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Abstract
Background: The effective protection and delivery of antisense oligomers to its site of action is a
challenge without an optimal strategy. Some of the most promising approaches encompass the
complexation of nucleic acids, which are anionic, with liposomes of �xed or ionizable cationic charge.
Thus, the main purpose of this work was to study the complexation of cationic liposomes with anti-EFG1
2’OMe oligomers and evaluate the complex e�cacy to control Candida albicans �lamentation in vitro and
in vivo using a Galleria mellonella model.

Results: To accomplish this, cationic 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) was mixed with
three different neutral lipids dioleoylphosphocholine (DOPC), dioleoylphosphatidylethanolamine (DOPE)
and monoolein (MO) and used as delivery vectors. Fluorescence Cross Correlation Spectroscopy
measurements revealed a high association between antisense oligomers (ASO) and cationic liposomes
con�rming the formation of lipoplexes. In vitro, all cationic liposome-ASO complexes were able to release
the anti-EFG1 2’OMe oligomers and consequently inhibit C. albicans �lamentation up to 60 % after 72 h.
 In vivo, from all formulations the DOTAP/DOPC 80/20 ρchg=3 formulation proved to be the most
effective, enhancing the G. mellonella survival by 40% within 48 h and by 25% after 72 h of infection.

Conclusions: In this sense, our �ndings show that DOTAP-based lipoplexes are very good candidates for
nano-carriers of anti-EFG1 2’OMe oligomers.

Background
Fungal diseases have emerged as a signi�cant cause of morbidity and mortality, especially among
immunocompromised patients (1). The clinical Candida albicans infection is responsible for 70-90 % of
human fungal infections with a mortality rate up to 40 % (2–5). The pathogenicity of C. albicans is
supported by a series of virulence factors, one of the most alarming being its ability to switch from yeast
to �lamentous forms, which enhances human body tissue invasiveness and helps to escape the host’s
immune system (6,7). EFG1 plays a central role in the regulation of the �lamentous morphology and in
the virulence of C. albicans (6,8,9).

As a consequence of the rising of C. albicans multi-resistance to antifungal agents, new treatment
strategies with novel mechanisms of action and enhanced therapeutic potential are urgently needed.
Antisense oligomers (ASOs) hold great promise for the treatment of infectious diseases and particularly
for the control of C. albicans virulence genes (10–14). Recently, we demonstrated the ability of the anti-
EFG1 2’OMethylRNA oligomer to control EFG1 gene expression and Efg1p protein translation, preventing
in vitro C. albicans �lamentation (15).

Despite these advances, the delivery of ASO to their site of action remains a key challenge and it appears
that �nding delivery vehicles is generally problematic (16). Recently, various non-viral vectors have been
engineered for improved gene and drug delivery (17–19). Some of the most promising strategies for
delivery of nucleic acids encompass complexation of nucleic acids, which are anionic, with liposomes of
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�xed or ionizable cationic charge (20–24). Due to attractive electrostatic interactions between cationic
liposomes and nucleic acids, new nanostructured complexes, often referred to by lipoplexes, tend to be
formed (25–28). Besides facilitating the formation of nanostructured particles with high encapsulation
e�ciency, the cationic charge of liposomes also favours attractive interactions with cellular and
endosomal membranes, improving cellular uptake and endosomal release (22,29,30). Typically, cationic
liposomes used in nucleic acid delivery are composed by at least two lipid components: a cationic lipid
(e.g., 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP)) and a neutral or zwitterionic lipid, such as
dioleoylphosphocholine (DOPC). The incorporation of the neutral lipid allows adjusting the amount of
positive charge per liposome area (i.e. membrane charge density - σM) (29,30). Simultaneously, some
neutral lipids such as dioleoylphosphatidylethanolamine (DOPE) and monoolein (MO) improve the
lipoplexes’ fusogenic properties, helping the lipid-nucleic acid complex fuse with endosomal membranes
(18,31,32). Both the ability to modulate σM and fusogenicity are known to in�uence the transfection
e�ciency (29,30).

To have a broader scope at the liposome compositional level, we use the generic cationic lipid DOTAP,
combined with three different neutral lipids DOPC, DOPE and MO. Whereas combined with DOTAP, DOPC
is known to favour the formation of lamellar-type complexes, DOPE and MO are known to favour the
formation of inverted structures depending on their molar fractions. Thus, the main purpose of this work
was to study the complexation of cationic liposomes with anti-EFG1 2’OMe oligomers, along with its
e�cacy to control C. albicans �lamentation in vitro and in vivo using a Galleria mellonella model.

Overall, we �nd that cationic liposomes improve the e�ciency of anti-EFG1 2’OMethylRNA after 48h. In
vitro the most e�cient formulations identi�ed were for systems with high cationic lipid content (high σM)
and high cationic to anionic charge ratio (ρchg=10). In the G. mellonellain vivo model, we �nd that it is the
formulation with lower ρchg (ρchg=3) that improves survival the most.

Results And Discussion
The use of ASOs for the treatment of important genetic disorders has emerged as a promising approach
(11,12,14,33,34). More recently, this approach has also shown promissory results in the control of C.
albicans virulence determinants (35). However, ASO penetration into Candida cells can be limited by the
cell wall envelope which is composed of several layers surrounding the cytosol (36). Therefore, delivery
strategies are needed to ensure that ASO crosses Candida’s cell wall and that it also confers protection
against degradation by serum proteases and nucleases in the host (37). At the present time, most delivery
approaches for gene delivery employ either viral or non-viral vectors (17). Viral vectors show high gene
silencing activity, however they present associated risks, including the activation of in�ammatory and
immune responses in the host (17,38). Some of these problems can be circumvented by employing non-
viral vectors, such as cationic lipoplexes (16,18,39,40), which are assemblies that result from the
electrostatic complexation between cationic liposomes and negatively charged ASO (31). Lipoplexes tend
to have well-ordered hexagonal, cubic bicontinuous or multilamellar structures with the ASO sandwiched
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between the bilayers (18). Thus, the main goal of this work was to study the formation of cationic lipid-
anti-EFG1 2’OMe oligomer complexes along with their capability to control C. albicans �lamentation in
vitro and in vivo way using the G. mellonella model. Three different neutral lipids (DOPC, DOPE and MO)
combined with DOTAP (cationic lipid) were used, in a composition range where multilamellar structures
are expected to be formed.

Lipoplex characterization
To note, cationic and neutral lipids are usually used to form liposomes for gene delivery due to their
favourable interactions with negatively charged RNA or DNA and with cell membranes (31). Moreover, the
neutral lipids are usually included as ‘helper’ lipids to enhance the transfection activity and nanoparticle
stability (17,18,40). Lipoplexes can adopt different structures (e.g. lamellar) depending on the type of
lipids used and number of cationic and neutral charges in its composition (Table 1). The association
between n ASO and m cationic liposomes (CLs) to form a mCL.nASO complex can be considered
according to the following equilibrium:

mCL + nASO ⇌ mCL.nASO (3)

For simplicity we will refer to mCL.nASO complexes simply as CL-ASO complexes or lipoplexes. If ASO
and CLs are labelled with two different �uorescent dyes (in this case, ASO with Tye-563 – red – and CLs
with Atto-488 – green), this association can be followed with Dual-color Fluorescence Cross-Correlation
Spectroscopy (FCCS) (41–43).

For such scenario, if one neglects cross-talk between the two �uorescent channels, the amplitudes of the
autocorrelation curves of the individual green and red channels (GG and GR, respectively) and the
amplitude of the cross-correlation curve between them (GX) are given by Eqs 4 (42,43):



Page 5/26

Here qCL and qASO are factors accounting for quenching (qi <1) or FRET (qi >1) of the molecular
brightness of complexed liposomes and ASO in the green and red detectors, respectively. VG and VR are
the effective volumes in the green and red channels and VX is the volume overlap between them. CCL,
CASO and CCL-ASO are the concentrations of CLs, ASO and CL-ASO in those effective volumes, respectively.
Importantly, while GG and GR are concerned with the dynamics and relative concentrations of all the
species that are labelled green or red, respectively, GX is concerned with the dynamics and relative
concentrations of species that carry both dyes simultaneously (i.e. CL-ASO complexes). Hence, FCCS is
an excellent probe to monitor the association between ASO and liposomes.

While, experimentally, we try to minimize cross-talk between the two channels, the equations are still very
complicated to solve since there are many experimental unknowns di�cult to determine. This is in
contrast with more conventional lipid-DNA lipoplexes, where the large DNA length and charge ensure a
practically complete DNA encapsulation for ρchg >1, and complete cationic liposome consumption for
ρchg<1, allowing a simpli�cation of some of the terms in eqs. 4 (43). For ASO these assumptions cannot
be entirely met. However, even though Eqs. 4 cannot be used to determine m and n and overall
encapsulation e�ciency, FCCS can still provide important information, especially if the experimental
results from the cationic liposome formulations are compared with a control system where complexation
is not expected to occur. Figure 1 shows the auto- and cross-correlation curves for the different cationic
liposome-ASO formulations at ρchg=3 and high cationic lipid content (80/20). In addition, pure DOPC
liposomes incubated with ASO used as a control system is also shown (Figure 1 D). Since DOPC
liposomes are net-neutral, no signi�cant interactions with ASO leading to the formation of lipoplexes are
expected. The concentration of DOPC used was equivalent to the concentration of DOTAP used for
ρchg=3.
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Figure 1 shows high GX amplitudes, comparable to both GG, and GR, for the cationic liposome
formulations. In contrast, the DOPC sample shows a much reduced amplitude of GX, whose value is ca.
0.4 (this value is not zero most likely because of cross-talk of the green �uorescence of the liposomes to
the red channel). Through eq. 4c it is possible to see that the larger GX amplitudes (beyond cross-talk)
observed for the cationic formulations is indicative of association between ASO and cationic liposomes,
and hence, the formation of lipoplexes. Another strong indication for the formation of lipoplexes can be
extracted from the GR amplitudes, which are related with the ASO. In the DOPC formulations the
amplitude of GR is practically zero, indicating a very large number of independent ASO molecules
diffusing in solution. This is what would be expected if no lipoplex formation occurs. In contrast, in the
cationic liposome formulations the amplitude of GR is �nite, comparable to the amplitudes of GG and GX,
thus indicating a much smaller number of independent ASO species in solution. This is what would be
expected if the ASO are complexed with cationic liposomes. Details on the differences in amplitudes of
GR, GG and GX for the different cationic liposome formulations are di�cult to interpret due to the large
number of unknowns in eqs 4, but overall, even without the possibility to determine m, n and
encapsulation e�ciency, the formation of lipoplexes is con�rmed. These results are also in agreement
with what is found for other systems of small oligonucleotides with cationic liposomes and cationic
surfactants, in which lipoplex formation is observed for different ρchg (25,44,45).

The amplitudes of GX are very high in the case of cationic liposome formulations, but very low for DOPC,
indicating the formation of CL-ASO complexes in the former but not on the latter. The very low amplitude
of GR for DOPC also suggests that a very high amount of ASO is diffusing independently (thus not
complexed), whereas the high amplitudes of GR for the cationic liposome formulations suggests the
opposite.

In addition to the quantitative information regarding the association between ASO and cationic
liposomes, �tting of the cross-correlation curves also provides the size of the lipoplexes. FCCS can be
expected to provide more accurate size estimates for a polydisperse solution than, for example, Dynamic
Light Scattering (DLS) (43). For DOTAP/DOPC formulations, one observed a radius ranging from 25-35
nm, with lipoplexes prepared at ρchg=3 slightly smaller to those prepared at ρchg=10 (Table S1). For
DOTAP/DOPE formulations, a similar trend was observed with particles ranging from 25-40 nm, and with
a slight smaller size observed for formulations prepared are ρchg=3 being slightly smaller (Table S1).
Finally, DOTAP/MO formulations appeared to produce the smallest particles with sizes ranging from 18-
25 nm (Table S1), were those containing more cationic lipid were shown to be slightly larger, independent
to the ρchg.

In vitro effects of lipoplexes on C. albicans �lamentation
The anti-EFG1 2’OMe oligomer cationic lipid-based formulations e�cacy was evaluated in terms of its
ability for controlling C. albicans �lamentation (Figure 2). Noteworthy, all formulations were able to
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control C. albicans �lamentation, although to different extents. It is also important to highlight that in
general the reduction on C. albicans �lamentation increases over time for all lipoplexes, with a similar
trend observed for free ASO.

It should be noted that the encapsulation of anti-EFG1 2’OMe oligomer with DOTAP/DOPC liposomes
(Figure 2 A) shows a slight improvement in the C. albicans �lamentation reduction after 48 h and 72 h
when compared to free-ASO (P-value>0.05). Figure 2 B presents the data related to treatment of C.
albicans cells with DOTAP/DOPE lipoplexes. All the DOTAP/DOPE formulations feature a similar or
superior e�cacy to that of free-ASO. All DOTAP/MO lipoplexes tested improved the e�cacy in
comparison to free-ASO, especially at 48 h (P-value<0.05). The DOTAP/MO 80/20 ρchg=10 lipoplexes,
typically with a lamellar structure, showed the highest ability to control C. albicans �lamentation. This
could be related with the fusogenicity of MO which may facilitate the fusion of the lipoplex membranes
with endosomal membranes and consequently facilitate endosomal release (46,47). Both effects are
thought to facilitate the fusion of the lipoplex membranes with endosomal membranes and consequently
facilitate endosomal release (47,48). Overall, these results are in agreement with the �ndings for an
analogous system composed by DOTAP/MO but encapsulating siRNA (46).

Figure 3 (A and B) shows that all lipoplexes tested were not only able to decrease the number of C.
albicans cells as �laments but also to reduce their �lament’s length up to 40-70 % (P-value>0.05).

In vivo effects of lipoplexes on G. mellonella survival
The invertebrate model of G. mellonella was used to test in vivo the e�cacy of lipoplexes carrying anti-
EFG1 2’OMe ASO. The lipoplexes tested in vivo were DOTAP/DOPC 80/20 ρchg=3, DOTAP/DOPC 80/20
ρchg=10, DOTAP/DOPE 80/20 ρchg=10 and DOTAP/MO 80/20 ρchg=10 formulations. Two of which were
selected based on the in vitro data: DOTAP/MO 80/20 ρchg=10 with the best and the DOTAP/DOPC 80/20
ρchg=3 due to its lower e�cacy in vitro. Additionally, were also chose the formulaltions DOTAP/DOPC
80/20 ρchg=10 and DOTAP/DOPE 80/20 ρchg=10.

The toxicity effects of the anti-EFG1 2’OMe ASO cationic lipid-based formulations was evaluated.
Notably, the results in Figure 4 A show the absence of toxicity for all lipoplexes tested.

To study the effect of anti-EFG1 2’OMe ASO lipid-based formulations in vivo, G. mellonella larvae infected
with a lethal dose of C. albicans were treated with the anti-EFG1 2’OMe oligomer cationic lipid-based
formulations. The treatment with a single-dose of each lipoplex enhanced the survival of larvae over 72 h
(Figure 5). To note, that DOTAP/DOPC 80/20 ρchg=3 presented the best performance, enhancing the G.
mellonella survival by 19 % (at 24 h and 48 h) and by 14 % (at 72 h) (P-value<0.05). In contrast,
DOTAP/DOPC 80/20 ρchg=10 revealed to be the less e�cient. Therefore, in contrast to the in vitro
�ndings, in vivo the ρchg seems to in�uence the DOTAP/DOPC 80/20 lipoplexes e�cacy, with the ρchg=3
formulation presenting a higher increase on larvae survival than ρchg=10.
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It was also observed that DOTAP/DOPE 80/20 ρchg=10 (Figure 5 B) increased the G. mellonella survival
over 72 h (P-value<0.05), however to a slight extension when compared to the performance of
DOTAP/DOPC 80/20 ρchg=3. Although the G. mellonella survival increased after 24 h and 48 h of
treatment with the DOTAP/MO 80/20 ρchg=10 lipoplex in comparison to the untreated larvae, no statistic
differences were observed after 72 h (Figure 5 C) (P-value>0.05).

The invasiveness progression of C. albicans into the fatty body of larvae is represented in Figure 5D.
Figure 5A con�rms that C. albicans cells tend to locate mainly in the G. mellonella digestive system (49).
Moreover, an extensive progression is evident over the 48 h of infection and is predominantly composed
of the �lamentous form, which are more invasive to tissues than yeast cells and provides a mechanism
for evasion of the host’s defence mechanism (50). The treatment of G. mellonella with all the lipoplex
formulations resulted in a lower quantity of C. albicans cells on the larvae digestive system with a
signi�cant reduction on the number of �laments (Figure 5 B-D).

To mimic a more real clinical application (51,52), the effect of double-dose administration of the
DOTAP/DOPC 80/20 ρchg=3 formulation (the lipoplex with the best e�cacy in the single-dose studies)
was analysed. To note, the double-dose administration of DOTAP/DOPC 80/20 ρchg=3 enhances the G.
mellonella survival by a factor of ca. 1.5 when comparing to the single-dose administration, increasing
the larvae survival by 40 % after 48 h and by 25 % after 72 h of treatment (P-value<0.005) (Figure 6 A). It
is important to point out that the double-dose administration also potentiates the effect of free-ASO by a
factor of ca. 1 (a survival increase by 18 % after 24 h and 13 % after 72 h of infection (P-value<0.05)).
Moreover, the fatty bodies histological analysis con�rms the decrease on C. albicans cells �lamentation
when treated with the DOTAP/DOPC 80/20 ρchg=3 lipoplex (Figure 6 B).

Effectively, the survival rate of G. mellonella when treated with the anti-EFG1 2’OMe ASO cationic lipid-
based formulations was signi�cantly higher than when treated with free-ASO. This evidence con�rms the
importance of the encapsulation for protecting ASO against the degradation by serum proteases and
nucleases.

Lipoplexes have been studied for the delivery of nucleic acids in vitro and in clinical trials (53) often with
promising results (21). Here we show that lipoplexes also successfully encapsulate and deliver anti-
EFG1 2’OMe oligomers into C. albicans cells, helping to control �lamentation and improving the survival
of infected larvae model.

This study demonstrated the successful delivery of anti-EFG1 2’OMe ASO encapsulated in cationic lipid-
based formulations, providing valuable information for further assays. Although, DOTAP/DOPC 80/20
ρchg=3 had a lower e�cacy to inhibit �lamentation in vitro, it was revealed to be the best formulation in
vivo to control C. albicans virulence. Therefore, the DOTAP/DOPC 80/20 ρchg=3 formulation has the
potential to improve nanodrug administration for C. albicans species.

Conclusion
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The delivery of pharmaceuticals to its site of action is a challenge and there is not an optimal delivery
strategy. In the case of antisense oligonucleotides, it is important to protect them against innate immune
system. In this sense, our �ndings con�rm that lipoplexes based on DOTAP as cationic lipid can be used
as possible carriers of anti-EFG1 2’OMe ASO. Particularly, the DOTAP/DOPC 80/20 ρchg=3 formulation
revealed to be the most e�cient formulation to improve nanodrug administration for C. albicans species.

Materials And Methods

Materials
The anti-EFG1 2’OMe oligomer with sequence 5’-mG mG mC mA TACCGTTA mU mU mG mU-3’ (m- 2’-
OMe), was designed based on second generation of nucleic acid mimics and synthesized according to
the suppliers’ own speci�cations at EXIQON, as described in previous works (15,35). A stock of ASO at 4
µM was prepared in sterile ultrapure water and stored at -20 °C for later use.

Lipids DOTAP, DOPC, and DOPE dissolved in chloroform, were purchased from the Avanti Polar Lipids
(USA). MO was purchased from Nu-Chek Prep (Elysian, MN, USA). All lipids were used as received.

Preparation of liposomes and lipoplexes
Liposomes were prepared with different lipid compositions and membrane charge densities σM, as
described in Table 1. In order to achieve this, cationic DOTAP was mixed together with different helper
lipids DOPC, DOPE or MO at different molar ratios. Lipid stocks dissolved in chloroform were mixed in the
desired ratios and �uorescently labelled by adding Atto-488 DHPE to the lipid solution (0.1% molar ratio).
The resulting mixture was dried using a constant nitrogen gas stream, and then placed in vacuum
overnight. The lipid �lm was resuspended in ultrapure nuclease free Milli-Q water. The suspensions were
vortexed and sonicated using a tip sonicator for 1 min, with 10 % amplitude and 50 % duty cycle using a
Branson Digital Soni�er 250 Model. The size of the liposome solutions reported were determined with
DLS using a SZ-100 device from Horiba, measuring scattering at a detection angle of 90° and 173°.

Table 1. Lipid compositions of lipoplexes.
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Cationic
Lipid

Helper
Lipid

Cationic/helper lipid
molar %

Lipoplex cationic:anionic
charge ratio (ρchg)

Typical lipoplex
structure

DOTAP DOPC 80/20 3 Lamellar (65)

10

DOPE 80/20 3 Lamellar (66)

10

MO 80/20 3 Lamellar (46)

10

 

The different cationic liposomal formulations used along with their respective lipid membrane
compositions, cationic-to-anionic charge ratios and the expected lipoplex nanostructure.

For lipoplex formation, equal volumes of liposomes and ASO solutions previously diluted to the desired
concentrations were mixed to a �nal anti-EFG1 2’OMe oligomer concentration of 40 nM. The resulting
mixture was promptly vortexed for 30 s and left at least 30 min under stirring conditions. The formed
complexes were stored at 4 °C. Lipoplexes were prepared with a ρchg of 3 and 10. The ρchg is calculated
as the total number of positive charges (from the number of DOTAP molecules) divided by the total
number of negative charges (from the number and valency of ASO molecules).

Lipoplex characterization
FCCS constitutes an ideal technique to quantify the colocalization between different species at the
nanoscale (54–57), including protein-protein interactions (42,58), oligonucleotide-protein
interactions (59,60), and cationic liposome-DNA complex formation (41,43) and DNA release (61). 

FCCS measurements were performed on a Zeiss LSM 780-NLO confocal microscope (Carl Zeiss AG, Jena,
Germany) with a Zeiss C-Apochromat 40×/1.2 W objective, as described in Bacia and Schwille (55) and
Gómez-Varela et al (43). High-quality coverslips with a thickness of 170 μm ± 5 μm required for reliable
FCCS measurements were used. The coverslip was placed directly on the immersion water drop on top of
the immersion water objective with a correction collar. 

Atto-488 �uorescence was excited using the 488 nm line of the Argon (Ar) laser and Tye-563 was excited
using the 561 nm diode-pumped solid state (DPSS) laser. The main dichroic beam splitter used to
separate the incident and the emitted light was MBS 488/561/633.

For the experiments here shown, the �uorescence collection wavelength range was determined by the
smart set-up algorithm of the confocal microscope, obtaining in this manner the optimal spectral
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detection windows for both FCCS channels with minimal cross-talk derived from the �uorophore spectral
emission pro�les. The detection range used was 499 - 551 nm for the green channel and 578 – 692 nm
for the red channel. Laser powers were adjusted to minimize false-contribution to the cross-correlation by
keeping the laser excitation of the green species relatively low compared to the red species (55). Series of
sixty consecutive �uorescence intensity �uctuations measurements were conducted for every sample,
each recording of 5 s. The effective green (VG) and red (VR) volumes are determined by calibration with
probes of known diffusion coe�cient. The data was automatically extracted, averaged and �tted using a
home-built Matlab 2018b script (43). Sixty autocorrelation and cross-correlation curves obtained from
�ve-second-long measurements each are averaged into single mean auto-correlation and cross-
correlation curves. The autocorrelation function re�ects the self-similarity of the �uorescent signal over
the lag time τ and provides a relationship between the average duration a molecule stays in the confocal
volume and the diffusion coe�cient D. If one assumes free-diffusion in three dimensions, we can
represent the autocorrelation function G through:

where, S = ωz/ω0 is the aspect ratio between the axial and lateral radii of the detection volume and τD the

diffusion time. The diffusion coe�cient was subsequently determined according to D=ω0
2 ⁄ 4τD whereas

the species hydrodynamic radius is determined through the Stokes-Einstein relation. Noteworthy, is that
Eq. 1 is a simple model that assumes a single particle size.

In vitro effects of the lipoplexes

Microorganism and growth conditions
The Candida strain used in this study was the reference C. albicans SC5314, belonging to the Candida
collection of the Bio�lm group at the Centre of Biological Engineering and its identity was con�rmed
using a chromogenic medium, CHROMagarTM Candida, through the distinction of colonies’ colours and
by PCR-based sequencing with speci�c primers (ITS1 and ITS4) (62).

For all experiments, the yeast strain was subcultured on sabouraud dextrose agar (SDA; Merck, Germany)
and incubated for 24 h at 37 C. Cells were then inoculated in sabouraud dextrose broth (SDB; Merck,
Germany) and incubated overnight at 37 °C, 120 rpm. After incubation, the cell suspensions were
centrifuged for 10 min at 3000 g at 4 C and washed twice with phosphate-buffered saline (PBS; pH 7, 0.1
M). Pellets were suspended in 5 ml of Roswell Park Memorial Institute (RPMI; Sigma, St Louis, USA), and
the cellular density was adjusted for each experiment using a Neubauer chamber (Marien�ld, Land-
Konicshofem, Germany) to 1x106 cells ml-1. 
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Effect on C. albicans �lamentation
The effect of anti-EFG1 2’OMe oligomers released from lipoplexes was evaluated in terms of its ability to
reduce C. albicans �lamentation (15). For that, on 24-well polystyrene microtiter plates (Orange Scienti�c,
Braine- l’Alleud, Belgium) 500 µL of each lipoplex was added to 500 µL of a suspension of C. albicans at
1x106 cells mL-1. The solutions were incubated at 37 °C and 120 rpm during 72 h. As control, 500 µL of C.
albicans cells was incubated with 500 µL of 40 nM of free ASO. The positive control was prepared only
with C. albicans cells and the negative controls with empty liposomes together with C. albicans cells in
RPMI. The results were presented as percentage (%) of �lamentation reduction, through the following
equation: 

In parallel, epi�uorescence microscopy images were obtained to con�rm the levels of C. albicans
�lamentation inhibition and to determine �lament’s length. The images were obtained through
�uorescence microscopy (Olympus BX51) coupled with a DP71 digital camera and the �lter used was
DAPI – 360-370/420 (Olympus Portugal SA, Porto, Portugal). Candida albicans was stained with 1% (v/v)
of calco�uor (Sigma-Aldrich, St. Louis, MO, EUA) for 15 min in dark conditions, centrifuged for 5 min and
washed twice with ultra-pure water. The images were acquired with the program FluoView FV100
(Olympus). The �lament length was determined using ImageJ plug-in software (Maryland, USA).

In vivo effects of the lipoplexes

Galleria mellonella larvae
The Galleria mellonella capillary infection model was used for the in vivo studies as described by Mil-
Homens et al (63). Galleria mellonella larvae were reared on a pollen grain and bee wax diet at 25 °C in
the dark and used in a �nal stage with a weight of approximately 250 mg. The larvae were injected in
hemolymph via the hindmost left proleg, previously sanitized with 70 % (v/v) ethanol, using a micro
syringe adapted in a micrometer to control the volume of injection (63,64). 

The lipoplexes selected to test in vivo were the DOTAP/DOPC 80/20 ρchg=3 and ρchg=10, the
DOTAP/DOPE 80/20 ρchg=10 and DOTAP/MO 80/20 ρchg=10.

Toxicity evaluation
To test the in vivo toxicity of the selected lipoplexes, a set of 10 G. mellonella larvae were injected with 5
µL of each formulation. As control a set of larvae were injected with the same volume of free-ASO
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prepared in PBS. Larvae were placed in petri dishes and stored in the dark at 37 °C. Larvae survival was
recorded over 72 h and survival curves were constructed.

Galleria mellonella survival
To study the in vivo effect of lipoplexes, G. mellonella larvae were infected with a lethal dose of C.
albicans cells (7x107 cells mL-1 in PBS) and randomly allocated to different experimental groups (a set of
10 larvae). The concentration of C. albicans to be injected was determined based on G. mellonella
lethality results after injection with increasing concentrations of yeasts (7x107 cells mL-1 to 2x108 cells
mL-1) (data not shown). A set of larvae was injected with a single-dose of each lipoplex (0 h post
infection) and another with a double dose of each lipoplex solution (0 h and 12 h post infections). As
controls, larvae were treated with free-ASO and only with PBS. Larvae were placed in petri dishes and
stored in the dark at 37 °C over 3 days, and consequently, the survival curves were constructed.
Caterpillars were considered dead when they displayed no movement in response to touch (63).

Galleria mellonella histological assays
Histological analysis of the fatty body of G. mellonella were also performed to evaluate the effect of
lipoplexes on C. albicans’ �lamentation. For each condition two larvae were recovered at 24 h and 48 h, to
be processed histologically. The fat bodies were removed from larvae through an incision in the midline
of the ventral with a scalpel blade, placed in 10% formalin and stored at 4 °C to preserve the
structures. The fatty bodies were mounted in para�n blocks and cut in sections of 4-5 µm which were
stained with periodic acid Schiff (PAS) and haematoxylin-eosin (HE).  For C. albicans cells morphological
analysis, sections of fatty bodies stained with PAS were observed under a light microscope and
photographed with an OLYMPUS BX51 microscope (Olympus Portugal SA, Porto, Portugal) coupled with
a DP71 digital camera to distinguish between yeast and �lamentous form. 

Statistical analysis
Data are expressed as the mean ± standard deviation (SD) of a least three independent experiments.
Results were compared using two-way ANOVA and Tukey’s multiple comparisons tests. Kaplan-Meier
survival curves were plotted and differences in survival were calculated by using log-rank Mantel-Cox
statistical test. All performed with GraphPad Prism 6® (GraphPad Software, San Diego, CA, USA).

Abbreviations
Ar: Argon; ASO: Antisense oligomers; CL: cationic liposome; DLS: Dynamic Light Scattering; DPSS: diode-
pumped solid state; DOPC: dioleoylphosphocholine; DOPE: dioleoylphosphatidylethanolamine; DOTAP:
1,2-dioleoyl-3-trimethylammoniumpropane; FCCS: Fluorescence Cross-Correlation Spectroscopy; HE:
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haematoxylin-eosin; MO: monoolein; PAS: periodic acid Schiff; PBS: phosphate-buffered saline; RPMI:
Roswell Park Memorial Institute; SD: standard deviation; SDA: sabouraud dextrose agar; SDB: sabouraud
dextrose broth
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Figure 1

Fluorescence Cross-Correlation Spectroscopy data for CL-ASO of high cationic lipid content. (A)
DOTAP/DOPC; (B) DOTAP/DOPE; (C) DOTAP/MO; and (D) pure DOPC formulations mixed with ASO. All
cationic liposome formulations have a molar composition of 80/20 % cationic/neutral lipid and ρchg=3.
The pure DOPC formulation has a total lipid amount identical to cationic liposome formulations. GG is
shown in green; GR is shown in red and GX is shown in blue. The symbols represent experimental data
and the lines �ts to the correlation curves.
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Figure 2

In vitro effect of anti-EFG1 2’OMe oligomer cationic lipid-based formulations on C. albicans �lamentation.
Levels of C. albicans �lamentation reduction (%) of (A) DOTAP/DOPC; (B) DOTAP/DOPE and (C)
DOTAP/MO after 24, 48 and 72 h of treatment with each lipoplex. As positive control, C. albicans cells
were incubated in the same conditions with free anti-EFG1 2’OMe oligomer. Error bars represent standard
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deviation. *Signi�cant differences between anti-EFG1 2’OMe ASO lipid-based formulations and free ASO
at each time of incubation (P-value<0.05).

Figure 3

In vitro effect of anti-EFG1 2’OMe oligomer cationic lipid-based formulations on C. albicans �lament’s
length. (A) Filament’s length inhibition (%) determined by using ImageJ software and (B) epi�uorescence
microscopy images of C. albicans cells stained with calco�uor after 72 h of incubation with lipoplexes.
Control represents an experiment prepared only with cells on RPMI. Anti-EFG1 2’OMe free represents the
cells treated with free ASO.
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Figure 4

Anti-EFG1 2’OMe oligomer cationic lipid-based formulations toxicity evaluation on Galleria mellonella
model. For each condition, 10 larvae were injected with each lipoplex, and their survival was monitored
over 72 h. As control larvae were injected only with PBS.
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Figure 5

Single dose anti-EFG1 2’OMe oligomer cationic lipid-based formulations effect on the survival of Galleria
mellonella survival infected with Candida albicans. Survival curves of infected larvae treated with a
single-dose (0 h post infection) of (A) DOTAP/DOPC lipoplexes; (B) DOTAP/DOPE lipoplexes and (C)
DOTAP/MO lipoplexes. (D) Histological images of the fat body of larvae infected with C. albicans and
treated with a single-dose (0 h post infection) of each lipoplex at 24 h and 48 h. The larvae sections were
labelled with periodic acid Schiff (PAS) coloration. The magni�cation images were at 400x. As control
larvae infected with C. albicans cells were injected with free anti-EFG1 2’OMe ASO and only with PBS.
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Figure 6

Double-dose anti-EFG1 2’OMe oligomer cationic lipid-based formulations effect on Galleria mellonella
survival infected with Candida albicans. (A) Survival curves of infected larvae treated with a double-dose
(0 h and 12 h post infection) of DOTAP/DOPC 80/20 ρchg=3 lipoplex. As control larvae infected were
injected only with anti-EFG1 2’OMe free-ASO and only with PBS. (B) Histological images of larvae
infected with C. albicans (at 24 h and 48 h) and treated with a double-dose (0 h and 12 h post infection)
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of DOTAP/DOPC 80/20 ρchg=3 lipoplex. The larvae sections were labelled with periodic acid Schiff (PAS)
coloration. The magni�cation images were obtained at 400x.
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