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Abstract

Targeted nanoparticle-based delivery systems have been used extensively to develop effective
cancer theranostics. However, how targeting ligands affect extravascular transport of nanoparticles
in solid tumors remains unclear. Here, we show, using B16/F10 melanoma cells expressing
melanocortin type-1 receptor (MC1R), that the nature of targeting ligands, i.e., whether they are
agonists or antagonists, directs tumor uptake and intratumoral distribution after extravasation of
nanoparticles from tumor vessels into the extravascular fluid space. Pegylated hollow gold
nanospheres (HAUNS, diameter~40 nm) coated with MC1R agonist are internalized upon ligand-
receptor binding, whereas MC1R antagonist-conjugated HAUNS remain attached on the cell
surface. Transcellular transport of agonist-conjugated HAUNS was confirmed by a multilayer
tumor cell model and by transmission electron microscopy. MC1R agonist- but not MC1R
antagonist-conjugated nanoparticles exhibit significantly higher tumor uptake than nontargeted
HAUNS and are quickly dispersed from tumor vessels via receptor-mediated endocytosis and
subsequent transcytosis. These results confirm an active transport mechanism that can be used to
overcome one of the major biological barriers for efficient nanoparticle delivery to solid tumors.
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1. Introduction

Many targeted nanoparticle-based delivery systems have been developed with the goals of
enhancing tumor-specific uptake of nanoparticles, reducing systemic toxicity, and increasing
the efficacy of anticancer therapies. However, targeting of nanoparticles to tumor cells,
although extremely appealing in this era of personalized medicine, is challenging because of
the presence of a number of biological barriers [1]. Furthermore, there has been a lack of
comprehensive study of the various factors that contribute to the tumor uptake efficiency of
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“active targeting” strategies, in which tumor-specific ligands are used to direct nanoparticles
to tumor cells [2]. Pirollo and Chang [2] argue that in some ligand-conjugated nanoparticle
systems, tumor uptake may be due at least in part to the enhanced permeability and retention
(EPR) effect of long-circulating nanoparticles, which raises the question of whether true
targeted delivery has been achieved with many of the purported active targeting
nanoparticles. Using 3 different targeting schemes, Huang et al [3] showed that targeting
ligands only marginally improve the total accumulation of gold nanorods in xenograft tumor
models in comparison with nontargeted controls. Similar observations have been made with
other nanoparticle polymers, liposomes, and gold nanoparticles [4-6]. In a study of
epithelial growth factor receptor-targeting hollow gold nanospheres (HAUNS), most
nanoparticles were distributed to the perivascular region [6]. These data suggest that
efficient tumor delivery of targeted nanoparticles is limited by dispersion of nanoparticles in
tumor interstitium.

Here, we report that an active transport mechanism, i.e., receptor-mediated transcytosis, can
facilitate extravascular transport of nanoparticles and thus can effectively enhance delivery
of nanoparticles within the tumor volume. Agonist and antagonist ligands of membrane
receptors behave differently upon binding to their targets. An agonist fully activates the
receptor upon ligand-receptor interaction and receptor internalization, while an antagonist
does not provoke a biological response itself upon binding to a receptor but blocks or
dampens agonist-mediated responses. We hypothesized that the nature of targeting ligands
attached to the surface of nanoparticles, i.e., whether the ligands are agonists or antagonists,
affects extravascular transport and thus the tumor-targeting efficiency of the nanoparticles.
To test this hypothesis, we selected melanocortin type-1 receptor (MC1R), one of the 5
subtypes of melanocortin receptors, as a target. MC1R is overexpressed in melanoma cells
[7, 8]. Molecular mechanism studies on all subtypes of melanocortin receptors have shown
that receptor desensitization, internalization, and downregulation are different with agonists
than with antagonists [9, 10] —specifically, melanocortin receptor agonists lead to receptor
internalization upon binding, but melanocortin receptor antagonists do not [9, 10].
Therefore, nanoparticle-based delivery systems with MC1R agonists and those with MC1R
antagonists may have different effects on the transport of nanoparticles in the extravascular
space.

2. Materials and methods

2.1. Conjugation of MC1R agonists and antagonists to HAuUNS

HAUNS were synthesized according to our previous report [6, 11]. The MC1R agonist (Ago)
and antagonist (Ant) peptides were synthesized manually using Rink amide resin and A*-
fluorenylmethyloxycarbonyl chemistry (See Supplementary Information). Both MC1R
agonists and antagonists as targeting moieties were linked to HAUNS through poly(ethylene
glycol) (PEG) linker (Fig. 1A, Supporting Information). For fluorescence imaging, the
HAUNS were labeled with tetramethylrhodamine-PEGsggo-thioctic acid (TA-PEG-TMR,
Fig. S1). For quantitative analysis and micro-positron emission tomography (microPET)
imaging, the above-described HAUNS were labeled with the positron emitter 84Cu (#,,=12.7
h) according to previously reported procedure [12].

2.2. Receptor binding assay

Competitive binding experiments were carried out using murine B16/F10 melanoma cells
(ATCC) as previously reported [13]. B16/F10 cells were seeded on 24-well plates 48 h
before assay (20,000 cells/well). The cell culture medium was aspirated, and cells were
washed twice with a freshly prepared binding buffer containing DMEM/F12 medium, 25
mM HEPES (pH 7.4), and 0.2% bovine serum albumin (BSA). For peptide competition,
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cells were incubated with different concentrations of unlabeled Ago or Ant and labeled
[1251]-NDP-a.-MSH (0.1 w.Ci/well, Perkin-Elmer Life Science, Waltham, MA) for 40 min at
4°C. For particle competition, different concentrations of unlabeled HAUNS conjugates were
used with [1251]-NDP-a-MSH. For nonspecific binding, an excessive amount of Ago, i.e.,
200 pg/ml NDP-a.-MSH, was used. After incubation, the assay medium was removed, and
each well was washed 3 times with the binding buffer. The cells were then lysed by the
addition of 250 pL of CelLytic M cell lysis reagent (Sigma). The radioactivity of the lysis
solution was measured using a Packard Cobra gamma counter. ICsq estimates and their
associated standard errors were determined by fitting the data using a nonlinear least squares
analysis using GraphPad Prism 5 software (GraphPad).

2.3. Immunofluorescence microscopy

For visualization of intracellular translocation of MC1R, transient transfection of plasmid
construct encoding GFP-tagged open reading frame clone of Homo sapiens MC1R
(Origene) was carried out using Lipofectamine 2000 reagent (Invitrogen) as recommended
by the manufacturer. Briefly, human embryonic kidney (HEK) 293 cells (ATCC) were
seeded on 100-mm plates 1 day before transfection. The plasmid DNA encoding gene
comprised of green fluorescent protein (GFP) and MCIR (5 ug) was mixed with
Lipofectamine 2000 reagent in serum-free medium, incubated at room temperature for 30
minutes, and then added to the cells. Four hours after the addition of the plasmid DNA, the
transfection mixture was replaced with DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS). The cells were then incubated for an additional 24 hours. The
transfection efficiency was examined under a fluorescence microscope and was found to be
greater than 95%.

The MC1R-GFP-transfected HEK 293 cells were trypsinized and seeded (1x10%) in an 8-
well Lab-Tek Il chambered coverglass (Thermo Fisher Scientific) 48 h before the
experiment. The cells were incubated with different tetramethylrhodamine-labeled HAUNS
conjugates (2x10° nanoparticles/ml) for 20 min at 37°C with or without the presence of 200
pa/ml free Ant (blocking). After washing in PBS, the cells were directly visualized under an
Olympus Fluoview FVV1000 confocal laser scanning microscope (FV1-ASW, Olympus)
equipped with a fluorescein isothiocyanate filter for MC1R-GFP and a rhodamine filter for
nanoparticles.

2.4. Atomic force microscopy (AFM) imaging

For AFM imaging, B16/F10 cells were seeded on a petri dish (MatTek Corporation) 24 h
before assay. The cell culture medium was aspirated, and cells were washed twice with
DMEMY/F12 medium. Cells were incubated in medium (untreated cells), medium containing
1.5x101/ml HAUNS conjugates for 1 h inside a standard incubator (NAPCO 800 WJ,
Thermo Electron Corporation) at 37°C in an environment of 5% CO,. After treatment, cells
were fixed using a 3.7% formaldehyde solution (Fisher Scientific) for 30 min and then
rinsed and stored in PBS until AFM study. AFM imaging was performed using a deflection
type instrument (MFP3D, Asylum Research Inc.). All images were acquired in PBS
solution. For morphology studies or large area scans, contact mode was employed to
characterize the cellular surfaces. The probe was a silicon cantilever (CSC38 lever B,
MikroMasch) with a force constant of A= 0.03 N/m. The imaging force was controlled to be
<1 nN as determined from the force-distance curve [14, 15]. For high-resolution imaging,
tapping mode was employed using silicon nitride cantilevers (Biolever B, Olympus) with a
force constant of A= 0.03 N/m. The driving frequency was typically 6-8 kHz. The imaging
set point was adjusted to 60% damping of the amplitude.
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2.5. Transcytosis of HAUNS in vitro

An in vitromultilayer tumor cell model was established via seeding of B16/F10 cells (6,000/
well) in 24-well Falcon cell culture inserts with 1-pm-diameter microporous poly-(ethylene
terephthalate) membrane (Becton Dickinson). After 72 h, the cells formed 2-3 layers.
DMEM/F12 medium plus 0.2% BSA was added to the lower compartments of 24-well
plates (0.7 ml per well), i.e., the basolateral side. The medium containing 84Cu-labeled
HAUNS conjugates (2x10° nanoparticles/ml; 2 wCi, 0.2 ml) was added in the upper
compartment, i.e., the apical side, at time 0. The study was performed on a rocking platform
at 37°C. At 15, 30, 45, and 60 min after addition of nanoparticles, the cell culture insert was
transferred to another well of a 24-well plate containing 0.7 ml of medium. For the
inhibition experiment, free Ant with 200 pg/ml final concentration was additionally added
to the nanoparticle solution. The medium from each lower compartment and 2 | from the
initial solution containing 84Cu-labeled HAUNS in the upper compartment were transferred
and measured using the gamma counter. The inserts without cell growth were used as
control. Triplicate samples were measured. Permeability coefficients () of the nanoparticles
were calculated according to the following equation [16, 17]

p_AQ/AI
CoXA

(eq. 1)

where AQ/At indicates the linear appearance rate of mass in the lower compartment; C,
indicates the initial nanoparticle concentration in the upper compartment; and A represents
the membrane surface area of the cell culture insert, i.e., 0.3 cm2. The permeability
calculated from the cell culture insert with multiple layers of cells was denoted P, whereas
the permeability calculated from the cell culture insert without cell growth (the control filter)
was denoted Pr The permeability for the cell multilayer alone (#,) was calculated from [18,
19]

P_C_FI_P_f (eq. 2)

For transmission electron microscopy, the same setup used for /n vitro transcytosis
experiment was performed. B16/F10 cells were cultured with each formulation of HAUNS
(without radiolabeling) for 30 min at 37°C. The cell culture insert membrane with the cells
was then washed and fixed with a cocktail containing 2% paraformaldehyde and 3%
glutaraldehyde. The membrane with the cells was cut perpendicularly and prepared using
standard procedures for biological samples.

2.6. MicroPET imaging and histology analysis

The animals used for the experiment were treated according to protocols evaluated and
approved by the Institutional Animal Care and Use Committee of The University of Texas
MD Anderson Cancer Center. Nude mice (female, 6—-8 weeks) were inoculated
subcutaneously with 5x10° B16/F10 melanoma cells 10 days before the experiment. Tumor-
bearing mice were randomly allocated into 5 groups (n = 3) and injected intravenously with
7.5 mCi/kg 84Cu-labeled HAUNS conjugates with or without the presence of 500 pg of Ant-
PEG-SATA (blocking). The animals were anesthetized with 2% isofluorane (Baxter), and
microPET images were acquired 1, 4, and 24 h after radiotracer injection using a Rodent R4
microPET scanner (Concorde Microsystems, Inc.). After the experiments, the mice were
euthanized with CO,. PET images were reconstructed using ASIPro VM 6.3.3.0 software
(Concorde Microsystems, Inc). Counts per pixel per minute in the regions of interest were
converted to microcuries using a calibration curve derived from scanning standard activity
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phantoms in the microPET scanner. Uptake of $4Cu-labeled HAUNS in each tumor was
divided by the volume of the tumor to obtain percentage injected dose per cubic centimeter
(%ID/cm3).

In a separate experiment, tetramethylrhodamine-labeled HAUNS conjugates were injected
intravenously into tumor-bearing mice, with or without the presence of 500 g of pegylated
Ant (Ant-PEG, blocking). The animals were euthanized 4 and 24 h after injection. Tumors
were resected for frozen sectioning. The tumor tissue was stained with rat anti-mouse CD31
monoclonal antibody and rabbit anti-MC1R polyclonal antibody (Millipore) and then with
IRDye680 goat anti-rat 1gG (Li-Cor) and Alexa Fluor 488-conjugated goat anti-rabbit 1gG
(Invitrogen). Cell nuclei were counterstained with 4”,6-diamidino-2-phenylindole (DAPI).
The slices were examined under a fluorescence microscope (Zeiss).

3. Results and Discussion
3.1. MC1R binding affinity of different HAUNS conjugates

We used HAUNS as a model nanoparticle-based delivery system. For the MC1R agonist
targeting moiety, we chose melanocyte-stimulating hormone analog [Nle* D-Phe’]-a-MSH
(NDP-a.-MSH, referred to as Ago). NDP-a.-MSH is a 13-amino-acid peptide that had high
binding affinity to MC1R (IC50=2.09x10710 M, Fig. 1B). For the MC1R antagonist
targeting moiety, we chose human agouti-related protein 109-118 [hAGRP (109-118),
referred to as Anfl. AGRPs antagonize G protein-coupled receptors (GPCRs) [20, 21].
Structure-function studies of hAAGRP(109-118) decapeptide modified with lactam bridge
resulted in the identification of this peptide as an MC1R antagonist [22, 23]. This peptide
also had high binding affinity to MC1R (IC5q=2.31x1078 M, Fig. 1B).

It was previously reported that ligand-conjugated nanoparticles provided for multivalent
binding, leading to receptor affinities orders of magnitude higher than those with free ligand
[24]. Our results showed that the binding affinity of Ago-PEG-HAUNS and Ant-PEG-
HAUNS to MC1R could be tuned by adjusting the density of ligands on the nanoparticle
surface (Fig. 1C). Although the MC1R binding affinity of free Ago was 2 orders of
magnitude higher than that of free Ant, HAUNS with an average of 39 Ago attached per
nanoparticle (Ago39-PEG-HAUNS) and HAUNS with an average of 367 Ant g attached per
nanoparticle (Ant367-PEG-HAUNS) had similar binding affinity to MC1R (1C5p=2.31x10°
particles/ml and 1C5p=1.12x10° particles/ml, respectively). We thus used Ago39-PEG-
HAUNS and Ant367-PEG-HAUNS in the subsequent comparative studies. The binding
similarity was considered a prerequisite for thorough comparison of the 2 nanoparticle
formulations in this study. We anticipated that MC1R agonist-conjugated HAUNS (Ago-
PEG-HAUNS) would be internalized upon ligand-receptor binding and that MC1R
antagonist-conjugated HAUNS (Ant-PEG-HAUNS) would remain attached on the cell
surface.

3.2. Intracellular trafficking

To further study nanoparticle-receptor interaction and intracellular trafficking of targeted
nanoparticles, we created HEK 293 cells expressing a chimeric protein comprised of MC1R
and GFP, referred to as MC1R-GFP. HAuUNS were labeled with tetramethylrhodamine
fluorescent probe through a PEG linker. As observed on confocal microscopy, in HEK 293
cells transiently transfected with MC1R-GFP-encoding plasmid DNA, the green
fluorescence of MC1R-GFP was distributed evenly along the cell membrane. Addition of
fluorescence-labeled Ago39-PEG-HAUNS caused translocation of both receptor and
nanoparticle into intracellular compartments, which was evidenced by the colocalization of
fluorescence signals from MC1R-GFP and HAUNS (Fig. 2, arrows). Addition of an
excessive amount of free Ant completely inhibited the nanoparticle-receptor interaction as
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well as Ago39-PEG-HAuUNS-mediated receptor internalization. In contrast, Ant367-PEG-
HAUNS bound to and colocalized with MC1R-GFP on the cell surface but did not stimulate
receptor internalization (Fig. 2, arrowheads). Like Ago39-PEG-HAUNS binding, Ant367-
PEG-HAUNS’s binding to MC1R-GFP was inhibited by an excessive amount of free Ant.
The nontargeted PEG-HAUNS showed less membrane binding and cellular uptake than
targeted HAUNS. There was no overlap in fluorescence signals between PEG-HAUNS and
MC1R-GFP, suggesting that PEG-HAUNS were taken up by the cells via nonspecific
process. These results indicated that MC1R mediated endocytosis of Ago39-PEG-HAUNS
but not Ant367-PEG-HAUNS.

Since MCI1R is a member of the GPCR superfamily and it is well known that p-arrestin
serves as an adapter linking activated GPCRs to the downstream cellular trafficking
machinery (clathrin, AP-2 complexes) [25, 26], we used immunohistochemical staining to
track the cellular distribution of B-arrestin and clathrin in B16/F10 melanoma cells after
binding by tetramethylrhodamine-labeled targeted HAUNS. We found that stimulation of
MC1R by Ago39-PEG-HAUNS triggered rapid B-arrestin recruitment to the cell surface and
colocalization with the nanoparticles. Further, the HAUNS and B-arrestin signals overlapped
well with clathrin staining (Fig. S2, top row). In contrast, most Ant367-PEG- HAuNS did
not trigger B-arrestin recruitment and remained on the cell membrane 30 min after treatment
(Fig. S2, middle row). The nontargeted PEG-HAUNS showed less cellular binding and
internalization, which was unrelated to either p-arrestin or clathrin (Fig. S2, bottom row).
Previous studies using 2-photon fluorescence laser scanning microscopy showed that
agonist-mediated internalization of all subtypes of melanocortin receptors is dependent on -
arrestin-mediated clathrin-coated pits [9, 10]. Our findings proved that upon agonist-
receptor binding, p-arrestin recruitment was a key step of the GPCR-activated cell signaling
pathway to trigger internalization of HAuUNS through clathrin-coated pits.

We next examined downstream cAMP signaling upon nanoparticle-MC1R interaction. In
agreement with previous reports that Ago peptide is a potent agonist of MC1R [27],
adenylyl cyclase assay showed significant increase of intracellular cAMP accumulation
when B16/F10 cells were incubated with Ago39-PEG-HAUNS (Fig. S3). The Ago39-PEG-
HAUNS-induced cAMP increase was completely abolished by free Ant. In contrast, there
was no effect of Ant367-PEG-HAUNS on cAMP signaling following cellular binding.

To further evaluate differential cellular responses upon nanoparticle binding to MC1R, we
used high-resolution AFM to analyze topographic changes of the cellular membrane in B16/
F10 cells before and after nanoparticles treatment. The control cells without any treatment
spread on glass surface with height ranging from 4.1 to 5.7 wm, and contact area of 1493 to
4166 wm? (Fig. 3A). A deflection image (Fig. 3B) revealed that the cellular membrane was
relatively rough, with clusters ranging from 0.3 to 2.5 um in height and 1.7 to 13.0 pm
laterally. The flat region surrounding the clusters had roughness of 38.7 nm (Fig. 3C, cursor
profile 2). The cells treated with Ago39-PEG-HAUNS (Fig. 3D-F) exhibited a different
morphology with a lower level of spreading, with height ranging from 4.5 to 7.7 um, and
contact area of 793 to 1452 wm2. The cell membranes exhibited high density of craters; 33
craters were detected in a selected 30 um x 30 wm area (Fig. 3F, arrows). The width of these
craters ranged from 0.7 to 3.1 um, and the depth ranged from 0.4 to 1.1 pm (cursor profiles
4 and 5). The presence of these craters on cell membrane suggested endocytosis of the
nanoparticles by cells treated with Ago39-PEG-HAUNS. The cells treated with Ant367-
PEG-HAUNS (Fig. 3G-I) exhibited a similar degree of spreading to that observed in the
Ago39-PEG-HAUNS-treated cells. High resolution view is dominated by clusters ranging
from 0.5t0 1.2 wm in height and 1.4 to 4.2 um laterally (cursor profile 7). The image
revealed detailed membrane structure differs from the Ago39-PEG-HAUNS treatments.
Although craters were also observed (Fig. 31), they were much smaller than the craters in the
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cells treated with Ago39-PEG-HAUNS. The width of these craters ranged from 0.4 to 1.2
pm, the depth ranged from 0.1 to 0.2 pum (cursor profile 8), and only 8 craters were detected
in a selected 30 um x 30 wm area. These results indicated that most Ant367-PEG-HAUNS
remained bound to the cellular surface.

3.3 MC1R-mediated transcytosis of HAUNS in tumor cells

To understand the effect of the MC1R-targeting ligands on transport of HAuNS through
tumor cells, we established an /in vitro tumor cell permeation model (Fig. 4A). The
calculation of permeability (#), standing for the rate of nanoparticle transport from the apical
(donor) compartment to the basolateral (receiver) compartment, has previously been used to
evaluate the trans-endothelial transport of nanoparticles [16, 28]. Unlike the endothelial cells
forming monolayer with intercellular tight junction [16, 28], the B16/F10 tumor cells
formed multi-cell layers on the membrane of the insert without intercellular tight junction.
Quantitative analysis of movement of 84Cu-labeled HAUNS across the B16/F10 multilayer
(P;) showed that Ago39-PEG-HAUNS had a rate of cell penetration 3.27 times that of PEG-
HAUNS (Fig. 4B). The F. of nontargeted PEG-HAUNS represents paracellular transport and
nonspecific intracellular transport of the nontargeted HAuUNS (e.g., pinocytosis). The
increased A~ of Ago39-PEG-HAUNS could be attributed to MC1R-mediated transcytosis
induced by Ago. The increase of Ago-triggered transcytosis was almost completely blocked
by free Ant. Ant367-PEG-HAUNS did not display an increased rate of cell penetration
compared with nontargeted PEG-HAUNS (Fig. 4B), suggesting that the interaction between
MCI1R and Ant cannot induce receptor-mediated transcytosis. This was confirmed by
transmission electron microscopy findings, shown in Fig. 4C. PEG-HAuUNS without MC1R
targeting ligand bound to the cellular surface, and only a few nanoparticles were
internalized. Ant367-PEG-HAUNS similarly bound to the cellular surface with only a few
nanoparticles internalized. However, Ago39-PEG-HAUNS exhibited significant endocytosis
(Fig. 4C, bottom row). Uptake of Ago39-PEG-HAUNS occurred at the luminal (apical)
cytoplasmic membrane via receptor-mediated endocytosis (Fig. 4C, asterisks). Endocytic
vesicles were transported toward the basolateral cytoplasmic membrane (Fig. 4C, arrows).
Evidence also showed exocytosis of Ago39-PEG-HAUNS through the membrane pores of
the cell culture insert to the receiver compartment (Fig. 4C, arrowheads). Taken together,
these findings indicated that the 2 different types of nanoparticles mediated different cellular
processes with respect to cellular internalization, recruitment of adapter protein, and
activation of cAMP signaling. The strong /n vitro evidence of transcytosis triggered by
Ago39-PEG-HAUNS suggested that Ago39-PEG-HAUNS may display an /n vivo transport
pattern different from that of Ant367-PEG-HAUNS after their extravasation from the tumor
blood vessels.

To test this concept, we investigated the tumor biodistribution of 84Cu-labeled HAUNS in
nude mice bearing B16/F10 melanoma by microPET. At 1 h following systemic
administration, tumor accumulation of Ago39-PEG-HAUNS was significantly higher than
tumor accumulation of Ant367-PEG-HAUNS and PEG-HAUNS (/<0.05) (Fig. 5A and 5B).
Tumor localization of Ago39-PEG-HAUNS at 4 h and 24 h after injection was about twice
that of PEG-HAUNS. Co-injection of pegylated Ant inhibited this increased tumor uptake. In
contrast, tumor accumulation of Ant367-PEG-HAUNS at 1, 4, and 24 h after injection was
not significantly different from that of PEG-HAUNS.

Immunofluorescence tracking further confirmed the significantly enhanced tumor
distribution of Ago39-PEG-HAUNS compared to the other two HAUNS formulations at 4
and 24 h after injection (Figure 5c, top and middle rows). Pegylated Ant inhibited this
localization, indicating active targeting of Ago39-PEG-HAUNS. To our delight, Ago39-
PEG-HAUNS were transported far beyond the microvessels at both 4 h and 24 h, while
Ant367-PEG-HAUNS and PEG-HAUNS remained mostly located in the perivascular region
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at4 hand 24 h (Fig. 5C, top row). At higher magnification (Fig. 5C, bottom row),
micrographs revealed that most nontargeted PEG-HAUNS were distributed in the
extracellular space. Ant367-PEG-HAUNS were bound to MC1R on the tumor cell
membrane. In both cases, MC1R was evenly distributed throughout the tumor volume. In
contrast, Ago39-PEG-HAUNS were internalized together with MC1R in tumor cells,
suggesting receptor-mediated endocytosis (Fig. 5C, arrows).

The different distribution patterns of Ago39-PEG-HAUNS and Ant367-PEG-HAUNS in the
tumor interstitium support a mechanism of enhanced intratumoral transport of nanoparticles
through receptor-mediated transcytosis (Fig. 6). As exemplified in the MC1R system, when
agonist-conjugated HAUNS bind to MCL1R, the receptors are phosphorylated and activated,
which leads to B-arrestin recruitment. The receptor-bound p-arrestin acts as an endocytic
adapter, which in turn binds to components of the clathrin endocytic machinery. This leads
to the formation of clathrin-coated pits to engulf the receptor-nanoparticle complex. Upon
internalization, B-arrestin rapidly dissociates from MC1R, and the receptor-nanoparticle
complex is trafficked to an endosomal compartment, wherein the ligand is dissociated and
the receptor dephosphorylated [29]. The endocytic vesicles containing both receptors and
nanoparticles are subsequently transported either to the luminal plasma membrane, where
the receptors are recycled, or to the abluminal (basolateral) cytoplasmic membrane, where
the nanoparticles are transcytosized (Fig. 6A). The interaction between MC1R and
antagonist-conjugated HAUNS, on the other hand, cannot mediate endocytosis, and the
targeted nanoparticle remains attached on the cell surface.

The proposed transcytosis trafficking mechanism helps us explain improved extravascular
transport and enhanced tumor uptake of agonist-conjugated HAUNS (Fig. 6B). Following
extravasation from the tumor vasculature, nontargeted PEG-HAUNS accumulate in the
perivascular region owing to the EPR effect. Our fluorescent micrographs have shown that
PEG-HAUNS penetrate only a few cell diameters into the extravascular tumor tissue (Fig.
5C), which is in line with previous reports in the literature [30, 31]. Similarly, antagonist-
conjugated HAUNS mostly accumulate in the perivascular region, although some Ant-PEG-
HAUNS do bind to the tumor cells, whereas PEG-HAUNS localize in the extracellular
matrix. In contrast, agonist-conjugated HAUNS are transported via receptor-mediated
transcytosis, an active transport process that promotes dispersion of nanoparticles far from
the tumor vessels (Fig. 6).

Significant effort has been spent in the past decades on developing a targeted, long-
circulating nanoparticle formulation. However, active targeting of nanoparticles to the tumor
interstitium is a complicated, multifactorial issue. Comprehensive studies that carefully
dissect various processes involved in delivery of systemically administered nanoparticles to
cells in solid tumors, including distribution through the vascular compartment, transport
across the microvascular wall, and dispersion within tumors, are needed to address some of
the conflicting data in the literature. It is expected that the emergence of new
nanotechnologies will facilitate the development of delivery systems that can efficiently
deliver nanoparticles to tumors.

5. Conclusion

The nature of targeting ligands, i.e., whether they are agonists or antagonists, directs tumor
uptake and intratumoral distribution after extravasation of nanoparticles from tumor vessels
into the extravascular fluid space. We used MC1R as a model tumor marker to elucidate
receptor-mediated transcytosis of nanoparticles in solid tumors. Active extravascular
transport of nanoparticles was initiated by internalization upon agonist-receptor, but not
antagonist-receptor, binding followed by transcellular transport by tumor cells.
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(A) Chemical structure of MC1R agonist (Ago) and antagonist (Ant) and schemes of
bioconjugation. (B) Competitive binding assay comparing 1251-NDP-a.-MSH with unlabeled
Ago or Ant. (C) Competitive binding assay comparing 1251-NDP-a-MSH with unlabeled
Ago- or Ant-conjugated pegylated HAUNS. Ago39 and Ago85 had an average of 39 and 85
agonists, respectively, conjugated per nanoparticle. Ant98 and Ant367 had an average of 98
and 367 antagonists, respectively, conjugated per nanoparticle.
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Fig. 2.

Intracellular localization of tetramethylrhodamine-labeled PEG-HAUNS, Ago39-PEG-
HAUNS, or Ant367-PEG-HAUNS (red) in HEK 293 cells transfected with MC1R-GFP
coexpression plasmid (green) after 20 min incubation at 37°C, with or without the presence
of 200 pg/ml free Ant (blocking). Arrows, overlap of green and red fluorescence in
cytoplasm; Arrowheads, overlap of green and red fluorescence on cell membrane. Bar, 20

pm.
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Fig. 3.

AFM images reveal 3-dimensional membrane structural features of B16/F10 melanoma cells
after different treatments. (A) A 90 wm x 90 wm atomic force microscopy topograph of a
typical B16/F10 melanoma cell. (B) Deflection image corresponding to the image in (A).
(C) Zoom-in view of the framed region in (B). Cursor profiles 1 and 2 at the right
correspond to cursors 1 and 2 in (A) and (C), respectively. The displays in the middle and
bottom rows follow the same organization as used in the top row, for Ago39-PEG-HAUNS-
treated and Ant367-PEG-HAUNS-treated B16/F10 cells, respectively. Bars: (A), (B), (D),
(E), (G), and (H), 20 pm; (C), 1 m; (F) and (1), 5 wm. Arrows indicate craters.
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Fig. 4.

(A) Schematic drawing of /n7 vitro B16/F10 melanoma cell multilayer for evaluation of
HAUNS transcytosis. (B) Permeability of ®4Cu-labeled PEG-HAUNS, Ago39-PEG-HAUNS,
or Ant367-PEG-HAUNS across the B16/F10 multilayer (~;) with or without the presence of
200 pg/ml of free Ant (blocking), n=3. (C) Transmission electron micrographs of
intracellular distribution of nontargeted PEG-HAUNS and PEG-HAUNS with different
MCIR targeting moieties. M represents cell culture membrane. MP represents membrane
pore. Asterisks represent endocytosis of nanoparticles at luminal cytoplasmic membrane.
Arrows represent transcytosis of nanoparticle-incorporated vesicles toward basolateral
cytoplasmic membrane. Arrowheads represent exocytosis of nanoparticles.
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Fig. 5.

Targeting B16/F10 melanoma in a mouse model. (A) Representative microPET images at 1,
4, and 24 h after intravenous injection of 84Cu-labeled PEG-HAUNS, Ago39-PEG-HAUNS,
or Ant367-PEG-HAUNS with or without the presence of 500 g of pegylated Ant
(blocking), n=3. Arrows, tumor. (B) Quantitative analysis of tumor uptake of 84Cu-labeled
HAUNS, n=3. (C) Immunofluorescence micrographs of tumor tissue following nanoparticle
injection. Bars, 20 wm. Arrows, colocalization of Ago39-PEG-HAuUNS with internalized
MC1R.
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Fig. 6.
(A) Scheme for transcytosis of MC1R agonist-conjugated HAUNS. (B) Schematic

illustration showing the mechanism of tumor targeting through delivery of nanoparticles

with different homing ligands on surface.
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