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ABSTRACT

Purpose To investigate cellular uptake pathways of novel an-
ionic siRNA-lipoplexes as a function of formulation
composition.

Methods Anionic formulations with anionic lipid/Ca® " /sIRNA
ratio of 1.3/2.5/1 (AFl) and 1.3/0.3/1 (AF2) were utilized.
Uptake mechanisms were investigated using uptake inhibition
and co-localization approaches in breast cancer cells. Actin-
mediated uptake was investigated using actin polymerization
and rearrangement assays. Silencing efficiency and endosomal
escaping capability of lipoplexes were evaluated. The cationic
formulation Lipofectamine-2000 was used as a control.
Results Anionic lipoplexes entered the breast cancer cells via
endocytosis specifically via macropinocytosis or via both macro-
pinocytosis and HSPG (heparin sulfate proteoglycans) pathways,
depending on the Ca”* /5iRNA ratio. Additionally, uptake of these
lipoplexes was both microtubule and actin dependent. The con-
trol cationic lipid-siRNA complexes (Lipofectamine-2000) were
internalized via both endocytic (phagocytosis, HSPG) and non-
endocytic (membrane fusion) pathways. Their uptake was micro-
tubule independent but actin dependent. Silencing efficiency of
the AF2 formulation was negligible mainly due to poor endosomal
release (rate-limiting step).

Conclusions Formulation composition significantly influences
the internalization mechanism of anionic lipoplexes. Uptake
mechanism together with formulation bioactivity helped in
identification of the rate-limiting steps to efficient siRNA delivery.
Such studies are extremely useful for formulation optimization
to achieve enhanced intracellular delivery of nucleic acids.
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INTRODUCTION

Owing to the specificity and high potency of small interfer-
ing RNA (siRNA), the potential of siRNNA therapeutics is
being explored for the treatment of many diseases such as
cancer and HIV(1,2). However, the delivery of siRNA ther-
apeutics is challenging due to their susceptibility to nuclease
degradation, their low cellular uptake and poor endosomal
escape (3). To combat these issues, several non-viral vectors
such as cationic liposomes have been employed (4,5). Cat-
ionic lipid formulations facilitate efficient siRNA delivery
but may cause severe cytotoxicity and/or serum inactivation
probably due to their cationic charge (6). Accordingly, for-
mulations based on anionic lipids are desirable (7,8). Re-
cently, anionic lipid based siRNA lipoplexes (anionic
liposomes, calcium, siRNA) were developed that were
shown to be safe and effective in breast cancer cells (4,9,10).

Cellular uptake of nanoparticle-based delivery systems,
commonly occurs by endocytosis (11). Endocytosis can be
further classified into phagocytosis (in tumor cells and spe-
cialized cells such as macrophages), clathrin-mediated,
caveolae-mediated, clathrin-caveolae independent endocy-
tosis (e.g. proteoglycans) and macropinocytosis. Some formu-
lations especially those that are liposome-based have been
reported to enter vza non-endocytic pathways e.g. fusion (12).
These are energy-independent pathways that can occur
even at low temperatures (13,14).

The uptake pathway/mechanism of siRNA formulations
mainly depends on the type of delivery carrier and the
formulation composition as these factors may influence
particle-cell interactions. Additionally, the efficiency of
siRNA delivery particularly depends on the uptake pathway
as each pathway involves a series of events that exposes the
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siRNA delivery system to different chemical environments
(e.g. pH, 1ons efc.) (11). Therefore, knowledge of the uptake
pathway/mechanism for a specific delivery system is man-
datory to develop efficient formulations for enhanced bio-
molecular delivery. Also the effect of formulation
composition on uptake mechanisms must be carefully ex-
amined. There are two main approaches to elucidate cellu-
lar uptake mechanisms: (a) use of pharmacological inhibitors
that interfere with a specific endocytosis mechanism result-
ing in exclusion, and (b) co-localization of specific endocy-
tosis markers, with the nanoparticle formulations (15).
Simultaneous application of both the approaches, ensures
accurate determination of the uptake mechanism.

Knowledge of the uptake mechanism is helpful in recog-
nizing the biological barrier(s) to efficient intracellular de-
livery and can be utilized to explain formulation efficiency.
This facilitates optimization of formulations to achieve im-
proved delivery. In the present work, the uptake mechanism
of novel anionic siRNA lipoplexes (anionic liposomes, Ca®*
and siRNA) constituting the new siRNA carrier (DOPG/
DOPE anionic liposomes, Ca”") was elucidated as a func-
tion of formulation composition (lipid/Ca”"/siRNA ratios),
in unfixed breast cancer cells. Uptake inhibition of the lip-
oplex formulations was evaluated using FACS (fluorescence-
assisted cell sorting) and fluorescence microscopy. Confocal
microscopy was utilized to determine the co-localization of
lipoplex formulations with endocytic markers. Additionally,
actin rearrangement and actin polymerization assays were
performed to investigate the role of actin in the uptake
process. GFP knockdown studies and confocal microscopy
were performed to evaluate the silencing efficiency and
endosomal escaping capability of lipoplex formulations,
respectively.

MATERIALS AND METHODS
Materials

The lipids DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol), DOPE (1,2-dioleoyl-sn-glycero-3- phosphoetha-
nolamine), C-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(carboxyfluorescein) (ammonium salt)) were
purchased from Avanti polar lipids Inc (Alabama, USA).
Fluorescent-siRNA (alexa-488 siRNA) was gifted by Alnylam
Pharmaceuticals (Cambridge, MA). Alexa-488 siRNA se-
quence: antisense 5'-CUUACGCUGAGUACUUC
GAdTdT-3', sense 5'-alexa488-UCGAAGUACUCAG
CGUAAGATAT-3' (dT:desoxy-thymidine). Silencer™ eGFP
siRNA (or anti-eGFP siRNA, eGFP- enhanced green fluores-
cent protein) was purchased from Ambion. Anti-eGFP siRNA
sequence: antisense 5-GAACUUCAGGGUCAGCUUG
cc-3', sense 5'-CAAGCUGACCCUGAAGUUCKt-3" (base
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in lower case: 3" overhang). (5-N,N dimethyl amiloride
(DMA), filipin complex, chlorpromazine hydrochloride, cyto-
chalasin D, nocodazole, wortmannin, sodium chlorate and
calcium chloride were purchased from Sigma. For cell culture,
MDA-MB-231 or breast cancer cells (no eGFP from ATCC,
stably transfected with eGFP from Cell Biolabs Inc., CA) and
penicillin-streptomycin antibiotic solution (ATCC) were used.
Dulbecco’ Modified Eagle’s medium (DMEM), Modified
Eagle’s medium - non essential amino acids (MEM-NEAA),
Hank’s balanced salt solution (HBSS), Opti-MEM 1, L-
glutamine, heat inactivated fetal bovine serum (FBS), alexa
fluor™ 647-phalloidin, rhodamine-B dextran (70 kDa, neutral),
alexa fluor™ 555-cholera toxin B subunit (CTB), Hoechst
33342, trypan blue solution (0.4%) and Lipofectamine ' 2000
were purchased from Invitrogen.

Alexa 488-siRNA and MDA-MB-231 cells (no eGFP)
were utilized for the following studies except the silencing
efficiency studies. For the latter anti-eGFP siRNA and
MDA-MB-231 cells stable transfected with eGFP were uti-
lized. Sequence specificity of anti eGFP-siRNA was estab-
lished by comparing its silencing efficiency (dose dependent
knockdown) with the scrambled or negative control siRNA
(no silencing at any dose investigated).

Lipoplex Preparation and Characterization

Anionic lipoplex formulations (AF) were prepared as de-
scribed previously (10). Briefly, anionic liposomes (100 nm)
were prepared with the anionic lipid DOPG and the zwit-
terion lipid DOPE (DOPG/DOPE 40:60 molar ratio) in
10 mM HEPES buffer, pH 7.4, using the film hydration
method followed by extrusion. These liposomes were com-
plexed with siRNA (200 uM stock) via calcium ions (4.3 M,
CaCl, stock). Calcium was mixed with siRNA (5 min) in
appropriate amount followed by addition of anionic lip-
osomes (10 min) to obtain anionic lipoplexes with desired
anionic lipid/Ca*"/siRNA molar charge ratio. The lipo-
plexes were incubated for 15 min at room temperature.
To assess the effect of formulation composition on the
uptake mechanism, two anionic lipoplex formulations with
different lipid/ Ca?"/siRNA molar charge ratios were pre-
pared — AF1 with 1.3/2.5/1 ratio, AF2 with 1.3/0.3/1
ratio. AF1 was selected as it had previously been shown to
be the most efficient with negligible toxicity compared to
other anionic formulations, Ca®'-siRNA control and
Lipofectamine 2000 lipoplexes (9,10). AF2 was selected
to understand the role of the Ca®"/siRNA ratio on the
uptake mechanism.

To examine the effect of the type of delivery carrier, the
uptake mechanism of lipoplexes formed with Lipofect-
amine2000 (CF) was investigated. Cationic lipoplex formu-
lation (CF) was prepared with Lipofectamine 2000 (LF2000)
and siRNA, using the same lipid and siRNA concentrations
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as in the case of anionic lipoplexes (1 pg/mL LF2000 for
10 nM siRNA).

Ca?"-siRNA control was prepared using the same meth-
od as the anionic lipoplexes except for the addition of
anionic liposomes. For preparation of fluorescently labeled
anionic liposome control, liposomes were prepared with a
molar composition of 40:59:1 (DOPG/DOPE/C-DOPEL),
using the above mentioned procedure.

Lipoplex formulations (AF1, AF2 and CF) were char-
acterized for particle size and zeta potential using a
Malvern Zetasizer ZS90. For this purpose, lipoplexes
were prepared in 10 mM HEPES, pH 7.4 and the
measurements were performed at 25°C in triplicate.
For particle size, the intensity distribution was consid-
ered. For zeta potential, the net surface charge was
measured using a universal ‘dip’ cell containing 1 mL
of sample. siRNA loading efficiency of the lipoplexes
was evaluated using previously published method (10).
For this study the samples were prepared in cell culture
media to mimic the actual siRNA loading in cell culture
conditions.

Cell Culture

Breast cancer cells (MDA-MB-231) (with or without eGFP)
were cultured in DMEM with 10% FBS, 2 mM L-glutamine,
0.1 mM MEM-NEAA, and 1% antibiotics (penicillin-
streptomycin). The cells were maintained at 37°C in 5%
COy atmosphere. The media was changed once in
every 2-3 days.

Uptake Inhibitors

To evaluate the uptake mechanism, low temperature con-
ditions (4°C) or specific pharmacological inhibitors were
employed to block one or more uptake pathways. For phar-
macological inhibitors, a broad concentration range for
each inhibitor was selected (Table I) and evaluated for
cytotoxicity (propidium iodide assay) as well as cellular
uptake of the formulations (fluorescence-activated cell sort-
ing or FACS). From the concentration range investigated
for each drug, the concentration beyond which there was no
effect on the cellular uptake of the formulations (AF1, AF2,
CF) and the drug cytotoxicity was low, was selected. For
example, increase in the concentration of the filipin complex
(caveolae-inhibitor) from 1 pg/mL to 5 ug/mL showed no
effect on the uptake of AFl, AF2 or CF. However, an
increase in cytotoxicity from 3 to 15% occurred when the
drug concentration was increased from 1 to 5 pg/mL (data
not shown). Therefore a filipin concentration of 1 pg/mL
was selected. Other drug concentrations were optimized
similarly. The final concentration of the pharmacological
inhibitors is listed in Table I.

For inhibition studies, the cells were pre-incubated with
pharmacological inhibitors for 30 min (sodium chlorate for
24 h) at 37°C followed by transfection with lipoplex formu-
lations (AF1, AF2, CF) for 4 h. For formulation uptake at
low temperature (energy-independent) the cells were main-
tained at 4°C for 30 min and then incubated with the
lipoplex formulations at the same temperature for 4 h.
The lipoplexes were incubated in the presence of the inhib-
itors or at 4°C. However, sodium chlorate was removed
prior to transfection with the lipoplexes (16). After 4 h
incubation, the cells were washed with HBSS and incubated
with trypan blue (0.008%) for 10 min to quench the extra-
cellular fluorescence (17). Subsequently, the cells were
assayed using FACS or fluorescence microscopy. Lipoplex
uptake in the absence of inhibitors and cellular uptake of
untreated cells (without lipoplexes) was also determined. All
transfections were performed in the presence of serum. The
efficiency of trypan blue quenching was established using a
control experiment (Supplementary Material Fig. S1).

FACS Analysis

Cellular uptake of lipoplex formulations (40 nM alexa-488
siRNA) was quantified using FACS. 1.25X10° cells/well
were seeded in 24 well plates in 500 pL cell culture media,
and allowed to grow at 37°C. After 24 h, the cells were
transfected with 200 pL of lipoplex formulations (AF1, AF2,
CF) in Opt-MEM 1 for 4 h, in the presence or absence of
inhibitors (incubation time as described above). The cells
were treated with trypan blue, trypsinized, resuspended in
culture media and analyzed using the FACS instrument (BD
FACS Calibur, San Jose, CA with Cell Quest software) with
488 nm laser excitation. 10,000 cells were collected for each
sample and the data was analyzed using Flow Jo software
(version 9.0). Gating was performed on forward scatter-side
scatter plots (FSC-SSC) to eliminate the dead cells and cell
debris. Untreated cells, stRNA alone, lipid + siRNA mix-
tures, Ca”*-siRNA complexes (Ca®" to siRNA ratio of 2.5/
1) and fluorescent-labeled anionic liposomes were used as
controls. The results were reported as fold-uptake that was
obtained by dividing the median fluorescence intensity (in
RFU) of samples (formulations) by the median fluorescence
intensity of untreated cells (normalized data). For inhibition
studies, cellular uptake (fluorescence intensity) of lipoplexes
in the presence of inhibitors was normalized by their uptake
in the absence of inhibitors (control sample, 100% uptake).
Represented data is an average of three independent experi-
ments in duplicate.

Fluorescence Microscopy

Cellular uptake of lipoplexes in the presence or absence of
inhibitors was visualized using fluorescence microscope. 6 X
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Table I Uptake Inhibitors, their Functions and Concentrations

Treatment Inhibits Pathway Mechanism Concentration Final
Range Concentration
4°C Endocytosis Energy depletion - -
Chlorpromazine Clathrin-mediated endocytosis  Dissociation of clathrin lattice 10-50 uM [0 uM
hydrochloride
Filipin complex Caveole Cholesterol binding 0.5-20 ug/mL | ug/mL
5-N,N dimethyl amiloride Macropinocytosis Inhibits the Na*/H" exchange protein 10-500 uM 250 uM
(DMA)
Nocodazole Microtubular transport Microtubule depolymerization 5-100 uM 10 uM
Cytochalasin D Actin based transport Actin depolymerization 0.5-40 uM [ uM
Wortmannin Macropinocytosis, Phosphoinositide 3-kinase (PI3K) inhibitor 10-200 nM 100 nM
phagocytosis
Sodium Chlorate Heparin sulfate proteoglycans Inhibits sulfyrase enzyme required for biosyn- 50-200 mM 100 mM
(HSPG) thesis of HSPG

10* cells/well were seeded in 8-well chamber slides (Lab-
Tek II, Thermo Scientific) and incubated for 24 h at 37°C.
The cells were transfected with alexa-488 siRNA lipoplexes
(prepared with 14 nM (AF1, CF) or 56 nM siRNA (AF2)) for
4 h, with or without inhibitors. Further, the cells were
washed, quenched and imaged using Nikon TiE fluores-
cence microscope with Andor EMCCD 1Xon897 camera.
For each sample, five fields were viewed with a 10X objec-
tive with 80-100 cells/view. The images were analyzed
using Image J software (NIH). Image capturing and analysis
was performed for controls (lipoplexes without inhibitors)
and for treated samples (lipoplexes with inhibitors) under
the same conditions to allow a rational comparison. Un-
treated cells and siRNA alone were used as controls.

Formulation Internalization and Co-localization
Studies Using Confocal Microscopy

Spinning disc confocal microscope (Andor Technology,
Tokyo, Japan with 1Q2 live cell imaging software) was
utilized to visualize the cellular internalization and sub-
cellular localization of fluorescent-siRNA delivered using
the lipoplex formulations. For this purpose, breast cancer
cells were plated in 8-well chamber slides at a density of 9 X
10* cells/well and allowed to attach overnight. On the
following day, the cells were transfected with lipoplexes
(prepared with 40 nM siRNA) for 2 h at 37°C and endocy-
tosis markers (70 kDa rhodamine-B-dextran for macropino-
somes or alexa355-CTB for caveolae) were added during
the last 30 min. The cells were washed with HBSS,
quenched with trypan blue, incubated with nuclear stain
Hoechst 33342 (1 pg/mL in Opti-MEM media) and imme-
diately viewed without fixation using the confocal micro-
scope. The images were obtained with a 40X oil objective
using 405 nm, 488 nm and 561 nm excitation lasers for
Hoechst 33342, alexa-488 and rhodamine-B/alexa-555,
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respectively. During imaging, the cells were maintained at
37°C, 5% CGOq and 75% relative humidity atmosphere.
Five fields of view were selected for each sample with 2—6
cells/view and z-sectioning was performed in each of these
fields. The extent of co-localization was quantified using the
Image J software with JACoP plugin (18). Both Mander’s
correlation coefficient (MCC) and Pearson’s correlation co-
efficient (PCC) were obtained for the entire z-stack/view/
sample and the represented values for each sample are an
average from five fields of view. Laser settings were chosen
to avoid signal bleed-through and maintain a high signal to
noise ratio. The laser settings were kept constant during
image acquisition to allow quantitative comparison of the
fluorescence intensities.

Determination of Punctate to Diffused Staining Ratio
(Endosomal Escaping Capability) Using Confocal
Microscopy

MDA-MB-231 cells were plated (0.1x10° cells/well) in 8-
well chamber slides. The following day, the cells were trans-
fected with lipoplex formulations (prepared with alexa-488
siRNA) for 4 h, washed, typan blue quenched and imaged
using confocal microscope with a 40X oil objective (live cell
imaging). Five fields of view were selected for each sample
and Z-sectioning was performed for each of these fields (2=5).
Using a previously published method without modification'”,
average punctate to diffused staining ratio (P/D ratio) was
obtained for each sample. Untreated cells, siRNA alone,
Ca”-siRNA mixture and lipid + siRNA mixture were
used as negative controls.

Actin Polymerization Assay

This assay was performed to evaluate the effect of lipoplexes on
actin polymerization in the presence of actin depolymerizer
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(cytochalasin D). For this purpose, the cells were plated in 8-
well chamber slides (9% 10* cells/well, grown overnight) and
incubated with cytochalasin D (1 pM) for 30 min. This was
followed by transfection with lipoplexes (AF1, AF2 or CF with
40 nM siRNA) for 4 h. The cells were HBSS washed, quenched
and fixed using 3.5% paraformaldehyde for 20 min. Thereafter
the cells were permeabilized with 0.3% Triton-X100 with
0.1% BSA (5 min), and blocked with 5% BSA (30 min). Sub-
sequently, actin filaments were labeled using alexa 647-
phalloidin (30 min). The cells were washed three times with
PBST (0.05% Tween 20 in 1X PBS) and viewed using the
spinning disc confocal microscope with a 60X oil objective and
640 nm laser excitation. The same camera settings were used to
capture images of all the samples. Image analysis was per-
formed using the Image J software. Untreated cells and cells
transfected with lipoplexes in the absence of cytochalasin D,
were used as negative controls. Other controls were Ca”*-
siRNA complexes (Ca®" to siRNA ratio of 2.5/1), calcium
alone and anionic liposomes.

Membrane Ruffling and Actin Reorganization

To evaluate the role of actin on the uptake of various lipoplex
formulations, ruffling of the plasma membrane and rear-
rangement of the cytoskeletal actin was examined. For this
purpose, a previously described method was used with slight
modifications (19). Briefly, before incubation with lipoplex
formulations, the cells (9% 10" cells/well, grown overnight)
were kept in serum-free media for 2 h to inhibit serum
induced cell ruffling. This was followed by 30 min incubation
with lipoplexes (AF1, AF2 or CF with 40 nM siRNA). The
cells were washed with HBSS, quenched, fixed, permeabilized
and stained for actin using the above mentioned procedure
(actin polymerization assay). The images were obtained using
confocal microscope with a 60X oil objective. The same
camera settings were used to capture images of all samples
and image analysis was performed using Image J software.
Untreated cells were used as a negative control.

Propidium lodide Assay

The cytotoxicity of the drugs (pharmacological inhibitors) at
optimal concentrations, and of the lipoplex formulations
(AF1, AF2, CF), was evaluated using propidium iodide (PI)
that permeates into the dead and dying cells. For this pur-
pose, 1.25x 10 cells/well were seeded in 24 well plates and
allowed to grow for a day at 37°C. To evaluate the cytotox-
icity of inhibitors, the cells were incubated with inhibitors
(concentrations as shown in Table I) for 30 min followed by
addition of 200 pL. Opti-MEM I media. The cells were
incubated for another 4 h, washed with HBSS, trypsinized,
reconstituted in fresh culture media and analyzed using
FACS. For sodium chlorate, the incubation time with the

cells was 24 h and the drug was removed 4 h before sample
analysis. The lipoplexes were incubated with breast cancer
cells for 4 h to evaluate their cytotoxicity. PI (final concen-
tration 5 pg/mlL) was added to the samples and incubated
for 1-2 min prior to sample analysis via FACS. The results
were reported as percentage PI positive cells normalized to
untreated cells. Presented data is an average of two inde-
pendent experiments each time in duplicate.

Silencing Efficiency

Silencing efficiency of lipoplex formulations was evaluated
using a previously published method (9). Briefly, MDA-MB-
231 cells stably transfected with eGFP (Cell Biolabs Inc.,
CA) (only used for this study), were plated (5% 10° cells/well)
in black 96 well plates and grown overnight (in DMEM with
10% serum). On the day of the experiment, the cells were
treated with lipoplex formulations (prepared with anti-eGFP
siRNA- only used for this study) and incubated at 37°C in
5% COg atmosphere. After 48 h, the cells were washed with
buffer and the GIP expression of the cells was determined
using fluorescence spectrophotometer (Spectramax Gemini
XPS, Molecular Probes, with 1.,=488 nm, A.,,=525 nm).
The resulting fluorescence activity (RFU) was normalized
for the amount of protein (ug) using the BCA assay (Pierce)
to obtain normalized GFP expression. Percentage silencing
efficiency was obtained using the following formula:

% Silencing efficiency = 100
( GFP expression from sample * 100 )

GFP expression from untreated cells

Untreated cells, anti-eGFP siRINA alone, scrambled
siRNA (negative control siRNA provided with the anti-
¢GFP siRNA obtained from Ambion) and lipid + siRNA

mixture were used as negative controls (n=6).
Statistics
For comparison of two samples at a time, Student #test was

utilized. For comparison of several groups to a control
group, one-way ANOVA with Dunnett’s post-test was used.

RESULTS

Characterization and Cytotoxicity Studies

Lipoplex formulations (AF1, AF2, CF) prepared using the
above mentioned method, were characterized for particle
size, surface charge and siRNA loading. As shown in

Table II, the particle size of AF1 was approximately three
times that of AF2 whereas the size of CF was twice that of

@ Springer



1166

Kapoor and Burgess

Table Il Physicochemical Properties of Anionic and Cationic Lipoplex Formulations

Formulation Anionic lipid/Ca2+/siRNA ratio Particle size (nm) Zeta potential (mV) Loading efficiency (%)
AF| 1.3/2.5/1 3242+196 (—=22.9)x0.6 30.0£20
AF2 1.3/0.3/1 [142=13.9 (—8.8)*2.2 100.0%= 1.5
CF - 217.9+18.8 (£157)=2.1 100.0=3.0

¢ Loading efficiencies were evaluated using previously published method (10)

AF2. For schematic representation of the formed anionic
lipoplexes, see reference 10.

As expected, the zeta potential values of the anionic lip-
oplexes were negative and the charge of AF1 was almost
twice that of AF2. The surface charge of CI was positive
and was lower than that of the cationic liposomes (+53 mV).
siRNA loading efficiency of AF1 and CF was almost 100%
whereas it was around 30% in case of AF2 formulation
(Table II). The propidium iodide assay revealed that the
cytotoxicity of all formulations was less than 5% (Fig. 1).
The high cell viability of the lipoplexes was further con-
firmed with actin staining that showed intact cell membrane
and cytoskeleton (Fig. 5). Selected concentrations of the

pharmacological inhibitors also showed cytotoxicity of less
than 10% (Fig. 1).

Internalization of Anionic Lipoplexes

To assess whether the labeled siRNA (in lipoplexes) was
internalized rather than being on the cell surface, confocal

1001

50+
15+

Propidium lodide (%)

Drugs / Formulations

Fig. 1 Percentage propidium iodide stained cells representing the cyto-
toxicity of the pharmacological inhibitors (30 min incubation except sodium
chlorate), and the lipoplex formulations (AFI, AF2, CF) (4 h incubation).
The results are an average of two independent experiments in duplicate.
Mean =+ SD.
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z-sectioning of the cells incubated with lipoplexes for 2 h was
performed. The cells showed green punctuates (alexa-488
siRNA) in the perinuclear region predominantly in the central
z-sections, indicating that the particles are inside the cells and
not on the cell surfaces (Fig. 2a). Internalization of these
particles was observed to increase with time (data not shown).
The cationic formulation (CF) was shown to be internalized as
occurs in the case of the anionic formulations (Iig. 2a).

Uptake Mechanisms

For accurate determination of the internalization mecha-
nism, it is imperative to account for only the internalized
particles and not those attached onto the cell surface. There-
fore a protocol based on trypan blue, known to quench the
extracellular fluorescence (17) was optimized and employed
before each analysis (Supplementary Material Fig. S1). Us-
ing this optimized sample preparation method, cellular up-
take of the lipoplexes was evaluated quantitatively using
FACS and qualitatively using fluorescence microscopy. As
shown in Fig. 3a, the uptake of AF1 (13-fold) in the absence
of inhibitors, was almost twice that of AF2 (7-fold). Lower
uptake of AF2 was also evident in the FACS histograms
(Fig. 3b). This justifies the need for higher siRNA dose of
AF2 (56 nM siRNA) compared to AF1 (14 nM siRNA) for
improved signal in fluorescence microscopy studies. Uptake
of CF was observed to be significantly lower than AF1
(Fig. 3a, b).

To evaluate cellular uptake at low temperature, the lip-
oplex formulations were incubated at 4°C (at 37°C for
control). As shown in Fig. 3c, uptake of the anionic lip-
oplexes was almost completely inhibited (98-99%  inhibi-
tion) at 4°C when compared to their uptake at 37°C.
Uptake of the cationic lipoplexes (CF) was 83% inhibited
at 4°C compared to 37°C, indicating that a considerable
amount (17%) was internalized even at low temperatures
(Supplementary Material Fig. S2 for histograms).

To evaluate the involvement of clathrin and caveole-
mediated uptake pathways in the internalization of the anion-
ic formulations, breast cancer cells were treated with chlor-
promazine HCI or filipin (inhibitors of the well characterized
clathrin or caveolae-mediated uptake pathways, respectively)
(17,20). As shown in Fig. 3d, e, there was no significant uptake
inhibition of either of the anionic lipoplexes (AF1 or AF2) in
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(@)

(b)

Top

(-) Green channel (+) Green channel

Fig. 2 (a) Confocal z-sections (Az: 2 um) representing internalization of lipoplex formulations prepared with alexa-488 siRNA (green), after 4 h incubation
in breast cancer cells. (b) Endocytic vesicles (white arrows) formed with AF2 (a,b) or CF (c,d). The morphology of the vesicles formed with AF2
(macropinosomes) was distinctive from that of the CF vesicles (phagocytic cups). Blue represents the nucleus stained with Hoechst 33342. Scale bar 10 um.

the presence of these drugs. Similarly, internalization of CF
was unaffected by either of the two drugs (Fig. 3f). These
results indicated that uptake of the three lipoplexes was cla-
thrin and caveolae independent.

The cells were treated with DMA to assess the role
of another well-characterized endocytic mechanism
(macropinocytosis) on the uptake of the anionic formu-
lations (21). Microscopic visualization showed significant
uptake inhibition of AFl and AF2 with DMA (Fig. 4).
FACS analysis showed this uptake inhibition to be 54%
and 98% for AF1 and AF2, respectively (Fig. 3d, ¢). On the
other hand, the uptake of the cationic lipoplexes (CF) was not
significantly affected by DMA (Fig. 3f and 4) (Supplementary
Material Fig. S3 for histograms). Uptake of Ca”"-siRNA and
the anionic liposome control was also reduced on the addition
of DMA by 52% and 87%, respectively (Supplementary Ma-
terial Fig. S4). To reevaluate the role of macropinocytosis in
the uptake of the anionic lipoplexes, another drug (wortman-
nin that inhibits PI3K transport protein essential for macro-
pinocytosis) was employed (22). As shown in the Fig. 3d, e and
4, wortmannin reduced the uptake of the anionic lip-
oplexes which was quantified to be 61% and 58% for
AF1 and AF2, respectively. There was also significant inhibi-
tion (16%) of CF uptake (Fig. 3f).

To further substantiate the role of macropinocytosis on
the uptake of the anionic lipoplexes membrane ruffling and

actin reorganization assay was performed. Fig. 5 (control)
represents highly organized actin filaments at the periphery
and in the cytoskeleton of untreated breast cancer cells.
When the anionic lipoplexes (AF1 or AF2) were added,
ribbon like structures and membrane protrusions accompa-
nied by actin rearrangement within the cytoskeleton, were
evident (Fig. 5). In the case of CF, actin reorganization was
observed but membrane ruffles were absent. Since all the
lipoplexes (anionic and cationic) induced actin rearrange-
ment, their uptake was actin-mediated.

Uptake of the anionic lipoplexes was examined in the pres-
ence of cytochalasin D that prevents actin polymerization (23).
As shown 1n Fig. 3d, e, incubation of cytochalasin D treated
cells with anionic lipoplexes reduced the uptake of AF2 by 87%
whereas AF1 uptake was unaffected. Uptake of CI' was
inhibited by 64% with cytochalasin D (Fig. 3f). These observa-
tions were in consensus with the fluorescence microscopy results
shown in Fig. 4. With respect to the anionic liposome control,
its uptake was reduced by 95% in the presence of cytochalasin
D (Supplementary Material Fig. S4). However, the uptake of
the Ca**-sIRNA control was unaffected (Supplementary Mate-
rial Fig. S4) as was the case for AF1.

In case of the AF1 formulation, the results obtained from
the membrane ruffling assay and the cytochalasin D inhibi-
tion assay were paradoxical. To investigate this further, the
effect of AF1 on actin polymerization was evaluated in the
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Fig. 3 FACS analysis indicating cellular uptake of the lipoplexes (AF I, AF2, CF) in breast cancer cells. (a) Fold-uptake of lipoplexes normalized to untreated
cells. (b) Histograms representing relative uptake of AF| (black line), AF2 (blue line), CF (red line). Untreated cells were used as a negative control (green line).
(c) Percentage cellular uptake of lipoplexes at 37°C or 4°C. Percentage cellular uptake of: (d) AFI; (e) AF2; and (f) CF, in the presence or absence of various
pharmacological inhibitors. Cells were pre-incubated with inhibitors for 30 min (sodium chlorate for 24 h) followed by incubation with lipoplexes (40 nM
alexa-488 siRNA) for 4 h. Control samples represent the cells transfected with lipoplex formulations in the absence of inhibitors. Percentage cellular uptake
was obtained after normalizing the cells to the fluorescence uptake of the controls (considered as 100%). ***p < 0.001. Arrows indicate the control groups

used for comparison. The results are the average of three independent experiments each time in duplicate. Mean = SD.

presence of cytochalasin D. As shown in Fig. 6, in the
absence of cytochalasin D (control), organized actin
filaments were clearly observed. On the addition of
cytochalasin D, depolymerization of actin was evident
from the absence of actin fibers at the periphery and in
the cytoskeleton. Instead, actin monomers and oligomers
were observed bundled together at the edges (Fig. 6,
0 h). Actin in the cells remained depolymerized even
after 4 h, in the presence of the drug (Fig. 6, 4 h).
When the actin depolymerized cells were incubated with
AF1 for 4 h, polymerization of actin (in a reorganized
fashion) was evident (Fig. 6, AFl). Similar observations
were made with the Ca” -siRNA control and the calci-
um alone. However, for AF2, CIF or the anionic lipo-
some (an-lip) control, this was not evident.

The role of the microtubules in the internalization of the
anionic lipoplexes was investigated using nocodazole (causes
microtubule disruption) (24). Fluorescence microscopy
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showed considerable reduction in the uptake of both
AF1 and AF?2 lipoplexes with nocodazole (Fig. 4). FACS
analysis showed uptake inhibition to be 27% and 68%
for AF1 and AF2, respectively (Fig. 3d, ¢). On the
contrary, uptake of CIF was unaffected by nocodazole
(Fig. 3f and 4). Therefore, microtubules participate in
the uptake of the anionic lipoplexes (AF1, AF2) but not
the cationic lipoplexes (CF).

On evaluating the uptake of the anionic lipoplexes in the
presence of sodium chlorate (HSPG inhibitor), FACS analysis
showed a 71% reduction in the uptake of AFl (Fig. 3d). In
contrast, the uptake of AI"2 was not inhibited (Fig. 3¢). Instead,
there was a significant increase in the uptake of these formula-
tions with sodium chlorate. Such an increase was also observed
with the anionic liposome control (Supplementary Material Fig.
S4). Asin the case of AF1, the uptake of CF was also inhibited (by
58%) (Fig. 3f). These results were in consensus with the micro-
scopic observations that showed significant reduction in the
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Control (No inhibitor) Nocodazole Wortmannin Sodium Chlorate

Fig. 4 Fluorescence microscopy images representing cellular uptake of lipoplex formulations (AFI, AF2, CF) in the presence or absence of various
inhibitors incubated with cells for 30 min (sodium chlorate 24 h), followed by lipoplex incubation for 4 h. Control samples represent the cells transfected
with formulations in the absence of inhibitors. One image (out of five) was selected to represent the sample. Camera settings and image adjustments were
kept constant for control and treated samples to achieve an accurate comparison. AFl and CF were prepared with |4 nM alexa 488-siRNA and AF2 was
prepared with 56 nM alexa 488-siRNA. Scale bar 100 um.

uptake of AF1 and CF with sodium chlorate (Fg. 4). As with It 1s important to note that during the inhibition
AF1, the uptake of the Ca®"-iIRNA control was also reduced  studies, blocking one particular pathway at a time did
with sodium chlorate (Supplementary Material Fig. S4). not cause 100% inhibition with any formulation (except

Fig. 5 Confocal images of serum
starved breast cancer cells
(ventral region) incubated with
lipoplexes (AFI, AF2, CF) for

30 min followed by fixation and
actin labeling with alexa-647
phalloidin (red). Control sample
represents highly organized actin
fibers in cells in the absence of
lipoplexes. White arrows indicate
membrane ruffles and protrusions
induced by AFI and AF2. Actin
rearrangement was observed
with CF. Scale bar: 10 um.
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4h (+ Cyt D)
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R -

CaZ*-siRNA

Calcium

Fig. 6 Confocal images indicating the effect of various lipoplex formulations (AFI, AF2, CF) on polymerization of actin in the presence of cytochalasin D
(prevents actin polymerization). The cells were incubated with cytochalasin D (Cyt D) for 30 min followed by incubation with lipoplexes (40 nM siRNA) for
4 h. After washing and trypan blue quenching, the cells were fixed, made more permeable with 0.3% TX100, and labeled with alexa-647 phalloidin (red).
The control represent the cells not treated with cytochalasin D or lipoplexes. O h and 4 h samples are the cells treated with cytochalasin D but not with
lipoplexes, visualized immediately and after 4 h, respectively. Phalloidin stained actin was also observed for the cells incubated for 4 h with calcium alone,
Ca’"-siRNA control (Ca®* /5iRNA ratio of 2.5/1) or anionic liposome control (an-lip). White arrows indicate the actin fibers. Scale bar: 10 um

with AF2) suggesting simultanecous participation of multiple
pathways in the uptake process.

Co-localization Studies

Co-localization of alexa-488 siRINA in lipoplexes, was ob-
served with the endocytic markers. Since macropinocytosis
was involved in the uptake process, dextran was used as the
marker for the macropinosomes and this was confirmed
when its uptake was 95-100% inhibited in the presence of
cytochalasin D, DMA or wortmannin (data not shown). Also
CTB, a known marker for caveolae-mediated uptake (abun-
dant in lipid rafts) was used as a control (20). For this
purpose, the cells were incubated with the lipoplexes (AF1,
AF2 or CF) and the endocytic marker simultaneously and
visualized using confocal microscopy. Fig. 7a represents
formulation co-localization with dextran in the cell interior
(central z-section) and the entire cell (maximum intensity z-
projection or MIP). Both the central z-section and the MIP
images indicated significant co-localization (yellow/white
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region) of dextran with AF1 and AF2 indicating that macro-
pinocytosis is involved in uptake of these lipoplexes (Fig. 7a).
These results are in consensus with the results from the
inhibition studies (Fig. 3d, e). It can also be observed that
the extent of co-localization of dextran with AF2 was signif-
icantly greater than with AF1 (comparing the white regions).
To confirm this, the images were quantified and the data
was represented in terms of correlation coefficients (MCC,
PCC). Accordingly, the MCC and PCC values for AF1 were
0.4 and 0.3, respectively. In the case of AF2, the MCC value
was 0.8 whereas the PCC value was 0.4 (Fig. 7b). Higher
correlation values for AF2 compared to AF1 indicated a
greater degree of co-localization of dextran with AF2. This
suggests a larger contribution of macropinocytosis towards
the uptake of AF2 compared to AF1. Again, this conclusion
1s in agreement with the inhibition studies that showed
greater uptake inhibition of AF2 with DMA, when com-
pared to AF1 (Fig. 3d, e). In the case of CF, co-localization
with dextran was sparse as indicated by coeflicient values of
less than 0.2 (Fig. 7b).
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Fig. 7 (a) Confocal images representing co-localization of lipoplex formulations (AFI, AF2, CF) with the macropinocytosis marker, dextran. The cells were
incubated with green alexa-488 siRNA lipoplexes (40 nM siRNA) for 2 h and dextran (red) was added in the last 0.5 h. The cells were washed with HBSS,
quenched with trypan blue and the nucleus was stained (blue) before live cell imaging. The presented data is the central z-section of the cells, shown in
separate channels as well as the overlay image. Maximum intensity z-projection (MIP) represents co-localization of lipoplexes with dextran in the entire cell.
Co-localization points were obtained from MIP image using the Image ] software. Scale bar: 10 um. (b) Quantification of the extent of co-localization of
lipoplexes with dextran (macropinocytosis marker) using Pearson’s correlation coefficient (PCC) and Mander’s correlation coefficient (MCC) that was
calculated using the JACoP plugin in the Image ] software. M2 (in MCC) is the extent of red overlap with green. The results were an average of quantification
from 5 fields of view/samples with 2—6 cellsiview. **p <0.01, *» <0.05. Mean + SD.

With respect to co-localization with the caveolae marker
(C'TB), all formulations showed negligible co-localization as
indicated by the confocal images and the quantification data
(Supplementary Material Fig. S5). These results are in con-
sensus with the inhibition studies that showed uptake of the
lipoplex formulations to be unaffected by filipin (Fig. 3).

It should be noted that the co-localization correlation co-
efficient, MCC 1s based on signal co-existence (independent of
relative signal intensities) whereas PCC is based on signal
proportionality (dependent on relative signal intensities) (18).
In this work, there was a significant difference between the
intensities of the green (siRNA) and the red (markers) signals
and therefore MCC was considered as a more accurate

measurement. True representation of MCC was verified by
its ability to correlate with the confocal data (Fig. 7 and
Supplementary Material Fig. S5), as opposed to PCC.
Silencing efficiency and P/D ratios of the lipoplex for-
mulations revealed that silencing efficiency of AF1 formula-
tion was significantly greater than the AF2 formulation
(Table III). On the contrary, P/D ratio of AF1 was signifi-
cantly lower than the AF2 formulation indicating the great-
er endosomal escaping capability of the former (the P/D
ratio is inversely proportional to the endosomal escaping
capability). The silencing efficiency of the CF formulation
was comparable to the AF1 formulation. However, the CF
formulation showed highest endosomal escaping efficiency

@ Springer



1172

Kapoor and Burgess

Table NI Endosomal Escaping Capability (P/D ratio) and Silencing Effi-
ciency of Various Lipoplex Formulations

Formulations ~ Ca2+/siRNA P/D ratio  Silencing Efficiency (%)
ratio ? b

AF2 0.3/1 2.32 10.2+5.6

AF| 2.5/1 0.18 71.7+3.9

CF - 0.02 55791371

?P/D ratio was calculated by quantifying confocal images obtained with a
40X objective using the Image | software. Each ratio is an average from 5
fields of view per sample. The detailed quantification method has been
published previously (9)

The silencing efficiency was evaluated using the previously published
method (9)

of the three formulations (lowest P/D ratio). Negative con-
trols showed negligible silencing efficiency (data not shown).
It should be noted that only for silencing efficiency stud-
ies, anti-eGFP siRNA was used whereas for all the other
studies alexa-488 siRNA was used. Although the sequence
of these two siRNAs is different, their cellular interaction
(intra- and extra) would be similar due to the following
reasons: a) Both siRNAs have the same nucleotide length
(21 bases with 2NT' 3" overhangs) and, b) both siRNAs have
similar GC content (between 40 and 60%). Accordingly, we
do not anticipate any significant difference between their
interaction with Ca®" and anionic lipids during lipoplex
formation. This is supported by the fact that lipoplexes
prepared with either siRNA showed similar physicochemi-
cal characteristics — particle size and surface charge (data
not shown). Therefore, silencing efficiency results with anti-
e¢GFP siRNA can be related to the uptake mechanism and
endosomal release results obtained with alexa-488 siRINA.

DISCUSSION

The internalization mechanism of novel anionic lipoplex
formulations (anionic liposomes, calcium and siRINA) was
elucidated using both inhibition and co-localization
approaches. AF1 and AF2 formulations differed in calcium
levels with higher calcium in the former.

The low temperature inhibition studies were able to
decipher non-endocytic uptake of the lipoplex formulations
since endocytosis (an energy and temperature dependent
process) does not occur at low temperature (13), whereas
membrane fusion (that involves lipid mixing) may occur at
low temperatures (25). Accordingly, since uptake of the
anionic lipoplexes (AF1 and AF2) was completely inhibited
at 4°C this suggests that these lipoplexes are only taken up
by endocytic pathways (Fig. 3c). On the other hand, some
portion of cationic lipoplexes (CF) must enter vi¢ membrane
fusion since CF uptake inhibition at low temperature was
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only 83%. This is in agreement with several reports that
have shown uptake of different cationic lipoplexes via mem-
brane fusion (12,26).

Uptake of all the lipoplexes (AF1, AF2, CF) appeared to
be clathrin and caveolae-independent due to their observed
nsensitivity to chlorpromazine and filipin treatment as well
as their poor co-localization with the caveolae marker
(C'TB) (Supplementary Material Fig. S5). Accordingly, in-
volvement of a clathrin and caveolae-independent pathway,
(heparin sulfate proteoglycans or HSPG) was examined
using sodium chlorate (27,28). The uptake of CF was
inhibited by sodium chlorate indicating that the HSPG-
mediated pathway is involved in the uptake of these cationic
lipoplexes. HSPGs have been shown to interact with cation-
ic nanoparticles via electrostatic interactions, facilitating cel-
lular uptake (16). As in the case of CF AF1 was also taken up
via the HSPG pathway as indicated by significant uptake
inhibition (~70%) in the presence of sodium chlorate
(Fig. 3d). This was probably due to electrostatic interaction
between anionic HSPGs and the excess calcium in the AF1
formulation (anionic lipid/Ca®"/siRNA ratio of 1.3/2.5/1).
This hypothesis is supported by the fact that the Ca®'-
siRNA control (Ca®*/siRNA ratio of 2.5/1) was also taken
up via the HSPG pathway due to its sensitivity to sodium
chlorate (Supplementary Material Fig. S4). The excess cal-
cium in AF1 appears to participate in the uptake process
despite a negative zeta potential (Table II) indicating that
calcium 1s not covering the entire lipoplex surface. However,
the amount of calcium appears to be sufficient to allow
interaction with HSPGs on the cell surface. It can therefore
be concluded that surface charge does not necessarily deter-
mine the uptake pathway.

On the contrary, the uptake of AF2 (lower calcium levels)
and of the anionic liposome control was not inhibited with
sodium chlorate. Instead, their uptake (Fig. 3e, Supplemen-
tary Material Figs. S3 and S4) increased in the presence of
sodium chlorate. This is probably due to the absence of
anionic heparin sulfate groups which are responsible for
electrostatic repulsion allowing non-specific uptake of the
anionic nanoparticles (AF2, anionic liposomes). The 30%
uptake of AF1 in the presence of sodium chlorate is proba-
bly due to non-specific uptake as a result of lack of repulsion
with the cell surface as well as uptake via other pathways.

Irrespective of their composition, anionic lipoplexes (AF1
and AF2) were taken up zia macropinocytosis as indicated
by their significant uptake inhibition with DMA and wort-
mannin (Fig. 3d, e). This was supported by significant co-
localization of these lipoplexes with the macropinosome
marker, dextran (Fig. 7). Additionally, membrane ruffles
with peripheral protrusions (characteristic features of mac-
ropinocytosis (22,29)), were evident in the cells incubated
with anionic lipoplexes (Fig. 5). Furthermore, the uptake of
the anionic lipoplexes was mediated by microtubules
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(uptake inhibition with nocodazole) (Fig. 3d, ¢ and Supple-
mentary Material Fig. S3) that are known to participate in
macropinocytosis (30). Despite a significant difference in the
particle size of AF1 and AF2 (Table II), their uptake oc-
curred via macropinocytosis as this pathway is known to take
up particles from the nanometer to the micron range (22).
Uptake of CF, on the other hand, was not macropinocytic as
evident from its insensitivity to DMA (Fig. 3f and Supple-
mentary Material Fig. S3), a selective macropinocytosis
inhibitor, as well as the absence of membrane ruffles
(Fig. 5). However, uptake of CF was actin-dependent as
indicated by actin rearrangement (Fig. 5) and uptake inhibi-
tion with cytochalasin D (Fig. 3f). This actin-dependent pro-
cess could be phagocytic as evident from the phase contrast
images that showed phagocytic cup-like vesicles (31) in those
cells incubated with CF (Fig. 2b). The morphology of these
vesicles was distinct from the vesicles (macropinosomes)
formed with AF2 as indicated by comparatively prominent
pits in the former due to the double wall (32). The phagocytic
cups were perinuclear and not peripheral as these images were
obtained 4 h post-incubation (Fig. 2b). Again, ligand-receptor
interaction, a critical parameter for phagocytosis (33). was
apparent from the fact that CI uptake was inhibited by
wortmannin, an inhibitor of PI3K that participates in FcyR
receptor-mediated phagocytosis (33). It was also interesting to
note that only 16% uptake occurred via FcyR receptor-
mediated phagocytosis (Fig. 3f) suggesting the possible in-
volvement of other receptor-mediated uptake processes. In-
terestingly, the phagocytic uptake of CF was observed to be
microtubule-independent (Fig. 3f and Supplementary Mate-
rial Fig. S3). Microtubules are required for certain types of
phagocytosis, but not all. For example Schagat ¢t al. have
shown that phagocytosis by alveolar macrophages is
microtubule-independent (34). The specificity of the phago-
cytic process was evident from the fact that it was responsible
for uptake of only one (CF) of the three formulations (AF1,
AF2, CF). Cellular uptake of the cationic lipoplexes (CF) via
phagocytosis and of the anionic lipoplexes via macropinocy-
tosis suggests the influence of the delivery carrier on the uptake
pathway.

Macropinocytosis being non-receptor mediated is gener-
ally considered as a non-specific uptake pathway (22). De-
spite being non-specific, macropinocytosis has been shown
to be the dominant uptake pathway for certain nanomate-
rials. For example, anionic and neutral liposomes have been
shown to be taken up more efficiently vz macropinocytosis
when compared to cationic liposomes (35). This may explain
why the anionic lipoplexes (AF2) and the anionic liposome
(control) were taken up via macropinocytosis in contrast to
the cationic ones (CF) (Fig. 3 and 7). Interestingly, the
uptake of AF1 formulation was also macropinocytic probably
due to the involvement of excess calcium in this uptake pro-
cess. This assumption is corroborated by the fact that uptake

of the Ca”*-siRNA control was also reduced in the presence of
DMA (macropinocytosis inhibitor) (Supplementary Material
Fig. S4). In agreement with these results, calcium phosphate
nanoparticles have been shown to be taken up by macro-
pinocytosis (36). It was also interesting to note that the contri-
bution of macropinocytosis towards the uptake of the anionic
lipoplexes decreased with an increase in the Ca”"/siRNA
ratio. For example, DMA inhibition studies indicated nearly
98% uptake of AF2 but only 54% uptake of AF1 wa macro-
pinocytosis. This is probably due to the interaction of excess
calcium (in AF1) with HSPG resulting in partial uptake via the
HSPG pathway. This outcome shows that minor changes in
formulation may affect the cellular uptake mechanism. It is
also clear that surface charge does not necessarily determine
the uptake mechanism.

Uptake of all three lipoplexes (AF1, AF2, CF) was actin-
dependent as evidenced by the presence of reorganized
actin filaments and/or membrane ruffles (Fig. 5). Despite
this fact, the uptake of AFl was unaffected by the actin
depolymerizer, cytochalasin D (Fig. 3d). Additionally, phase
contrast microscopy showed cytochalasin D-treated cells to
be less round when incubated with AF1 when compared to
AF2 (Fig. 4), suggesting that AF1 may be counteracting the
effect of cytochalasin D. Prominent actin fibers (in a reor-
ganized manner suggesting actin-mediated uptake) were
observed in cells incubated with cytochalasin D and AF1
but not in cells incubated with cytochalasin D and AF2.
Since AF1 and AF?2 differ only in the calcium concentration,
it is speculated that the excess calcium plays a role in fiber
formation via actin polymerization. Similar actin filaments
(polymers) were observed with the Ca®"-siRNA control and
an additional control where only calcium was added (Fig. 6).
This polymerization was due to the calcium and not due to
the positive charge as indicated by the absence of such actin
fibers in the presence of cationic lipoplexes (CF) (Fig. 6).
Accordingly, it was concluded that the excess calcium in
AF1 contributed to the actin polymerization against the
effect of cytochalasin D. These results are in agreement with
the work of Tellam et al. that showed induction of actin
polymerization due to calcium chloride (37).

The present studies have revealed the uptake of lipo-
plexes by various pathways based on their formulation
compositions. The AF2 formulation (low calcium levels)
was taken up by macropinocytosis, whereas the uptake of
the AF1 formulation (high calcium levels) was v macro-
pinocytosis as well as the HSPG pathway. The CF formu-
lation was taken up by phagocytosis, the HSPG pathway
and by membrane fusion. These findings are helpful in
identifying the rate-limiting steps to efficient intracellular
delivery and consequently in improving delivery efficiency.
For example, except membrane fusion, all the aforemen-
tioned pathways involve endo/lysososomal compartments
(16,22,38). Therefore, efficient endosomal escape is
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required (rate-limiting) to obtain effective cytoplasmic deliv-
ery of siRNA when internalized by these pathways. It was
evident from the punctate to diffused staining (P/D) ratios
(Table III) of the three lipoplex formulations, that the effi-
ciency of endosomal release of the CI formulation was
maximum (lowest P/D ratio) whereas the AF2 formulation
(highest P/D ratio) was minimum. This indicates that the
AF?2 formulation has poor endosomal escape and it can be
speculated that this along with low siRNA loading efficiency
(Table II) is the cause of the negligible silencing (Table III)
of this formulation despite its high cellular uptake (Fig. 3a).
The AF1 formulation showed high silencing due to better
endosomal release and higher siRNA loading compared to
AF2 (lower P/D ratio, Table III). It is speculated that the
higher calcium levels of the AF1 formulation may be re-
sponsible for the improved endosomal release. A previous
publication has shown that calcium facilitates endosomal
escape of nucleic acids (39). Although the silencing efficien-
cies of the AFl and CF formulations were comparable,
(Table III) it is apparent from the trafficking studies that
this was achieved by different pathways. In the case of the
CF formulation fewer cells participated in the uptake pro-
cess (Fig. 4) and the percentage uptake was consequently less
compared to the AF1 formulation (Fig. 3a). However, the
CF formulation was more efficient in delivering the siRNA
to the cytoplasm as evident from its low P/D ratio
(Table III). This is due at least in part to the portion of the
CF formulation that was taken up by membrane fusion
(direct cytoplasmic entry) (Fig. 3c). In addition, the portion
of CF formulation that is taken up by the phagocytosis and
HSPG pathways may have better endo/lysosomal escape
compared to the AFl formulation. The AF1 formulation
showed high cellular uptake but less efficient endosomal
escape compared to the CF formulation. This information
may be utilized to improve the silencing efficiency of siRNA
delivery systems. For example, the AF1 formulation could
be modified to enhance the endosomal escape such as by
incorporating a higher proportion of DOPE (fusogenic lipid)
in the formulation. Alternatively, the AF1 formulation could
be modified for targeted delivery via a non-acidic pathway
such as caveolae. For this purpose, certain moieties known
to be taken up by the caveolae-pathway such as folic acid
could be incorporated into the formulation (40). Yet another
approach to achieve enhanced silencing efficiency could be
formulation modification to achieve delivery via a non-
endocytic pathway such as membrane fusion.

CONCLUSIONS

Cellular uptake pathways of novel anionic lipoplexes were
investigated as a function of formulation composition.
Changes in composition influenced the formulation-cell
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interaction thereby affecting the cellular uptake mechanism.
Elucidation of uptake mechanism studies helped in under-
standing the role of formulation components on uptake and
consequent bioactivity. These studies revealed that some of
the uptake processes such as phagocytosis, membrane fusion
and microtubular transport were delivery vector dependent,
whereas others such as the HSPG pathway were delivery
vector independent for those vectors investigated. To the
best of our knowledge, this is the first time that cellular
uptake pathways of lipoplexes prepared with anionic lip-
osomes (along with calcium) as well as with the commonly
used Lipofectamine™™2000 transfection reagent have been
investigated. Understanding of the internalization mecha-
nism and activity of the formulations facilitated identifica-
tion of roadblocks to efficient intracellular siRNNA delivery.
Such mechanistic studies are essential for the rational devel-
opment of carriers to accomplish enhanced nucleic acid
delivery.
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