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Abstract
The combination of nanoparticle (NP) size, charge, and surface chemistry (e.g. extent of
modification with polyethylene glycol (PEG)) is accepted as a key determinant of NP/cellular
interactions. However, the influence of spatial arrangement and accessibility of the charged
molecules on the NP surface vis-à-vis the average surface charge (zeta potential) is incompletely
understood. Here we demonstrate that two types of mesoporous silica nanoparticles (MSNP) that
are matched in terms of primary and hydrodynamic particle size, shape, pore structure, colloidal
stability, and zeta potential, but differ in surface chemistry, viz. the spatial arrangement and
relative exposure of surface amines, have profoundly different interactions with cells and tissues
when evaluated in vitro and in vivo. While both particles are ~50 nm in diameter, PEGylated, and
positively charged (ζ = +40mV), PEG-PEI (MSNPs modified with exposed polyamines), but not
PEG-NMe3

+ (MSNP modified with distributed, obstructed amines) rapidly bind serum proteins,
diverse cells types in vitro, and endothelial and white blood cells in vivo (ex ovo chick embryo
model). This finding helps elucidate the relative role of surface exposure of charged molecules vs
zeta potential in otherwise physicochemically matched MSNP and highlights protein corona
neutrality as an important design consideration when synthesizing cationic NPs for biological
applications.
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Nanoparticle (NP)-cell interactions, particularly in complex in vivo microenvironments, are
regulated by an intricate spatiotemporal interplay of numerous biological and NP
characteristics. Multiple NP physicochemical properties including, at the most basic level,
material composition, size, shape, surface charge, and surface chemistry, have all been
reported to play significant roles.1–3 However, the relative importance of these diverse NP
physicochemical properties in regulating interactions with various biological systems
remains incompletely understood.1 As such, achieving or avoiding cell-type-specific
interactions in vivo requires an improved understanding of the relative roles of these diverse
NP properties, as well an ability to exert a high level of control over these properties during
NP synthesis. While the existing paradigm dictates that decreased size, neutral or negative
zeta potential, and extent of PEGylation are correlated with increased circulation time (i.e.
reduced interaction with host cells),4 the manner in which these combined physicochemical
properties conspire to direct in vivo cellular interactions has not been elucidated through
careful systematic studies, and the nature of these interactions is likely to vary significantly
by particle formulation and cell type. As amination of particles is commonly used in various
particle modification schemes to enable labeling or targeting, enhance binding and
internalization5, etc., here we attempt to further elucidate how the exposure of surface
amines affects interaction of PEGylated, colloidally stable MSNP with diverse cell types
both in vitro and in vivo. In order to directly reveal the influence of amine accessibility on
cellular interactions, we synthesized two types of MSNPs (studied extensively for NP-based
drug delivery6,7) with nearly identical size, shape, pore structure, colloidal stability,
PEGylation and zeta potential, but differing in exposure and spatial distribution of amines
on their surfaces.

It was found that despite the high degree of similarity between the particles (essentially
indistinguishable by commonly employed transmission electron microscopy (TEM),
dynamic light scattering (DLS), and zeta-potential measurements) exposure of even very
low amounts of surface primary amines dominated the NP-cell interaction with serum
proteins and cells in vitro and resulted in rapid clearance from circulation in vivo by
interaction with endothelial and white blood cells. Indeed, in vivo, amine accessibility (not
zeta potential) was found to alter circulation and vascular binding properties to a
significantly greater extent than NP size.

To address the relative effect of cationic molecule (amine) exposure on NP interaction with
cells, fluorescently labeled MSNPs matched for size, shape, pore structure, PEGylation, and
zeta potential (Figure 2 and Table 1) were synthesized by modification of a hydrothermal-
assisted method described previously8 (see SI) using trimethoxy-silylpropyl-modified
polyethyleneimine (MW = 1500–1800, PEI-silane, a branched cationic polymer composed
of primary, secondary and tertiary amines as identified in a previous study9) or N-
trimethoxysilylpropyl-N,N,N-trimethyl ammonium chloride (TMAC-silane, MW 258) as the
amination reagents (Figure 1) and 2-[methoxy(polyethyleneoxy)-propyl]trimethoxysilane
(MW 550–750, 9–12 EO, PEG-silane) for MSNP PEGylation. Compared to alternative
colloidal MSNP procedures,10 this hydrothermal process drives more extensive
condensation of silanes, minimizing surface exposure of silanol groups that on their own
drive strong NP/cellular interactions.11 By balancing the relative proportions of the
branched, higher molecular weight PEI-silane and lower molecular weight TMAC-silane
used in the respective synthesis procedures, we were able to prepare size- and charge-
matched particles wherein, for PEG-PEI, we expect that the higher molecular weight of the
branched PEI to expose primary amines beyond the PEG layer, while for PEG-NMe3

+

MSNPs, the quaternary amine of the hydrolyzed TMAC-silane is expected to be more
uniformly distributed and partially obstructed within the PEG layer (Figure 1).
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TEM imaging and DLS measurements revealed that the basic particle size, shape, pore
structure, hydrodynamic size in various solutions, and colloidal stability were nearly
identical between PEG-PEI and PEG-NMe3

+ MSNPs (Figure 2, Table 1, and Figure S1).
Additionally, zeta potential measurements indicated the particles to be cationic and charge
matched (ζ = +40 mV and +20 mV measured in DI water and 10 mM NaCl(aq), respectively
(Table 1 and Figure S2)). Pore size and total surface area as measured by nitrogen sorption
for both particles were ~2 nm and ~500 m2/g, respectively (Figure S3 and Table S1).
Measurement of hydrodynamic diameter by DLS in various solutions over time revealed
that, while the particles were colloidally stable and nearly identical in diameter when
measured in water, PBS, and cell culture medium, an instantaneous ~20 nm increase in
hydrodynamic diameter was observed for only PEG-PEI particles when incubated in
medium containing serum (Figure 2c, Figure S4, and Table 1).

This increase in diameter and change in zeta potential (+40 to −8 mV, table 1) is attributed
to the formation of a protein corona and indicates that, despite their nearly indistinguishable
physicochemical parameters routinely measured to assess and predict biomolecular
interactions, size-, shape-and charge-matched particles can behave differently in even the
most simplified mimic of biological conditions. Given that for comparably PEGylated NPs,
the combined size and charge are thought to be predominant factors dictating NP cellular
interactions, such as non-specific binding and internalization,4 and that cationic NPs in
particular show high degrees of non-specific binding and in some cases toxicity,3 we
exposed multiple cell types to PEG-PEI and PEG-NMe3

+ MSNP. As evident in fluorescence
microscopy images in Figure 3a–c, PEG-PEI particles bind strongly to A549 (human lung
carcinoma), A431 (human epithelial cancer), Hep3B (human hepatocellular carcinoma), and
human hepatocytes following 30 min exposure (10 µg/mL) under normal cell culture
conditions. In contrast, and unexpectedly for a cationic NP, PEG-NMe3

+ particles exhibit
minimal binding to all cell types under the same conditions (Figure 3b,d and S5). NP
binding observed via fluorescence microscopy was confirmed and quantified by flow
cytometry (Figure 3d and S5). Although in all cases PEG-PEI MSNPs demonstrated
significantly increased binding relative to PEG-NMe3

+ particles, it should be noted that, at
the same concentration of NPs, hepatocytes exhibited decreased binding to PEG-PEI
particles relative to other cell lines (Figure S5). While our primary goal was to elucidate the
effect of amine exposure on NP/cellular interactions, this observation highlights the
capability of the cell itself to regulate binding that would typically be classified as “non-
specific” (i.e. no specific targeting ligand and based on generally ubiquitous charge or
chemical interactions) and could be a result of variance in cellular membrane potential as
recently described.12 As the exposed primary amines on the PEG-PEI particles were
hypothesized to be responsible for the greatly enhanced binding of otherwise size-, charge-,
and PEG-matched particles, primary amines on the PEG-PEI particle were neutralized by
titration with acetic anhydride (see SI - the acetylated PEG-PEI MSNPs are designated as
PEG-PEI-ace). As expected, acetylation of the primary amines reduced the zeta potential,
measured to be +20 mV in DI water and +5 mV in 10 mM NaCl(aq)(Table 1). However the
particles were shown to be colloidally stable and exhibited no increase in size when
introduced into various solutions, including medium with serum (Table 1 and Figure S4).
Furthermore, we observed that elimination of primary amines completely inhibited non-
specific particle binding to various cell types (Figure 3c,d and S5). In all cases, no toxicity
was observed5 with any cell/particle combination after 24 h incubation at various
concentrations (12.5–200 Lg/mL) as assessed via water-soluble tetrazolium salt (WST-8),
lactate dehydrogenase (LDH), (Figure S6) and hemolysis assays (Figure S7) conducted with
human red blood cells. These results indicate both PEG-PEI and PEG-NMe3

+ are highly
biocompatible.
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While it was anticipated that cationic NPs would bind most cell types,2,3,14,15the relative
importance of the exposed amines in otherwise physicochemically matched particles is not
generally recognized. Indeed, the lack of binding of cationic PEG-NMe3

+ (+40 mV) was
unanticipated despite the presence of PEG. However, the NP binding studies reported in
Figure 3 were conducted in vitro without the multitude of competing biological factors
found in most in vivo systems. To investigate whether this dramatic differential cellular
binding occurs in a complex in vivo system (with blood proteins and cells, endothelial cells,
sinusoidal tissue, fenestrated capillaries, a mononuclear phagocyte system, velocity changes,
shear forces etc.), we injected 50 µg of 50 nm PEG-PEI, PEG-NMe3

+ or PEG-PEI-ace NPs
into veins of ex ovo chick embryos as described previously.13 This model allows for high
resolution, real time in vivo imaging of particle interactions with various cell types and
tissues observed within the chorioallantoic membrane (CAM), including white and red
blood cells and endothelial cells. A representative video of CAM blood flow and vascular
architecture is provided as Video file S1, and representative videos of PEG-PEI and PEG-
NMe3

+ circulation and binding are provided in Video Files S2 and S3, respectively. Co-
injection of PEG-PEI and PEG-NMe3

+ particles revealed a dramatic alteration in fate of
these size and charge matched particles (Figure 4). PEG-PEI MSNPs (orange) were
observed to bind to endothelial cells and stationary and circulating white blood cells,
immediately following particle injection, as apparent by the fluorescence intensity on the
perimeter of the capillary vessels (endothelial cells) as well as more globular/punctate
features (white blood cells). In contrast, PEG-NMe3

+ MSNPs (Figure 4a-green) remained in
circulation for >>6 h post injection (Figure S8c). Additionally, the location of vascular
deposition shifted, with PEG-PEI particles primarily observed in capillaries and bound to
white blood cells, while PEG-NMe3

+ particles accumulated very slowly in venules and were
taken up more slowly by white blood cells (Figure S8c). PEG-PEI-ace particles exhibited
circulation and accumulation patterns similar to PEG-NMe3

+ particles, with minimal
immediate or delayed deposition within the capillary bed (Figure S8d). The importance of
amine exposure was further tested by injection of PEG650/5k-PEI particles synthesized with
a 50% substitution of the MW 550–750 PEG with larger (MW = 5000) PEG-silane (see SI).
Shielding of the amine resulted in a reduction of immediate binding to the CAM
endothelium and WBCs (Figure S9) similar to that observed for acetylation.

This preferential binding of PEG-PEI particles to the capillary endothelium and uptake by
white blood cells necessarily reduces the concentration of circulating NPs and diminishes
binding to cancer cells in vivo (Figure 5) relative to that observed in vitro (Figure 3). Figure
5 shows capillary vascular and white blood cell binding of PEG-PEI with no apparent
binding (relative to background) observed to fluorescently labeled A431 cancer cells
injected 30 min prior to particle injection. This highlights that in vitro binding - with no
competing factors – is not a reliable predictor of in vivo behavior and that PEG-PEI particles
bind preferentially to the capillary endothelium and, presumably due to immediate protein
corona formation are rapidly scavenged by white blood cells. Similar to the reduction of
PEG-PEI particle binding observed on hepatocytes relative to other cell types in vitro,
neither PEG-PEI nor PEG-NMe3

+ showed nonspecific binding to red blood cells as
confirmed ex vivo by imaging of isolated red blood cells (Figure S10). Our findings
emphasize the complexity in regulation of even nonspecific binding in vivo.

To establish the relative importance of size vs exposed charge on biodistribution and
immediate endothelial binding, 150-nm RITC labeled PEG-NMe3

+ (TEM images,
hydrodynamic size and zeta potential shown in figure S11 and Table S2) were synthesized
and co-injected with charge-matched 50-nm PEG-PEI particles. Despite the tripling in
diameter and ~27 fold increase in mass, 150-nm PEG-NMe3

+ exhibited relatively little
immediate binding to the capillary endothelium or scavenging by WBC when compared to
50 nm PEG-PEI particles (Figure 6). These results demonstrate that accessible primary
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amines play a significant role in regulating NP-cell interactions, overwhelming the role of
particle size.

Through synthesis of two types of MSNPs that are matched in terms of primary and
hydrodynamic particle size, shape, pore structure, colloidal stability, and zeta potential, our
in vitro and in vivo studies have elucidated the relative importance of charged molecule
exposure and spatial arrangement vs zeta potential and/or particle size as determinants of
non-specific binding and biodistribution. Uniform spatial distribution of charge presented
within a PEG background for PEG-NMe3

+ confers both colloidal stability and protein
corona neutrality (and potentially opsonization neutrality), as evidenced by DLS, which in
turn correlate with minimal non-specific binding in vivo and prolonged circulation. Such NP
characteristics are expected to be ideal for maximizing the enhanced permeability and
retention (EPR) effect or for binding and delivery to targeted circulating cells. In contrast,
charge-matched PEG-PEI particles displaying surface-exposed branched amines, although
colloidally stable, immediately form a protein corona and exhibit rapid non-specific binding
to endothelial and white blood cells and arrest within the CAM. These characteristics are of
potential interest for in vivo WBC and vascular labeling. It is also apparent that the
combination of size and charge alone are poor predictors of in vivo behavior, and we suggest
charge exposure and its effect on protein corona formation and white blood cell scavenging
should be additionally considered when designing NPs for in vivo applications.
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Figure 1.
Schematic illustration of the design and synthesis of two positively charged PEGylated
MSNPs, designated as PEG-PEI and PEG-NMe3

+.
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Figure 2.
(a, b) TEM and optical images of RITC labeled PEG-PEI (a) and PEG-NMe3

+(b) MSNPs
following removal of surfactant, scale bar = 25 nm. (c, d) Hydrodynamic diameters of PEG-
PEI (c) and PEG-NMe3

+ (d) MSNP vs aging time in various solutions.
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Figure 3.
Differential binding of red fluorescently-labeled PEG-PEI, PEG-NMe3

+and PEG-PEI-Ace
particles to A549 cells in vitro. PEG-PEI (a) but not PEG-NMe3

+ (b) or PEG-PEI-ace (c)
particles are observed to bind to A549 cells (blue – dapi stained nuclei) via fluorescent
miscroscopy. Particle binding is confirmed by flow cytometry (d). PEG-PEI (red), PEG-
NMe3

+ (blue), PEG-PEI-ace (green) and cells only (black).
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Figure 4.
Differential in vivo binding and flow of size- and charge-matched PEG-PEI (orange) and
PEG-NMe3

+ (green) MSNP in chick CAM 10 min post injection. (a) Merged image (b)
PEG-PEI showing arrest on endothelial cells, and (c) PEG-NMe3

+ image showing
circulating MSNPs. (d) Magnification of PEG–PEI MSNP binding (arrow) on endothelial
cells (scale bar – 50 µm).
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Figure 5.
PEG-PEI MSNPs deposit on the vessel walls and are scavenged by white blood cells of
CAM immediately following injection, with no apparent binding to cancer cells. (a)
Particles binding to vasculature and WBCs with no specific out-line of a cancer cell
(location indicated by arrow). (b) Merged particle and cancer cells (green) image. CAM
tissue autofluorescence is false colored blue.
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Figure 6.
Size vs exposed amine mediated binding. 50 nm PEG-PEI MSNPs (green, +40 mV) were
observed to bind to endothelial cells immediately after injection. 150 nm PEG-NMe3

+

MSNP (red, +40 mV) circulated for hours post injection. (a) Merged image, (b) 150 nm
PEG-NMe3

+, (c) 50nm PEG-PEI. (b and c are same field of view as a)
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