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Nanoparticles (NPs) have gained increasing interest in recent years due to their potential use as drug carrier, imaging, and diagnostic
agents in pharmaceutical and biomedical applications. While many cells in vivo experience mechanical forces, little is known about
the correlation of the mechanical stimulation and the internalization of NPs into cells. This paper investigates the effects of applied
cyclic strain on NP uptake by cells. Bovine aortic endothelial cells (BAECs) were cultured on collagen-coated culture plates and
placed under cyclic equal-axial strains. NPs of sizes ranging from 50 to 200 nm were loaded at a concentration of 0.02mg/mL and
cyclic strains from 5 to 15% were applied to the cells for one hour. The cyclic strain results in a significant enhancement in NP
uptake, which increases almost linearly with strain level. The enhanced uptake also depends on size of the NPs with the highest
uptake observed on 100 nmNP.The effect of enhanced NP uptake lasts around 13 hours after cyclic stretch. Such in vitro cell stretch
systems mimic physiological conditions of the endothelial cells in vivo and could potentially serve as a biomimetic platform for
drug therapeutic evaluation.

1. Introduction

In the past decades, rapid progress has beenmade in nanopar-
ticle (NP) technologies for the development of disease diag-
nosis and therapy [1]. Significant efforts have been made
in the design of surface functionalized and bioconjugated
NPs [2]. It was found that cellular uptake of NP efficiency
and quantity depends on various nanoparticle characteristics,
including the NP concentration [3], size [4], shape [5], and
surface chemical structures [6]. However, these discoveries
have not yet been applied to effective targeted therapies due
to the complexity of the in vivo environment that severely
inhibits their efficiency. This must be overcome to fully
exploit the potential of NPs to improve drug pharmacokinet-
ics and pharmacodynamics.

Endothelial cells (ECs) form the interior of the blood
vessels and serve as a major barrier for therapeutic agents
passing through the bloodstream to the target tissues [7].
Recent studies have focused on targeting the endothelium
with NPs as therapeutic agents for a variety of targeted
therapeutics because of the large population of ECs in the
tissue and blood flow [8]. Nanoparticles (NPs) can serve
as containers for the targeting of therapeutics to specific

location and increasing the resistance time in the body [9].
NP entrance into cells depends on not only the size of the
NP, but also the surface coating and charge [10]. For example,
the efficiency of carboxydextran-coated superparamagnetic
iron oxide nanoparticles (SPION) uptake was correlated to
the amount of carboxyl groups on the NP surface [11].
Cationic D, L-polylactide- (PLA-) NP entered Hela cells in
greater amounts than anionic PLA-NP [12]. In this study,
we investigate the endothelial cell uptake of carboxylated
polystyrene NPs (PS-COOH) with positive charge.

ECs in vivo are constantly exposed to a variety of
forces that generate mechanical stresses within the cell
body including shear stress, hydrostatic pressure, and cyclic
stretch caused by the pulsatile blood flow [13]. The study
of endothelial response to biomechanical forces through in
vitro experiments assists in the understanding of endothelial
function, mechanisms involved in endothelial damage, and
therapeutic targeting. Researchers reported that cyclic stretch
affects the mechanical properties of ECs, such as cell prolif-
eration [14], cytoskeletal structure [15], signal transduction
[16], and gene expression and transfer [17]. However very
few researches have been done to quantify the effect of cyclic
stretching on the cellular uptake of NPs [18]. The aim of
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this study is to investigate the effects of cyclic stretch on the
cellular uptake of NPs and its dependence onNP size through
controlled tests. The enhancement of NPs uptake by ECs
under physiologically relevant mechanical stimulation might
be useful for the development of targeted therapeutics.

In this study, we cultured the bovine aortic endothelial
cells (BAECs) on six-well plates and stretched the membrane
with a cyclic stretcher to investigate the endothelial cell
uptake of NPs. The goal of this study was to find out the
correlation between cyclic strain and the uptake of NPs
into endothelial cells. The results showed that cyclic stretch
notably enhanced the cellular uptake of NPs. We further
explored the stretch effect on the cellular uptake of NPs by
changing the cyclic strain strength and particle size. The
results indicated that the enhanced cellular uptake was size-
dependent with an optimal particle size of 100 nm. In addi-
tion, the cellular uptake is strain-dependent and improves as
the strain level increases.

2. Materials and Methods

All reagents and equipment, unless otherwise indicated, were
purchased from Sigma-Aldrich USA.

2.1. Cell Culture. The bovine aortic endothelial cells (BAECs)
which were provided by Cell Applications (San Diego,
CA) were cultured in 25 cm2 cell culture flasks using a
medium containing Dulbecco’s modified Eagle’s medium
(DMEM), 10% heat-inactivated fetal bovine serum, and 1%
Penicillin/Streptomycin inside a humidified incubator at 5%
CO
2
and 37∘C [19, 20]. The cells were passaged in a split ratio

of 1 : 2. All experiments were performed with cells between
passages 10 and 15.

2.2. Seeding of BAECs for Cyclic Stretch Study. Cell culture
medium was aspirated from the flask and the cell monolayer
was washed with sterile phosphate buffered saline (PBS, pH
7.4). After removing the PBS, 3mL trypsin was added to
the flask. The flask was placed in the incubator (Thermo
Scientific,USA) at 37∘C for 3min to allow for cell detachment.
Fresh cell culture medium was added to the flask and flushed
with a 10mL pipette several times to ensure that all the
cells were in suspension. Afterwards the cell suspension was
transferred to a 15mL tube. The cells were centrifuged at
1500 rpm for 5min in order to pellet the cells.The supernatant
was discarded and cells were resuspended in fresh cell
culture medium. For the cyclic stretch study, BAECs were
seeded into six-well, collagen type I coated Bioflex plates
(Flexcell International Corp., NC, USA) at 6 × 105 cells/well,
determined by a hemocytometer count.

2.3. NP Uptake Assay and Cyclic Stretch. Carboxylate-modi-
fied fluorescent polystyrene NPs (50 nm, 100 nm, 200 nm)
were sonicated for 15min to break apart possible aggregations
and diluted to the final concentration of 0.02mg/mL in fresh
culture medium [21]. This concentration is nontoxic and can
be applied without overloading the cells with nanoparticles.
After cells reached 80% confluence in the six-well plates,
the media were discarded and replaced with NP medium,

and BAECs from the test group were subjected to cyclic
stretch with frequency of 1Hz and cyclic strain (5%, 10%, and
15%) for 1 h. A Flexcell tension system (Flexcell International
Corp., NC, USA) was used to apply physiological equibiaxial
cyclic strain for a wide range of durations, amplitudes, and
frequencies [22, 23]. The control group was not subjected to
the cyclic stretch while kept in the same condition as the test
group.

2.4. Analysis of Cellular Uptake. After loading the NP for 1 h,
the cells were rinsed with DPBS to eliminate free particles
that were not taken up by the cells. Phase contrast and
fluorescence images were acquired with a Nikon phase
contrast microscope using a 20x lens (Olympus, JP). For
quantitative analysis of cellular uptake, 0.5% Triton X-100
in a 0.2M NaOH solution was added to destroy the cell
membrane [4]. The cell medium was transferred to a 96-well
plate. Quantitative measurement was then performed by the
definite quantitative determination of each cell lysate with
a fluorescence Infinite M200 Pro microplate reader (Tecan,
Männedorf, Switzerland).

2.5. NP Localization and Cell Viability Assay. After cyclic
stretch for 1 h, cells were washed three times with PBS, fixed
in 4% paraformaldehyde for 30mins, and then washed three
times with PBS. Afterwards, cells were permeabilized in 0.3%
Triton X-100 for 5mins at room temperature. Cells were
washed three times with PBS and then incubated with DAPI
to visualize nuclei. Cells viability was determined by staining
the cells with Calcein AM.

2.6. Statistical Analysis. The cellular uptake of nanoparticles
(%) was calculated as the fluorescence of the NPs taken up
by the cells relative to the total fluorescence of the NPs in the
solution. Results are expressed as means ± standard error of
the mean (SEM). Statistical analysis was conducted by using
Student’s 𝑡-test, with 𝑃 < 0.05 as the significant difference.
Each data point was performed with a minimum of three
independent experiments (𝑛 = 3).

3. Results

3.1. Size-Dependent Uptake of NPs. In this study, nanopar-
ticles of different sizes 50 nm, 100 nm, and 200 nm were
used to evaluate the correlation between particle sizes and
the internalization of NPs into endothelial cells. The fluo-
rescent dye embedded inside the NPs allows us to quantify
cellular uptake through fluorescence images. Assuming that
the fluorescence intensity is proportional to the number
of fluorescent NPs, the average fluorescence yielded within
individual cells indicates the cellular uptake of NPs. It should
be mentioned that, in extracting the fluorescence intensity,
the seeded cells were extensively washed using DPBS to
remove any NPs adhered to the cell surface. Therefore, the
fluorescence intensity accounts only for the internalized NPs.
The cells were cultured in six-well plates for 24 h before load-
ing the NPs for 1 h. We further quantify the cellular uptake of
NPs with a fluorescence Infinite M200 Pro microplate reader
(Tecan, Männedorf, Switzerland, 𝜆ex 488 nm, 𝜆em 644 nm).
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Figure 1: BAECs incubated with NPs under static and 15% strain condition for 1 h. (a) Cellular uptake efficiency of 50 nm, 100 nm, and
200 nm particles. The uptake of 100 nm nanoparticles has significant enhancement after stretching compared to static condition. (b) Cell
viability after incubation with NPs of different sizes and without NPs (control). Bars represent mean ± SEM (𝑛 = 3). ∗ denotes significant
differences (𝑝 < 0.05).

As shown in Figure 1(a), BAECs uptake more 100 nm NPs
than 50 nm and 200 nmNPs.The result indicates that cellular
uptake exhibited size-dependence for the NPs in BAECs, and
the optimal size was around 100 nm. This result is consistent
with other investigations that cells uptake more 100 nm than
other sizes [4, 24].

3.2. Comparison on the Stretch-Enhanced Uptake of the Dif-
ferent Sized NPs. We compared the cyclic stretch effect on
50 nm, 100 nm, and 200 nm particles uptake separately. We
found that, after stretching with 15% strain for 1 h, the uptake
enhancement of 100 nmparticles wasmuch higher than those
of 50 nmand 200 nmparticles (Figure 1(a)).While 50 nmand
200 nm particles show around 20% higher cellular uptake
after stretching for 1 h, 100 nm particles show more than
twofold enhancement.

We also investigated the viability of cells with Calcein AM
staining after incubation with 50 nm, 100 nm, and 200 nm
NPs. Comparing with cells without NP exposure, no signif-
icant differences were found as shown in Figure 1(b). This
indicates that incubation with NPs from 50 to 200 nm does
not have apparent effect on cell viability.

3.3. Stretch Effect on Cellular Uptake of NPs. Since it was
found that 100 nm NPs have the highest uptake in cells
compared to 50 nm and 200 nm NPs, we used carboxylate
polystyrene NPs (PS-COOH) with diameters of 100 nm to
study the dependence of strain level on cellular uptake.
BAECs were cultured on six-well plates for 24 h before
loading NPs into the culture media. Fluorescence and phase
contrast images were taken after loading NPs for 1 h at differ-
ent strain levels (Figure 2). The images show that the stretch

influences the cellular NP uptake quantity. A microplate
reader was used to quantify the uptake of NPs in each plate.
For each sample, the negative control of cells without NPs
was also determined. We found that the application of cyclic
stretch significantly promotes the cellular uptake of 100 nm
polystyrene nanoparticles relative to static cells, as depicted
in Figure 3. This qualitative observation agrees with that
reported by Huh et al. [25]. We further compared the cellular
uptake of NPs with different cyclic strains: 5%, 10%, and
15%. Results in Figure 3(a) indicate that the cellular uptake
of NPs is strain-dependent, and higher strain leads to more
NP uptake. The endothelial cells in vivo are exposed to shear
stress and cyclic stretch induced by the pulsatile blood flow.
The levels of applied uniform strain (5 to 15%) cover the range
of strain experienced by endothelial cells in vivo. This result
indicates that mechanical strain influences NP uptake, which
is not considered in the static culture dish work. NP uptake
observed in such a cyclic strain system is closer to one that
might be observed in animal studies for drug targeting and
toxicology applications.

Tomake sure cyclic stretch does not get cells detached, we
also examined the detachment of cells after incubation with
100 nmNPs under cyclic strain (5%, 10%, and 15%) for 1 h. No
significant difference of cell detachment was found compared
to static cells as shown in Figure 3(b), partially because the
plates were coated with collagen type I which can help cell
adhesion on the surface. The result indicates that the strain
level from 5 to 15%will not apparently lead to the detachment
of cells.

3.4. NPs Localization within the Cells. To figure out the
distribution of NPs within the cell, position of the nuclei in
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Figure 2: Cellular uptake of fluorescent NPs by the cells on plates with different strain ratio (0%, 5%, 10%, and 15%) (scale bar: 20𝜇m). Cells
were cultured on substrates for 24 h before loading the NPs. Images were taken after loading the NPs for 1 h.

each cell was labeled with DAPI staining. The intracellular
localization of the NPs was recorded after 1 h using fluores-
cence microscopy. As shown in Figure 4, most of the NPs
were located outside of the nucleus andwithin the cell cytosol.

This result is consistent with that reported in literature [2, 3].
Additionally, cyclic stretch did not change the localization of
NPs within the cells as shown in Figure 4(a). NPs are still
localized in the cell cytosol after stretching.
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Figure 3: Cell incubation with nanoparticles after stretching for 1 h with cyclic strain (5%, 10%, 15%) and at static condition (control group).
(a) Cellular uptake efficiency of nanoparticles. (b) Percentage of detached cells indicates no significant detachment difference. Bars represent
mean ± SEM (𝑛 = 3). ∗𝑝 < 0.05 versus static cells.
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Figure 4: Phase contrast and fluorescence images of BAECs after nanoparticles uptake for 1 h (scale bar: 10𝜇m). The nucleus in each cell
was labeled with DAPI staining (blue color). (a-b) Representing uptake of 100 nm nanoparticles by BAECs with 15% stretching for 1 h. (c-
d) Representing uptake of 100 nm NPs by BAECs incubated for 1 h without stretching. Nanoparticles (green color) are seen outside of the
nucleus. (e-f) Control experiment without nanoparticle incubation.
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Figure 5: The cellular nanoparticle uptake after stretching 1 h and
waiting for 0 h, 2 h, 4 h, 6 h, 9 h, 11 h, 13 h, and 22 h. Control group
shows the cells without stretching. The uptake of nanoparticles
decreased after 4 h and recovered to static condition after 13 h. Bars
represent mean ± SEM (𝑛 = 3). ∗𝑝 < 0.05 versus control group.

3.5. Time Duration of NP Uptake Enhancement Effect. We
further explore how long this stretch-enhanced NPs uptake
effect lasts. To investigate the effect duration time, we first
stretched the cells for 1 h without loading the NPs. We then
loaded the NPs into each plate after waiting for 0, 2, 4,
6, 9, 11, 13, and 22 h separately. Fluorescence signals were
quantified by a microplate reader for each sample. The cells
exposed to cyclic stretching uptakemoreNPs than the control
group of cells. The NP uptake enhancement effect after
stretching decreases nonlinearly with time and disappears
after 13 h compared to the cells without stretching, as shown
in Figure 5. The cellular uptake of NPs did not obviously
change even 4 h after stretching and began to decrease 6 h
after stretching. This result indicates that the effect of cyclic
stretch on cellular NP uptake can last for as long as 13 h.

4. Discussion

Nanoparticles as drug delivery carriers or imaging tools may
play a pivotal role in improving biomedical therapies [26].
In vitro experiments were usually executed to investigate the
transport, binding, and uptake behaviors of nanoparticles.
The development of in vitro models that mimic the in vivo
environment is highly desirable. For example, Huh et al.
develop a biomimetic microsystem that reconstitutes the
critical functional alveolar capillary interface of the human
lung to investigate cell reactions such as toxicity or the
formation of reactive oxygen species [25]. Compared to
static culture dish, the addition of cyclic stretching provides
physiological conditions closer to that in vivo.

The main outcome of our study was that, under cyclic
stretch conditions, more carboxylate polystyrene NPs were
internalized by BAECs compared to static cell culture con-
ditions and such enhancement is NP size and strain level

dependent. To our understanding, few investigations were
previously reported about the correlation between cyclic
stretch and internalization of NPs into endothelial cells.
Rouse et al. examined the cell viability, quantum dots (QD)
uptake, and cytokine production under 10% cyclic strain
condition [27].Their results indicate that the addition of stain
results in an increase in QD uptake by human epidermal
keratinocytes (HEK). They mentioned that application of
physiological load conditions can increase cell membrane
permeability, thereby increasing the concentration of QD
nanoparticles in cells. Other research further demonstrated
that cyclic stretch leads to the generation of reactive oxygen
species, which increase monolayer permeability via acti-
vation of NF-𝜅B and extracellular signal-regulated kinase
(ERK) [28].

Based on the experimental results in this study, the
enhanced NP uptake behavior will disappear after 13 h.
This may be related to the response of cell to mechanical
strains. Other studies also reported that repeated stretches
resulted in the trafficking and remodeling of caveolin-3-rich
membrane domains and accelerated turnover of membrane
glycosphingolipids [29]. The mechanical strain effects on the
cytoskeleton also play an important role in mechanotrans-
duction [30, 31]. The changes in the arrangement of the
cytoskeleton and the stretch-induced unfolding of caveolae
might reflect the mechanisms of the cellular adaptation to
mechanical strains which may affect endocytosis events [32].
This may lead to a changed uptake rate of NPs in BAECs
in a strain-dependent manner. When the mechanical strains
disappear, the cellular uptake of NPs recovers to normal
condition after 13 h.

The results of this in vitro study demonstrate that
mechanical strain influences the BAEC’s ability to internalize
NPs. This study has also shown that differences occur with
different cyclic strains and particles sizes. More testing in the
future, such as using a different endothelial cell type, strain
frequency, stretch time, particle type, chemical structure, and
NP concentration, can be performed to better understand
howmechanical strain affects the uptake ofNPs into endothe-
lial cells.

5. Conclusions

Mechanical strain is shown to enhance cellular uptake of
nanoparticles. The cell internalization of nanoparticles is
size-dependent and has an optimal size of about 100 nm.
Additionally, the cell internalization of nanoparticles is
strain-dependent and showsmore internalizationwith higher
strain levels.This enhanced nanoparticle uptake behavior can
last for 13 h and disappears afterwards. Future research is
needed to investigate the intercellular processes and activities
affected by cyclic stretch to further understand the uptake
mechanism. The strain level used in this study is similar
to that in physiological systems; thus it may be helpful to
understand targeted nanoparticle drug delivery in vivo.
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