to
sequester and clear damaged or irregular RBCs. Some
differenceswerenoted inboth kidney and liver; however,
retention of RBCs in these organs was extremely low and
does not significantly contribute to RBC clearance, com-
pared to other organs, in either group.

Biodistribution of Nanoparticles. Carriage by RBCs car-
dinally changed organ distribution of the nanoparti-
cles. First, the blood level of RBC-NP was ∼2�3 times
higher than that of free NPs (Supporting Information,
Figure 2a) at all time points. Therefore, as expected,
RBC carrier markedly prolongs NP circulation. The
major difference in blood level between free and
RBC-bound NP should be taken into account in asses-
sing their uptake in the organs, for example, to detect
nanoparticles that are retained in the tissue versus

those in the residual blood pool. For this, prior to
assessing particle accumulation, organs were perfused
to remove blood. After 1 h, nanoparticle uptake in the
spleen was reduced by over 50% compared to free
particles (Figure 5a: white bars, free nanoparticles;
blackbars, RBC-adsorbednanoparticles).More importantly,

accumulation in lungs was increased ∼5-fold. Even after
24 h, nanoparticle persistence in the lungs was still
elevated (∼3-fold) for RBC-adsorbed nanoparticles com-
pared to free nanoparticles (Figure 5b: white bars, free
nanoparticles; black bars, RBC-adsorbed nanoparticles).
Enhanced accumulation was also seen in brain, kidneys,
intestine, skin, heart, and blood at 1 h (Supporting
Information, Figure 2b: white bars, free nanoparticles;
black bars, RBC-adsorbed nanoparticles).

Kinetics of Pulmonary Accumulation of RBC-Carried NP. We
studied the kinetics of NP biodistribution after admin-
istration in the free or RBC-adsorbed form. Free nano-
particles exhibited relatively low accumulation in lungs
of about 4%ID/gram (Figure 6a, circles, see Supporting
Information Figure 2c for complete NP biodistribution).
Themajority of the particles were deposited in the liver

Figure 2. Detachment of nanoparticles from red blood cells Controlled detachment of nanoparticles from RBC surface via
applied shear stress using a rheometer: (a) no induced shear, and (b) 5 Pa shear stress for 15min at 37 �C. (c) Scanning electron
micrographs of 500 nm polystyrene spheres detached from RBCs after fixation with glutaraldehyde showing indents caused
by particles attachment and (d) scanning electron micrographs of 500 nm polystyrene spheres detached from RBCs prior to
fixation with glutaraldehyde showing that indents are reversible and do not permanently deform RBCs.

Figure 3. Time-dependent in vivo circulation of 51Cr-RBCs.
Bar graph representing percentage of injected dose (%ID)
for free 51Cr-RBCs (white), 51Cr-RBCs with nanoparticles
attached at low loading of 1:10 (hatched), and 1:100
(black) incubation ratios (RBCs/NPs) over a 24 h period.
Values represent mean ( SEM (n = 3�6) The asterisk (/)
denotes statistical difference from the labeled groups
(p < 0.05).
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and spleen. In contrast, RBC-adsorbed nanoparticles
exhibited high lung accumulation within 30 min
(Figure 6a, squares, see Supporting Information, Figure 2d
for complete RBCþNP biodistribution). The lung accu-
mulation of adsorbed particles was about 5-fold higher
compared to that of free particles over a range of 10 h
with a maximum enhancement of 7-fold seen at 10 h.

Lung accumulation decreased and approached that of
free nanoparticles after 24 h (Figure 6a). However, even
at 24 h, lung accumulation was significantly higher
(p < 0.05) for RBCþNP groups compared to free NPs at
all time points. In addition to increasing lung accumula-
tion, RBC-adhesion also decreased liver and spleen
clearance of nanoparticles.

Figure 4. Time-dependent in vivo biodistribution of 51Cr-RBCs. Bar graph represents percentage of injected dose per gramof
organ tissue (%ID/g) for free 51Cr-RBCs (white), and 51Cr-RBCswith nanoparticles attached (black) at (a) short (1 h) and (b) long (24h)
times. Values represent mean ( SEM (n = 3�6). The asterisk (/) denotes statistical difference from the labeled groups (p < 0.05).

Figure 5. Time-dependent in vivo biodistribution of 3H-nanoparticles. Bar graph representing percentage of injected dose
per gram of organ tissue (%ID/g) for free 3H-nanoparticles (white), and RBC bound 3H-nanoparticles (black) at (a) short (1 h)
and (b) long (24 h) times. Values represent mean ( SEM (n = 3�5). The asterisk (/) denotes statistical difference from the
labeled groups (p < 0.05).

Figure 6. Kinetics of 3H-nanoparticle targeting to lungswhile avoiding clearance organs. (a) 3H-Nanoparticle accumulation in
lungs represented as percentage of injected dose per gram of lung tissue (%ID/g) for free 3H-nanoparticles (circles), and RBC
bound 3H-nanoparticles (squares). (b) Lung to liver ratio of 3H-nanoparticle accumulation represented as percentage of
injected dose per gram of organ tissue (%ID/g) for free 3H-nanoparticles (circles), and RBC bound 3H-nanoparticles (squares).
(c) Lung to spleen ratio of 3H-nanoparticle accumulation represented as percentage of injected dose per gramof organ tissue
(%ID/g) for free 3H-nanoparticles (circles), and RBC bound 3H-nanoparticles (squares). Values represent mean ( SEM
(n=3�5). All RBCþNPsgroupswere statistically different (p<0.05) fromNPalonegroups at all timepoints for eachpanel (a,b,c).
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Collectively, RBC-adhesion led to increased lung/
liver accumulation ratio of nanoparticles (Figure 6b, cir-
cles versus squares) and an increased lung/spleen accu-
mulation ratio of nanoparticles (Figure 6c: circles versus
squares). Lung/liver and lung/spleen accumulation val-
ues of free nanoparticles did not change significantly
over a period of 24 h, averaging at about 0.10 for lung/
liver and 0.20 for lung/spleen. In contrast, the lung/liver
accumulation ratio for RBC-adhered nanoparticles chan-
ged significantly over 24 h, peaking at a value of ∼2 at
10 h, a value over 15-fold higher than that for free
nanoparticles. All lung/liver and lung/spleen ratios were
significantly higher (p < 0.05) for RBCþNP groups com-
pared to free NPs at all time points, illustrating the ability
of hitchhiked nanoparticles to target lungs while avoid-
ing reticulo-endothelial system (RES) organs. Hitchhiking
on RBCs also increased accumulation in kidneys and the
heart, although the enhancement due to hitchhikingwas
less prominent than that in lungs. Interestingly, thedrop in
concentration seen in case of lungs at 24 h was not seen
for kidneys or heart (Supporting Information Figure 2d).

Addition of anti-ICAM-1 Antibody. We assessed whether
the drop in NP lung accumulation over 24 h (Figure 6a)
can be mitigated by adsorption of anti-ICAM-1 anti-
body (Ab) on the exposed surface of NPs. NPs were first
adsorbed to RBCs, and anti-ICAM-1 Ab was then pas-
sively adsorbed onto the exposed carboxylated surface
of NP (21.99( 5.15 μg of ICAM-1 Ab permg of particle).
Confocal microscopy confirmed that anti-ICAM-1 Ab
attached only to the NP surface and not to RBC
membranes (Figure 7a). Biodistribution was assessed
at two points, 6 and 24 h as representative short and
long times. Anti-ICAM-1 Ab-coated RBCþNP com-
plexes exhibited increased lung accumulation com-
pared to RBCþNP with no anti-ICAM-1 Ab (Figure 7b).
Lung accumulation of NPs for RBC-NP, which otherwise
decreased from6 to 24 hwasmaintained at a high level
by the presence of anti-ICAM-1 Ab. Further, addition of
anti-ICAM-1 further decreased liver accumulation of
NPs (Figure 7c). However, anti-ICAM-1 conjugation
increased spleen retention for RBCþNP complexes at
6 h (Figure 7d), which is expected due to the expression

Figure 7. In vivo biodistribution of anti-ICAM-1-coated RBC-bound nanoparticles. (a) Confocal image of fluorescently labeled
anti-ICAM-1 binding only to 200 nm PS spheres and not RBC membranes. (b) Lung accumulation (%ID/gram) of RBC/NP
(hatched bars) and RBC/NPþanti-ICAM-1 (black bars) complexes at 6 and 24 h. Both lung %ID/gram groups were statistically
different (p < 0.05). (c) Liver accumulation (%ID/gram) of RBC-NP (hatched bars) and RBC/NPþanti-ICAM-1 (black bars)
complexes at 6 and 24 h. (d) Spleen accumulation (%ID/gram) of RBC/NP (hatchedbars) and RBC-NPþanti-ICAM-1 (black bars)
complexes at 6 and 24 h. The asterisk (/) denotes statistical difference from the labeled groups (p < 0.05).
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of anti-ICAM-1 receptor in spleen tissue.32 Complete
biodistribution for anti-ICAM-1-modified RBCþNP com-
plexes was also determined (Supporting Information,
Figure 3a,b).

DISCUSSION

The results presented here demonstrate the ability
of cellular hitchhiking to reduce MPS clearance and
enhance accumulation in lungs. Nanoparticles were
reversibly and noncovalently adsorbed on the surface
of RBCs. Upon intravenous administration, particles
desorbed likely because of shear (Figure 2b) or di-
rect RBC-endothelium contact during their passage
through the tissue microvasculature. This desorption
occurred rapidly as ∼6% of NPs attached to RBCs
remained in circulation after 30 min. This is well below
the half-life of RBCs themselves (∼33 h). In other words,
particles detach from RBCsmuch faster than the rate at
which RBCs themselves are removed from circulation.
The precise rate of NP detachment and its mechanisms
require further assessment. The rate of detachment is
likely to depend on the size and geometry of vascu-
lature aswell as the location of NP attachment to RBC. It
is likely that NPs attached to the outer part of RBC may
detachmore rapidly than those attached to the central
dimple. NP and RBC biodistribution data from Figures 3
and 4 together indicate that there is a transfer of
nanoparticles from RBCs to endothelium in the vascu-
lature. Transient accumulation of detached NPs in
lungs (Figure 6a) suggests that NPs that are not bound
to endothelium or internalized are likely washed away
by the blood over 24 h. This is also evident from the
effect of anti-ICAM-1 Ab on the retention of NPs in the
vasculature. The presence of anti-ICAM-1 Ab is likely to
increase binding strength of NPs to the endothelium33

as well as lead to increased internalization, both of
which will increase the persistence of NPs in endothe-
lium. A schematic (Figure 8) provides a hypothesis how
NPs detach from RBCs in microcirculation. On the basis
of the large amount of NPs present in lungs when
adsorbed onto RBCs, their detachment from the RBCs is
attributed to the squeezing of RBC through tiny capil-
laries smaller in diameter than the RBC itself, which are
present in air�blood-barrier microcirculation.34 Pulmon-
ary vasculature contains∼25�30% of the total endothe-
lial surface in the body and receives the entire venous
cardiac output for oxygenation via pulmonary arterial
trunk, in addition to a fraction of arterial cardiac output
via intercostal and pleural vessels.35 This high percentage
of endothelium that receives >50% of total cardiac blood
output combined with forced RBC-endothelial contact in
the lung vasculature is proposed to facilitate detachment
of NPs fromRBCs and subsequent accumulation in lungs.
Uptake in the lung is unlikely to be mediated by macro-
phages. While some mammalian species have macro-
phages active in endothelium, this is typically not the case
for healthy rodents.36�38 Further, the lung macrophages

are present on the air side of the vasculature; hence the
NPs will make first contact with endothelial cells and not
macrophages.
RBC-hitchhiking thus provides a natural means to

deliver nanoparticles in the close vicinity of vascular
endothelium in lungs. The beneficial effects of RBC-
adhesion mediated NP delivery are expected to be
higher in tissues with extensive microvascular net-
works as is the case for lungs. Mouse lung capillaries
possess an average diameter of 5 μm reaching sizes as
small as 1 μm, 3�4 times smaller than RBC diameters to
enable their close contact with the endothelium so as
to facilitate oxygen transport. The close contact likely
plays a role in dislodging the nanoparticles.
RBC-bound NPs circulate for much longer and in

higher percentages than freely administered NPs. Cir-
culation and organ distribution of RBCs themselves
was not impaired due to NP attachment. To ensure that
the 3H-NP signal was due to NPs and not blood
remaining in organs, organs were perfused for all NP-
tracing experiments. This ensures that the measured
NP biodistribution corresponds to NPs that have either
detached from RBCs and bind to endothelium or have
been internalized by the endothelium. On the other
hand, for 51Cr-RBC tracing experiments, organs were
not perfused so as to examine the effect NP attach-
ment had on RBC biodistribution. Circulation and
biodistribution of independently traced RBC-bound
3H-labeled-NPs and 51Cr-labeled-RBCs indicate a true
transfer of NPs from RBCs to endothelium. Dislodged
nanoparticles remain in tissues either due to non-
specific interactions with the endothelium or due to
internalization by the cells. Persistence of nanoparticle
accumulation in tissues was found to depend on the
tissue type and was extended, in the case of lungs, by
conjugation of the anti-ICAM-1 Ab to the NP surface for
RBC/NP complexes. For RBC/NP complexes, enhanced
accumulation persisted in heart and kidneys for a
period of 24 h, the accumulation peaked at 10 h for lungs
followed by a substantial decline by 24 h. However, after
conjugation with anti-ICAM-1, %ID/gram in lungs and
persistence in the lungs at 24 h was significantly

Figure 8. Schematic of particle detachment from RBCs in
small capillaries. Schematic representing thedetachment ofNPs
from RBCs in tiny capillaries present in lung microvasculature.
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increased (Figure 7b). Nanoparticles were able to avoid
the liver and spleen over a period of 24 h when attached
to RBCs. Liver and spleen are known to rapidly remove all
foreign entities from the blood, and developing nano-
particle therapies which both target other organs while
avoiding liver and spleen has been a challenge.39

Adhesion of nanoparticles did not produce adverse
effects on RBCs. No significant impact of nanoparticle
adhesion on the morphology or function of RBCs was
seen. No hemolysis of RBCs due to nanoparticle adhe-
sion was observed. The only change seen in the
membrane morphology was directly underneath the
membrane, which appeared to be induced by spread-
ing the RBC membrane on the particle surface. How-
ever, this changewas reversible. Physically damaged cells
are generally removed from the circulation predomi-
nately by the spleen40 and to a less extent by the liver;41

therefore it is imperative that RBC morphology not be
significantly altered as RBCs must perform their natural
functionswhennanoparticles are attached. Further, since
no statistical difference in RBC accumulation for either
unmodified RBCs or NP-loaded RBCs was noted in the
spleen at any time point, it is not expected that NP
modification of RBCs is affecting clearance in this major
RBC clearance organ. Previous studies have shown that
while nanoparticles are ultimately removed from the
circulation, RBCs which once carried nanoparticles con-
tinue to remain in circulation.23 Further, the fraction of
total RBCs in circulation that were labeled by nanoparti-
cles in these experiments was small (1.7%). Hence, the
likelihood of nanoparticles-laden RBCs significantly im-
pacting overall circulation is negligible.
Simultaneously, NP conjugation to RBCs enhances the

accumulation of NPs in highly vascularized organs, first of
all, as lungs. Because of the extended surface area and
privileged perfusion by >50% of the total cardiac blood
output, pulmonary endothelium represents a preferential
target,42 in particular, for antibodies to endothelial surface
determinants including anti-ICAM-1.43,44 In this vein, by
conjugating anti-ICAM-1 to RBC/NP complexes, the per-
sistence of NPs targeted to lung can bemaintained over a
period of 24 h while RBC/NP lung persistence, without
anti-ICAM-1modification, is limited tomuch shorter times.
At a fundamental level, the use of RBC-adsorbed NPs

provides a new hybrid approach for drug delivery.
Synthetic systems such as polymeric nanoparticles offer
the advantages of control over particle composition and
manufacturability; however, they suffer from the limita-
tion of immune clearance. RBCs, on the other hand,

naturally avoid RES clearance for four months and con-
tinuously reach all tissues. An approach based on the use
of synthetic nanoparticles to encapsulate drugs and
deliver them to tissues using RBCs offers an optimal
blend of natural and synthetic systems. RBC-adsorption
also provides an ideal blend of enhanced circulation and
targeting. Currents means of enhancing circulation are
basedon theuseof PEGor polaxamers,which suffer from
limited circulation times and accelerated clearance after
repeat injections.21,45,46 The ability of RBC-hitchhiking
NPs to exhibit longer circulation and tissue deposition
after repeat injections needs further investigations. Sev-
eral additional questions need to be answered before full
potential of RBC-mediated NP delivery can be realized.
These include understanding the fate of NPs in organs,
limits of NP loading on RBCs, and behavior of NPs after
repeat injections. It should alsobenoted that thismethod
requires the use of a patient's own blood cells or the use
of any other RBCs that can be transfused into patients.
Hitchhiking onto mammalian cells is also observed in

nature by certain pathogens such asMycoplasma hemo-

felis (previously knownashemobartonella),which remain
circulating insidemammals by hitchhiking on the surface
of RBCs.47 Recently, hitchhiking onto the surface of
mammalian cells has received attention as a new ap-
proach of drug delivery. Specifically, RBCs have been
used to prolong in vivo circulation of nanoparticles.23,24

The results reported here build on these findings and
demonstrate tissue accumulation of nanoparticles. In
addition, T cells have also been used for cellular hitchhik-
ing, where drug loaded liposomes were conjugated
directly to the T cell surface for efficient elimination of
EG7-OVA and EL4 tumors.48 Additional systems are also
being developed on the basis of specific cell surface
receptors present on B cells, monocytes, and macro-
phages for attachment of drug carrying backpacks.49,50

Cellular-hitchhiking provides a novel means to ad-
dress two major issues that nanoparticle therapies
routinely face; the avoidance of MPS organs, liver and
spleen, and targeted delivery to difficult-to-reach sites
in the body such as brain and lungs. While studies
reported here were performedwith nonbiodegradable
polystyrene particles, RBC hitchhiking can be extended
to biodegradable PLGA nanoparticles (Supporting In-
formation, Figure 4). With further research focused on
understanding the mechanisms of particle detach-
ment from RBCs and their interactions with the en-
dothelium, RBC-hitchhiking nanoparticles may open
new opportunities on therapeutic delivery.

METHODS

Blood Collection and Storage. Whole blood was collected from
healthy female BALB/c mice (18�20 g; 8�10 weeks old). Mice
were sacrificed by CO2 overdose and blood was collected via
cardiac puncture and stored in heparin-coated tubes. Bloodwas

stored at 4 �C for no longer than 2 days for all experiments.
Blood was resuspended in 4% sodium citrate (pH 7.4). Whole
blood was centrifuged at room temperature at 100 g and
supernatant was discarded leaving purified red blood cells.

Particle Preparation. Fluorescently and nonfluorescently la-
beled carboxylated polystyrene (PS) particles (200 nm) were
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purchased from Polysciences. Particles were radiolabeled with
tritium (3H) conjugated oleic acid (Moravek Biochemicals).
Briefly, 20% w/v PS particles in water were added to a solution
containing 100 μL of 3H-oleic acid, 100 μL of ethanol, and 25 μL
of tetrahydrofuran for 30 min with constant rotation. Particles
were then washed 10 times via centrifugation for 30 min at
15000g to remove unincorporated oleic acid.

PLGA nanoparticles were prepared via standard nanoprecip-
itation techniques: briefly, an organic phase with 75 mg of PLGA
polymer in 7.5 mL of acetone opposite an aqueous 2% poly vinyl
alcohol solution. The organic phase was added dropwise to the
aqueous phase using a syringe pump at 15 mL/h with continuous
stirring (300 rpm). PLGA nanoparticles were purified via centrifuga-
tion and characterized using TEM.

Attachment of Nanoparticles to RBCs. Nanoparticles and RBCs
were suspended in 4% sodium citrate. A known number of
nanoparticles were incubated with RBCs at room temperature
for 30 min. Unbound nanoparticles were separated from RBCs
with bound nanoparticles via centrifugation. anti-ICAM-1 Ab
was added to RBC-nanoparticle conjugates at a concentration
of 400 μg/mL in PBS for 1 h under constant rotation. The
detachment of particles performed under shear was performed
using an AR-G2 rheometer from TA Instruments. Particle-RBC
conjugates were resuspended in plasma proteins and serum
prior to detachment in order to prevent reattachment of
nanoparticles. Particle-RBC conjugates were exposed to 5 Pa
of shear stress for 15 min at 37 �C. Detachment was visually
confirmed using a scanning electron microscope (see below).

Fluorescence-Activated Cell Sorting (FACS). Nanoparticles, red
blood cells and conjugates were suspended in PBS. A FACSAria
Flow Cytometer with a 70 μm nozzle was used to quantify
attachment of nanoparticles to red blood cells. Mammalian cells
were filtered prior to analysis of the sample. BD FACSDiva
software 6.0 was used to analyze data.

Scanning Electron Microscopy (SEM). An FEI XL40 SEM at 3�5 kV
with a 5 mm working distance was used for imaging both cells
and particles. Images were taken after 2 min of palladium
coating (at 10 kV) via a Hummer sputtering system. Cells were
imaged in a dehydrated state and prepared using a standard
cell surface fixation technique. Briefly, cell samples were incu-
bated with a 2.5% glutaraldehyde solution for the cross-linking
of surface proteins. This provides cells with the required stability
that live tissue samples do not possess, which is necessary while
imaging under high voltage and vacuum.

Transmission Electron Microscopy (TEM). An FEI T20 was used to
characterize PLGA nanoparticles. A 2 μL sample of diluted PLGA
nanoparticles was deposited on a copper grid and dried in air
prior to imaging.

Confocal Microscopy. An Olympus Fluoview 500 (Olympus
America Inc. Center Valley, PA, USA) was used to image fluor-
escently labeled anti-ICAM-1 Abmodified NPs attached to RBCs.

Tissue Distribution and Blood Clearance of RBC/NPs in Mice. 51Cr-
labeled mouse RBCs (51Cr-RBC) were prepared as described51

and 51Cr-RBC/NP groups were prepared as discussed earlier.
Naive BALB/c female mice (18�20 g; n = 3�6 per group) were
anesthetized and injected intravenously via the jugular vein
with approximately 10 μCi of 51Cr-RBC or 51Cr-RBC/NP formula-
tions. At designated time points postinjection, blood was
collected from the retro-orbital sinus and organs (kidneys, liver,
spleen, and lung) were collected and weighed. Blood samples
were withdrawn in heparin tubes, centrifuged at 1200g, and the
radioactivity in plasma, RBC pellets, and organs was measured
in a gamma-counter.

In Vivo Biodistribution. For nanoparticle biodistribution stud-
ies, 5 � 109 radiolabeled particles in Alsever's buffer were
injected via tail vein into healthy female BALB/c mice (18�20 g;
n = 3�5 per group). At predetermined time points, the mice
were anesthetized and euthanized by opening the chest cavity
and perfusion of PBS through the left ventricle. Known weights
of liver, spleen, kidney, heart, lungs, brain, intestine, skin, and
blood were harvested and dissolved overnight in Solvable
(Perkin-Elmer). The followingmorning, liquid scintillation count-
ing efficiency cocktail Ultima Gold (Perkin-Elmer) was added to
organ solutions and organs were measured for their radioactive
content in a Packard TriCarb 2100TR scintillation counter. All

animal protocols were approved by respective Institutional
Animal Care and Use Committees (IACUC) at the University of
California, Santa Barbara and University of Pennsylvania.
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