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Abstract

Rationale: “Active targeting” based on the ligand-target affinity is a common strategy to precisely deliver
nanoparticle (NP) imaging probes or drug carriers to the diseased tissue. However, such ligand-mediated
active targeting inevitably takes place with prerequisite “passive targeting”, driven by the enhanced
permeability and retention (EPR) effect. Thus, the efficiency of active targeting in relation to off-targeted
unbound NPs is of great importance in quantitative imaging of tumor biomarkers and delivery. With the
notion that easy clearance of off-targeted ulONPs may lead to enhanced active targeting and tumor
accumulation, we examined the NP size effect on “active targeting” of the transferrin receptor (TfR) using
transferrin (Tf)-conjugated sub-5 nm (3 nm core) ultrafine iron oxide NPs (ulONPs) and larger IONPs
(30 nm core).

Methods: Green fluorescent dye (FITC)-labeled active targeting ulONPs (FITC-Tf-ulONPs) and red
fluorescent dye (TRITC)-labeled passive targeting ulONPs (TRITC-ulONPs) were prepared.
FITC-Tf-IONPs and TRITC-IONPs were used as comparison for the NP size effect. Multiphoton imaging,
confocal fluorescence imaging, histological staining and computational analysis were applied to track
different types of NPs in tumors at 1, 3 and 24 hours after co-injection of equal amounts of paired NPs,
e.g, active targeting FITC-Tf-ulONPs and non-targeting TRITC-ulONPs, or FITC-Tf-IONPs and
TRITC-IONPs into the same mice bearing 4T1 mouse mammary tumors.

Results: Active targeting ulONPs exhibited an almost 6-fold higher level of tumor retention with deeper
penetration comparing to non-targeting ulONPs at 24 hours after co-injection. However, accumulation
of active targeting IONPs with a 30-nm core is only about 1.15-fold higher than non-targeting IONPs. The
enhanced active targeting by ulONPs can be attributed to the size dependent clearance of unbound
off-targeted NPs, as majority off-targeted ulONPs were readily cleared from the tumor by intravasation
back into tumor blood vessels likely due to high interstitial pressure, even though they are not favorable
for macrophage uptake.

Conclusion: Ligand-mediated active targeting improves the delivery and accumulation of the sub-5 nm
NPs. The improvement on active targeting is size-dependent and facilitated by NPs with sub-5 nm core
sizes. Thus, sub-5 nm NPs may serve as favorable platforms for development of NP-based molecular
imaging probes and targeted drug carriers.

Key words: Iron oxide nanoparticles, Active targeting, Enhanced permeability and retention, Molecular imaging,
Drug delivery.
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Introduction

Nanoparticles (NPs) have been widely used as
molecular imaging probes and image-guided drug
delivery systems, especially in cancer theranostics
[1-3]. Substantial efforts and advancements have been
made in engineering NPs to improve imaging
capabilities [4-5], therapeutic efficacy [6],
biodistribution, pharmacokinetics [7], and tumor
targeting efficiency [8-9]. Various cell receptors that
are over expressed in tumors are explored as
biomarkers for targeted imaging and drug delivery
with development of high affinity targeting ligands
coupled on the selected NPs. Biomarker specific
“active targeting” based on the ligand-target affinity
was a common strategy in order to precisely deliver
NP imaging probes or drug carriers to tumors after
systemic administration [10-12]. Ideally, the
biomarker specific active targeting should enable
quantitatively imaging biomarkers with ligand
functionalized NP probes for diagnosis, monitoring
disease progression and treatment responses, and
directing therapeutics to the targeted disease tissue.
However, such ligand-mediated active targeting is
inevitably taking place with prerequisite “passive
targeting”, driven by the enhanced permeability and
retention (EPR) effect that is mediated by leaky tumor
vasculature and dysfunctional lymphatic drainage. In
fact, it is generally considered that the EPR driven
passive targeting plays a dominating role over active

1 & 3 hours

FITC-Tf-ulONPs
<

.
Co-m;ecujrn (LV.) }\ 2 \
QD CONE e

TRITC-ulONPs

4T1 breast tumor

FITC-Tf-IONPs (30 nm)
i W
x
F A

|
Co-injection (LV.) 4}\ v e o | :
; . - P
R S

: 4T1 breast tumor
TRITC-IONPs (30 nm)

0 FITCTINPS Q@ i .
Oligosaccharide o s .l-"ﬁy =N

-coated NPs

TRITC-NPs Transferrin (Tf) Cancer cell Macrophage

targeting, leading to the questions whether the active
targeting strategy is sufficiently effective or even
necessary. Studies using various tumor targeting
ligands, e.g., folic acid [13], amino terminal fragment
(ATF) peptide [14], RGD [15], transferrin (Tf) [16], and
anti-HER?2 antibodies [17], in different animal tumor
models showed that active targeting did promote
rapid and early binding of NPs to tumor vessels,
although the reports on long-term tumor
accumulation of NPs were inconsistent. More
recently, it is reported that active targeting of NPs
only contributes to a minimal amount of cancer cell
specific NP uptake in the solid tumors [18]. On the
other hand, a considerable number of publications
suggested the benefit of using ligand-mediated active
targeting approaches, which led to better outcomes in
tumor delivery and retention of theranostic NPs [13,
19-21]. For example, Tf-modified gold NPs presented
Tf content-dependent intracellular NP localization in
solid tumors [16]. More importantly, the presence of
EPR-mediated passive targeting and accumulation of
off-targeting NPs lead to intrinsic “noise” background
that interferes quantitative imaging of biomarkers and
delivery of biomarker targeting NPs. Achieving a
high level of active targeting to enhance
“signal-to-noise ratio” is essential to address this key
requirement for targeted therapy by precision
medicine.
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Scheme 1. Schematic illustration of the possible mechanism of sub-5 nm ulONPs promoting active targeting that can be tested: At the early time points (I and 3 hours) after
co-injection, both ligand mediated active targeting and passive targeting ulONPs undergo fast extravasation into tumors from the leaky tumor vessels comparing to larger IONPs
due to size advantage in permeation; At the late time point (24 hours), TfR targeting ulONPs, i.e., FITC-Tf-ulONPs, may exhibit longer tumor retention and intratumoral
distribution within tumor environments due to the specific ligand-target interactions, while the majority of passive targeting ulONPs, i.e., TRITC-ulONPs, as well as other
unbound or off-targeted FITC-Tf-ulONPs are cleared out of the tumor and intravasated back into blood vessels but not uptaken by macrophages that prefer larger NPs;
However, both ligand mediated active targeting and passive targeting IONPs (30 nm core size) have similar tumoral accumulation due to the limited intravasation.
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Noticeably, most of the earlier studies
investigated NPs with core sizes of 10-300 nm which
are favorable for EPR-driven passive targeting [22-23].
In this case, limited intravasation of large sized NPs
back into the blood circulation leads to the retention
of NPs in the tumor tissue without the need of
ligand-mediated active targeting [24-25]. A systematic
comparison of the size effect on active and passive
targeting using spherical gold NPs with core sizes of
15, 30 and 100 nm revealed no significant difference in
tumor accumulation of these active and passive
targeting gold NPs of different sizes [26]. However,
NPs with the core sizes smaller than 10 nm have been
shown capable of crossing tumor blood vessels and
diffusing within interstitial space of tumor tissue with
less restrains than their larger counterparts [27-28],
and moreover, targeting moieties could also facilitate
such smaller NPs to retain within tumor interstitium
[29-31]. Recently, we have demonstrated that sub-5
nm ultrafine iron oxide NPs (ulONPs) with a core size
of 3 nm and unique Ti-T> dual contrast effect on
magnetic resonance imaging (MRI) could exert the
EPR effect and enhance intratumoral distribution of
NPs compared to larger counterparts due to easier
extravasation from the tumor blood vessels and
deeper tissue penetration [32]. In this work, we
rationalize that the efficiency of clearing unbound
off-targeted NPs with or without ligand conjugated is
important to obtain a high percentage of active
targeting in relation to passive targeting. The
clearance of unbound off-targeted “by stander” NPs is
likely caused by: 1) diffusing away from tumor
interstitial space and then intravasation through leaky
tumor blood vessels back to circulation or through
poor lymphatic vessels; 2) uptake by active
macrophages in the tumors. Therefore, ulONPs with a
favorable size for clearance would allow for
improving active targeting by reducing accumulation
of off-targeted NPs. Scheme 1 illustrates the
experiments designed to investigate this possible
mechanism.

We selected Tf as the tumor targeting ligand
because of its specific interactions with Tf receptor
(TfR) over-expressed cancer cells and broad
applications in receptor-mediated delivery of
drug-conjugates [33-34] and tumor imaging [35-36].
Multiphoton imaging was used to track fluorescent
dye-labeled active targeting-ulONPs and non-
targeting ulONPs at the different time points (1, 3 and
24 hours) after co-injecting paired two types of NPs
into the same mice bearing orthotropic 4T1 mouse
mammary tumors. Results showed substantial
differences  between time-dependent tumoral
accumulation profiles of active and passive targeting

ulONPs based on the quantitative analysis of different
NPs delivered and accumulated in the tumors.

Results and Discussion

Specificity of active targeting ulONPs

To use optical imaging methods to track and
evaluate different ulONPs and IONPs in real-time for
the role of passive and active targeting on tumoral
delivery of NPs, tumor-targeting ulONPs labeled
with a green fluorescent dye (FITC-Tf-ulONPs) and
non-targeting ulONPs labeled with a red fluorescent
dye (TRITC-ulONPs) were first prepared. Both
FITC-Tf-ulONPs and TRITC-ulONPs were evaluated
for their physicochemical properties at the completion
of the preparation and before each set of in vitro and in
vivo experiments. As shown in Figure 1A-B, both
FITC-Tf-ulONPs and TRITC-ulONPs were stable and
monodispersed with a fairly uniform core size of 3 nm
as measured by transmission electric microscopy
(TEM), and showed a tight size distribution range in
the dynamic light scattering (DLS) measurement with
no statistically significant change after storage at 4 °C
for one or two weeks. Zeta potential measurements
revealed the reduction of negative surface charge
(from -48 to -18 mV) as the result of successful
ammonization of the oligosaccharide coating to
introduce -NH» functional groups on the surface.
After reacting with FITC-Tf or TRITC, zeta potentials
of FITC-Tf-ulONPs and TRITC-ulONPs changed to
-35 and -38 mV (Figure 1C), respectively, indicating
successful conjugation of the ligands and/or dyes
[40-41]. Compared to the hydrodynamic size of
oligosaccharide-coated ulONPs measured by DLS, the
size of TRITC-ulONPs was nearly unchanged, and the
slight hydrodynamic size increase (~ 4 nm) on
FITC-Tf-ulONPs due to conjugation of Tf ligands onto
ulONP surfaces (Figure 1D). The presence of small
red-shift and reduced intensity in the emission spectra
of FITC-Tf-ulONPs and TRITC-ulONPs (Figure 1E
and F) compared to that of free FITC or TRITC was
attributed to the weak “quenching” effect on dyes due
to the existence of ulONPs, which presented strong
absorption in the visible range [42-43]. The ligand
density was estimated as 3 Tf ligands per ulONP (14
Tf ligands per IONP) based on the result from the
bicinchoninic acid assay (BCA) for quantifying
proteins [44].

To evaluate the targeting property of
FITC-Tf-ulONPs and TRITC-ulONPs, cell binding
assays were performed in vitro on the 4T1 mouse
mammary tumor cell line over-expressing TfR. As
shown in Figure 1G, sharp green fluorescence around
cells indicated that a high level of FITC-Tf-ulONPs
bound to 4T1 cells, but no visible red fluorescence was

http://lwww.thno.org
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observed from the cells treated with non-targeting
TRITC-ulONPs (Figure 1H). To further confirm that
the Tf ligand was responsible for the specific
recognition of FITC-Tf-ulONPs by 4T1 cells, a
blocking experiment was conducted by first treating
4T1 cells with free Tf and then FITC-Tf-ulONPs. As
shown in Figure 11, we observed very limited uptake
of ligand conjugated FITC-Tf-ulONPs by 4T1 cells
with undetectable green fluorescence. The cell
viability tests with various concentrations (0-250 pg
Fe/mL) of FITC-Tf-ulONPs and TRITC-ulONPs
indicated that no significant toxicity from ulONPs
(Figure S1A-B).

We further validated the targeting specificity
with ex vivo imaging analysis of the 4T1 tumor tissue
treated or co-stained with both FITC-Tf-ulONPs and
TRITC-ulONPs. The 4T1 tumor model used in this
study was confirmed to overexpress TIR as
demonstrated by the immunohistochemistry (IHC)
assay using FITC-labeled Tf against TfR (Figure S2).
Specifically important for this study, using the intact

tumor tissue samples with tissue cytoarchitecture and
intercellular connections mimicking in vivo conditions
[45-46] to test the specificity of the probe provided
evidences for: (1) confirming the presence and over
expression of TfR in the 4T1 mouse mammary tumors
in mice subsequently used for in vivo NP delivery
experiments, and (2) validating ligand mediated
active targeting FITC-Tf-ulONPs in the tumor tissue
that retains morphological structure, heterogeneous
cell types and population as well as tumor
microenvironment, not just the homogenous cell
culture condition. Tumor tissue sections co-stained
with FITC-Tf-ulONPs and TRITC-ulONPs exhibited a
much higher green fluorescence intensity from
FITC-Tf-ulONPs with a more spread-distribution
pattern (Figure S3) comparing to the weak red
fluorescence from TRITC-ulONPs (Figure S3B-C)
under the same co-staining conditions. Combined
with observations in confocal fluorescence images and
H&E staining for the tumor morphological structure
(Figure S3E), it was found that tumor-targeting
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Figure 1. TEM images of (A) TRITC-ulONPs, and (B) FITC-Tf-ulONPs; DLS (C), zeta potential measurements (D), and fluorescent emission spectra (E-F) of ulONPs; confocal
fluorescence images of breast cancer 4T1 cells treated with (G) targeted FITC-Tf-ulONPs, (H) non-targeted TRITC-ulONPs, and (1) free Tf and FITC-Tf-ulONPs for the

blocking experiment.
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FITC-Tf-ulONPs located at the tumor center, which
consisted of TfR over-expressed tumor cells. In
comparison, non-targeting TRITC-ulONPs mainly
resided in the stroma areas around the tumor nest

(circled with dashed red curves) [47-48]. The
observations from analysis of intratumoral
distributions of different NPs indicated that

FITC-Tf-ulONPs were capable of targeting 4T1
tumors through interactions of Tf ligands conjugated
on NPs to the targeted TfR. To rule out the possible
contamination of the free fluorescent dyes or
auto-fluorescence from the tissue, Prussian blue
staining for iron was performed to examine the
presence of ulONPs on the same tumor slice used for
confocal fluorescence imaging. The strong blue stain
could be found to co-localize with green fluorescence
from FITC-Tf-ulONPs (Figure S3F). In addition, the
differences in the distribution of stained blue color
between the tumor regions with dense tumor cells
and peripheral areas further suggested that
ligand-target mediated binding between tumor cells
and FITC-Tf-ulONPs led to higher accumulation of
FITC-Tf-ulONPs on the heterogeneous tumor tissue.

Comparison of tumor uptake of active
targeting and non-targeting ulONPs

To examine the impact of ligand mediated active
targeting on ulONP delivery and retention in tumors
by directly comparing the ligand conjugated NPs with
the same NPs without ligands, an equal amount of
non-targeting TRITC-ulONPs (10 mg Fe/kg) and
active targeting FITC-Tf-ulONPs (10 mg Fe/kg) were
mixed and then co-injected into the same 4T1
tumor-bearing mice. Comparing to conventional
approaches of comparing different agents that need to
perform the experiments with different groups of
animals, the approach of co-injection of two pairing
agents in the same animal ensures the same delivery

route and physiological environment that both agents
navigate through, effectively minimizing, if not
eliminating, the inter-subject variations. Since
different NPs paired for comparison are labeled with
two wavelength distinctive fluorescent dyes,
multiphoton imaging can be used to track the location
and amount of each type of NPs in the same region of
the tumor for direct comparison of their distribution
and accumulation. In this study, time dependent
observations and measurements of fluorescent
dye-labeled active targeting and non-targeting
ulONPs were carried out at 1, 3 and 24 hours after
co-injection to differentiate and examine the
differences in dynamic processes of targeted delivery
and clearance of unbound off-targeted FITC-Tf-
ulONPs and TRITC-ulONPs in the same tumors.

As shown in multiphoton microscopy images of
selected tumor slices, co-injected active targeting
FITC-Tf-ulONPs with green fluorescence and
non-targeting TRITC-ulONPs with red fluorescence
exhibited similar tumor uptake and intratumoral
distributions at the time points of 1 hour (Figure 2B vs.
2H) and 3 hours (Figure 2D vs. 2J) after co-injection.
Observed similar level of NP delivery and
intratumoral distributions suggests that at the early
time points, NP delivery was predominately due to
the passive targeting, mostly driven by the EPR effect
as reported in our previous study on improved
intratumoral delivery of sub-5 nm sized ulONPs [32].
However, 24 hours after co-injection, differences in
the amounts of active targeting FITC-Tf-ulONPs and
non-targeting TRITC-ulONPs delivered to the tumor
and their intratumoral distributions became
significant, revealing the distinct tumor retention
properties of two different types of ulONPs (Figure
2F-L). While the red fluorescent signal from non-
targeting TRITC-ulONPs markedly faded away, the
active targeting FITC-Tf-ulONPs remained in the

Figure 2. 3D re-construction of multiphoton microscopic images taken from an 8 mm3 tumor tissue block collected from 4T1 tumor-bearing mice co-injected with active
targeting FITC-Tf-ulONPs (green) and non-targeting TRITC-ulONPs (red) at different time points (A and G for | hour, C and I for 3 hours, E and K for 24 hours after injection)
with the selected cross-sections (B and H for | hour, D and ] for 3 hours, F and L for 24 hours). Tumor collagen was visualized using second harmonic generation (SHG), and

presented as bright signals in a grayscale setting. The scale bar for all images is 50 um.
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