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Abstract The unique structural features of mesoporous
silica nanoparticles (MSN) have made them very useful in
biological applications, such as gene therapy and drug
delivery. Flow cytometry, confocal microscopy, and elec-
tron microscopy have been used for observing the endocy-
tosis of MSN. However, flow cytometry cannot directly
observe the process of endocytosis. Confocal microscopy
requires fluorescence labeling of the cells. Electron micros-
copy can only utilize fixed cells. In the present work, we
demonstrate for the first time that differential interference
contrast (DIC) microscopy can be used to observe the entire
endocytosis process of MSN into living human lung cancer
cells (A549) without fluorescence staining. There are three
physical observables that characterize the locations of MSN
and the stages of the endocytosis process: motion, shape,
and vertical position. When it was outside the cell, the
MSN underwent significant Brownian motion in the cell
growth medium. When it was trapped on the cell
membrane, the motion of the MSN was greatly limited.
After the MSN had entered the cell, it resumed motion at a
much slower speed because the cytoplasm is more viscous
than the cell growth medium and the cellular cytoskeleton
networks act as obstacles. Moreover, there were shape
changes around the MSN due to the formation of a vesicle
after the MSN had been trapped on the cell membrane and
prior to entry into the cell. Finally, by coupling a motorized
vertical stage to the DIC microscope, we recorded the
location of the MSN in three dimensions. Such accurate 3D
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particle tracking ability in living cells is essential for studies
of selectively targeted drug delivery based on endocytosis.
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Introduction

Mesoporous silica nanoparticle (MSN) materials have
many unique features, such as chemical stability, tunable
pore diameter (2—30 nm), narrow pore size distribution, and
high surface area (more than 700 m? g™"). Moreover, the
pores inside MSNs are independent parallel channels that
can be capped and opened by controllable chemical
stimulation [1], photo stimulation [2], or pH stimulation
[3]. The digestion of guest molecules can be avoided
because guest molecules are protected against enzymes
before they reach their destinations. Furthermore, compared
with viral vectors, MSNs cause fewer pathogenic risks [4]
and compared with polymer nanoparticles, MSNs are more
resistant to organic solvents [5]. It has already been
demonstrated that MSNs are biocompatible and can be
endocytosed by animal and plant cells [6, 7].

Because of these unique features, MSNs have been used
as carriers in a controlled-release delivery system to transfer
cell membrane impermeable molecules [8]. In order to
increase cell recognition and selective endocytosis of
MSN:Ss, it is of great importance to observe and understand
the entire process of endocytosis of MSNs. Flow cytometry,
confocal microscopy, and electron microscopy have been
employed previously for this purpose [8—11]. Flow cytom-
etry can be used to study the efficiency of endocytosis by
converting the measured fluorescence intensity into the
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number of MSNs present inside the cell, but it cannot
provide information during the process of endocytosis or
show the distribution of MSNs inside the cell. Confocal
microscopy can be used for live-cell imaging, but the cells
need to be stained with fluorescent dyes. In electron
microscopy, more detailed information can be extracted,
including the distribution of MSNs; however, because the
cells are fixed and dead, this technique cannot track the
continuous movement of MSNs inside living cells directly.

In the present study, various modes of optical microsco-
py were tested for nonintrusive, continuous tracking of sub-
diffraction-limited MSNs during the entire endocytosis
process in living cells. The application of bright-field
microscopy is limited because there is too little contrast
between MSNS, the cells, and the surrounding medium. The
contrast can be greatly improved by using phase-contrast
microscopy, dark-field microscopy, or differential interfer-
ence contrast (DIC) microscopy. These three techniques
have been compared previously for horizontal resolving
power and vertical sectioning ability [12]. In phase-contrast
microscopy, halos were always seen around the edges of the
cell membrane and intracellular organelles, blurring some
details. In dark-field microscopy, which mainly depends on
light scattering of objects, we noticed that inside eukaryotic
cells, especially around cell nuclei, the scattering light was
too strong to resolve particles of sub-200-nm diameter. In
addition, dark-field microscopy requires strong incident
light, which is not suitable for long-time observation of
living cells.

DIC microscopy not only increases the contrast between
cells and the surrounding medium, but also has some other
advantages over phase-contrast and dark-field microscopy
[13]. DIC microscopy does not have the “halo” edge effect,
and it does not cause much scattering inside the cell. DIC
microscopy makes full use of the numerical aperture of the
system and has a shallow depth of focus, leading to a much
better vertical resolution and thus good optical sectioning.
Moreover, DIC microscopy utilizes the interference of light
instead of the opacity of the specimen; it can resolve
objects which are smaller than the theoretical resolution
limit of optical microscopy. The MSN of around 100 nm in
diameter used in our experiment is one example.

DIC microscopy is useful for particle uptake studies in
living cells, and it has already been demonstrated [14]. Here
we further the application of DIC microscopy for single-
particle tracking in living cells. In our experiment, we used
DIC microscopy to record the entire process of endocytosis
of a single MSN by a living human lung cancer cell (A549)
without staining the cell. Unlike in electron microscopy, the
cells were alive during the entire recording period and the
endocytosis process was tracked continuously from start to
finish. Three physical observables—motion speed, shape,
and vertical position—were used to characterize the
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locations of the MSN (inside/outside the cell or on the cell
membrane) throughout the many stages of the endocytosis
process.

Experimental

Synthesis of fluorescein isothiocyanate labeled and tri
(ethylene glycol) organic linker modified MSNs

Tetraethyl orthosilicate (TEOS) was purchased from Gelest
(Philadelphia, PA, USA). Fluorescein isothiocyanate (FTIC)
isomer I, anhydrous dimethyl sulfoxide, 3-aminopropyl-
trimethoxysilane (APTMS), and cetyltrimethylammonium
bromide were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All chemicals were used as received. FITC-
labeled MSNs were prepared by reacting 5.0 mg
(1.284 mmol) of FITC with 40 ul (1.146 mmol) of APTMS
in anhydrous dimethyl sulfoxide under an inert atmosphere
for 2 h, and then co-condensing the resulting product with
5.0 ml (32.5 mmol) TEOS by the hydrothermal method
previously reported [11]. To a mixture of 1.0 g (2.75 mmol)
cetyltrimethylammonium bromide, 480 ml water and 3.5 ml
2 M sodium hydroxide, heated at 80 °C, under vigorous
stirring, the TEOS and the product of the FITC and APTMS
reaction were added dropwise. The reaction mixture was
maintained at 80 °C for 2 h, after which the resulting orange
solid was filtered, washed thoroughly with water and
methanol, and dried under vacuum at 80 °C for 20 h. The
synthesis of the organic ligand was achieved by modifying
a procedure previously reported [15]. Specifically the
synthesis of 1-[2-(2-bromoethoxy)ethoxy]-2-methoxy-
ethane was followed directly, then this molecule was
attached to APTMS via an SN? reaction in refluxing
ethanol overnight. This crude product was directly grafted
to as-synthesized FITC-MSNs (still containing a surfactant
template). Once grafted, the surfactant template was
removed via our previously published method [16]. The
average diameter of these FITC-labeled spherical MSNs
measured by transmission electron microscopy was around
100 nm (Fig. 1).

Cell culture

Human lung cancer cells (A549) were purchased from
American Type Culture Collection (ATCC, Baltimore,
USA; CCL-185). The cells were plated in a T25 cell culture
flask (Corning). Four milliliters of Kaighn’s modification of
Ham’s F-12 medium (F-12K medium, ATCC) supplemented
with 10% fetal bovine serum was added to the flask. The
flask was put in a cell culture oven (37 °C, 5% CO,). The
cells were subcultured every 2—3 days at a ratio of 1:3. For
subculturing, the cell suspension solution was transferred to
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Fig. 1 Transmission electron microscopy image of the mesoporous
silica nanoparticles (MSNs) used in our experiments. The MSNs were
labeled with fluorescein isothiocyanate and functionalized by tri
(ethylene glycol) organic linker. The average size of the MSNs was
around 100 nm

a 22 mmx22 mm no.l poly(L-lysine)-coated cover slip,
which was then put into a Petri dish (50 mmx12 mm,
Corning). After 1 h, a proper amount of cell growth medium
was added to immerse the whole cover slip. Finally, the Petri
dish was put back in the cell culture oven for 24 h.

Sample preparation for DIC microscopy

Figure 2 shows a schematic diagram of the experimental
setup. Two pieces of double-sided tape were stuck parallel
on the top of a precleaned glass slide. The distance between
the two pieces of tape was about 15 mm. A cover slip was
taken out from the Petri dish, which was prepared in the last
step, and the side without cells was cleaned and dried with
a Kimwipe. The cover slip was placed carefully on the top
of the tapes, with the poly(L-lysine)-coated side facing the
glass slide. Then 20 pul MSN suspension solution (30 pg/ml
F-12K medium without fetal bovine serum, sonicated for
30 min before use) was added to the chamber formed
between the glass slide and the cover slip. The other two
open edges of the chamber were sealed by nail polish to
prevent evaporation. This sample slide was placed on the
stage of the DIC microscope for observation. Because the
cells were hung on the ceiling of the chamber, the endo-
cytosed MSN actually moved up from the bottom of the
cell against the direction of gravity.

It is crucial to keep the cells alive during the recording
period. In our observation, when the cell was dying, the cell
membrane would lyse. The cell could no longer stretch out
on the cover slip and cell cytoplasm material would flow
from the cell. None of these phenomena were observed
while the endocytosis event was recorded. In addition, the
intracellular organelles, such as granules and mitochondria,

were moving around freely. All these observations con-
firmed that the cells were still alive even after the recording
had been completed.

DIC microscopy

An upright Nikon Eclipse 80i microscope equipped with a
DIC slider was used for investigations. A X100 objective
lens (Nikon Plan Apo/1.40 oil) was used. The fine-focusing
adjustment of the microscope is 0.1 mm per rotation (360°).
A motorized rotary stage from Sigma Koki (model no.
SGSP-60YAM) was coupled to the fine-adjustment knob on
the microscope. The motor was controlled by Intelligent
Driver, CSG-602R (Sigma Koki). The travel for each pulse
was 0.0025° (0.69 nm). A CCD camera (Cool SNAP ES,
Photometrics, Tucson, AZ, USA; pixel size 6.4 um) was
mounted on the microscope. The CCD exposure time was
200 ms at 20-MHz digitization speed unless otherwise
specified. Winview32 (Roper Scientific, Princeton, NJ, USA)
was used for cell image collection and data processing.

We first distinguished the MSNss from cellular organelles
of similar size and shape by fluorescence microscopy using
a typical FITC filter set. The microscope can be switched
between DIC and fluorescence modes easily. When we
observed A549 cells in fluorescence microscopy (control
experiment), we did not see fluorescence coming from the
other cellular organelles. After we had confirmed the
locations of the MSN particles by their fluorescence, we
switched the microscope to DIC mode to track their
movements. The tracking was accomplished by manually
adjusting the focus to the same plane as the MSN. At the
same time, vertical sectioning through the entire cell was
performed every 5-10 min or when a change in the MSN’s
vertical position (as indicated by the change in focal plane)
was noticed.
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Fig. 2 The experimental setup. Cells (only one cell is shown) grew on
a poly(L-lysine)-coated cover slip (0.17 mm). A chamber was made by
connecting the glass slide and the cover slip with double-sided tape
(0.2 mm). The cell culture medium containing the MSN was added to
the chamber. During the process of endocytosis, the MSN diffused
from the bottom of the chamber towards the top, against the direction
of gravity. Note that the components in this figure are not drawn
proportionally
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Results and discussion

Generally speaking, to carry out endocytosis, the invagi-
nations or pits of the cell membrane form vesicles which
contain foreign materials, and then these vesicles pinch
off from the cell membrane, move into the cytosol, and
travel towards their final destinations [17]. MSNs are
endocytosed by the cell in a similar manner. The whole
endocytosis process of a single MSN was recorded by DIC
microscopy. To characterize the locations of the MSN and
the stages of the endocytosis process, three physical observ-
ables were recorded: motion speed, shape, and vertical
position.

Motion speed

During the whole process of endocytosis, the MSN, a hard
spherical particle with pores, went through three kinds of
environment: cell growth medium, cell membrane surface,
and cell cytoplasm. They were also the three main stages of
endocytosis. The MSN had different motion speeds in each
stage.

In the first stage, the MSN underwent significant
Brownian motion in the cell growth medium. To have a
more quantitative description of the motion, we calculated
the diffusion coefficient (D) in two dimensions. The lateral
displacements (r) of the MSN between two successive steps
were calculated by reading the x—y coordinates of the MSN
in a trajectory. The time interval (f) between the two
successive steps was 0.2 s. The distribution of lateral
displacement is shown in Fig. 3a.

The probability density that a particle diffuses a distance
r in a constant time interval ¢ can be expressed by Eq. 1
[18]:

2rdr 2
P(r)dr = Ty o (- <’:—2>> (1)

where </*>, the mean-square displacement, is equal to 4Dr.
Note that the probability P(r) is interchangeable with the
number of counts used as the y-axis in Fig. 3, where the
total number of measurements was known. Naturally, a
large number of displacement measurements—usually
generated by Monte Carlo simulation [18]—are required
to have a good fit with Eq. 1. Owing to the relatively small
sample size from actual experiments, the mean lateral
displacement (<r>) was estimated to be 7.6x10™> cm by
fitting the histogram with a typical Gaussian function
instead of Eq. 1. Then by using the formula <r*>=4D¢
with 1=0.2 s, we calculated the diffusion coefficient D to be
29x10°% cm® s

In order to confirm whether this observed diffusion
coefficient had the right order of magnitude, a theoretical
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diffusion coefficient D* was calculated from the Stokes—
Einstein equation:

kT

_ 2
= 3nd (2)

where kp is the Boltzmann constant, T is temperature
(295 K), n is the viscosity of the cell growth medium
(0.98 cP, Material Safety Data Sheet of F-12K medium,
Invitrogen, Carlsbad, CA, USA), and d is the particle
diameter (100 nm). The value of D* is 4.4x10° cm? 5™, so
D and D* are indeed on the same order of magnitude.
Before the MSN settled down (against gravity) on the
cell membrane, it came very close to but not on the cell
membrane and still moved rapidly outside the cell. The
diffusion coefficient in this intermediate stage was 1.0x
10 cm? s™' (Fig. 3b), which was 1 order of magnitude
smaller than the diffusion coefficient in the first stage. It is
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Fig. 3 Histograms of lateral displacement of the MSN at three different
stages of endocytosis. The x-axis is the lateral displacement r between
two successive steps (time interval 0.2 s) in the trajectory of the MSN,
and the y-axis is the number of points that fall in a certain range of lateral
displacements. Each histogram was fitted with a Gaussian function to
estimate the mean lateral displacement. a Unrestricted Brownian motion
in the cell growth medium. b Restricted Brownian motion near the cell
membrane. ¢ Restricted Brownian motion inside the cell. The mean
lateral displacements were 7.6 x 10>, 4.5%x107°, and 11.3x 107 cm for a—
¢, respectively. Note that a and b have an identical scale on the x-axis,
but ¢ has a scale that is 1 order of magnitude smaller
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believed that the attractive force between the ligands on the
MSN surface and the corresponding receptors on the cell
membrane surface limited Brownian motion of the MSN.
When the force was strong enough, the MSN was finally
trapped on the cell membrane surface. The MSN eventually
crossed the cell membrane (usually less than 10 nm in
thickness [19]) to get inside the cell. This was the second
stage.

After the MSN had got inside the cell, as evidenced by
its vertical location, vide infra, it resumed motion in the

cytoplasm, but at a much lower speed than in the first stage.
This was the third stage. By using the same method
mentioned before, we plotted the lateral displacement
distribution shown in Fig. 3c. The diffusion coefficient
calculated was 6.4x10°'° cm® s™', 2 orders of magnitude
smaller than the diffusion coefficient in the first stage. This
cannot be explained solely from the viscosity difference
between the cell cytoplasm and the cell growth medium,
because the aqueous-phase viscosity of the cell cytoplasm
is only slightly larger than the viscosity of water (1 cP) [20,

Fig. 4 Endocytosis of a MSN into a living human lung cancer cell.
These images show part of the cell, and the large spindle-shaped
object is the nucleus. In these images, the MSNs were always in the
focal plane of the differential interference contrast microscope. At the
beginning (0 min), the MSN was trapped on the cell membrane, and
most of the intracellular cell features were out of focus. The shape of

the MSN changed several times during this process. Most notably, a
large vesicle (endosome) was seen at 27 min. After the MSN had gone
inside the cell, as judged by its vertical position, many cell features
were on the same horizontal plane as the MSN and could be seen as
being in good focus (31 and 100 min)
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21]. For example, the cell cytoplasm viscosity of a Chinese
hamster ovary cell (an epithelial cell) is 1.0-1.4 cP [20];
therefore, we can assume that an A549 cell, which is also
an epithelial cell, has a similar cytoplasmic viscosity. This
large difference in diffusion coefficients can be attributed to
other properties of cell cytoplasm. It is well known that the
cell cytoplasm is not just a homogenous salt buffer solution
containing proteins; instead, it has mesh-like networks
composed of a small cytoskeleton. The cytoskeleton
consists of microtubules (25 nm in diameter), microfila-
ments (4—6 nm in diameter), and intermediate filaments (7—
11 nm in diameter) [22, 23]. These are all too small to be
resolved by DIC microscopy. Cytoskeleton dense networks
can function as physical obstacles to limit the free diffusion
of macromolecules inside the cytoplasm [24]. The reported
mesh size in cytoskeleton networks was 20-40 nm [24] or
on the order of 100 nm [25]. Considering that the MSN
used in our experiment had a diameter of 100 nm, it is
reasonable to assume that motion of the MSN inside the
cytoplasm was greatly constrained. Besides, cell cytoskel-
eton is well known for its function in transportation inside
the cell [26]. Although there is no report about the
requirement of microtubules or small filaments for trans-
portation of a MSN inside the cell, we cannot exclude the
possibility. If the MSN was bound to the cytoskeleton and
was selectively directed to some subcellular domains along
microtubules or filaments, its motion could no longer be
described by free-space Brownian motion.

Shape change

The video recorded by DIC microscopy clearly showed that
the MSN was enveloped by a vesicle and engulfed into the
cell. There were obvious shape changes around the MSN
during the process of endocytosis. As shown in Fig. 4, after
it had been trapped on the cell membrane, the MSN
diffused laterally in the first 15 min, and the shape around
the MSN did not change noticeably. In the next 15 min, the
volume of the MSN-containing body increased significant-
ly, indicating that the cell had formed a vesicle (endosome)
to engulf the MSN. From that time on, the MSN continued
to go further inside the cell, and the volume of the MSN-
containing vesicle decreased. Further investigation may be
needed to distinguish the MSN itself from the vesicle.

Vertical position

In the recorded endocytosis event, the MSN was first
trapped on the membrane near the bottom of the cell. Then
the MSN moved up and got further inside the cell. This
direction of motion was against gravity, which helped to
prove that the MSN got inside the cell by endocytosis
instead of simply settling onto the cell. The vertical
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positions of the MSN were measured through optical
sectioning accomplished by coupling the DIC microscope
with a motorized stage [12]. The vertical position of the
MSN is plotted against the recording time in Fig. 5. The
MSN traveled about 1.2 um from the cell membrane
towards the nucleus, while the thickness of the entire cell
was about 6 um.

Shape changes (Fig. 4) and vertical position changes
(Fig. 5) can be correlated to provide definitive information.
In the first 15 min, the position and shape of the MSN did
not change significantly, meaning the MSN was still on the
cell membrane surface. The granules inside the cell were
out of focus because they were not at the same plane as the
MSN. From then until 31 min, there were steep changes in
vertical position, indicating that the MSN crossed the cell
membrane to get inside. This change coincided with the
shape change at 20, 27, and 31 min. The volume of the
MSN-containing vesicle first increased and then decreased
later in this period. After the particle had been internalized,
the MSN moved randomly in the three-dimensional space
between the cell membrane and the nucleus. At the end of
endocytosis (100 min), most granules and other features
inside the cell could be seen clearly as they were now at
roughly the same focal plane as the MSN.

Conclusion

In this paper we have demonstrated that DIC microscopy
can be used to study the endocytosis of a single MSN into a
living human lung cancer (A549) cell. The movement of
the MSN was observed directly and continuously without
staining the cell. The process of endocytosis was charac-
terized by the motion speed, the shape, and the vertical

1200
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Fig. 5 The vertical position versus the recording time. The difference
between the highest and the lowest vertical distances was approxi-
mately 1.2 pm. At time 0, the MSN was trapped on the cell membrane
and its vertical position was 0. As the endocytosis process continued,
the MSN moved deeper into the cell. After roughly 31 min, the MSN
moved around inside the cell and its vertical position fluctuated in the
range shown. The total thickness of cell was around 6 um
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position of the MSN. By comparing the diffusion coef-
ficients of the MSN inside and outside the cell, we
confirmed that the cell cytoplasm was not just a homoge-
neous viscous solution. The cytoskeleton inside the
cytoplasm had a big effect on free diffusion of the MSN
inside the cell. Since our DIC microscope had a shallow
depth of focus, the accurate vertical position change of the
MSN can be measured by optical sectioning. It revealed the
three-dimensional distribution of the MSN inside the cell
and helped to demonstrate the endocytosis of the MSN.
MSNs can be a good drug delivery vector and have lots of
applications in controlled drug release systems, as they may
be selectively targeted to specific cellular organelles
through surface modification. Therefore, drugs can be
protected from enzymatic digestion in the cell cytoplasm
by capping the channels in MSNs. This approach can be
employed to study real-time drug release events in living
cells when MSNs or other nanoparticles are used as drug
delivery vectors.
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