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Abstract
It is generally accepted that the presentation of multiple ligands on a nanoparticle surface can
improve cell targeting; however, little work has been done to determine whether an optimal ligand
density exists. We have recently developed a site-specific bioconjugation strategy that allows for
distinct control of ligand density on a nanoparticle through the combined utilization of expressed
protein ligation (EPL) and copper-free click chemistry. This EPL-Click conjugation strategy was
applied to create superparamagnetic iron oxide (SPIO) nanoparticles labeled with HER2/neu
targeting affibodies at differing ligand densities. It was discovered that an intermediate ligand
density provided statistically significant improvements in cell binding compared with higher and
lower ligand densities. This intermediate optimal ligand density was conserved across
nanoparticles with differing hydrodynamic diameters, different HER2/neu targeting ligands and
also to cells with lower receptor densities. Additionally, an intermediate optimal ligand density
was also evident when nanoparticles were labeled with folic acid.

Keywords
Ligand Density; SPIO; Targeting; Click Chemistry; nanoparticle

Introduction
Continuing advancements in nanoparticle technologies has led to their use in a myriad of
biological applications extending from cell tracking to advances in drug delivery. Further,
with the limitless ability to modulate nanoparticle syntheses and modifications to fit specific
areas of need, it is envisioned that their utility will only continue to grow. In applications
where nanoparticles are used to improve the differential diagnosis or therapeutic treatment
of disease, it is becoming increasingly popular to modify nanoparticle surface characteristics
in an effort to increase their accumulation at sites of interest and decrease their non-specific
uptake in other areas of the body. One of the most common modifications involves
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decorating the nanoparticle surface with multiple affinity ligands in order to actively ‘target’
nanoparticles to pathology-associated biomarkers of interest. The introduction of multiple
targeting ligands onto nanoparticle surfaces (multivalency) has been shown to increase
binding avidity, increase the rate of internalization and ultimately improve therapeutic
efficacy and/or image contrast.1–5

One particular class of nanoparticles that has become increasingly dependent on targeted
delivery is superparamagnetic iron oxide (SPIO) nanoparticles (NPs). SPIO NPs are an
attractive magnetic resonance (MR) contrast agent, providing T2*-weighted contrast
enhancement in MR imaging applications. Due to their strong contrast-enhancing
capabilities, biocompatibility and ability to provide functional data concomitant with
anatomic information, SPIO have recently been evaluated as molecular imaging agents,
whereby they are used to report the expression level of target cell-surface receptors to
improve the specificity of disease detection. However, while SPIO NPs have seen extensive
biological applications, their full transition to the clinic as molecular imaging agents has
been slow developing due to the high concentrations of accumulated SPIO NPs needed to
generate detectable MR contrast in an area of interest.

To date, affinity ligands have been used to deliver SPIO NPs to a range of different
pathologies, including tumor cells6,7, tumor vasculature8,9, atherosclerosis10–12 and several
other biological phenomena13–18; however, in all cases, little work has been done to
determine optimal ligand densities for receptor targeting and cell binding.19–21 Given the
sensitivity drawbacks associated with contrast-enhanced MRI, optimizing the cell binding
capabilities of targeted SPIO is critical and could vastly enhance their applicability in
several areas of clinical need. One reason for the lack of studies pertaining to the
optimization of ligand density stems from the inability to tightly control the efficiency of
nanoparticle labeling and the inability to control the orientation of the targeting ligands on
the nanoparticle surface, using conventional bioconjugation techniques.22 Recently, we have
reported on the development of a novel bioconjugation strategy that combines expressed
protein ligation (EPL) and click chemistry to produce a highly efficient and site-specific
bioconjugation reaction that ensures that all targeting ligands have the same orientation.5

Using EPL-Click bioconjugations, we have been able to gain more precise control over
nanoparticle ligand density and study the implications that ligand density has on cell
receptor targeting. In our approach, bacterially expressed HER2/neu-targeted Affibodies
(HER2-Affibodies) were ligated to an azido-fluorescent peptide (AzFP) via EPL (Figure 1).
The product of this reaction, which we refer to as HER2-AzFP, was then clicked to aza-
dibenzocyclooctyne (ADIBO)-labeled SPIO NPs at different concentrations to create
nanoparticles with differing HER2/neu targeting ligand densities. ADIBO is a
dibenzocyclooctyne derivative capable of copper-free click reactions with azides.23, 24 The
resulting HER2-SPIO conjugates were then assessed on the basis of their cell targeting
capabilities. To determine the generalizibility of our findings, the effect of ligand density on
cell targeting was evaluated under diverse experimental conditions, including with SPIO
NPs that possess differing hydrodynamic diameters, cells with diverse receptor densities,
and SPIO NPs with different targeting ligands. In all, three different targeting ligands were
assessed, HER2-Affibodies,25 a homology derived HER2/neu targeting peptide (AHNP)26

and folic acid, which was used to target the folate receptor.

Methods
See Supporting Information.
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Results
Copper-Free Click Conjugation

An effective analysis of ligand density requires a bioconjugation method that provides a
high degree of control and consistency when functionalizing nanoparticles with targeting
ligands. Previously, we reported that the combination of expressed protein ligation and
copper-catalyzed click chemistry can provide these necessary requirements. Herein we have
evolved the conjugation scheme to utilize aza-dibenzocyclooctyne (ADIBO), a new
functional group that allowed the click chemistry reactions to proceed without the need for
copper catalysts. Copper is known to cause transmetalation and even small amounts of the
ions can be highly toxic,27,28 thus the evolution of our bioconjugation to utilize copper-free
click chemistries may have a higher degree of clinical applicability as compared to copper-
dependent techniques. To demonstrate the consistency and controllability of the copper-free
conjugation strategy, a fixed concentration of ADIBO-labeled SPIO NPs was labeled with
increasing concentrations of HER2-AzFP. Notably, since there is a 1:1 stoichiometric ratio
between the HER2-affibody and the fluorescent dye on the AzFP, the extent of labeling can
generally be assessed by measuring the absorbance of the attached dye. The relationship
between the fluorescence intensity of fluorescein (FAM5) on HER2-SPIO and the number
of HER2 affibodies per SPIO is shown in Figure S1. The fluorescence intensity of HER2-
SPIO increased linearly with ligand density, with perhaps some self-quenching evident at
the highest labeling ratios examined.

HER2-SPIO Characterization
Cell binding of actively targeted nanoparticles is dependent on many factors, several of
which can be attributed directly to the nanoparticle itself. Specifically, shape, size, and
surface charge have been shown to have significant effects on the non-specific binding of
nanoparticles.29,30 In order to accurately compare SPIO conjugates, it was first necessary to
establish which, if any, nanoparticle physico-chemical parameters were altered by increasing
ligand surface density. Following surface functionalization with the HER2-AzFP,
measurements were taken to assess the hydrodynamic diameter, surface zeta potential and
magnetic relaxivity of each conjugate (Table 1). Additionally, unlabeled ADIBO-SPIO NPs
were also analyzed. As indicated in Table 1, the addition of HER2-AzFP did not
significantly alter any of the basic nanoparticle characteristics. All nanoparticles had a
hydrodynamic diameter of roughly ~26 nm, and also a negative surface zeta potential (~ -15
mV). A representative size distribution for a 26 nm NP can be found in Figure S2.
Nanoparticle surface zeta potentials were kept at a negative charge as we have found that
positive surface zeta potentials for nanoparticles can induce non-specific cellular
associations and uptake (See Figure S3).29, 31 Surface labeling with HER2-AzFP also had
little effect on the magnetic properties of the nanoparticles, as each SPIO conjugate and the
unlabeled SPIO had R2 relaxivities of ~133 mM−1s−1 and R1 relaxivities of ~13 mM−1s−1.

Effect of Ligand Density on Receptor Targeting
The cell targeting capabilities of HER2-SPIO conjugates with differing ligand densities were
assessed by conducting cell-labeling assays with HER2/neu-positive (T6-17) cells. Flow
cytometric analysis of targeted cells revealed strong cell labeling for each HER2-SPIO
conjugate, with each conjugate displaying a high degree of specificity for the HER2/neu
receptor as determined by competitive inhibition analysis (Figure 2A). All flow cytometry
measurements were adjusted to account for differences in the fluorescence per NP that
existed between SPIO NPs with different ligand densities (Figure S1). Unexpectedly, the
highest degree of cell labeling was noted for the SPIO-conjugates that had an intermediate
number of ligands per nanoparticle. Specifically the SPIO conjugates with 23 ligands/SPIO
exhibited a statistically significant higher degree of cell labeling (p <0.05) compared to
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conjugates with fewer (11.5) and higher (31.2 and 35.8) numbers of ligands/SPIO. Increases
in ligand density were expected to result in SPIO NPs with higher avidities; however, our
empirical evidence indicates that there exists an optimal intermediate ligand density for
HER2/neu receptor targeting. Representative raw flow cytometry data (unadjusted and
unnormalized) is provided as supporting information (Figure S4A). Interestingly, even when
the flow cytometry data was not adjusted for differences in NP fluorescence, cells labeled
with HER2-SPIO with an intermediate ligand density exhibited a higher mean fluorescent
intensity (MFI) than cells labeled with HER2-SPIO with a higher ligand density. This was
despite the fact that the HER2-SPIO with an intermediate ligand density had less
fluorescence per NP than HER2-SPIO with a higher ligand density (Figure S1). Notably,
flow cytometry measurements were highly reproducible, with minimal variability between
repetitive experiments (Figure S4B).

Implications of ligand density on MR Imaging
To underscore the importance of optimizing ligand density for cell targeting studies and to
eliminate concerns that fluorescent artifacts (e.g. self-quenching, inaccurate adjustments
when accounting for differences in fluorescence per NP) were responsible for the findings
reported in Figure 2A, T6-17 cell cells were targeted with 26 nm HER2-SPIO conjugates
(11.5, 23.0 35.8 Affibody/SPIO) and were analyzed and compared based on T2-relaxation
times of the cell suspensions. T2-relaxation times were measured using a Bruker mq60 MR
relaxometer operating at 1.41 T (60 MHz). All six conjugates showed a marked decrease in
T2-relaxation times as compared to non-targeted cells and competitive inhibition assays
(Figure 2B). Quantitative analysis within the targeted conjugate groups revealed that the
23.0 Affibody/SPIO conjugate produced a statistically significant decrease in T2-relaxation
time when compared to the other conjugates (p < 0.05), which is consistent with flow
cytometry measurements. However, it is important to note that while relative changes in T2-
relaxation time, as a function of ligand density, were in close agreement with the flow
cytometry studies, T2 relaxation times are inversely and non-linearly dependent on iron (i.e.
SPIO) concentration and are influenced by other factors such as magnetic field strength and
pulse sequence. Therefore, the total effect size will differ from fluorescence measurements,
which generally increase linearly with the amount of contrast agent.

T2*-weighted MR images collected for each cell pellet using a 9.4T, 31 cm horizontal bore
MR spectrometer highlighted the importance of optimizing cell targeting (Figure 2B, right
panel). Despite the significant decreases in T2-relaxation times acquired for each sample
using the benchtop relaxometer, only two of the targeted cell pellets elicited observable
negative contrast upon MR-imaging, with the conjugates possessing 23.0 Affibody/SPIO
producing the greatest loss in signal. Notably, the observed discrepancies between T2-
relaxation times and negative contrast in the MR images can likely be attributed to the
specific pulse sequences that were applied and the intrinsic sensitivities of the systems.

Effect of Nanoparticle Hydrodynamic Diameter on Receptor Targeting
To investigate whether the hydrodynamic diameter of targeted nanoparticles alters the
sensitivity of cell labeling to variations in ligand density, ~50 nm SPIO NPs were
synthesized and surface functionalized with the ADIBO click agent. A fixed concentration
of ADIBO-SPIO was then ‘clicked’ with increasing concentrations HER2-AzFP ligands
(Figure S5). In total, six distinct HER2-SPIO conjugates with differing ligand densities were
used for cell labeling studies with HER2/neu positive T6-17 cells. A representative size
distribution for a 50 nm NP can be found in Figure S6.

Flow cytometric analysis of targeted cells revealed that the 50 nm HER2-SPIO conjugates
elicited a similar ligand density effect as the smaller 26 nm HER2-SPIO conjugates (Figure
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3A). Specifically, optimal cell targeting was achieved with at an intermediate ligand density
(57.4 ligands/SPIO), with a statistically significant increase in cell labeling compared to
SPIO NPs with both higher and lower ligand densities (p<0.05). Representative raw flow
cytometry data (unadjusted and unnormalized) is provided in Figure S7.

Comparison of the 26 nm and 50 nm HER2-SPIO conjugates on the basis of the number of
ligands per nanoparticle surface area revealed that for the two different sizes, there exists a
nearly identical optimal ligand density for cell targeting (Figure 3B). Specifically, HER2-
SPIO conjugates with both hydrodynamic diameters experienced the highest degree of cell
labeling at ~0.01 ligands/nm2.

Effect of Receptor Density on Receptor Targeting
The density of cell surface receptors plays an integral role in nanoparticle targeting studies.
An ideal target for diagnostic and therapeutic applications should exist at high
concentrations with a high specificity for the pathology of interest, yet not all diseases of
interest are associated with a highly over-expressed biomarker. To this end, we investigated
the extent to which levels of HER2/neu receptor expression affect the cell targeting
capabilities of HER2-SPIO conjugates with differing ligand densities. For these studies, the
BT-20 cell line was selected which is known to express the HER2/neu receptor at low
concentrations32 in contrast to the T6-17 cells described above which are genetically
engineered to express high levels of HER2/neu receptor expression. Four 26 nm HER2-
SPIO conjugates with differing ligand densities (6, 12, 23, 36 ligands/SPIO) were targeted to
BT-20 cells, and the extent of cell labeling was determined by flow cytometric analysis
(Figure 4). Despite the low receptor density, the effect of nanoparticle ligand density on cell
labeling was conserved. Specifically, the highest cell labeling was noted for HER2-SPIO
conjugates with intermediate ligand densities (11 and 23 ligands/SPIO), while cells targeted
with conjugates possessing 6 and 36 ligands/SPIO displayed a statistically significant lower
level of cell labeling (p < 0.05). Conservation of the ligand density effect at low receptor
concentrations could have significant implications on active targeting studies. Notably, it is
suspected that no statistical difference was observed between BT-20 cells labeled with NPs
at ligand densities of 11 and 23 ligands/SPIO because of the much narrower dynamic range
between maximally labeled and unlabeled cells, compared with T6-17 cells Figure S8).

Extension of Ligand Density Effect to Other Targeting Ligands
While the effect of ligand density was established for targeted HER-SPIO nanoparticles on
the basis of nanoparticle size and receptor density, it remained unclear whether these effects
extended to other targeting ligands. First, it was examined whether SPIO NPs (26 nm)
conjugated to a different HER2/neu-targeting ligand would also have an intermediate
optimal ligand density for cell labeling experiments. Specifically, a small, homology derived
anti-HER2/neu peptide (AHNP) was selected for investigation.26 Several AHNP-SPIO
conjugates, with a range of ligand densities, were prepared and incubated with T6-17 cells.
The degree of cell binding was investigated by measuring the T2-relaxation times of cell
suspensions and by collecting T2*-weighted MR images of analogous cell pellets (Figure
5A). As was observed with the HER2-SPIO conjugates, T6-17 cells targeted with AHNP-
SPIO conjugates all showed a marked decrease in T2-relaxation times, with the most
significant decreases coming from AHNP-SPIO labeled with the lowest ligand density tested
(p<0.01). It is not surprising that different HER2/neu-targeting ligands would exhibit
different trends in cell binding; however, for both ligands the optimal targeting of the HER2/
neu receptor occurred for ligand densities well below saturating levels, underscoring the
importance of assessing and controlling ligand densities for targeted nanoparticle studies.
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To examine whether the observed differences in cell binding that result from varying the
ligand density could be extended to other popular biomarkers, the 26 nm SPIO NPs were
functionalized with folic acid (FA), a ligand for the folate receptor. Specifically, aminated
SPIO NPs were reacted with increasing concentrations of NHS-FA to produce FA-SPIO
with increasing FA ligand densities. FA-SPIO conjugates were incubated with KB cells,
which are known to overexpress the folate receptor. Cells were washed and analyzed for cell
binding by measuring their T2 relaxation times (Figure 5B). Similar to HER2/neu-targeted
SPIO, FA-SPIO showed the greatest degree of cell binding at an intermediate FA density,
with marked decreases in cell binding noted for higher and lower ligand densities of FA.
Moreover, when T2*-weighted images were collected for FA-SPIO targeted KB cells, a
drastic improvement in negative contrast generation was noted for the optimal ligand density
as compared to higher and lower variants (Figure 5B, right panel). Extending the observed
ligand density effect to a new receptor class emphasizes the importance of optimizing ligand
densities for targeted nanoparticle studies as it is now evident that these results are not just
applicable to HER2/neu targeting, but likely many systems.

Discussion
The ability to optimize targeted nanoparticle platforms by controlling ligand density could
have significant downstream effects on generated contrast and dose delivered for diagnostic
and therapeutic studies. Herein, we have shown that for at least some nanoparticle platforms
and targeting ligands there exist an optimal ligand density below nanoparticle surface
saturation levels and that selecting this density for targeted cell studies results in significant
improvements in cell binding and contrast. Additionally, we have shown that this optimal
ligand density effect persists across nanoparticles with different hydrodynamic diameters
and different targeting ligands, as well as across cells with different receptor densities and
different targeted receptors. Importantly, when evaluating the effect of ligand density on
nanoparticle systems, it is important to take into account that there is an inherent degree of
variability and limited precision with all measurements. For example, most NP systems,
particularly those above 20 nm are not monodisperse, including SPIO NPs. Further, in most
cases only the average number of ligands per NP can be varied not the exact number of
ligands on every NP. Therefore, there will be a distribution in the actual number of ligands
per NP, with some NPs having fewer ligands and some more. The width of this distribution
is largely dependent on the number of ligand grafting sites and the conjugation efficiency.33

In order to facilitate narrow ligand distribution, a large number of grafting sites (e.g. ~50–
100 per NP or more) and efficient bioconjugation reactions are required. Notably, the 26 nm
SPIO-NP that was primarily used in this study was labeled with as many as 72 ligands
(AHNP) and the 50 nm SPIO-NP was labeled with over 100 HER2-affibodies. Moreover,
click conjugation reactions are known to have reaction efficiencies nearing 100%.34

Therefore, although it cannot be assessed directly, it is expected that the distribution of
functional ligands in this study is relatively narrow. This is further supported by the clear
differences in cell labeling that we observed with SPIO-NPs with different ligand densities.
One of the complications associated with a broad distribution of functional ligands is that
there is a large overlap between NP formulations with different average ligand densities.
This high degree of overlap makes it difficult to identify differences in cell binding between
two NP formulations, because both formulations would be largely composed of NPs with
very similar ligand densities.

Several factors may contribute to the observed ligand density effect, including but not
limited to steric interference stemming from ligand size, packing densities, and ligand
orientation, receptor mobility and receptor internalization. Steric interference between
ligands on the nanoparticle surface may occur due to their tight packing at high densities.
The relatively small size of the HER2-Affibody, AHNP peptide and folate molecule
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theoretically allow for high packing densities on the nanoparticle surface. Increasing the
average number of ligands per nanoparticle will greatly increase the propensity of two
ligands existing in close vicinity. This can create competition between multiple ligands for a
single receptor and also has the potential to limit the access that ligands have to receptors.
For example, over crowding could prevent ligands from obtaining the correct orientation
necessary for binding. This effect would presumably be amplified when all of the targeting
ligands possess the same orientation, as is the case in this study and in most studies where
peptides and small molecules are used. Such an effect would not be expected to occur for
larger targeting ligands and would likely be less pronounced when the surface orientation of
the targeting ligands is random, i.e. when bioconjugation is not site-specific. Indeed,
nanoparticle ligand density studies that have been conducted with randomly oriented
antibodies, single chain antibody fragments (ScFv’s), and large proteins, have shown that
cell binding generally increases with ligand density.20,33 In several of these reports it was
further shown that once a certain threshold in the ligand density is reached, there is no
further improvement in cell labeling.35, 36 Whether this saturation phenomena occurs seems
to be dependent on the affinity of the targeting ligand. For example, it was found that only
scFv’s with affinities above 15 nM exhibited this behavior. Binding affinities for the
Affibody (22 pM)25, AHNP peptide (300 nM)26 and folate receptor (10–1000 pM)37 fall on
either side of the 15 nM cut-off, yet optimal non-saturating ligand densities were noted for
all ligands. There do not seem to be any prior reports that suggest that nanoparticles labeled
with antibodies or other large targeting ligands have an optimal intermediate ligand density.
However, several recent publications have cited optimal intermediate ligand densities for
folate-labeled nanoparticles, which is consistent with our findings.21, 38–40 This seems to
suggest that ligand size and orientation may be two key factors that dictate whether an
optimal intermediate ligand density exists or whether cell labeling varies more
asymptotically with ligand density.

In addition to steric hindrances, another possible explanation of the observed ligand density
effect can be garnered by examining the state in which the HER2/neu receptor resides in the
cellular membrane. It has been reported that the HER2/neu receptors exist as ‘receptor
clusters’ in cellular membranes, with an average cluster size of 67 nm stemming from an
average of 9 proteins.41 Targeting these ‘clusters’ with very low ligand densities may not
provide a high enough nanoparticle avidity to result in stable cell binding. Intermediate
ligand densities may be optimal, allowing multiple nanoparticles to bind to each cluster. In
contrast, nanoparticles with a high ligand density may consume too many receptors in each
cluster and thus hinder other nanoparticles from binding to the same cluster. It is important
to note that “clustering” effects have been noted for many popular biomarkers in either their
active or inactive states, including the folate receptor42, ICAM-119, αvβ3 integrin43 and the
transferrin receptor44.

Interestingly, in silico analysis of ligand-directed nanoparticles towards diffusible,
membrane bound receptors has predicted optimal non-saturating ligand densities for cellular
uptake.45 Specifically, thermodynamic modeling revealed that adhesion strength between
nanoparticles and cells governs cellular uptake, and the enthalpic and entropic energies
governing this process are inherently linked to nanoparticle size and ligand density. When
ligand density is increased beyond optimal values, decreases in cellular uptake were
predicted for a range of nanoparticle sizes. At high ligand densities, these decreases were
partially attributed to a diminishing availability of accessible receptors for nanoparticle
binding due to high ratios of receptors bound per nanoparticle. Therefore, over-recruitment
and diminishing receptor availability is a possible explanation for the observed decrease in
cell binding at high ligand densities. With a limited number of receptors available for
binding, over-recruitment via high ligand density nanoparticles could decrease overall cell
binding. It should be noted, however, that these predictive models make assumptions that
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ignore some variability that intrinsically exists with experimental targeting studies. For
example, the thermodynamic models assume monodisperse NPs with even distributions of
ligands over the NP surface. The NPs used in this study, although relatively uniform in size,
were not monodisperse. Further, while the applied conjugation strategy can control for
ligand orientation and is expected to produce relatively narrow distributions in ligand
density, as discussed above, there will certainly be some variability in ligand density, which
is not accounted for in the model.

The presence of an intermediate optimal ligand density does not seem to be limited to the
NP platform presented here (i.e. SPIO). An intermediate optimal density of folic acid has
been reported on folate receptor-targeted liposomes21, 40 and micellar nanoparticles19, 38,
and simulated for general spherical particles.45 Thus, it is our opinion that the ligand density
effect is not constrained to specific nanoparticle platforms, but rather is dependent on the
surface packing density of functional ligands, the size of the ligands, and the orientation of
the surface bound ligand. For example, linking a ligand to a nanoparticle via a
bioconjugation technique that lacks chemoselectivity and cannot control for ligand
orientation can result in surface ligands with reduced or eliminated functionality, thus
altering the perceived ‘functional’ density of ligands. Additionally, use of inefficient
bioconjugation techniques46, 47 or construction of nanoparticles with limited conjugation
sites may hinder targeted nanoparticles from achieving optimal ligand densities. Also, as
was previously mentioned, ligand densities responsible for decreases in nanoparticle cell
binding may not be achievable with larger targeting proteins (i.e. scFvs, diabodies,
antibodies).

Notably, this study utilized a short, PEG linker (dPEG4) to connect the nanoparticle surface
and targeting ligand. Change in linker lengths and flexibility could increase the availability
of targeting ligands and alleviate potential steric hindrances. Computational analysis of the
effect of spacer arm length and flexibility for liposomal particles determined that longer
linkers increase the ‘area of influence’ for a nanoparticle thereby decreasing negative steric
effects.39 It should be noted, however, that utilizing long spacer arms for ligand attachment
could result in an increase in NP size and affect pharmacokinetics. As was noted in Table 1
for this study, no major differences were noted in SPIO nanoparticle hydrodynamic
diameters following addition of ligands.

Ultimately, the extension of these findings to in vivo targeting applications must be
considered. Surface functionalization of nanoparticles can effect known pharmacokinetic
properties of passively targeted nanoparticle precursors.48 The presence of different
targeting ligand surface densities may alter serum protein opsonization patterns and
accelerate systemic nanoparticle clearance49. In fact, one study has shown that while in vitro
cell binding studies were unable to distinguish between targeted nanoparticles with different
ligand densities, in vivo studies revealed that nanoparticles with ligand densities below the
highest conditions tested resulted in an increase in tumoral localization.4 While this result
presumably stems from improved nanoparticle pharmacokinetics, it does underscore the
multifaceted role that ligand density plays in vivo. Moreover, for popular targeted cancer
receptors that are known to also be expressed in healthy tissues (e.g. transferrin receptor,
folate receptor, EGFR), maximizing cell binding through ligand density could manifest
through off-site nanoparticle accumulation.50 Therefore, the optimal ligand densities for in
vivo use may be those which confer the greatest selectivity for the target tissue as oppose to
the highest avidity.

Actively targeted nanocarriers have emerged as a new tool with the potential to expand the
applicability of diagnostic imaging, and improve the selectivity of drug delivery systems.
Herein, we have shown that controlling the ligand density on a nanoparticles surface can
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have a significant impact on target cell binding. Specifically, intermediate ligand densities
were shown to provide optimal SPIO NP cell targeting regardless of nanoparticle size,
receptor density or the selected targeting ligand utilized. Such implications merit
consideration in targeted nanoparticle design, as optimized targeting could provide
significant benefits both in vitro and in vivo.
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Figure 1.
Schematic of EPL-Click conjugation strategy. Expressed protein ligation between a HER2-
Affibody containing a C-terminal thioester and an azido-fluorescent peptide (AzFP)
containing an N-terminal cysteine results in the chemoselective attachment of a “clickable”
azido-group onto the affibody (HER2-AzFP). Subsequent Copper-free click chemistry
between ADIBO modified SPIO-NPs and HER2-AzFP results in the site-specific attachment
of the HER2-Affibody onto the SPIO NPs.
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Figure 2.
Flow cytometric and MR analysis of T6-17 cells incubated with HER2-SPIO conjugates.
T6-17 cells were incubated with 26nm HER2-SPIO conjugates, with ligand densities
ranging from 11.5 to 35.8 affibodies per SPIO, for 30 minutes at 37°C. Analogous
competitive inhibition (C.I.) studies were performed in the presence of excess free HER2-
affibody. (A) Cell samples were then evaluated by flow cytometry. Each measurement
represents the normalized mean fluorescence intensity (MFI). (B) SPIO-labeled cells and
unlabeled cells (Blank) were also evaluated by acquiring T2 relaxation times and T2*-
weighted MR images of each sample. Statistically significant (p<0.05) improvements in cell
binding were found to occur for targeted SPIO NPs with an intermediate ligand density
(23.0 Affibody/SPIO).
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Figure 3.
Flow cytometric analysis of T6-17 cells incubated with 50nm HER2-SPIO conjugates. (A)
T6-17 cells were incubated with 50nm HER2-SPIO conjugates, with ligand densities
ranging from 16.5 to 129 affibodies per SPIO, for 30 minutes at 37°C. Cell samples were
then evaluated by flow cytometry. Each measurement represents the normalized mean
fluorescence intensity (MFI). Statistically significant (p<0.05) improvements in cell binding
were found to occur for targeted SPIO NPs with an intermediate ligand density (57.4
Affibody/SPIO). (B) The effect of differing ligand densities (HER2-AzFP per surface area)
on cell targeting was compared for 26nm and 50nm SPIO. Despite the differences in
nanoparticle hydrodynamic diameter, optimized cell targeting occurs at near identical ligand
surface densities.
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Figure 4.
Flow cytometric analysis of BT-20 cells labeled with various HER2-SPIO conjugates.
BT-20 cells, which express low levels of HER2/neu receptor, were incubated with 26 nm
HER2-SPIO conjugates, with ligand densities ranging from 6.4 to 35.8 affibodies per SPIO,
for 30 minutes at 37°C. Analogous competitive inhibition studies were performed in the
presence of excess free HER2-affibody. Cell samples were then evaluated by flow
cytometry. Each measurement represents the normalized mean fluorescence intensity (MFI).
SPIO NPs with low and intermediate ligand densities (11.5 and 23.0 Affibodies/SPIO,
respectively) exhibited statistically significant (p<0.05) improvements in cell binding as
compared to lower and higher ligand densities.
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Figure 5.
MR analysis of T6-17 cells labeled with AHNP-SPIO and KB cells labeled with folic acid
(FA)-SPIO. (A) T6-17 cells were targeted with AHNP-SPIO, with ligand densities ranging
from 20.6 to 72.1 ligands per SPIO, for 30 minutes at 37°C. Analogous competitive
inhibition studies (C.I.) were performed in the presence of excess free AHNP. SPIO-labeled
cells and unlabeled cells (Blank) were evaluated by acquiring T2 relaxation times and T2*-
weighted MR images of each sample. (B) KB cells were targeted with FA-SPIO for 30
minutes at 37°C. Note, the folic acid/SPIO reflects the reaction conditions not the final
labeling ratio, which could not be precisely determined. NPs reacted with 20.6 AHNP per
SPIO and 133 FA per SPIO exhibited statistically significant (p<0.05) improvements in MR
contrast as compared to SPIO with lower and higher ligand densities.
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