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Background: Intravascular delivery of nanoparticles for theranostic application permits direct interaction of nanoparticles and
vascular cells. Since vascular smooth muscle cells (VSMCs), the major components of the vascular wall, are constantly subjected
to mechanical stimulation from hemodynamic influence, we asked whether cyclic strain may modulate internalization of magnetic
nanoparticles (MNPs) by cultured VSMCs.

Methods: Cyclic strain (1 Hz and 10%) was applied with Flexcell system in cultured VSMCs from rats, with cell-associated MNPs
(MNP,)) determined by a colorimetric iron assay. Transmission and scanning electron microscopy were used for morphology studies.
Confocal microscopy was used to demonstrate distribution of actin assembly in VSMCs.

Results: Incubation of poly(acrylic acid) (PAA)-coated MNPs with VSMCs for 4 h induced microvilli formation and MNP
internalization. Application of cyclic strain for 4—12 h significantly reduced MNP by up to 65% (p < 0.05), which was associated
with blunted microvilli and reduced vesicle size/cell, but not vesicle numbers/cell. Confocal microscopy demonstrated that both cyclic
strain and fibronectin coating of the culture plate reduced internalized MNPs, which were co-localized with vinculin. Furthermore,
cytochalasin D reduced MNP, suggesting a role of actin polymerization in MNP uptake by VSMCs; however, a myosin Il ATPase
inhibitor, blebbistatin, exhibited no effect. Cyclic strain also attenuated uptake of PAA-MNPs by LN-229 cells and uptake of poly-
L-lysine-coated MNPs by VSMCs.

Conclusion: In such a dynamic milieu, cyclic strain may impede cellular internalization of nanocarriers, which spares the
nanocarriers and augments their delivery to the target site in the lumen of vessels or outside of the circulatory system.
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Introduction

Intravascular delivery has been employed as a major route of administration for delivery of nanocomposites in targeted
therapy or diagnosis. Capacity of nanoparticle uptake by vascular cells has been demonstrated, which appears to be time-
and concentration-dependent.' > Therefore, interaction of nanocomposites and the vascular wall may cause vascular
retention and thus impact on the targeting effects and efficacy of the treatment.

Vascular smooth muscle cells (VSMCs) are the major component of the vascular structure, which are constantly
subjected to mechanical forces including cyclic strain or tension created by the beating heart. Cyclic strain acts as an
important modulator in cell morphology and function, including alignment, migration and proliferation, etc.*”’” Since
VSMCs are the main component of the vessel wall and are responsible for the regulation of the vascular tone and
systemic resistance, the response of VSMCs to mechanical stimuli from the pulsatile hemodynamics has been the focus
of interest.** When mechanical force changes the behavior of cells, two main processes must have occurred, i.e.
mechanosensing and response to the force.'” Mechanosensing requires configuration changes of the mechanosensors,
including channels, cytoskeletal filaments, and cytosolic/nuclear proteins. With one end of the mechanosensors connected
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to the relatively fixed tissue, such as cytoskeletons or extracellular matrices, while the other end is pulled along the
direction of the force, VSMCs may detect changes in the extracellular mechanical stimuli including tensile stress, cellular
boundary, substrate stiffness and topography. In response to cyclic strain, VSMCs express stress fiber and transform from
contractile to synthetic phenotype characterized by morphology, expression of marker proteins, and cellular physiology.'!
Many signaling molecules and growth factors have been demonstrated to participate in cyclic strain-induced cellular
events,'? suggesting a profound influence of cyclic strain on VSMC function. Although VSMCs may be exposed to
nanoparticles administered for diagnostic or therapeutic application in inflammatory vascular diseases,'®> whether cyclic
strain may modulate nanoparticle uptake by VSMCs remains unknown.

Uptake of nanoparticles is mediated predominantly via endocytosis with a variety of mechanisms, including clathrin-
or caveolin-dependent endocytosis, phagocytosis, macropinocytosis, and receptor-mediated endocytosis etc.'*
Nanoparticle endocytosis may be described as a two-step process, where the nanoparticles initially adhere to the cell

15717 which are associated with

membrane and subsequently are internalized by the cells via energy-dependent pathways,
induction of plasma membrane ruffling, closuring and perturbations. Macropinocytosis is an actin-regulated process that
involves wrinkling and engulfing large amounts of extracellular fluid and particles through the plasma membrane. The
wrinkles of the membrane take different shapes, and when closed, they form large organelles, macropinosomes;'® in the
process, actin assembly plays an essential role in the engulfment process. Previous studies have demonstrated the
involvement of actin cytoskeleton during endocytosis, although to varying degrees.'*°

In the endocytosis processes, actin cytoskeleton plays multiple roles in the formation of protrusions, remodeling of
the cell surface, inward vesicle trafficking, and cell motility.>'** In addition, the structure and the dynamics of actin
cytoskeleton also respond to external stimuli such as extracellular mechanical forces.”* Actin filaments are semi-flexible
polymers that organize into diverse architectures and participate in cellular function, including the formation of parallel
bundles in filopodia, and formation of branched or crosslinked networks in lamellipodium.?® During the formation of
filopodia, the cross-linking of actin filaments may be a critical step because individual long actin filaments may lack
sufficient stiffness to push the cell membrane efficiently.”* Although filopodia may be composed of different molecules
or components, long bundled actin filaments are common characteristics that can grow or bundle dynamically to intersect
with various signaling machinery and support the function of filopodia.**

Actin filaments exhibit the function of a mechanosensor for tensile force applied to cells,”> which strengthens and
generates stress fibers in a direction parallel to the applied force, allowing the cell to counteract the external tensile
forces. Mechanical tension induces the formation of focal adhesion (FA) and recruits a variety of proteins to form FA
complex, which serves as a structural link between cells and surrounding tissues, and plays an important role in
exchanging mechanical force cues and regulatory signals.?® FA is a dense molecular assembly connecting extracellular

1.26

matrix through integrin receptors and actin stress fibers in the cell.” Upon binding of talin, integrin recruits more
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members of FA, including vinculin, paxillin and FA kinase. In addition to the original role as a mechano-coupler, vinculin
is also responsible for regulating mechanical stress.”® The physical pressure induces the exposure of vinculin-binding
domain on the talin. Once vinculin binds to talin and becomes activated, it is connected to FA, which is regarded as
a bidirectional conduit for “inside-out” and “outside-in” signaling.?” As a result, cells can reorganize the cytoskeleton
structure to undergo the correct adjustments in response to pulsatile strain change.

Magnetic nanoparticles (MNPs), composed of magnetite (Fe;04) or meghamite (y-Fe,Oj3) cores, exert great potential
to serve as drug carriers for targeted delivery due to the unique superparamagnetic properties, allowing MNPs to be
guided by magnetic force against blood flow.?® In addition to drug delivery, MNPs span a wide range of applications,
including magnetic resonance imaging and magnetic hyperthermia.”*>° In all applications, the interaction of cells and
nanoparticles can be crucial for the distribution and delivery that determines the pharmacodynamic and pharmacokinetic
consequences. Although characteristics of the coating materials have been shown to play a critical role in nanoparticle-
cell interaction,®'** limited studies have demonstrated that cyclic strain modulates cellular uptake of nanoparticles.”** In
this study, MNPs were used as a model system, primarily due to the wide application of MNPs and the reproducible
assay system for iron. Since actin rearrangement is associated with both cyclic strain and endocytosis, we asked whether
cyclic strain within physiological range may reduce MNP uptake by VSMCs. The results demonstrated a time-dependent
inhibitory effect of cyclic strain on VSMC uptake of MNPs with a variety of coatings, which may be due to interference
of actin assembly induced by cyclic strain.

Materials and Methods

Materials

Poly(acrylic acid)-coated MNPs (fluidMAG-PAS; 200 nm, denoted as PAA-MNPs), green fluorescent PAA-MNP (nano-
screenMAG-PAS, 200 nm), and carboxymethyl-dextran-coated MNPs (fluidMAG-CMX; 200 nm, denoted as CMX-
MNPs) were purchased from Chemicell (Berlin, Germany). Poly-L-lysine (PLL)-coated maghemite nanoparticles (PLL-
MNPs, 79 nm) with positive and negative (-potentials were prepared and characterized as described previously.”!
Minimum essential media (MEM) and trypsin-EDTA were purchased from Gibco BRL (Grand Island, NY, USA).
Penicillin/streptomycin/amphotericin B (PSA) was purchased from Upstate (Lake Placid, NY, USA). Fetal bovine
serum (FBS), ammonium persulfate, potassium thiocyanate, cytochalasin D, and blebbistatin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Wheat germ agglutinin (WGA), rhodamine-phalloidin, Alexa Fluor 568 goat
anti-mouse secondary antibody, and 4’,6-diamidino-2-phenylindole (DAPI) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Mouse anti-vinculin antibody was purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). Six-well flexible-bottomed culture plates coated with collagen I (BioFlex® plates) were purchased
from Flexcell® International Corporation (Burlington, NC, USA).

Cell Culture

Rat VSMCs with heterogeneous phenotype were isolated from spontaneously hypertensive rats as previously described,**
according to a protocol approved by Institutional Animal Care and Use Committee of Chang Gung University (CGU
108-041), which is certified by American Association for Accreditation of Laboratory Animal Care. The isolated VSMCs
were cultured in MEM supplied with 10% FBS and 1% PSA mixture, maintained in a 37 °C incubator supplied with 5%
CO,, and used between passages 2 and 8. In some experiments, MNP uptake by LN-229 cells of a human glioma cell line
(Bioresource Collection and Research Center, Food Industry Research and Development Institute, Taiwan) was deter-
mined, which were cultured in Dulbecco's modified minimal essential medium supplemented with 10% FBS and
1% PSA.

Application of Mechanical Strain

VSMCs were seeded and grown in collagen I-coated, flexible silicon membrane-bottomed 6-well culture plates until 80-90%
confluence. The culture plates were then placed on the Bioflex™ 25 mm baseplate and connected to Flexcell® FX-4000™
Tension System. The mechanical cyclic stretch was induced by vacuum to apply 1 Hz, 10% equibiaxial strain for various
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time periods.’ Three different strategies of mechanical stimulation were tested in this study, including (A) addition of MNPs
after strain followed by 4-h incubation without strain; (B) addition of MNPs at the beginning of strain followed by
4-h incubation without strain; and (C) addition of MNPs after strain followed by additional 4-h strain. A home-made
magnetic plate with 6 pieces of cylindrical NdFeB magnet’® was placed underneath the BioFlex™ plates for 5 min after
administration of MNPs (100 ug/mL) to ensure sedimentation, which can be a parameter that alters MNP internalization.

Determination of Cell-Associated MNPs (MNP.)

After incubation with MNPs, cells were gently washed twice with phosphate-buffered saline (PBS) and trypsinized for
further analysis, as described previously.>> The cell pellet was treated with 10% hydrochloric acid at 55 °C for at least 4
h, followed by addition of ammonium persulfate (1 mg/mL) and potassium thiocyanate (1 M). Cell-associated iron was
determined using VICTOR3 Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA) at OD,49,. A calibration curve
was prepared under identical conditions with known amount of MNPs.

Transmission Electron Microscopy (TEM)

VSMCs in collagen I-coated BioFlex® plates were subjected to mechanical strain and MNPs, gently rinsed with PBS, and
fixed with 4% paraformaldehyde. After fixation, cells were thoroughly rinsed with ddH,O, followed by treatment with
1% osmium tetroxide with shaking at 5 rpm for 1 h. The samples were dehydrated with graded ethanol and embedded in
Epon resin, with the silicon membrane carefully removed from the resin. Sections with 80 nm thickness were obtained,
counterstained with 4% uranyl acetate in hydrogen peroxide for 2 h and 0.4% lead citrate for 10 min, and examined with
TEM (Jeol JEM-2000 EXII; JEOL USA, Inc., MA, USA). Image processing and analysis of intracellular vesicles were
performed using Image J software.

Scanning Electron Microscopy (SEM)

VSMCs in collagen I-coated BioFlex® plates were subjected to mechanical strain and MNPs, rinsed with PBS, and fixed
with 4% paraformaldehyde. After fixation, the membrane with the cells was carefully removed from the BioFlex® plates
and placed in another culture plate, rinsed with ddH,0, exposed to 1% osmium tetroxide with shaking at 5 rpm for 1 h.
The samples were dehydrated with graded ethanol and then applied to critical point dryer for 2 h. The samples were
sputter-coated with 1-2 nm gold-palladium and examined with a field-emission scanning electron microscope (JEOL
JSM-7500F, JEOL USA, Inc., MA, USA).

Confocal Microscopy

VSMCs were seeded and grown in BioFlex® plates until 80-90% confluence. In the fibronectin experiment, the cells
were seeded and grown on fibronectin-coated coverslips. After applications of mechanical strain and treatments with
green fluorescent MNPs, the cells were gently washed twice with PBS and fixed with 4% paraformaldehyde. In the
fibronectin experiment, the cells on fibronectin-coated coverslips were subjected to mouse anti-vinculin antibody and
goat anti-mouse secondary antibody for the distribution of vinculins with WGA (a marker for membrane glycoproteins
and the trans-Golgi in the cytoplasm) or rhodamine-phalloidin (a high-affinity F-actin probe) as morphologic indicators.
All experiment samples were counterstained with DAPI and imaged with a Zeiss LSM 510 Meta laser confocal
microscope (Carl Zeiss, Jena, Germany) equipped with 100%/1.4 oil immersion objective lens.

Statistical Analysis
Values are expressed as mean + SE. Effects of treatment were examined by Student’s #-test or 2-way analysis of variance
(ANOVA) followed by Duncan’s post hoc test when appropriate. Statistical significance was declared as p<0.05.

Results

Figure 1 illustrates effects of strain duration and MNP incubation time on MNP uptake by VSMCs. In response to
various durations of cyclic strain followed by 4-h incubation with PAA-MNPs without strain, the cell-associated MNPs
(MNP,.;) were reduced to 67% (16.9 pg/cell) and 35% of control (9.0 pg/cell) after 4 and 12 h of cyclic strain,
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Figure | VSMC uptake of PAA-MNPs in response to mechanical strain with different strategies. Cyclic strain was applied as indicated by the solid bar for 4-12 h before or
during incubation of (A-C) 200-nm or (D) 50-nm PAA-MNPs, or PLL-MNPs with (E) positive and (F) negative (-potentials at 100 ug/mL (25 pg/cm?) with VSMCs. Cell-
associated MNPs (MNP, or percentage of control) was measured 4 h after administration of MNPs (A, C-F) or 4 hr after application of cyclic strain (B). The arrows
indicate the MNP administration; filled vs unfilled bars represent incubation with or without cyclic strain, respectively. Values are means * SEM (n=3). *p<0.05 compared
with corresponding values without strain.
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Figure 2 Changes in plasma membrane morphology were associated with reduced particle internalization in response to cyclic strain. VSMCs were subjected to cyclic strain for
total of 12 h (A and B) with PAA-MNPs (100 ug/mL; 25 pg/cm?) added 8 h after initiation of strain (B and C). Cyclic strain-induced morphology changes from filopodia (B; left) to
blunted protrusion (B; right) in the presence of PAA-MNPs are representative of |5 and 14 cells, respectively. The bottom panels (B) are amplifications of the areas in the rectangles.
Quantitative analysis of intracellular (C) vesicle numbers, (D) vesicle size, and (E) areas of cells containing iron in TEM images of cells subjected to strain (n = 20) or without strain
(control; n = 23). Values are means * SEM. *p <0.05 compared with the corresponding control.

respectively (Figure 1A). When MNPs were added in the beginning of cyclic strain application (Figure 1B), cyclic strain
reduced MNP, to 42% of control (8.4 pg/cell) after 4-h strain, but increased MNP,; to 1.9 fold of control (38.3 pg/cell)
after 12-h strain, probably due to an increment in overall incubation time with MNPs. Stimulation of physiological
environment with continuous strain exerted a decrease pattern in MNP, over time. The MNP, was reduced to about
60% of control in both 200 nm (Figure 1C) vs 50 nm (Figure 1D) PAA-MNPs after 8-h strain, but further reduced to 45
vs 33% of control after 12-h strain, respectively. In MNPs with different coating, size and {-potential, cyclic strain also
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Figure 3 Representative SEM images of VSMCs subjected to mechanical strain during incubation with PAA-MNPs. (A) VSMCs were subjected to cyclic strain for 12 h or in
steady culture conditions (control). (B) Cyclic strain was applied for 8 h before administration of PAA-MNPs (25 pg/mL; 6.25 pg/cm?), followed by additional 4 h of strain.
The right panels are amplification of the areas as indicated on the left in (A and B). Scale bars indicate | um. (C) SEM/EDS surface elemental analysis was conducted in the
indicated areas (ROl | & 2) of the surface of VSMCs exposed to PAA-MNPs in static conditions (Bold values).

reduced MNP in a similar manner. In PLL-MNPs with positive (-potential, the MNP,.; was reduced by 21% after
6-h strain (Figure 1E), whereas MNP, of PLL-MNPs with negative (-potential reduced 31% after 8-h strain
(Figure 1F). The MNP, was further reduced to 58 or 57% of control after 12-h strain in the groups of PLL-MNPs
with positive or negative {-potential, respectively (n = 4).

Effect of cyclic strain on PAA-MNP uptake and cell morphologic change was observed by TEM. Figure 2 illustrates
representative results in VSMCs subjected to cyclic strain for 12 h. When VSMCs were not in contact with the particles,
plasma membrane remained relatively smooth (Figure 2A). PAA-MNPs stimulated formation of thin protrusions, also
known as filopodia, on the cell surface, which transformed to short cylindrical-like structures after 12 h of cyclic strain
(Figure 2B). It was noted that dense structure appeared at the tip of some protrusions. Despite unaltered number of the
vesicles/cell (Figure 2C), the area of vesicle per cell (Figure 2D) and the iron-containing area/cell (Figure 2E) was
reduced by 56% and 68% after cyclic strain, respectively.
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Figure 4 Representative confocal images of PAA-MNPs uptake by VSMCs subjected to cyclic strain. (A) VSMCs were incubated with PAA-MNPs (100 pg/mL; 25 ug/cm?,
green) in culture dishes coated with fibronectin for 4 h; (B) VSMCs were subjected to cyclic strain for 8 h before administration of PAA-MNPs, followed by additional 4 h of
cyclic strain with PAA-MNPs in the culture media. Cell membrane, nuclei and focal adhesions were stained by WGA (red), DAPI (blue), and mouse anti-vinculin antibody
(white), respectively.

Cyclic strain-induced 3-D morphological change on the cell membrane reveals a similar pattern, as observed by SEM.
There were visible filopodia structures in the static state (Figure 3A) as well as after cyclic strain treatment (Figure 3B).
The shape of the filopodia observed by SEM was slender/spaghetti-like vs stubby/mushroom-like in the control vs cyclic
strain group, respectively. In addition, the elemental analysis indicated the presence of a significantly higher amount of
iron in the wadding structures ROI 1 than in the filopodia ROI 2 (Figure 3C), suggesting that these wadding structures are
the iron oxide-containing particles on the surface of the cells.

It has been well-accepted that mechanical strain alters cytoskeleton through controlling of FA dynamics. To determine
whether FA aggregation may be associated with particle internalization, MNPs were incubated with VSMCs cultured on
the surface with fibronectin coating to induce FA assembly without application of cyclic strain. Figure 4A illustrates that
fibronectin induced vinculin aggregation, which was associated with much less uptake of MNPs. It was noted that the
WGA signal distributed at peri-nucleus space regardless of fibronectin coating. Figure 4B illustrates that cyclic strain also
reduced MNP, as in Figure 1, with condensed WGA signal to the peri-nucleus space. In addition, co-localization of
MNPs and vinculins was noted in all groups studied, suggesting that particle internalization may be associated with

a vinculin-dependent mechanism.
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Figure 5 Cytochalasin D, but not blebbistatin, reduced VSMC uptake of PAA-MNPs in a concentration-dependent manner. Confocal images of VSMCs with
I-h pretreatment of (A) cytochalasin D or (B) blebbistatin at different concentrations. The cytoskeleton and nuclei were stained by phalloidin (red) and DAPI (blue),

respectively. VSMCs were pretreated with cytochalasin D (C) or blebbistatin (D) for | h followed by incubation with PAA-MNPs (100 pg/mL; 25 pg/cm?) for 3 h prior to
measurement. Values are means * SEM (n=4). *p <0.05 compared with the control value.

Direct regulations of cytoskeleton were then evaluated using cytochalasin D and blebbistatin, inhibitors of actin

polymerization and myosin II ATPase,*®*” respectively. Confocal microscopic images demonstrated that both cytocha-

lasin D and blebbistatin disrupted cytoskeleton architecture with increase in concentrations (Figure SA and B). However,
cytochalasin D, but not blebbistatin, significantly reduced MNP uptake in a concentration-dependent manner. MNP,
reduced to 83—67% of control by 2-8 uM of cytochalasin D (Figure 5C), whereas no significant difference in MNPy
was observed after blebbistatin treatment (Figure 5D). These results suggest that the internalization of MNPs is directly
regulated by actin dynamics.

In addition to VSMCs, cyclic strain attenuated MNP uptake by LN-229 cells in a time-dependent manner (Figure 6).
Application of cyclic strain for 12 h followed by 4-h incubation without strain reduced MNP to 87% of control;
application of cyclic strain for 12 h followed by additional 4-h strain reduced MNP to 71% of control.

Discussion

To the best of our knowledge, this study is the first demonstration of cyclic strain-sensitive internalization of nanopar-
ticles with a variety of coatings by VSMCs, suggesting an active involvement of the mechanical force-regulated signaling
in the nanoparticle uptake mechanism. Although the effects are profound and not reversible after 4 h, an increased
incubation time reversed the effect of cyclic strain on MNP uptake; the effects of cyclic strain are unlikely to be due to
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Figure 6 Mechanical strain attenuated PAA-MNPs uptake by LN-229 cells with time. Mechanical strain was applied as indicated by the solid bar for 4-12 h (A) before or (B)
during incubation of LN-229 cells with PAA-MNPs (100 pg/mL; 25 pg/cm?). The arrows indicate the MNP administration; filled vs unfilled bars represent incubation with or
without cyclic strain, respectively. Values are means + SEM (n = 3). *p <0.05 compared with corresponding values without strain.

cytotoxicity or reduction in cell numbers. Physiological cyclic strain upon vascular cells, and tumor cells to a lesser
degree, may hinder nanoparticle-cell interaction. Therefore, study of cells in physiological conditions with mechanical
dynamics can be crucial in theranostic applications of nanoparticles, especially in the circulatory system.

In spite of many different endocytosis pathways that mediate cellular uptake of nanoparticles,'* TEM studies
illustrated plasma membrane protrusions with large vesicles in the presence of MNPs (Figure 2B), suggesting uptake
via macropinocytosis in VSMCs. Although MNPs in size ranging from 69-200 nm tested in this study are relatively
small, they are likely to aggregate in magnetic field applied briefly to facilitate sedimentation. Therefore, macropinocy-
tosis for uptake of large particle aggregates is probably the major mechanism of internalization, which is characterized by
formation of filopodia with cytoskeleton to support membrane protrusion.'* In addition, the presence of plasma proteins
and formation of protein corona on the surface of MNPs may further augment aggregation and increase the size of the
aggregate.’®*° In the presence of plasma proteins as in the culture medium, positive or negative (-potentials of
nanoparticles tend to become sheltered, which may contribute to further increase in the size of the aggregates.40 Our
results are consistent with previous findings that PLL-MNPs with positive or negative {-potentials exhibited similar
pattern of interaction with glioma cells in culture.*!

Intriguingly, morphology of MNP-induced filopodia became much blunted after application of cyclic strain
(Figure 2B). The results are in parallel with SEM observation of stubby/mushroom-like protrusions (Figure 3B),
suggesting that cyclic strain may increase the membrane tension. These morphological changes are consistent with
previous findings that the lamellipodial extension rate correlates inversely with membrane tension.*'** Although the
number of inward vesicles was not significantly reduced in control vs strained cells, the percentage of vesicle area
decreased significantly, suggesting the regulation of inward vesicles may be affected in VSMCs subjected to cyclic strain.

Several studies have demonstrated inconsistent response of nanoparticle internalization to mechanical strain;>>**4
the discrepancy of the strain effect on nanoparticle internalization can be attributed to the size/coating of nanoparticles
and cell types. However, when VSMCs were under strain in the current study, significant reduction in nanoparticle uptake
was observed in spite of different properties of nanoparticles used in the current study. The results are in parallel with the
study of Freese et al.” demonstrating that cyclic strain reduced nanoparticle uptake by endothelial cells, which was not
due to induction of stress, inflammation or enhanced exocytosis, but rather a result of decreased endocytosis. The
disturbances of cellular signaling, such as actin dynamics, by external stimuli may be the mechanism underneath the
jeopardized internalization, rather than interaction occurring at the nano-bio interface.

234546 condensed protrusions observed on the surface of VSMCs after

Since endocytosis may occur at filopodia,
cyclic strain are consistent with the previous findings that reduction in filopodia was observed after inhibition of
endocytosis.*>*” It is likely that cyclic strain-induced interruption of actin assembly and thus filopodia formation may

jeopardize MNP internalization by VSMCs. The finding is consistent with previous studies demonstrating that
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cytochalasin D,*® but not blebbistatin,*

nanoparticle internalization by VSMCs. Alternatively, the strain also increases plasma membrane apparent tension,

reduced filopodia formation, suggesting an important role of filopodia in
50,51
which reduces membrane protrusion/invaginations or blebs passively, as observed in the current study. The reduced
MNP, is also consistent with previous findings that the increased membrane tension exhibits an inverse relation with
the endocytosis rate.”’ Nevertheless, fibronectin-induced FA formation and trans-Golgi condensation, as demonstrated
with vinculin distribution and WGA staining, respectively, were also accompanied with reduction in MNP uptake
(Figure 4A), suggesting an altered actin assembly may be the major mechanism underlying the effects of cyclic strain
on MNP uptake. Since cytochalasin D reduced MNP internalization in a concentration-dependent manner, polymeriza-
tion of actin in the cytoskeleton may be critical in the process of MNP uptake by VSMCs. Alternatively, cyclic strain-
induced reduction in MNP,.; may be mediated by an increase in exocytosis; however, previous study in endothelial cell
does not support the involvement of exocytosis.’

Reduced MNP uptake in response to cyclic strain was also demonstrated with confocal microscopy, in addition to
fibronectin-coating. VSMCs cultured on fibronectin-coated surface recruit more vinculin clustering in FA (Figure 4A),
which was consistent with the previous finding demonstrating protein clusters in FA in the cells cultured on the
fibronectin-coated surface.”” Since WGA conjugates are commonly used as markers for glycoproteins on the plasma
membrane and the trans-Golgi in the cytoplasm,”” the peri-nucleus condensation of WGA signal (Figure 4B) is consistent
with the previous finding of trans-Golgi clustering in response to cyclic strain.>*

In summary, this study has demonstrated that cyclic strain affects the interaction of MNPs and VSMCs in culture,
which helps to solidify the importance of the establishment of physiologically relevant in vitro models for study of
nanoparticle behaviors in the nano-bio interface. Since VSMCs are subject to a very wide range of cyclic strain that is
transduced from the tissue to the cell level in vivo, understanding the effects of such bio-mechanical factors helps to
dictate the process and phenomena of physiological activities. Therefore, interaction between engineered nanoparticles
and the biological system may affect how these nanoparticles can be employed in theranostic applications.

Conclusion

Cyclic strain changed the morphology of filopodia triggered by MNPs and reduced internalized MNPs in VSMCs. Our
findings reveal potential challenges for intracellular delivery of nanocarriers to organ/tissue subjected to high mechanical
stress, such as VSMCs in the vascular wall. Nevertheless, the effects of cyclic strain on the vascular wall may not affect
application of nanocomposites for the targets in blood circulation, such as the thrombus or emboli, in treatment of
thromboembolic diseases. Our finding may provide an inspiration for future development of nanoparticles and prediction
of nanoparticle biodistribution.
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