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The role of cytoskeleton networks on
lipid-mediated delivery of DNA

Background: Lipid-mediated delivery of DNA is hindered by extracellular and intracellular barriers that significantly
reduce the transfection efficiency of synthetic nonviral vectors. Results: In this study we investigated the role of
the actin and microtubule networks on the uptake and cytoplasmic transport of multicomponent cationic liposome—
DNA complexes in CHO-KI live cells by means of confocal laser scanning microscopy and 3D single particle
tracking. Treatment with actin (latrunculin B)- and microtubule-disrupting (nocodazole) reagents indicated that
intracellular trafficking of complexes predominantly involves microtubule-dependent active transport. We found
that the actin network has a major effect on the initial uptake of complexes, while the microtubule network is
mainly responsible for the subsequent active transportation to the lysosomes. Conclusion: Collectively, a strategy
to improve the efficiency of lipid gene vectors can be formulated. We could find a lipid formulation that allows the
nanoparticles to avoid the microtubule pathway to lysosomes.

Gene therapy represents a promising approach
for the treatment of many fatal diseases [1]. To
introduce gene therapeutics in clinical practice,
vectors that transfer genes efficiently and safely
are needed. Viruses can be effective vectors but
their use is hindered by safety considerations.
In contrast, nonviral transfection systems are
usually safer and do not limit the size of DNA
that can be delivered. Nonviral vectors such
as cationic liposomes (CLs), polymers, den-
drimers and peptides, have gained increasing
attention because they are non-immunogenic,
not oncogenic, easy to produce in large scale
and capable of delivering large genetic material.
There have also been attempts to combine the
benefits of different nonviral systems into one
delivery vehicle. Among nonviral vectors, CLs
are commonly used as a transfection reagent
for DNA, RNA or proteins and as co-adjuvant
of antigens for vaccination [2]. Currently, there
are approximately 12 liposome-based drugs
approved for clinical use and more are in vari-
ous stages of clinical trials. Most liposomal
drug formulations are approved for intrave-
nous application [2]. For wider clinical use their
low transfection efficiency (TE) needs to be
improved.

The authors have recently shown that mul-
ticomponent (MC) lipoplexes, containing
from four to six lipid species within their lipid
bilayer, are superior in TE with respect to fre-
quently used binary formulations [3-15]. Since
MC systems are highly efficient and completely
not cytotoxic, they represent very promising
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candidates for gene-delivery applications both
in vitro and in vivo. In previous investigations,
we have provided evidence that MC lipoplexes
have intrinsic endosomal rupture properties that
allow plasmid DNA to escape from endosomes
with extremely high efficiency. Endosomal rup-
ture results in an extraordinarily homogeneous
distribution of unbound plasmid DNA through-
out the cytoplasm and in the nucleus. Since
endosomal escape and intracellular dynamics
are two strongly related transfection processes,
we asked whether a correlation between the
unusual endosomal escape ability of MC lipo-
plexes and the mechanism for the cytoplasmic
transport would exist. The involvement of
microtubules in the intracellular dynamics of
lipoplexes has been the subject of previous inves-
tigations [16-18]. Hasegawa et a/. demonstrated
that 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-3f [/V-(2-hydroxyethylaminoethane)-
carbamoyl]—cholestene/DNA (DOPE-HyC-
Chol/DNA) lipoplexes are transported to
lysosomes by a microtubule-mediated pathway
(16]. More recently, Wang and MacDonald
found that some microtubule-depolymerizing
agents, such as colchicine, vinblastine, vin-
cristine, nocodazole (NCZ) and podophyllo-
toxin dramatically increase the transfection of
O-ethyldioleoylphosphatidylcholinium/DNA
(EDOPC/DNA) complexes [17]. Akita ez al. have
shown that octa-arginine-modified liposome—
DNA complexes are directionally transported
in their intact form before endosomal escape
(18]. Ondrej er al. observed an indispensable
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Key Term

Single particle tracking:
Powerful fluorescence technique
that allows one to follow
particles, such as vesicles or
proteins, in their 2D or 3D
motion with high temporal and
spatial resolution.
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but different role of both types of cytoskele-
ton, actin and microtubular, in the processes
of gene delivery [19]. Disruption of either of
these networks led to the interruption of trans-
port to the nucleus, and accumulation of large
aggregates at the cell periphery. While the con-
tribution of actin and microtubule-dependent
transport seems to be clear [1,16-19], the issue of
whether and, if so, how actin microfilaments
and microtubules affect the internalization of
MC lipoplexes remains to be better elucidated.

The goal of this study was to investigate the
role of cytoskeleton structure on the uptake
and intracellular dynamics of MC lipoplexes in
CHO-K1 live cells. This cell line was chosen
due to its common use in biological and medical
research. Indeed, CHO-K1 cells are among the
most widely used mammalian cells for trans-
fection, expression, and large-scale recombi-
nant protein production. We applied 3D single
particle tracking (SPT) to study the trafficking
of lipoplexes and confocal laser scanning micros-
copy (CLSM) to identify their intracellular fate.
From the 3D trajectories obtained in SPT exper-
iments we calculated 3D mean square displace-
ments (MSD) over time to classify the lipoplex
intracellular trafficking as ‘Brownian motion’
or ‘directed motion’. Thus, we used CLSM to
visualize the uptake and intracellular trafficking
of lipoplexes. In particular, their final fate was
investigated by determining the extent of co-
localization of fluorescently-tagged complexes
and lysosomes.

Experimental

m Cationic liposomes preparation

The cationic lipids 1,2-dioleoyl-3-trimethylam-
monium-propane (DOTAP) and 3B-[/N-(V,N*-
dimethylaminoethane)-carbamoyl]—cholesterol
(DC-Chol), and the zwitterionic helper lipids
dioleoylphosphocholine (DOPC) and dio-
leoylphosphatidylethanolamine, were purchased
from Avanti Polar Lipids Inc. (AL, USA). They
were used without further purification for the
preparation of DOTAP-DOPC and DC—-Chol-
DOPE CLs. In brief, binary lipid mixtures, at
molar fractions of neutral lipid in the bilayer
¢ = neutral/(neutral+cationic) (mol/mol) = 0.5,
were first dissolved in chloroform and then left
to evaporate under vacuum for at least 24 h.
The obtained lipid films were hydrated with
Nanopure® water until a final concentration of
approximately 1 mg/ml. Sonication to clarity
of the obtained dispersions was performed to
obtain unilamellar CLs.
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m Lipoplexes preparation

For size and {-potential measurements samples
were prepared at nine cationic lipid/DNA
charge ratio (mol/mol), that is, p = (cationic
lipid [by mole]/DNA base) = 0.062, 0.125,
0.25, 0.5, 1, 1.5, 2, 2.5 and 3. On the basis
of size and C-potential results, all the SPT
and CLSM experiments were performed at
p = 2.5. To form quaternary MC lipoplexes
(DOTAP-DOPC-DC-Chol-DOPE/pDNA)
ready for administration to CHO-K1 cells,
100 pl of phosphate-buffered saline (PBS)
were added to a 10-pl dispersion containing
binary CLs (5 pl of DOTAP-DOPC and 5 pl
of DC—Chol-DOPE) [4]. The same amount
of buffer was added to 1 pl of pDNA. These
solutions were equilibrated for a few minutes
(the final concentration of lipid is, therefore,
approximately 47 pg/pl). Then, the pPDNA solu-
tion was poured in the liposome dispersion and
after 20 min the complexes were ready to use.
Fluorescein- and Cy3-labeled plasmids DNA
(2.7 kbp, double stranded, circular plasmid)
were purchased from Mirus Bio Corporation
(Madison, W1, USA) and used for SPT and
CLSM experiments, respectively. They are both
supplied at 1 pg/plin a 10 mM Tris-HCI and
1 mM EDTA buffer (pH 7.5).

m Size & {-potential

The size and size distribution of liposomes
and lipoplexes were measured at a tempera-
ture of 25°C by a Malvern ZetaSizer Nano-
spectrometer equipped with a 5-mW HeNe
laser (wavelength A = 632.8 nm) and a digital
logarithmic correlator. The normalized inten-
sity autocorrelation functions were detected at
a 90° by a logarithmic digital correlator and
were analyzed using the CONTIN algorithm;
an inverse Laplace transform method to obtain
the distribution of the diffusion coefficient (D)
of the particles [20,21]. Each of these coefficients
is then converted into an effective hydrody-
namic radius R,; using the Stokes—Einstein
relationship R, = K, T/(6nmnD), where K, T is
the thermal energy and n the solvent viscos-
ity. Both liposomes and lipoplexes invariably
showed a size distribution, and the values of
the radii reported here correspond to the so-
called ‘intensity weighted’ average [20]. The
electrophoretic mobility measurements were
carried out by means of the laser Doppler elec-
trophoresis technique, with the same apparatus
used for size measurements. The mobility (u)
was converted into the C-potential using the
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Smoluchowski relation § = un/e, where n and
€ are the viscosity and the permittivity of the
solvent phase, respectively (1 = 0.88 centipoise

(cP); €=78.5).

m Cell culture & transfection

CHO-KI cells were purchased from American
Type Culture Collection (CCL-61 ATCC) and
were grown in Ham’s F12K medium supple-
mented with 10% of fetal bovine serum (FBS)
at 37°C and in 5% CO,. Cells were split every
2—4 days to maintain monolayer coverage. The
day before transfection, cells were seeded in sin-
gle-well plates (150,000 cells/well, typical work-
ing volume of ~2 ml) using a medium without
antibiotics. On the day of transfection, the
culture medium was removed, and cells were
washed three times with PBS before adding MC
lipoplexes in a total medium volume of approxi-
mately 2 ml (the final DNA concentration is
therefore 0.5 pg/ml). After administration,
1-4 h of incubation allowed complete internal-
ization of the lipoplexes (data not reported). In
SPT experiments, the normal medium was then
replaced with a medium containing 200 pl of
DilIC18(3) (Invitrogen, CA, USA), a lipophilic
membrane marker that aided the localization
of a single lipoplex inside the cell during the
tracking procedure (DiIC18[3] working solu-
tion prepared at 1 pM). In CLSM experiments,
instead, the normal medium was then replaced
with a medium containing 1 pl of Lyso Sensor
(a lysosomal marker, purchased from Sigma-
Aldrich [MO, USA]) from a working solution at
50 mM. After 15 min, in both SPT and CLSM
experiments, the aforementioned media were
at last replaced with a measurement medium
depleted of phenol red. In the case of Latruncu-
lin B (LAT) or NCZ treatment, both inhibitors
purchased from Sigma-Aldrich, the transfection
procedure was slightly different. Before lipo-
plex administration, cells were first incubated
for no more than 15 min with a 20-uM LAT
or NCZ medium and then washed three-times
with approximately 2 ml of PBS. Such drug
concentrations were the highest possible con-
centrations that did not significantly reduce cell
viability (SuppLEMENTARY FIGURE I).

m SPT experiments

Two-photon microscopy experiments were car-
ried out using a Zeiss Axiovert 135 TV micro-
scope. The excitation source was a mode-locked
Ti:Sapphire laser (Mai Tai HP with integrated
Millennia, Spectra-Physics [CA, USA]) tuned
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at 790 nm. More details about the experimental
setup can be found elsewhere [22-25]. The experi-
ments were controlled by a custom-made data
acquisition and analysis software (SimFCS,
Laboratory for Fluorescence Dynamics — LFD
[CA, USA]), downloadable from the LFD web-
site [101]. The complete theory of 3D single-par-
ticle tracking based on the orbital method can
be found elsewhere [26-28]. In brief, the particle
position is determined on the fly by analyzing
the fast Fourier transform of the integrated fluo-
rescence intensity. During each tracking cycle,
the intensity signal is integrated at different
points along the circular orbits traced around
the particle by the excitation beam. Before the
next cycle, the center of scanning is moved to
the position determined for the particle in the
previous cycle, allowing to be always ‘on top’
of the particle.

m SPT data analysis

From the discrete experimental trajectory
(x, =x(ndt),y_=y(ndr),z =z(ndt),n=0,1,2...
N-1) with 3t being the data acquisition time
interval, the 3D MSD was calculated averaging
over all pairs (of points that are ndt time steps
apart) (EQuaTion I).

1 N-n

MSD (ndr) = NoTd D [(Kien-x1)?

i=0

+ (Yien-y)* + (Zin-2)°]
EquaTion |

where N is the total number of trajectory points
and ndt is the time lag .

Fitting the calculated MSDs with theoretical
expressions allows to classify the lipoplex intra-
cellular trafficking and to obtain the dynamic
parameters (i.e., the diffusion coefficient and
the velocity). Equations 2 & 3 represent the
theoretical 3D MSD when lipoplexes undergo
Brownian and directed diffusion, respectively.

MSD (7) = 6D1

EQuATION 2

MSD(7) = 6D7+v* 7

EqQuaATiON 3
where D and v are the 3D diffusion coefficient
and the velocity, respectively.

In order to enhance the statistic accuracy of
the derived dynamic parameters, it is mandatory
to set a proper maximum time lag (mdt) before
the fitting procedure [29]. Taking into account
the wide range of trajectory lengths, we decided
to set m = 49 that following Qian ez a/. yields to
a relative error less than 27% [30].
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m CLSM experiments

Confocal microscopy experiments were car-
ried out using a Fluoview FV-1000 (Olympus,
Tokyo, Japan) microscope. The excitation
sources were a Multiline Argon laser tuned at
488 nm and HeNe laser tuned at 543 nm. More
details regarding the experimental setup can be
found elsewhere [31]. Following the guideline
by Bolte and Cordelieres [32], the experiments
were controlled by a data acquisition software
(FV10-ASW, Olympus, Tokyo, Japan). Instead,
Fiji was used to analyze the data. It is a distribu-
tion of ImageJ containing several plugins and
downloadable from the Fiji website [102,103].

m CLSM data analysis

A qualitative co-localization analysis involves a
simple pixel-by-pixel overlay of different chan-
nels, pseudo-colored using a color look-up table.
For instance, in our experiments we chose ‘green’
for LysoSensor-labeled lysosomes and ‘red’ for
Cy3-labeled lipoplexes, which gives ‘yellow’
hotspots where the two fluorescent labels are
present in the same pixels (i.e., co-localized).
However, this method is highly dependent on
the relative signal intensity collected in both
channels; in fact, the overlay image yields a reli-
able degree of co-localization only if both images
exhibit similar gray level dynamics, for example,
when the histograms of each channel are similar.
This is rarely the case when imaging two chan-
nels characterized by different signal strength.
A more quantitative analysis, instead, might
rely on the so-called object-based approach.
The basic idea is to employ image segmentation
methods for object identification and delinea-
tion. After that, it is possible to calculate cen-
troids and centers of mass (intensity centers)
from the structures. A measure of co-localization
is then achieved by comparing the position of the
3D centroids or centers of mass of the respective
subcellular structures in the two channels. In the
instance of objects larger than the optical resolu-
tion or different in size between the two chan-
nels, Lachmanovich et /. developed an overlap
approach: objects in the two channels are clas-
sified as ‘co-localized’ if the center of mass (and
not centroids to avoid possible under-estimation
due to anisotropic intensity distributions) of the
object in the green channel falls into the area
covered by the object in the red channel 33]. The
overall degree of co-localization of red (green)
objects C, (C,) is then given by the percentage
of red (green) objects co-localizing with green
(red) objects in the area of interest:

Therapeutic Delivery (2013) 4(2)

JNE o~ NG
G-yt G-y

EqQuaATiON 4
where N, Ng and N€ represent the number of red
objects, green objects and the co-localized (red
or green) objects, respectively. Please note: in
our system, ‘object’ refers to ‘fluorescent vesicle’.

We obtained the centers of mass using a
simple custom-made modification of the 3D
objects counter plugin described in Bolte and
Cordelieres [32],and contained in Fiji [102]. Before
running the segmentation analysis, images were
corrected with a simple background subtrac-
tion. The presence of cell auto-fluorescence in
the green channel made a further intensity sub-
traction necessary; in fact, selecting by visual
inspection different (not less than five) small
region of interests in the portions of cytoplasm
not containing particles, it has been possible to
calculate an average intensity, afterwards set as

a threshold.

Results

m Size & (-potential results

MC liposomes were found to be positively
charged vesicles (§,~57 mV) with an aver-
age hydrodynamic radius R, approximately
70 nm. Upon addition of DNA to CLs, MC
lipoplexes formed in a self-assembled man-
ner. Size and C-potential of lipoplexes are
reported in TasLe I. As TasLe | clearly shows,
both reentrant condensation and charge inver-
sion occurred [34]. To choose the proper lipo-
plex formulation for SPT and CLSM experi-
ments, the following general considerations
were made:

Lipoplexes must be positively charged to
associate electrostatically with cells;

Charge ratio, p, must be minimized due to
potential cytotoxicity of cationic lipids
(SuPPLEMENTARY FIGURE 2);

Small-size complexes are better internalized
and processed by cells. As a result, lipoplexes
at p = 2.5 were selected because they exhib-
ited the lowest charge ratio ensuring positive
€, (~40 mV) and the lowest colloidal

dimensions.

m SPT results

The 3D SPT technique allowed to obtain 100
single particle (3D) trajectories, divided into
three different categories:
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Fifty-six trajectories of lipoplexes tracked in
CHO-K1 cells not treated (N'T) with inhibitors;

Twenty-five trajectories of lipoplexes tracked in
CHO-KI cells treated with Latrunculin B;

Nineteen trajectories of lipoplexes tracked in

CHO-K1 cells treated with NCZ.

As described in the ‘Materials and Methods’
section, we calculated the 3D MSD directly
from the discrete trajectory coordinates using
Equation I. Fittings of all the 100 MSD
curves following the theoretical expressions
(EquaTions 2 & 3) led to the classification of the
involved modes of motion and to the derivation
of dynamic parameters of the lipoplex intra-
cellular trafficking. The first qualitative result
is the occurrence of either Brownian motion or
directed motion. Ficure I shows two represen-
tative MSD plots as well as the corresponding
fitting curves and 3D trajectories (inset in the
top left corner of each panel). Ficure IA & IB
are representative of Brownian motion and
directed motion, respectively. By matching the
MSD curves with the corresponding category
of motion we obtain the occurrence percentage
of each mode of motion for NT, LAT-treated
and NCZ-treated cells. This is shown in the
histogram of Ficure 2, where a specific trend
emerges. In fact, the percentage of directed
motion (dark gray bars) decreases in both LAT-
and NCZ-treated cells with respect to NT
cells. In a complementary way, the percentage
of Brownian motion (light gray bars) evidently
increases in treated cells with respect to control
cells. According to the literature [22-26], some
tenths of trajectories are absolutely sufficient for
the categorization to be accurate. Thus, the clas-
sification reported in Ficure 2, which is related
to 56 N'T-, 25 LAT- and 19 NCZ-trajectories,
can be considered as statistically meaningful.
The (unweighted) MSD curve fittings allowed
deriving the 3D diffusion coefficients and veloci-
ties. Mean values and corresponding standard
deviations are listed in TasLe 2. No specific trend
for the mean diffusion coefficients emerges if we
consider the large standard deviation. Accord-
ing to the Stoke-FEinstein equation, the diffu-
sion coefficient and the hydrodynamic radius
of a particle in a diffusing medium are inversely
related. So, the absence of any specific trend is
not due to the number of particles followed by
the tracking procedure, but might reflect the
high polydispersity in size of MC lipoplexes,
the larger the size distribution of lipoplexes the

fsg
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p R, [nm] G, [mv]

0.062 114 +2 -40.1+0.9
0.125 134 +3 -39.2+0.8
0.250 159 + 4 -253+05
0.500 1895 -10.2 £ 0.5
1.000 3008 51+07

1.500 212 +4 13.4+£0.6
2.000 183 +4 25105
2.500 125+ 3 42.4+0.3
3.000 120 + 3 46.7 £ 0.5

larger the distribution of diffusion coefficients.
In this sense, it does not seem to be a limit of
our data analysis but it is rather an intrinsic
feature of lipofection experiments. In a similar
way, the mean velocities for NT, LAT-treated
and NCZ-treated cells lay within the same inter-
val of values. The most reliable explanation is
that the directed motion along either actin fila-
ments or microtubule is nonspecific and mainly
dependent on the nanocarrier properties [18].

m CLSM results

Similarly to the SPT results, confocal images were
also divided into the same study groups: images
of NT cells, LAT-treated cells and NCZ-treated
cells. A qualitative co-localization was obtained
by overlaying the two channels (pseudo-colored
using red and green look-up tables) pixel by pixel.
In Ficure 3, representative overlays of fluores-
cence and Nomarski images of NT, LAT-treated
and NCZ-treated cells are shown. In NT cells
(Ficure 3A), lipoplexes (red) are largely internal-
ized within the cells. They are found both at
the cell periphery and in the perinuclear region.
Lipoplexes approaching the cell nucleus largely
co-localize with lysosomes (green), as denoted
by the yellow hotspots (white arrows). Nota-
bly, in LAT-treated cells (Ficure 3B), the largest
amount of lipoplexes accumulates at the plasma
membrane, while only a minor part seems to be
effectively uptaken by the cell. Accordingly, the
internalized fraction co-localizes much less with
lysosomes, compared with NT cells. Finally,
in NCZ-treated cells (Ficure 3C), lipoplexes
even less clearly co-localize with lysosomes. As
explained in the Materials and Methods section,
an object-based co-localization approach allowed
us to quantitatively investigate the degree of co-
localization, for example, the percentages C,

www.future-science.com
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(C,) of lipoplexes (lysosomes) co-localized with  in the histogram of Ficure 4. To better interpret
lysosomes (lipoplexes). Average values of C and  and discuss these data, one more comment on the
C, for each experimental condition are shown  co-localization coefficient is needed. While C,

(B 0.025

0.020

0.015

MSD (pm?)

0.010

0.005

0.000 4 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6

(8)
0.025

0.020

0.015

MSD (pm?)

0.010

0.005

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
(S)

Figure 1. Representative 3D mean square displacements curves (circles). (A) Brownian
motion and (B) directed motion. The best curve fittings are also shown (-). In the top left corner of
each panel, a 3D plot of the corresponding experimental trajectory is shown.

MSD: Mean square displacements.

196 Therapeutic Delivery (2013) 4(2) future science group



The role of cytoskeleton networks on lipid-mediated delivery of DNA

is proportional to the fraction of lipoplexes that
have reached the lysosomes, C, is directly related
to the percentage of lysosomes that have been
reached by internalized lipoplexes. This means
that, within the same study group, the value of
these parameters are definitely independent from
each other. For instance, if all the lipoplexes co-
localized with lysosomes, C would tend to its
maximal value (C, = 1). Nevertheless, this would
not assure that all the lysosomes would be reached
by lipoplexes. Indeed, even though one assumes
that all the lypoplexes are shuttled to lysosomes
for degradation, it could be that a minor fraction
of lysosomes would be enough to accommodate
all the internalized lipoplexes. This would result
in a low C, value (C,<1). On the other hand,
comparing the value of the same co-localization
coefhicient within different study groups (i.e., NT,
LAT and NCZ) is a meaningful operation. As
Ficure 4 shows, a specific trend emerges for both
of the co-localization coefficients. With respect
to NT cells, the average value of C, (dark gray
bars) sensibly decreases in LAT-treated cells and
even more in NCZ-treated cells. With respect to
NT cells, the average values of C, (light gray bars)
decrease in LAT- and NCZ-treated cells.

Discussion

MC lipoplexes have emerged as promising
nonviral gene carriers due to high TE and low
cytotoxicity in several cell lines 3-15]. Their key
feature seems to be their uncommon endosomal
escape ability. Indeed, entry of the complexes
into the lysosomal compartment has been sug-
gested to cause massive DNA degradation and
to prevent transfection. Since intracellular traf-
ficking and endosomal escape are strongly related
to each other, novel insights into the cytoplas-
mic transport of MC lipoplexes could help to
explain their unusual tendency to escape from
endosomes and to prevent lysosomal degrada-
tion. The aim of the present work was to gain
novel quantitative insights into the role played by
both actin microfilaments and microtubules in
the intracellular dynamics of MC lipoplexes. SPT
experiments allowed us to follow the 3D lipoplex
journey inside the cell. Data analysis allowed us
to categorize the intracellular trafficking of MC
lipoplexes by their mode of motion (Ficure 2). In
NT cells, lipoplex intracellular motion was found
to be mainly directed (~80%), while treatment
with cytoskeleton inhibitors resulted in a pro-
nounced reduction of directional movement.
This finding means that both the cytoskeleton
structures are involved in the active transport of
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B Directed motion
Brownian motion

Not treated

Latrunculin B

Nocodazole

Figure 2. Occurrence percentage of directed motion and Brownian motion

for each experimental condition.

MC lipoplexes. In LAT-treated cells, the reduc-
tion in directional movement may indicate that
some lipoplexes attach to the actin microfila-
ments and ‘walk’ along them before attaching to
the microtubule network [19]. The simultaneous
increase of Brownian motion may also be due
to the tracking of lipoplexes accumulated at the
plasma membrane whose diffusion is, at least
locally, Brownian [35,36]. Ficure 2 indicates a pref-
erential role played by the microtubule network
in regulating the lipoplex intracellular trafficking,
This finding confirms that microtubules are used
as a preferential route for cytoplasmic transport
of vesicular structures [16-19]. The occurrence of
relatively high percentages (35-45%) of direct
motion in LAT and NCZ cells deserves further
consideration. In LAT-treated cells such percent-
age is most likely to reflect the direct motion of
MC lipoplexes along the intact microtubule net-
work, while, in NCZ-treated cells, it could arise

Not treated cells Latrunculin B-
treated cells

Nocodazole-
treated cells

Directed motion

D' [1073 um?/s] 1.54 £ 1.53 3.61+2.12 1.80 £ 1.19

v [um/s] 0.054 + 0.028 0.060 + 0.032 0.055 + 0.034
Brownian motion

D [1073 um?/s] 1.44 £0.77 4.68 + 3.47 1.82 £ 0.66

"Represents the average value.
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Figure 3. Representative overlays of fluorescence and Nomarski images of
(A) non-, (B) latrunculin B- and (C) nocodazole-treated cells. A qualitative
co-localization was obtained simply overlaying pixel-by-pixel different channels,
pseudo-colored using red and green look-up tables. We used green for LysoSensor-
labeled lysosomes while red for Cy3-labeled lipoplexes. The presence of the two
fluorescent labels in the same pixels (i.e., co-localization) produces yellow hotspots
(indicated by white arrows).

LAT: Latrunculin B; NCZ: Nocodazole; NT: Not treated.

198 Therapeutic Delivery (2013) 4(2)

from the active transportation along the actin
microfilaments. In principle, such percentages of
direct motion could be due, at least in part, to
the reorganization of the actin and microtubule
networks. We tested this hypothesis by staining
the cytoskeleton with actin-GFP and tubulin-
YFP and by following its temporal recovery by
CLSM (SuppLemenTary Ficure 3). Upon the time
range of SPT experiments (i.e., 4-8 h after lipo-
plex administration) a gradual, but not complete,
restructuring of cytoskeleton was clearly found.
Confocal images, therefore, corroborate our sug-
gestion that the percentages of directed motion
in inhibitors-treated cells are partly due to active
transport along newly reformed cytoskeleton fila-
ments. Given the results of SuppLEMENTARY FIGURE
3, an alternative approach would consist in adding
inhibitors just before starting SPT experiments;
for example, 4 h after lipoplex administration.
By doing so, the effect of inhibitors would be
definitely stronger and probably more detectable.
However, 4 h after administration, lipolexes are
mainly inside the cell so that any information
about the effect of cytoskeleton on the cellular
uptake would not be possible to obtain. Thus, the
followed experimental strategy seems to be the
best compromise to examine the effect of cyto-
skeleton on the intracellular dynamics without
leaving to investigate its influence on the cellu-
lar uptake. Furthermore, comparable dynami-
cal parameters after different cell treatments
might be reliably explained by assuming that the
directed motion along either actin filaments or
microtubule is nonspecific and mainly dependent
on the nanocarrier properties. The lipid formula-
tion might influence the motion if MC lipoplexes
are uptaken by either endocytosis or fusion with
the plasma membrane. The former mechanism
does not hamper interactions between inner and
outer lipid bilayers of endosomes, granting to the
engulfed lipoplex surface characteristics similar
to those of bare vesicles. The latter mechanism
has been found to occur as well [4] and, accord-
ing to the present understanding, fusion of multi-
lamellar lipoplexes results in the internalization
of vesicular structures retaining the largest part
of the gene cargo with just a number of lipid
layers peeled off by interaction with the plasma
membrane.

In light of the large involvement of the micro-
tubule network in the cytoplasmic transport of
MC lipoplexes (Ficure 2), a massive degradation
at the lysosomal level would be expected. Clearly,
the opposite would stand true in cells pretreated
with NCZ. We put to test this hypothesis by
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CLSM co-localization experiments. Confocal
images (Ficure 3) allowed us to visualize fluores-
cently labeled lipoplexes (red) in the presence of
Lyso Sensor (green), a primary lysosome marker.
Ata first glance, it is clear that lipoplexes are rap-
idly destined to degradation in NT cells, while
both LAT and NCZ treatments largely affected
their intracellular localization. However, the
pixel-by-pixel overlay of confocal images is
merely qualitative and highly dependent on the
relative fluorescence intensity. Co-localization
analysis [32] reported in Ficure 4 was, therefore,
decisive to support our visual interpretation of
CLSM images. After treatment with LAT, the
fraction of lysosomes reached by lipoplexes (C,)
decreased of more than 65% with respect to NT
cells. This finding is most likely to indicate thata
lower number of MC lipoplexes was internalized
within LAT-treated cells. On the other side, once
inside the cell, lipoplexes could move towards the
nucleus as efficiently as in N'T cells (SuppLeMENTARY
Ficure 4). This is quantitatively demonstrated by
observing that the fraction of internalized lipo-
plexes that reached lysosomes was similar to its
counterpart in N'T cells (C "A'~C ™). The com-
bined analysis of C, and C, suggests that actin
filaments most likely play a role in the uptake
of MC lipoplexes rather than in their following
intracellular trafficking towards the nucleus. This
conclusion is in very good agreement with recent
findings showing that lipoplexes are taken up in
living cells mainly through fluid-phase macropi-
nocytosis [37.38]. Macropinocytosis relies on the
formation of large endocytic vesicles generated
by actin-driven invaginations of the plasma mem-
brane, called membrane ruffles [39]. Thus, it is
conceivable that changes in actin organization
as those induced by treatment with LAT do pro-
mote the destabilization of actin-rich membrane
ruffles with the result that the macropinocytosis
pathway is largely inhibited. This interpretation
is further confirmed by the slow transport rate
(TaeLe 2) typical of the trafficking of vesicles
uptaken by macropinocytosis [18]. In summary,
our findings suggest that the actin network plays
an active role in the cellular uptake of MC lipo-
lexes so that a lower number of lysosomal com-
partments is involved (C,"*'<C "), but it has
a minor involvement, if any, in the cytoplasmic
transport and final fate of internalized lipoplexes
(C"M'~CNT). Our conclusions are supported by
the recent results reported by Dos Santos et al.
who showed that the uptake of nanoparticles in
HeLa and 1321N1 cells was strongly affected by
actin depolymerisation [40].
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Figure 4. Average co-localization percentages C1 and C2 for each
experimental condition (10 not-treated, 25 latrunculin B-treated and

23 nocodazole-treated cells).

The inhibition of lipoplex uptake in LAT-
treated cells could also explain the reduction in
TE usually observed after LAT treatment [6]and
confirmed in the case of MC lipoplexes (data
not reported).

By contrast, in NCZ-treated cells, MC lipo-
plexes were located diffusely throughout the cell
1 h after transfection, indicating that disruption
of the microtubule network played a minor role,
if any, in the uptake process (Ficure 3C€). Our
observation is in good agreement with recent
results showing that NCZ does not affect the
internalization of lipoplexes [41]. CLSM images
indicated that most lipoplexesdo not co-localize
with lysosomes (Ficure 3C). Ficure 4 shows that
the fraction of lipoplexes that avoid the lyso-
somal degradationis larger than that of NT cells
(CN*<CNT). Likewise, the portion of lysosomes
reached by lipoplexesis lower than that of NT
cells (C,N*<C 7). Collectively, CLSM findings
denote that, in NCZ-treated cells, the ability of
MC lipoplexes to enter cells is not severely com-
promised, while their intracellular motion does.
At this stage, it is worth considering that the
effectiveness of gene vectors is proportional to the
expression levels of the transgene [42]. It appears
that, in the case of lipoplexes such as those used
here, the transfection efficiency is highly ham-
pered by the vector entrapment within lyso-
somes, with the subsequent degradation of the
DNA payload. In this light, the reported increase
in transfection efficiency upon inhibition of
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microtubule-dependent vesicular transport [16,17]
appears an obvious outcome (SUPPLEMENTARY
Ficure 5). Our data also explains why lipoplexes
that enter the cytoplasm in the immediate vicin-
ity of the nucleus can efficiently reach it, while
those entering at locations far from the nucleus
may fail to traffic in the absence of microtubules
(43]. However, even if active transport is inhibited
due to microtubules disruption, MC lipoplexes
can still move towards the nucleus undergoing
Brownian diffusion. It is proved by the results
shown in Ficure 2 and in SuppLEMENTARY FIGURE 5.

Ficure 5 summarizes our present understand-
ing of the role of cytoskeleton structure on the
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Figure 5. Present understanding of the role of cytoskeleton structure on
the uptake and intracellular trafficking of lipoplexes. (A) Cholesterol-
sensitive macropinocytosis is the major pathway responsible for lipoplex
internalization and is regulated by formation of large endocytic vesicles of
irregular size and shape. (B) Once inside the cell, the complexes are actively
transported from endosomes to lysosomes, preferentially, along the microtubules,
near the MTOC for degradation. (C) Only a few of the DNA molecules can escape
from endosomes to cytoplasm before entering lysosomes and even less will enter
the nucleus for transcription.

MTOC: microtubule organizing center.
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uptake and intracellular trafficking of lipoplexes.
Cholesterol-sensitive macropinocytosis is the
major pathway responsible for lipoplex internal-
ization and is regulated by formation of large
endocytic vesicles of irregular size and shape,
generated by actin-driven invaginations of the
plasma membrane (Ficure 5A) [3738]. Accord-
ingly, if the actin network is destroyed, the
ability of lipoplexes to penetrate within cells is
dramatically reduced and they accumulate at the
plasma membrane. Instead, once inside the cell,
complexes are actively transported, preferentially
along the microtubules, from endosomes to lyso-
somes (close to microtubule organizing center)
for degradation (Ficure 5B) [42]. Only a few of the
DNA molecules can escape from endosomes to
the cytoplasm before reaching the lysosomes and
even less will enter the nucleus for transcription
(Ficure 5C). In this connection, if microtubules
are disrupted, the complexes are less frequently
destined to lysosomes, thus, increasing their
chances to escape from vesicles and promote
transcription of the target gene.

Conclusion

Despite the increased application of nanomateri-
als in diagnostics and therapeutics, the interac-
tions of nanoparticles with subcellular structures
in living cells remain relatively undeveloped [44].
Thus, quantitative investigations that allows
for the precise tracking of cell-associated nano-
particles in a living cell are highly desirable [44].
In this work, we have investigated the role of
the cytoskeleton architecture in both the cellu-
lar uptake and intracellular trafficking of MC
lipoplexes by combining 3D SPT and CLSM.
We have shown that the intracellular uptake of
MC lipoplexesis is largely affected by the actin
network, while cytoplasmic trafficking predom-
inantly involves microtubule-dependent trans-
port. This mechanism of action of CLs should be
considered for the rational design of novel deliv-
ery systems with superior transfection efficiency.
We could find a lipid formulation that allows the
nanoparticles to contribute more efficiently to the
transfection process; for example, release the gene
payload for nucleus entry and consequent tran-
scription, by avoiding the microtubule pathway
to lysosomes. It requires a better understanding
of the molecular mechanisms involved in the
trafficking. This crucial aspect of nanodelivery
is currently being investigated in our laboratory.
It has also recently been shown that uptake and
cellular processing of nanoparticles can be largely
affected by the cell cycle [45]. Experiments aimed
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at evaluating the role of cell cycle and type on the

uptake and final fate of MC lipoplexes will be
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addressed in future investigations.

Future perspective

An essential requirement for nanocarriers is effi-
cient translocation of DNA to the cell nucleus.
To accomplish this mission, nanocarriers must
avoid lysosomes, the cellular organelles contain-
ing proteases and other enzymes that degrade
most biological substances. Our results have
demonstrated that accumulation of lipoplexes
in lysosomes is a microtubule-mediated process.
Thus, we put forth the concept that efficient
delivery systems should move to the nucleus
by a mechanism other than active transporta-
tion along the microtubule pathway. A first step
towards that direction is the precise knowledge
of all the molecular mechanisms regulating the
interaction between nanocarriers and the cyto-
skeleton network. This crucial aspect of nano-
delivery will be the focus of future research in

the field of gene delivery.

Single particle tracking results
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In control cells, lipoplexes’ intracellular motion is mainly directed.

In cells treated with actin and microtubule-disrupting reagents, the percentage of directed motion decreases for both treatments.

The percentage of Brownian motion increases in treated cells with respect to control cells.

Confocal laser scanning microscopy results

In control cells, lipoplexes are largely internalized within the cells and approaching the cell nucleus largely co-localize with lysosomes.

After latrunculin B treatment we observed that a minor fraction of multicomponent lipoplexescolocalized with lysosomes. This suggests
that actin may help lipoplexes to efficiently hop onto the tubulin.

In cells treated with microtubule-disrupting reagents, lipoplexes even less clearly co-localize with lysosomes, with respect to the actin

disruption case.

Conclusion

The cytoskeleton structures are involved in the active transport of multicomponent lipoplexes.

The intracellular uptake of multicomponent lipoplexesis is largely affected by the actin network.

The cytoplasmic trafficking predominantly involves microtubule-dependent transport.
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