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Background: Macropinocytosis can occur in various types of cells and displays multiple
functions. However, real-time observation and characterization of the structures of macropi-
nocytosis on the surface of the cell membrane is not yet possible.

Materials and methods: Here, we establish a real-time live cell surface imaging method
using three-dimensional-structured illumination microscopy. Based on this, observation of the
dynamic macropinocytosis process and morphological data of internalized structures on the
surface of pancreatic cancer cells were achieved during macropinocytosis. Next, different-sized
silica nanoparticles (SiO, NPs) were used as the scale for identifying the size range of internal-
ized substances of macropinocytosis in pancreatic cancer cells.

Results and conclusion: Our study not only provides a practical method and more structural
data for further investigation of macropinocytosis, but also makes deeper understanding of the
cell response toward nanomaterials as well as nanodrugs possible.

Keywords: nanomaterials, macropinocytosis, 3D-SIM, internalization

Introduction
Macropinocytosis has been studied extensively as a critical mode of endocytosis in
eukaryotic cells since its discovery in 1931 by Lewis.! Macropinocytosis can occur in
cells such as macrophages, dendritic cells, endothelial cells, and tumor cells. It was
originally considered to play a major role in the initiation of innate response and spe-
cific immune response, as well as in pathogens entering the host cells.>* Recently,
Commisso et al found that pancreatic cancer cells absorbed extracellular proteins
through macropinocytosis for intracellular amino acid metabolism, which suggested
that macropinocytosis is used as a mode of nutrition uptake by tumor cells.®
Therefore, it is essential to reveal the differences in macropinocytosis between
tumor and other cells. The large size of macropinosome vesicle is the main character-
istic differentiating it from clathrin-mediated endocytosis (85—110 nm) and caveolin-
mediated endocytosis (55-75 nm).” Some studies have even found that the size of
macropinosomes in macrophages could reach ~5 um.* Swanson and Watts identified
the whole process of macropinocytosis, from ruffle formation, ruffle closure, cup
closure to the formation of macropinosome vesicle.” Commisso et al established a
method to observe and quantify the internalized macropinosome vesicles in pancreatic
cancer cells.'” Owing to the diffraction limitation of visible light, exploring cells with a
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spatial resolution higher than for the subcellular level is still
powerless for the traditional confocal microscopy. Structured
illumination microscopy (SIM) that achieves higher imaging
speed and requires a relatively simple setup has been widely
applied in the field of life sciences.!'"'* However, the real-
time observation of macropinocytosis on the surface of the
cell membrane to characterize the strength, duration, and
structural features is not yet possible.

Due to the complexity of biomolecules, nanoparticles have
become an ideal model for studying cell internalization, with the
characteristics of controlled and uniform size. Also, as potential
drug carriers, it is also significant to reveal about internalization
of nanoparticles in tumor cells. The physicochemical properties
of nanoparticles could influence the capacity for internalization,
including the size, the constituting material, surface chemistry,

and so on.!* 16

Currently, diverse tools such as flow cytometry,
mass spectroscopy, capillary electrophoresis, and Raman spec-
troscopy are used for analysis.'”?° However, they still have
some limitations and a visual method which could show the
internalization of nanoparticles directly is urgently required.

In the present study, by means of the three-dimensional-SIM
(3D-SIM) technique, we characterized in situ the dynamic endo-
cytic structures and identified the size of internalized substances
on the surface of pancreatic cancer cells with Ras mutation. We
established a method for real-time observation of the occurrence
of macropinocytosis on the surface of cells for the first time.
This method was employed for assessing different-sized silica
nanoparticles (SiO, NPs) as the scale ruler of the internalized
substances of macropinocytosis in tumor cells.

Materials and methods

Brief general description

First of all, using DNA-single-walled carbon nanotubes
(SWCNTs), we observed the differences in modes of macro-
pinocytosis between multiple types of cells; next, based on
3D-SIM, we explored the structural characteristics of macro-
pinocytosis; and finally, applying different sizes of SiO,
NPs, the size range of internalized substances in K-ras®'?¢
MIA PaCa-2 cells was detected.

Cell culture

The pancreatic adenocarcinoma-derived human Kras®!*¢
MIA PaCa-2 cells (ATCC® CRM-CRL-1420™), Kras* MIA
PaCa-2 cells (ATCC® CRL-1420™), human umbilical vein
endothelial cells (HUVECs; ATCC® PCS-100-013™), and
mouse macrophage Raw 264.7 cells (ATCC® TIB-71™)
were purchased from the American Type Culture Collection
(Manassas, VA, USA) and maintained in DMEM (Thermo

Fisher Scientific, Waltham, MA, USA), supplemented with
10% heat-inactivated fetal bovine serum (Thermo Fisher
Scientific), 100 pg/mL streptomycin, and 100 U/mL penicil-
lin (Sigma-Aldrich, St Louis, MO, USA) on 10 cm plates at
37°C in the presence of 5% CO.,.

Reagents and chemicals

WGA Alexa Fluor 488 Conjugate, Lipofectamine 2000,
Opti-MEM, Dextran Alexa Fluor 568, and ActinGreen 488
ReadyProbes Reagent were obtained from Thermo Fisher
Scientific (Mariani et al, 2004)."° TPA, Hoechst 33342,
chlorpromazine, genistein, and AG1478 were purchased from
Sigma-Aldrich. 5-(N-ethyl-N-isopropyl)-amiloride was from
Santa Cruz Biotechnology (Dallas, TX, USA).*

Plasmids and transfection

The plasmid pmApple-lifeact-N1 was kindly provided by
Prof Pingyong Xu (Beijing, China). Transfection was carried
out using Lipofectamine 2000 according to the manufac-
turer’s instructions. Usually, cells were analyzed within
18-24 hours following transfection.?!*

Super-resolution 3D-SIM imaging and
analysis
Cells grown on glass coverslips or dishes were serum starved
for 18 hours, with the normal group non-starving. Then,
bovine serum albumin (BSA), TPA, and other reagents were
added at various times. Imaging of live cells was performed
in 20 mm dishes. For actin staining, cells were fixed with
4% paraformaldehyde in PBS for 20 minutes and permeabi-
lized with 0.1% Triton for 10 minutes at room temperature,
followed by incubation with two drops of ActinGreen 488
ReadyProbes Reagent per milliliter of medium for 30 minutes
at room temperature. Then cells were washed by PBS/serum
(three times, 5 minutes each).3

Cells were imaged using a DeltaVision OMX Imaging
System with the 3D-SIM model (No OM06051; GE Health-
care, Pittsburgh, PA, USA). Channel, mode, exposure,
excitation, and luminousness were set for optimum imaging.
SoftWoRx (GE Healthcare) was used to reconstruct image
data from OMX. Volume rendering of reconstructive image
was also obtained by using softWoRx.3

Imaging rendering and analysis was carried out using the
Imaris software from Bitplane (Zurich, Switzerland). Surface
and spots module were used for different imaging channels.
Region of interest imaging could offer information with
surface position; slice view could measure and analyze the
relativity or other data between imaging structures.
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Synthesis of monodispersed SiO, NPs

The SiO, NPs with a size of about 69 nm were prepared by
the reverse microemulsion method. Briefly, 1.77 mL Triton
X-100 and 1.8 mL n-hexanol were added to 7.5 mL cyclo-
hexane. Then, 345 pL water (in which was dissolved 15 mM
tris(2,2’-bipyridine) ruthenium dichloride) was added to the
mixture and stirred for 20 minutes. After that, 50 pL tetra-
ethyl orthosilicate (TEOS) was added to the above solution
and stirred for 20 minutes. Next, 60 uL. ammonia (29%) was
added and allowed to react for 24 hours. Finally, 50 uL. TEOS
and 50 uL N-(trimethoxysilylpropyl) ethylenediaminetriac-
etate, trisodium salt 35% in water was added to the above
solution and allowed to react for another 24 hours to obtain
dye-labeled SiO, NPs modified with carboxyl.

The SiO, NPs with larger sizes were obtained by the Stober
approach. Briefly, 540 UL water (in which was dissolved 15 mM
tris(2,2’-bipyridine) ruthenium dichloride), 500 uL. TEOS, and
0.5mL (or 1 mL) 29% ammonia were added to 12.8 mL ethanol
and stirred for 24 hours to obtain dye-labeled SiO, NPs with a
diameter of about 180 nm (the same method with 420 nm SiO,
NPs obtaining). All of the silica particles were separated by
centrifugation and washed by ethanol at least three times. Then,
the silica NPs were resuspended in 20 mL water for use.

Characterization of SiO, NPs by

transmission electron microscopy

The morphology of the produced silica NPs was investigated
using a JEM-2100F field emission transmission electron
microscope (JEOL, Tokyo, Japan). Also, the size of the
prepared SiO, NPs was about 69, 180, and 420 nm.

Statistical analysis
All assays were performed for at least three biological repli-
cates. All statistical analyses were completed with GraphPad
Prism 6 (GraphPad Software). Data are presented as
mean * standard error of the mean, and all data do not refer
to multiple comparisons.

Results
K-ras®'2¢ MIA PaCa-2 cells could not

internalize the SWCNTs (>2 um)

Reportedly, SWCNTs can enter into HUVECs through
macropinocytosis.”! We observed the endocytosis of dextran,
the marker of macropinocytosis, and the SWCNTs, with the
average length of about 2 um, linked covalently to DNA
in HUVECs. Figure 1A shows that red dextran and green
SWCNTs can enter into HUVECs, thereby indicating an

obvious colocalization, which was in agreement with the
report by Bhattacharya et al.”!

Commisso et al found that macropinocytosis is a critical
mode of nutrient uptake in pancreatic cancer cells with K-ras
mutation.® But whether the cells will absorb SWCNTs in
extracellular fluid through macropinocytosis under the same
conditions is yet to be elucidated. Interestingly, as Figure 1B
shows, green fluorescence was mainly accumulated outside
the cell membrane in K-ras®'?¢ MIA PaCa-2 cells incubated
with SWCNTs, and no significant internalization was
observed. The same materials were used in macrophages,
and the SWCNTSs were found to enter into the macrophages
by endocytosis (Figure 1C). Thus, we speculated differences
in the modes of macropinocytosis between macrophages and
HUVEC:s as well as pancreatic cancer cells with K-ras muta-
tion, K-ras®!?¢ MIA PaCa-2 cells. Therefore, the structural
characterization of the modes of macropinocytosis in tumor
cells will be conducted in detail.

Real-time dynamic observation of
macropinocytosis on the cell surface with
super-resolution structured illumination
imaging

Uptake of extracellular proteins by tumor cells through
macropinocytosis has been under intensive research with
respect to cell biology in recent years. However, the micro-
scopic imaging method to observe the physiological process
of macropinocytosis developed slowly; it mainly observed the
vertical structure after membrane ruffle using transmission
electron microscopy,?** or the macropinosome vesicle that
had entered the cells after the occurrence of macropinocytosis
by confocal microscopy.® Presently, there is no microscopic
imaging technique that can observe the occurrence of macro-
pinocytosis on the cell surface in real time and dynamically.
Only a few research groups have attempted to investigate the
process of macropinocytosis of macrophages, which com-
pletely differed from the macropinocytosis in tumor cells.
The macropinocytotic structure formed by the latter was far
smaller than the relevant structures in macrophages, and the
difference was more than 10-fold. We used these methods in
the study of macropinocytosis in tumor cells and found that
the resolution and speed of photography could not fulfill the
criteria of the present study.

To solve this, a method that can observe the cup-like struc-
ture of the surface of the live cell membrane in real time during
the occurrence of macropinocytosis was designed based on the
super-resolution 3D-SIM imaging. As shown in Figure 2A,
TPA, a known activator of macropinocytosis, was used to
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Figure | Differences on the internalization of large nanotubes in three types of cells.
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Notes: (A—C) SWCNTs linked to DNA (DNA-SWCNT, green) were treated on three types of cells, HUVECs, Raw 264.7 cells, and K-ras®'2“ MIA PaCa-2 cells. Cell nuclei
were dyed by Hoechst 33342. Dextran (red) was added to HUVECs for 30 minutes. Bars, 10 um.
Abbreviations: HUVEC, human umbilical vein endothelial cell; SWCNT, single-walled carbon nanotube.

treat the K-ras®'? MIA PaCa-2 cells; these cells showed a
large number of cup-like structures on the surfaces of the cell
membranes.”* However, after pretreatment with 5-(N-ethyl-/N-
isopropyl)-amiloride, a specific inhibitor of macropinocytosis,
these cup-like structures on the surface of cell membrane
were not observed after the addition of TPA. Furthermore,
other endocytic inhibitors, chlorpromazine, genistein, and
AG147, could not inhibit the occurrence of TPA-induced
cup-like structures. Commisso et al reported that tumor cells
with Ras mutation could absorb and degrade the extracellular
BSA through macropinocytosis.® We treated the K-ras®'*¢

MIA PaCa-2 cells with dextran and BSA separately, and the
cup-like structures were demonstrated on the cell surfaces.
Moreover, these structures colocalized with BSA and dextran
(Figure 2B and C), and thus, the cup-like structures on the
cell surface could be related to macropinocytosis.

Imaging and analysis of the internalized
structure of macropinocytosis in tumor

cells
The cup-like structures were characterized and analyzed
further. The 3D-SIM imaging system was used to image
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:

AG1478+TPA Genistein+TPA Chlorpromazine+TPA

A Control

Figure 2 Establishment of real-time imaging of macropinocytosis based on super-resolution structured illumination microscopy.

Notes: K-ras®'>“ MIA PaCa-2 cell nuclei were dyed by Hoechst 33342 after FBS starving for 18 hours. (A) Cells were treated with 0.1 tM TPA for 10 minutes after pretreatment for
30 minutes, while the control group was not treated with any inhibitor, including 100 uM EIPA (macropinocytosis inhibitor), 25 M chlorpromazine (clathrin-dependent endocytosis
inhibitor), 100 UM genistein (lipid raft-mediated endocytosis inhibitor), and 100 nM AG 1478 (EGFR tyrosine kinase inhibitor). (B) Cells were treated with 20 pig/mL dextran, AlexaFluor
488 for 5 minutes. (C) Cells were treated with 20 pg/mL BSA, AlexaFluor 568 for 5 minutes. Arrowheads showed that the co-localization between cups and Dextrann. Bars, [0 um.
Abbreviations: BSA, bovine serum albumin; FBS, fetal bovine serum; EIPA, 5-(N-ethyl-N-isopropyl)-amiloride.
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the real-time dynamic changes in the macropinocytic cup
for the first time (Figure 3A). After BSA treatment for the
starved K-ras®'?¢ MIA PaCa-2 cells, a large number of cups
immediately occurred on the cell membrane. Intuitively,
each cup exhibited a specific depth and their morphologies
were similar. Compared to normal macropinocytosis under

non-starvation state, a large number of cups occurred on the
abdomen of the starved cells; thus, more cups appeared on
the non-adherent edge.

The 3D-SIM is a non-tomographic scanning method,
and all information can be collected for the cell from top to
bottom. Figure 3A shows the depth of the cup, with a single
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Figure 3 Structure analysis of macropinocytic cups.

Intramembrane

)

Notes: (A) K-ras®'>© MIA PaCa-2 cell plasma membrane was dyed by WGA 488. Then, TPA was added to cells 5 minutes before imaging by super-resolution structured
illumination microscopy. Bars, 10 um. (B) Calculation of macropinocytic cup depths and maximal internal diameters. (C) Three typical macropinocytic cups were selected.
The images show the cup shapes at different layers, from extracellular to intracellular direction. The distances between contiguous layers of one cup are isometric. Bars, |
um. (D) Calculation of extracellular to intracellular part ratios. Upper gray pillars show the extracellular parts of cups, and low black pillars represent the intracellular parts.
(E) Lateral view and planform of the cup were both acquired by Imaris surface rendering. Bars, | pum. (F) Schematic diagram of the specific structure of a macropinocytic
cup. Real-time macropinocytosis imaging based on super-resolution structured illumination microscopy could image the structure of cups in the period between ruffle and

cup closure during macropinosome formation.
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imaging of 0.015 seconds for a total time of 5.4 seconds
from the top of the ruffle to the cup bottom. Yoshida et al
reported that forming of macropinosome requires duration
of ~200 seconds.” So, we infer that the macropinocytic cup
imaged here is a full form in the process of macropinosome
formation. Minimal displacement of the imaging focus was
0.02347 um; according to imaging frequency, the depth and
the internal diameter of the cup were calculated by Imaris
software. The depth of the cup was 2-3 um, with a maximal
diameter of 0.7-0.9 um (Figure 3B). By analyzing each layer
of the cup, from the plasma membrane adhering to the glass
coverslip to another side of the cytoplasm, it can be found
that the initial layer gradually turned into gray, and a marked
turnaround layer could be set and identified (Figure 3C).
Since the cell membrane was stained in green, when the
imaging focus is in front of the plasma membrane, protru-
sion occurring on the membrane will brighten the cup center.
Conversely, when the focus is below the membrane, the
protrusion will not be observed. If the bottom of the cup does
not internalize, we cannot trace the cup location. Therefore,
a dark area indicates an invagination of the cup. Therefore,
the bright and dark transition region can be regarded as a
boundary between the cup and the membrane. Similarly, a
large number of cups were analyzed, and the difference in the
proportions of invagination and protrusion in various cups is
plotted in Figure 3D. Fluorescence data of the cup were 3D
rebuilt and characterized by Imaris, and the stereo structures
could be observed (Figure 3E). Based on the above analysis
and calculation, the morphological evolution of macropino-
cytosis from the cup formation to closure in tumor cells was
deduced, as shown in Figure 3F.

Dynamic changes of F-actin

Figure 4A shows the SIM images of the cell membranes and
microfilament of tumor cells during taking up the extracel-
lular proteins. Through 3D reconstruction using Imaris, mul-
tiple F-actin molecules were found to cross the ventral side of
MIA PaCa-2 cells (K-ras®'*¢). F-actin was enveloped in the
cell membranes (Figure 4B), which is similar to the lamel-
lipodia observed during macropinocytosis under an electron
microscope. However, these lamellipodia near the cells are
mostly longer than 10 wm, with even the shortest above 5 um,
which are much larger than the lamellipodia lengths and
macropinosome diameters reported in previous literature. We
also observed slender lamellipodia near the ventral side, and
the top of the lamellipodia merged to form a structure similar
to a macropinosome (Figure 4C). There are almost no reports
to identify where macropinocytosis occurs in the 3D struc-
ture of cancer cells. It was suggested that macropinocytosis

could appear where F-actin is enriched — around the site of
cell adhesion. However, we did not observe lamellipodia in
a large quantity and appropriate length in this region. In con-
trast, a large number of lamellipodia and cups appeared at the
locations where cells adhered to the wall. In Figure 4C, many
cups can be seen in the ventral side during macropinocytosis,
with the cell membrane elevated by only about 1-2 um due
to the degraded F-actin. However, the 3D reconstruction of
the ventral side indicates (Figure 4D) that a high concen-
tration of circular dorsal ruffles (green) occurs on the cell
membrane. Such structures (green) can also be observed
inside the cells, probably resulting from the invagination of
circular dorsal ruffles. Finding whether the circular dorsal
ruffles are the macropinocytotic cups reported in macropi-
nocytosis and the nature of their structural features will be
the focus of SIM imaging in the future. They are also the
key aspects of real-time observation of macropinocytosis
in tumor cells. Another important feature of macropinocy-
tosis is that F-actin running through the cells reorganizes
into fragments,® helping the cell membrane to form ruffles.?

In this study, it was found that when macropinocytosis is
completed, F-actin molecules will be recovered, especially
in the ventral cell surface position. Therefore, when simul-
taneously observing cup invagination, live cell imaging was
performed to display the dynamic changes of actin cytofila-
ments in MIA PaCa-2 cells (K-ras™) treated with TPA. At the
beginning of 20 minutes, nearly no F-actin running through
MIA PaCa-2 cells (K-ras®'*“) could be observed in the ventral
cell surface position. This is consistent with the data obtained
by Imaris shown in Figure 4E. F-actin was reorganized after
TPA addition for 20 minutes, which serves as a solid evidence
for the absence of significant macropinocytosis. To confirm
whether macropinocytic uptake of the extracellular proteins
took place in pancreatic adenocarcinoma-derived human
MIA PaCa-2 cells in the absence of extracellular proteins, the
dynamic changes of actin were recorded as an evidence.

Kamphorst et al reported that MIA PaCa-2 cells with
oncogenic mutant K-ras®*“ had a higher level of macropi-
nocytosis compared with K-ras™ cell strain MIA PaCa-2.”
This was based on the evidence that when TMR-dextran
was used as the marker of macropinosomes, over ten labeled
macropinosomes were seen in the serum-starved MIA PaCa-2
cells, while they were hardly observed in MIA PaCa-2 cells.
Also, Egami and Araki reported that Raw 264.7 cells could
internalize BSA by macropinocytosis.?® Based on above con-
siderations, the models of BSA entering into K-ras®'*¢/K-ras™
MIA PaCa-2 cells or Raw 264.7 cells were used to explore
the differences during the macropinocytosis of tumor cells
and macrophages.
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Figure 4 Lamellipodia and ruffles of macropinocytosis by real-time imaging based on super-resolution structured illumination microscopy.

Notes: (A) K-ras®'?© MIA PaCa-2 cell membrane was stained with WGA 488; fluorescent actin was obtained by pmApple-LifeACT-NI plasmid transfection. Cells were
imaged after FBS starvation for 18 hours. Surface rendering was generated from the Imaris software that showed cell lamellipodia. Bars, 5 um (excluding tagged ones). (B, C)
Cells were treated with 0.1 M TPA after 18 hours starvation, with the cells stained as in (A). Both electron microscope images and others in (B) show ruffles on cell edges
and in (C) show ruffles on the ventral aspect of the cell (arrowheads). Bars, 2 um (excluding tagged ones). (D) Ruffle characteristics were obtained by Imaris analysis. Bars,
I um. (E) K-ras®'>© MIA PaCa-2 cells were treated with 0.1 UM TPA or not after FBS starvation for 18 hours. Afterward, the cells were fixed with 4% paraformaldehyde in PBS
for 20 minutes and permeabilized with 0.1% Triton for 10 minutes; F-actin was stained with ActinGreen 488. Left: With no TPA treatment, F-actin running through K-ras®'*
MIA PaCa-2 cells existed steadily. Right: On the contrary, after adding TPA, K-ras®'?© MIA PaCa-2 cells, ventral F-actin decreased gradually. Surface rendering of F-actin images
showed K-ras®'2¢ MIA PaCa-2 cells’ ventral characteristics. Left panel: K-ras®'2¢ MIA PaCa-2 cells after FBS starvation for 18 hours with integrated F-actin running through the
cells; right panel: K-ras®'>© MIA PaCa-2 cells treated 0.1 UM TPA after FBS starvation for 18 hours with no F-actin on the ventral cell surface. Bars, 10 um.

Abbreviation: FBS, fetal bovine serum; PM, plasm membrane.
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We visualized the macropinocytic uptake of protein by ~ As shown in Figure 5A, focusing one or two cells, with the
establishing an imaging technique based on super-resolution ~ K-ras"T cells previously serum starved and with sufficient
SIM. Referring to existing studies, K-ras* MIA PaCa-2 cells,  essential amino acids, only four “cups” were found on the
K-ras®?¢ MIA PaCa-2 cells, and Raw 264.7 cells were used.  cell surface after adding BSA into the culture medium for

K-ras"t

K_rasG12C

B i i i 20 min

K-ras"t

K_rasG12C

(@)

Raw 264.7

Figure 5 Differential dynamic changes of F-actin among K-ras"* MIA PaCa-2 cells, K-ras®'2© MIA PaCa-2 cells, and Raw 264.7 cells.

Notes: (A) K-ras*® MIA PaCa-2 cells and K-ras®'?¢ MIA PaCa-2 cell nuclei were dyed by Hoechst 33342 after FBS starvation for 18 hours. BSA (100 pg/mL) was added to
cells, which were imaged at different time points by macropinocytosis real-time imaging. Bars, 10 um. (B, C) K-ras** MIA PaCa-2 cells, K-ras®'*© MIA PaCa-2 cells, and Raw
264.7 cells were treated with BSA (100 pg/mL) for 0-30 minutes after FBS starvation for 18 hours. Afterward, the cells were fixed with 4% paraformaldehyde in PBS for
20 minutes and permeabilized with 0.1% Triton for |0 minutes. F-actin was stained with ActinGreen 488. From 0 to 30 minutes, F-actin running through K-ras"* MIA PaCa-2
cells and Raw 264.7 cells existed steadily. On the contrary, after adding BSA for 5 minutes, K-ras®'? MIA PaCa-2 cells’ ventral F-actin began to decrease. At 10 minutes,
ventral F-actin formed circular vesicle structures; at 20 minutes, F-actin was reorganized gradually, with the initial state restored at 30 minutes. Bars, 10 um.
Abbreviations: BSA, bovine serum albumin; FBS, fetal bovine serum.
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0-30 minutes. While, in K-ras®'?¢ MIA PaCa-2 cells under
the same environment, dozens of “cups” appeared after add-
ing BSA for 5 minutes. The number of macropinocytic cups
on the cell membrane increased again at 10 and 20 minutes,
decreased at 30 minutes, and recovered to initial stage.
F-actin on the ventral position of the adherent side reorga-
nized and recovered successively at the same time points
(Figure 5B). The above results indicate that macropinocytic
uptake of protein in tumor cells lasted about 30 minutes.
By comparison, BSA could enter into Raw 264.7 cells by
macropinocytosis, but the F-actin on the ventral sides did
not change as K-ras®'?¢ MIA PaCa-2 cells during macropi-
nocytosis (Figure 5C). These results suggest that the dynamic
changes of F-actin were different during macropinocytosis
in tumor cells and macrophages.

Measurement of the size range
of internalized substances in

macropinocytosis using different sizes of
SiO, NPs

Figure 1 demonstrates that single-walled 2 um length carbon
nanotubes could not be internalized into the MIA PaCa-2
cells by K-ras®!>“ mutation, while Figure 3 confirms that the
width and depth of the macropinocytotic cup structure of
K-ras®?¢ MIA PaCa-2 cells were 0.7-0.9 and 23 pum, respec-
tively. Theoretically, 2 wum SWCNT can be endocytosed
into cells; thus, the size range of the internalized substances
of macropinocytosis in tumor cells was not the maximum
value of the theoretical volume of the cup structures.

Therefore, selecting a controllable internalized substance
with a stable size in order to elucidate the size range of these
substances of macropinocytosis in tumor cells is highly
essential. In view of the characteristics of SiO, NPs, such
as flexible size, robust physical stability, as well as entering
the tumor cells through clathrin-mediated endocytosis and
macropinocytic internalization, three different sizes of SiO,
NPs (69, 180, and 420 nm) were selected based on the range
of clathrin-mediated endocytosis to be utilized as the verifi-
cation tool for determining the structure of macropinocytic
internalization. The different sizes of SiO, NPs were verified
by electron microscopy (Figure 6A).

Kamphorst et al have verified that serum starvation is not
performed for K-ras®'?¢ MIA PaCa-2 cells, which indicates
that cells rarely absorb the extracellular substances actively
through macropinocytosis when the amino acid content
is normal in the extracellular environment.”’” Only a few
69 nm SiO, NPs entered the cells in the absence of starvation
culture, while no internalization in 180 and 420 nm SiO,

NPs was observed (Figure 6B). In the event of starvation,
the cells had the ability to absorb extracellular substances
through macropinocytosis; although internalization occurred
in 69 and 180 nm SiO, NPs, the 420 nm SiO, NPs did not
enter into the cells. These preliminary results demonstrate
that 69 nm NPs could be internalized into cells through
clathrin and 180 nm NPs could be internalized into the cells
through macropinocytosis; however, the 420 nm NPs cannot
be internalized through macropinocytosis.

In order to further confirm the modes of internalization of
SiO, NPs with various sizes, the cells were treated with clathrin-
mediated endocytosis inhibitor, chlorpromazine (Figure 6C-E).
After treatment with chlorpromazine, 69 nm SiO, NPs con-
tinued to enter into the cells; however, the volume decreased
significantly, suggesting that SiO, NPs of this size entered
into the cells through both clathrin-mediated endocytosis and
macropinocytic internalization. The internalization of 180 nm
NPs was not affected by the inhibitor, indicating that NPs of
this size entered into the cells only through micropinocytosis.
There was no internalization of 420 nm NPs, suggesting that
SiO, NPs of this size could not enter into the tumor cells.

Discussion

The in-depth study of macropinocytosis revealed that this
process also played a crucial role in other types of cells,
despite its inherent behavior in macrophages and dendritic
cells. Commisso et al found that macropinocytosis is vital
in pancreatic cancer cells with K-ras mutation, which is
also the major pathway of nutrition uptake.® To date, this
type of endocytosis occurs in all types of cells, which is
collectively known as “macropinocytosis”, without any
definite classification and differentiation. Nevertheless, the
macropinocytosis occurring in various types of cells is greatly
different. The present study shows that SWCNTSs can enter
into the macrophages and HUVECs through macropinocy-
tosis, but cannot enter into the tumor cells. This difference
was reflected mostly in the internalized structure and the size
of the internalized substances.

Moreover, no microscopic imaging technique is avail-
able that can perform the real-time dynamic observation of
macropinocytosis on the cell surface, especially macropino-
cytosis in tumor cells with relatively small macropinocytosis
structure, which largely limited further studying and under-
standing the process. This study developed a method based on
3D-SIM super-resolution imaging technique that can perform
such real-time dynamic observation of the structure and status
of macropinocytosis on the surface of live cell membrane.
Moreover, through a detailed analysis of the “cup” structure
of macropinocytosis, this study concluded that the depth of
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Figure 6 Internalization of different sizes of SiO, NPs in K-ras®'> MIA PaCa-2 cells.
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Notes: (A) Different sizes of SiO, NPs were detected by transmission electron microscopy. Bars, 200 nm. (B) Three sizes of SiO, NPs were treated on K-ras®'*“ MIA PaCa-2
cells, respectively, for | hour before imaging. (C) SiO, NPs were added to cells after FBS starvation for 18 hours. (D) Cells were treated with chlorpromazine for 30 minutes
before treatment with MSNs. Bars, 10 um. (E) The quantity of internalized SiO, NPs was analyzed by Imaris. All data are mean+SEM.

Abbreviations: FBS, fetal bovine serum; SEM, standard error of the mean; SiOz NP, silica nanoparticle; MSN, monodispersed silica nanoparticle.

the structure was 2—3 pm and the maximum internal diameter
was 0.7-0.9 um. In addition, the whole process of disappear-
ance and gradual recovery of cell-ventral-side microfilament
in the process of macropinocytosis was observed in real time
and dynamically; the real morphology of macropinocytosis
on the cell surface was also displayed. The establishment of
this method complemented the deficiency of the previous
studies that could only perform qualitative and quantitative
characterization of the macropinosome vesicle. Furthermore,
this approach gave complete morphological and structural

data of the surface of cell membrane during macropinocytosis
for the first time, therefore providing a feasible and effi-
cient method for further investigation of macropinocytosis.
Although this method had been performed in several types
of cells, more imaging studies could be used to identify its
limitations and potential. With the continuous development
of super-resolution imaging technique, this approach may
be used in studies of other endocytosis types on the cell
surface, such as clathrin-dependent endocytosis or caveolin-
dependent endocytosis.
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According to the cup structure data of macropinocytosis in
tumor cells, theoretically, 2 um long SWCNTSs can enter into
the cells through macropinocytosis; however, the opposite
was true, suggesting that the size range of the internalized
substances of macropinocytosis in tumor cells is not the
maximum value of the theoretical volume of cup structure.
This feature might be attributed to the complex bending and
folding of cell membranes that rendered difficulty in con-
taining the maximum internalized substances theoretically.
More correlative studies on the mechanism and characteristic
of macropinocytosis will provide better understanding.

In order to investigate the size range of the internalized
substances of macropinocytosis in tumor cells, MSN was
used as a scale. The SiO, NPs had the characteristics of high
flexibility, uniform and controllable size, strong physical
stability, as well as the ability to enter into the tumor cells
through macropinocytosis.?’ The present study found that
69 nm SiO, NPs can enter K-ras®*“ MIA PaCa-2 cells via
clathrin-mediated endocytosis and macropinocytosis. The
180 nm SiO, NPs can enter into the cells only through macro-
pinocytosis, while the 420 nm NPs cannot enter into the cells,
these results about the sizes of internalized substances were
widely different from the previously known internalized size
(0.5-2 pm) of macropinocytosis. The findings of this study
further illuminated the process of macropinocytosis in tumor
cells and provided a preliminary idea and evidence for the
refinement and classification of macropinocytosis. Also, as a
potential nanodrug carrier for tumor cells, the internalization
ability of MSNs was essential for the drug design. In addition,
the size of MSNs could give a reference for the macropino-
cytosis of viral vectors. Thus, this study provided a prelimi-
nary size range for designing the nanodrug carriers and viral
vectors. Considering the high cytotoxicity of the small-sized
nanomaterials, 100—300 nm may be an appropriate range.

Conclusion
This study established a method based on 3D-SIM super-
resolution imaging technique for the first time that can perform
real-time dynamic observation of the structure and status of
macropinocytosis on the surface of live cell membrane, and this
approach provided complete morphological and structural data
of the surface of cell membrane during macropinocytosis.
This study used different-sized SiO, NPs as the scale ruler
to investigate the size range of the internalized substances
of macropinocytosis in tumor cells. It was found that 69 nm
SiO, NPs can enter K-ras®'*“ MIA PaCa-2 cells via clathrin-
mediated endocytosis and macropinocytosis, the 180 nm SiO,
NPs can enter into the cells only through macropinocytosis,
while the 420 nm NPs cannot enter into the cells, these results

about the sizes of internalized substances were widely differ-
ent from the previously known internalized size (0.5-2 pum)
of macropinocytosis. This study provided a preliminary size
range for designing the nanodrug carriers and viral vectors.

To sum up, this study found that in the actual structure
of macropinocytosis in tumor cells exists huge differences
with the past viewpoints, and we hope that this finding could
provide an experimental reference and example for the study
of metabolism and endocytosis in tumor cells.
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