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Abstract
The rabies virus is an enveloped, single stranded, negative-sense RNA virus of the Lyssavirus
genus, zoonotic pathogens within the family Rhabdoviridae. Although extensive effort has
been made in the last decades to develop efficacious vaccines to prevent rabies spread, the
virus is still responsible for the mortality of about 24,000 to 90,000 people per year especially
in developing countries and it has been classified as one of the major causes of death from
infectious diseases in humans. Commercially available rabies vaccines for humans are
considered effective, however the production costs are very high and multiple injections are
required to achieve protection. Therefore, the development of new vaccines to reduce the toll
of rabies disease in the developing world would be highly desirable. Within this project a
nucleic acid based vaccine strategy – in particular self-amplifying RNA vaccine (SAM)- has
been investigated since this platform was previously reported to elicit protective immune
responses, particularly in the case of cell-mediated responses in a safe manner and for a variety
of virus disease. To enhance biological stability and cell internalisation, SAM was combined
with four cationic delivery systems. Oil-in-water cationic nanoemulsions (CNE), polymeric
nanoparticles (NPs), lipid nanoparticles (SLNs) and liposomes were formulated in the absence
of or in combination with a specific SAM vaccine. Despite the differences in formulation
composition, all samples contained the same concentration of cationic lipid - 1, 2-dioleoyl-3trimethylammonium-propane (DOTAP), or dimethyldioctadecylammonium (DDA) - known
as immunostimulants.
In the preliminary studies, two different manufacturing processes such as Microfluidics and
Microfluidisation were applied. As a proof of concept, anionic liposomes and solid lipid
nanoparticles were formulated and ovalbumin was encapsulated within the delivery systems
as model protein antigen. Resulting carriers were compared in terms of their physico-chemical
properties. The purpose was to obtain homogeneous formulations with a diameter in the
nanometres range with a given manufacturing method. Furthermore, dialysis, tangential flow
filtration (TFF) and size exclusion chromatography (SEC) have been tested as purification
methods and compared in terms of the ability to remove both residual organic solvent and
unloaded protein from samples without altering physico-chemical attributes.
These process parameters and purification method optimisations were then applied to produce
cationic CNE, NPs, SLNs and liposomes in combination with a specific SAM vaccine. In the
preliminary studies and during formulations development optimisation, SAM encoding for
green fluorescent protein (SAM-GFP) was used as a model SAM with a reporter function,
given the ease of detection in in vitro cell cultures. However, SAM encoding for rabies
glycoprotein (SAM-Rabies) represented the actual antigen of interest, employed in this project
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for further in vivo analysis. Cationic SLNs, NPs and liposomes were produced using
microfluidics, since this method required smaller volumes compared to the Microfluidisation,
thus avoiding waste of reagents. However, the Microfluidizer was used to reduce CNE size,
due to incompatibility between CNE component and microfluidics chip. Moreover, particles
were formulated with SAM encoding the antigen of interest and loaded into or adsorbed onto
cationic carriers. All delivery systems were evaluated according to their physico-chemical
properties: hydrodynamic radius, sample homogeneity (polydispersity index – PDI) and
surface charge. Furthermore, in vitro activity was investigated using three different cell lines:
bone marrow derived macrophages (BMDM), bone marrow derived dendritic cells (BMDC)
and baby hamster kidney cells (BHK). SAM uptake and antigen expression from each
formulation in each cell line were used to discriminate and down-select formulations for in
vivo studies. In the in vivo studies, biodistribution of carriers alone or in combination with
SAM were performed. Briefly the selected SAM-carriers were administered intramuscularly
(i.m.) to BALB/c mice and their movement in the animal body was tracked using a
radiolabelling technique thereby allowing measurement of formulations at chosen time-points
and in specific organs. The aim of the study was to understand the pharmacokinetic profile of
formulations in a mouse model and assess whether biodistribution might correlate with
subsequent immunogenicity studies.
The initial attempt of these studies was to (i) find the antigen dose to induce high antibody
and cellular responses in vivo and (ii) to compare the adjuvant properties of selected cationic
candidates (i.e. SAM encapsulating DOTAP NPs, DOTAP liposomes and DDA liposomes)
after i.m. injection. Formulations were selected according to the potency of inducing antigen
expression in vitro. The commercial vaccine Rabipur, which is an inactivated virus rabies
vaccine, was used as comparator. The aim was to find a valid and more cost-effective
alternative formulation which induced an immune response comparable or superior to the
commercial vaccine. Data showed that DOTAP NPs were the most potent in triggering IgG
titers among candidates and the antibody levels were equivalent to the ones induced by the
commercial vaccine after a single dose. Interestingly, the GMT was well above the protective
threshold despite the antigen dose used, thus meaning that elicited antibodies were functional
against rabies glycoprotein G. In terms of cellular response all candidates were able to activate
both CD4+ and CD8+ T cells in a comparable manner to the vaccine on the market.
Moreover, to evaluate if changing the route of administration might affect carriers’ potency,
SAM encapsulating candidates were also administered intradermally (i.d.) and intranasally
(i.n.), and formulations immunogenicity was evaluated according to IgG titres and cellular
response. To do so, DOTAP NPs and DOTAP SLNs were selected; NPs were tested
considering the promising outcome from the first in vivo study, whereas SLNs were introduced
although poor in vitro antigen expression. The aim was to understand the power of in vitro
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models to predict in vivo antigen immunogenicity. Results highlighted that SLNs injected i.m.
showed increased immunogenicity compared to both NPs and the licenced vaccine after a
single dose. Moreover, the potency of SLNs was also seen after intradermal administration,
where SLNs were as potent as Rabipur to elicit IgG titer in mice after two vaccinations,
inducing comparable innate and adaptive immunity to the vaccine on the market. Herein it
was also reported that two doses of SAM SLNs injected i.n. induced a humoral immunity
which was higher than the one elicited by Rabipur. Interestingly, intranasal administration of
SLNs led to a higher percentage of IL-2 producing antigen specific CD4+ T cells compared
to the licenced in both spleens and lungs. Although a significant difference was observed
among formulations in the ability to enhance antigen-specific IgG titres, immunogenicity did
not directly correlate with biodistribution, where carriers’ pharmacokinetics were indeed
similar. All together, these findings are encouraging and demonstrate that coformulation of
SAM vaccine and solid lipid nanoparticles might be a valid and more advantageous alternative
to produce rabies vaccines, with augmented patient’ safety and compliance.
Keywords: rabies virus, rabies vaccines, non-viral delivery, self-amplifying RNA, liposomes,
solid lipid nanoparticles, emulsions polymeric nanoparticles, antigen expression,
pharmacokinetics, immunogenicity.
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were tested. B) Zeta potential of DOPE: DOTAP liposomes after spin column, dialysis and
TFF purification. Formulations with TFR 10 mL/min and FRR from 1:1 to 5:1 were
represented. C) Lipid recovery of DOPE: DOTAP liposomes after spin column, dialysis and
TFF (grey). Formulations with TFR 10 mL/min and FRR 1:1 were tested. D) Residual solvent
after spin column, dialysis and TFF expressed as percentage of remained methanol (mL%).

14
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Figure 3. 5 Formulation attributes A) Size (columns), PDI (dots) and B) Zeta potential of
empty, SAM-GFP (black) or SAM-Rabies (grey) based DOPE:DOTAP liposomes,
Tristearin:DOTAP SLNs, PLGA:DOTAP NPs and DOTAP:CNE. Both antigen adsorbing and
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Figure 3. 7 Denaturing RNA agarose gel electrophoresis showing protection of SAM
RNA from RNAse A) molecular weight ladder (lane 1), SAM RNA (lane 2), SAM RNA after
incubation with RNase (lane 3), encapsulated (lane 4) and adsorbed (lane 6) SAM RNA after
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RNA from RNAse A) molecular weight ladder (lane 1), SAM RNA (lane 2), SAM RNA after
incubation with RNase (lane 3), SAM RNA after extraction from DDA CNE (lane 4), DDA
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Figure 4. 1 The effect of γ-irradiation on formulations attributes. A) Size, B)
polydispersity (PDI) and C) Z-potential of solid lipid nanoparticles (SLNs), polymeric
nanoparticles (NPs), cationic nanoemulsions (CNE) and liposomes before (blue) and after
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Figure 4. 4 Cell viability test. Cytotoxicity in A) bone marrow derived macrophages and B)
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emulsions (grey) and liposomes (yellow). Results are represented as mean ± SD of 3
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Figure 4. 5 Cell uptake of DOTAP based formulations. Cell uptake of A) empty and B)
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marrow derived macrophages. Solid and dash lines represent SAM-GFP encapsulating and
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Figure 4. 7 Cell viability test in BHK cell line. Cytotoxicity in BHK of A) DOTAP based
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cells. Percentage of DilC positive BHK cells after 16 hours incubation with A) DOTAP based
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complete and FBS-free media. SAM-Rabies encapsulating and adsorbing formulations are
represented as solid and dash columns respectively. LNPs (red) was used as control. Results
are represented as mean ± SD of 3 independent experiments………………………………145
Figure 4. 9 Cellular uptake of formulations in BHK cell line expressed as mean
fluorescence intensity (MFI). Mean fluorescence intensity of DilC positive BHK cells after
16 hours incubation with A) DOTAP based and B) DDA based NPs (green) SLNs (blue), CNE
(grey) and liposomes (yellow) in both complete and FBS-free media. SAM-Rabies
encapsulating and adsorbing formulations are represented as solid and dash columns
respectively. LNPs (red) was used as control. Results are represented as mean ± SD of 3
independent experiments…………………………………………………………………...149
Figure 4. 10 Representative flow cytometry plots of particles uptake. DOTAP based
particles uptake at 4 and 24 hours (black) with respect to control cells at time zero (shaded
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Figure 4. 11 In vitro potency of SAM GFP-NPs, SLNs, CNE and Liposomes in BHK
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(yellow), CNE (grey) and SLNs (blue). SAM adsorbing and SAM encapsulating formulations
are represented by dashed lines and solid line respectively. LNPs (red) and Lipofectamine2000
(black) were used as positive controls. Results are represented as mean ± SD of three
independent experiments…………………………………………………………………..160
Figure 4. 12 Histograms of in vitro potency of SAM GFP-NPs, SLNs, CNE and
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and liposomes (yellow). SAM-Rabies encapsulating and adsorbing formulations are
represented as solid and dash lines respectively. LNPs (red) and Lipofectamine2000 (black)
were used as controls. Results are represented as mean ± SD of 3 independent
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(yellow). SAM-Rabies encapsulating and adsorbing formulations are represented as solid and
dash lines respectively. LNPs (red) and Lipofectamine2000 (black) were used as controls.
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Figure 5. 1 Gating strategy and representative dot plots to evaluate the immune response
elicited by different selected adjuvants and their associated antigen after i.m. injection
in vivo. Splenocytes were negatively selected based on dye exclusion, and lymphocytes were
further identified based on morphology. CD3+ T cells were selected after discrimination of
singlets and CD4+ and CD8+ T cells were identified based on CD4 and CD8 expression,
respectively. Figure shows representative dot plots of cytokine+ (IFN-γ, IL-2, TNFα and
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Figure 5. 12 Representative images of the site of injection after I.M. administration of
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node (B) and inguinal lymph node (C). Statistical analysis was performed using the Kruscal
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Figure 5. 15 Immunogenicity of SAM-Rabies vaccine delivered by different cationic
carriers. Groups of ten BALB/c mice were immunized i.m. on days 0 and 28 with either 1.5
or 0.15 μg of self-amplifying RNA encoding for rabies G protein encapsulating DOTAP
polymeric nanoparticles (NPs), DOTAP Liposomes (DOTAP Lipos) or DDA Liposomes
(DDA Lipos) and compared with the commercial vaccine Rabipur (1/20 of human dose). CNE
and gold standard LNPs were used as positive controls. Specific IgG titres were measured by
enzyme-linked immunosorbent assay (ELISA). Data are from pools of two mice of the same
group (depicted as dots), and the geometric mean titres (GMTs) are solid lines. Sera were
collected and analysed A) 2 weeks B) 4 weeks C) 6 weeks and D) 8 week after the first
immunisation. Titres < 0.125 EU/mL (dotted blue line) were considered below the limit of
detection, while titres >0.5 EU/mL (dotted red line) were considered protective. Intergroup
comparison was analysed using the one-way ANOVA test (Dunnett's multiple comparison
test). ................................................................................................................................ 190
Figure 5. 16 Time course of rabies anti-G ELISA titres. Groups of ten BALB/c mice were
immunized i.m. on days 0 and 28 with DOTAP polymeric nanoparticles (NPs – green line)),
DOTAP Liposomes (DOTAP Lipos – yellow line) or DDA Liposomes (DDA Lipos – blue
line) encapsulating either 1.5 (solid lines) or 0.15 μg (dash lines) of self-amplifying RNA
encoding for rabies G protein. Candidates were compared with the commercial vaccine
Rabipur (1/20 of human dose – black line). CNE (grey line) and gold standard LNPs (orange
line) were used as positive controls. Geometric mean titres (GMTs) of specific IgG titres were
reported for day 0 (pre-immune) 14, 27, 43 and 58 after the first immunisation. Titres < 0.125
EU/mL (dotted blue line) were considered below the limit of detection, while titres >0.5
EU/mL (dotted red line) were considered protective. ....................................................... 191
Figure 5. 17 Candidates induced levels of antigen-specific CD4+ or CD8+ T cells
comparable to Rabipur. Splenic A) CD4+ T cells, and B) CD8+ T cells 2 weeks after two
intramuscular immunizations spaced 4 weeks apart in BALB/c mice (N=3). Mice were
immunized with either 1.5 or 0.15µg/dose of self-amplifying RNA expressing rabies G
glycoprotein adjuvanted with either polymeric nanoparticles (NPs), DOTAP Liposomes
(DOTAP Lipos) or DDA Liposomes (DDA Lipos). Candidates were compared with the
commercial vaccine Rabipur (1/20 of human dose). CNE and gold standard LNPs were used
as positive controls. Splenocytes were stimulated with rabies G1-G2-G3 peptide, stained for
intra-cellular cytokines, and subjected to flow cytometry. Color code indicates the different
combinations of cytokines produced by the respective cells. Unstimulated cells were used as
control. Intergroup comparison was analysed using the one-way ANOVA test (Dunnett's
multiple comparison test). ............................................................................................... 193
Figure 5. 18 Percentages of cytotoxic CD4+ or CD8+ T cells. The induction of rabiesspecific CD4+ or CD8+ T cells by either 1.5 µg or 0.15 µg/dose of SAM encapsulating
nanoparticles (NPs) DOTAP liposomes (DOTAP Lipos) and DDA liposomes (DDA Lipos)
was characterised 2 weeks after the second immunization. Candidates were compared with
the commercial vaccine Rabipur (1/20 of human dose). CNE and gold standard LNPs were
used as positive controls. Surface expression of CD107a on splenocytes stimulated in vitro
with rabies G1-G2-G3 peptide was assessed by flow cytometry. Data show the frequency of
cytokine-secreting A) CD4+ or B) CD8+ T cells that express (yellow bars) or not (blue bars)
CD107a. Unstimulated cells were used as control. ........................................................... 194
Figure 5. 19 Characterization of phenotype of CD4+ T cells. Rabies specific CD4+ cells
induced by either 1.5 µg or 0.15 µg/dose of SAM encapsulating nanoparticles (NPs) DOTAP
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liposomes (DOTAP Lipos) and DDA liposomes (DDA Lipos) were measured 2 weeks after
the second immunization. Candidates were compared with the commercial vaccine Rabipur
(1/20 of human dose). CNE and gold standard LNPs were used as positive controls. Activated
CD4+ T cells phenotype was characterised as either Th0 (TNF-α+, IL-2+, IL-2+/ TNF-α+ dark red) or Th1 (IFN-γ+/TNF-α+/IL-2+, IFN-γ +, IFN-γ+/TNF-α+ and IFN-γ+/IL-2+ - light
red). ................................................................................................................................ 195
Figure 5. 20 Immunogenicity of cationic candidates loading SAM-Rabies vaccine
administered by three different routes. Groups of ten BALB/c mice were immunized A)
intramuscularly (i.m.) B) intradermally (i.d) or C) intranasally (i.n.) on days 0 and 28 with
DOTAP polymeric nanoparticles (NPs) and DOTAP solid lipid nanoparticles (SLNs)
encapsulating 0.15 μg/dose or 1.5 μg/dose of self-amplifying RNA encoding for rabies G
protein. Candidates were compared with the commercial vaccine Rabipur (1/20 i.m. and i.n.
or 1/50 i.d. of human dose). LNPs were used as positive controls. Data are from pools of two
mice (depicted as dots), and the geometric mean titres (GMTs) are solid lines. Sera were
collected and analysed 2 weeks (black dots), 4 weeks (red dots) and 6 weeks (green dots) after
the first immunisation. Titres < 0.125 (dotted blue line) were considered below the limit of
detection, while titres >0.5 (dotted red line) were considered protective. Intergroup
comparison was analysed using the one-way ANOVA test (Dunnett's multiple comparison
test). ................................................................................................................................ 197
Figure 5. 21 Formulations elicited long-lasting immune response up to 99 days post first
immunization. Groups of ten BALB/c mice were immunized A) i.m. B) i.d. and C) i.n. on
days 0 and 28 with DOTAP polymeric nanoparticles (green line) or DOTAP SLNs (blue line)
encapsulating either 0.15 μg of self-amplifying RNA encoding for rabies G protein.
Candidates were compared with the commercial vaccine Rabipur (black line). LNPs (orange
line) were used as positive controls. Titres < 0.125 EU/mL (dotted blue line) were considered
below the limit of detection, while titres >0.5 EU/mL (dotted red line) were considered
protective. One-way ANOVA test (Dunnett's multiple comparison test) was used for statistical
analysis. .......................................................................................................................... 198
Figure 5. 22 Percentages of antigen-specific CD4+ or CD8+ T cells after antigen
administration by different routes. Splenic CD4+ T cells (A,C,E) and CD8+ T cells (B,D,F)
2 weeks after two immunization via either intramuscular (A and B), intradermal (C and D) or
intranasal (E and F) administration spaced 4 weeks apart in BALB/c mice (N=3). Mice were
immunized with 0.15µg/dose of self-amplifying RNA expressing rabies G glycoprotein
formulated with either polymeric nanoparticles (NPs) or solid lipid nanoparticles (SLNs).
Candidates were compared with the commercial vaccine Rabipur (1/20 i.m. and i.n. or 1/50
i.d. of human dose). LNPs was used as positive control. Splenocytes were stimulated with
rabies G1-G2-G3 peptide, stained for intra-cellular cytokines, and subjected to flow
cytometry. Colors code indicates the different combinations of cytokine produced by the
respective cells. Unstimulated cells were used as control. Intergroup comparison was analysed
using the one-way ANOVA test (Dunnett's multiple comparison test). ............................. 199
Figure 5. 23 CD4+ T cells phenotype is administration route dependent. Rabies specific
CD4+ T cells induced by SAM encapsulating nanoparticles (NPs) or solid lipid nanoparticles
(SLN) injected either intramuscularly (0.15 µg/dose - A), intradermally (0.15 µg/dose B) or
intranasally (1.5 µg/dose C) were measured 2 weeks after the second immunization.
Candidates were compared with the commercial vaccine Rabipur (1/20 of human dose i.m.
and i.n, 1/50 of human dose i.d.). LNPs was used as positive control. Activated CD4+ T cells
(A,C,E) and CD8+ T cells (B,D,F) phenotype was characterised as either Th0 (TNF-α+, IL-
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2+, IL-2+/ TNF-α+ - dark red) or Th1 (IFN-γ+/TNF-α+/IL-2+, IFN-γ +, IFN-γ+/TNF-α+ and
....................................................................................................................................... 202
Figure 5. 24 SAM encapsulating formulations induced cytotoxic CD8+ T cells
production. The induction of rabies-specific CD4+ or CD8+ T cells by 0.15 µg/dose of SAM
encapsulating nanoparticles (NPs) or solid lipid nanoparticles (SLNs) injected by
intramuscular (A and B), intradermal (C and D) or intranasal (E and F) route was characterised
2 weeks after the second immunization. Candidates were compared with the commercial
vaccine Rabipur (1/20 of human dose i.m. and i.n. or 1/50 of human dose i.d.). LNPs were
used as positive control. Surface expression of CD107a on splenocytes stimulated in vitro with
rabies G1-G2-G3 peptide was assessed by flow cytometry. Data show the frequency of
cytokine-secreting CD4+ (A,C,E) or CD8+ T (B,D,F) cells that express (yellow bars) or not
(blue bars) CD107a. Unstimulated cells were used as control. ......................................... 203
Figure 5. 25 T cell assay in lungs after intranasal injection of SAM formulation. Lungs
of BALB/c mice (n = 3) immunized intranasally twice, 4 weeks apart, with 1.5 μg of SAM
NPs or SAM SLNs were used to quantify cellular immunity. Candidates were compared with
the commercial vaccine Rabipur (1/20 of human dose). LNPs were used as positive control.
A) CD4+ T cells and B) CD8+ T cells expressed as combinations of TNF-α, IFN-γ and IL2
cytokine produced by the respective cells. C) CD4+ T cells and D) CD8+ T cells plotted as
percentage of either CD107a+ (yellow) or CD107- (blue) cells. E) CD4+ T cells represented
as either Th0 (light red) or Th1 (dark red) phenotype Intergroup comparison was analysed
using the one-way ANOVA test (Dunnett's multiple comparison test). ............................. 204
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3H-Cholesterol

AE

Adsorption efficiency

APCs

Antigen-presenting cells

ApoE

Apolipoprotein E

BHK

Baby hamster kidney

BMDDCs

Bone marrow derived dendritic cells

BMDM

Bone marrow derived macrophages

CD

Clinical dose

Chol

Cholesterol

CMI

Cell-mediated immunity

CNE

Cationic nanoemulsions

CNS

Central nervous system

cryo-TEM

Cryogenic transmission electron microscopy

CTAB

Cetyltrimethylammonium bromide

CTL

Cytotoxic T-lymphocyte

DC-Chol

3ß-[N-(N',N'-dimethylaminoethane)-

H-Chol

carbamoyl]cholesterol
hydrochloride
DCP

Dicetylphosphate

DCs

Dendritic cells

DDA

Dimethyldioctadecylammonium (Bromide Salt)

DDCs

Dendritic dermal cells

DilC

1,1'-Dioctadecyl-3,3,3',3'Tetramethylindocarbocyanine Perchlorate

DLinDMA

1,2-dilinoleyloxy-3-dimethylaminopropane

DLin-MC3-DMA

heptatriaconta-6,9,28,31-tetraen-19-yl 4(dimethylamino)butanoate

DLS

Dynamic light scattering

DMEM

Dulbecco’s Modified Eagle Medium

DMG-PEG2000

1,2-dimyristoyl-rac-glycero-3methoxypolyethylene glycol-2000

DMSO

Dimethyl sulfoxide

DMTAP

1,2-dimyristoyl-3-trimethylammonium-propane

DOBAQ

N-(4-carboxybenzyl)-N,N-dimethyl-2,3bis(oleoyloxy)propan-1-aminium
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DODAC

Dimethyldioctadecylammonium chloride

DODAP

1,2-dioleoyl-3-dimethylammonium-propane

DOEPC

1,2-dioleoyl-sn-glycero-3-ethylphosphocholine

DOGS

Dioctadecylamidoglycylspermine

DOPE

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOSPA

2,3-dioleoyloxy-N-[2-(spermine-carboxamido)
ethyl]-N,N-dimethyl-1-propanaminium

DOTAP

1,2-dioleoyl-3-trimethylammonium-propane

DOTMA

1,2-di-O-octadecenyl-3-trimethylammonium
propane

dsAT

Double strand polynucleotides

DSPC

1,2-distearoyl-sn-glycero-3-phosphocholine

EE

Encapsulation efficiency

EQ1

N, N-di-(β-stearoylethyl)-N, Ndimethylammonium chloride

ERIG

Equine rabies immunoglobulin

FACs

Fluorescence-activated cell sorting

FBS

Foetal bovine serum

FCA

Freund’s Complete Adjuvant

FDA

Food and Drug Administration

FRR

Flow rate ratio

FSC

Fetal Calf Serum

GM-CSF

Granulocyte-macrophage colony-stimulating
factor

GMT

Geometric mean titer

GOI

Gene of interest

HA

Influenza hemagglutinin

HBsAg

Hepatitis B surface antigen

HCV

Hepatitis C virus

HDCV

Human diploid cell vaccine

HI-FCS

Heat inactivated foetal calf serum

HRIG

Human rabies immunoglobulin

HSPC

Hydrogenated soybean phosphatidylcholine

i.d.

Intradermal

i.m.

Intramuscular

i.n.

Intranasal

ICH

International Conference on Harmonisation
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IFN

Interferon

IL

Interleukin

ILN

Inguinal lymph node

IPA

2-propanol

IVP

In vitro potency

LC

Loading capacity

LCs

Langerhans cells

LE

Loading efficiency

LF

Lipofectamine2000

LNP

Lipid nanoparticles

LUV

Large unilamellar vesicles

Mab

Monoclonal antibody

LNPs

Lipid nanoparticles

M-CSF

Macrophage colony-stimulating factor

MFI

Mean fluorescence intensity

MHC

Major histocompatibility complex

MMG

Monomycoloyl glycerol

MPL

Monophosphoryl lipid A

mRNA

messenger RNA

Mф

Macrophages

NPs

Polymeric nanoparticles

nsP

Non structural protein

O/W

Oil in water

ONRAB

Recombinant human adenovirus rabies
glycoprotein vaccine

ORF

Open reading frame

OVA

Albumin from chicken egg

p.i

Post injection

PAMPs

Pathogen associated molecular patterns

PBS

Phosphate-buffered saline

PCEC

Purified chick embryo cells

PCL

Polycaprolactone

PDI

Polydispersity index

PDMS

Polydimethylsiloxane

pDNA

plasmid DNA

PE

Egg-phosphatidylethanolamine

PEG-DSPE

Poly(ethylene glycol)–
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distearoylphosphatidylethanolamine
PEI

Polyethyleneimine

PEP

Post exposure profilaxis

PIT

Phase inversion temperature

PKC

Protein kinase C

PLA

Poly (D, l-lactide)

PLGA

Poly (D, L-lactide-co-glycolide)

PLN

Popliteal lymph node

POE

Poly (ortho esters)

PLGA

Poly (D, L-lactide-co-glycolide)

polyA

Poly-deoxy-adenosine

polyT

Poly-deoxy-thymidine

PrEP

Pre-exposure

PRRs

Pattern recognition receptors

PS

Brain Lα-phophatidylserine

PVA

Polyvinyl alcohol

RABV

Rabies virus

RDRP

RNA-dependent RNA polymerase

RPMI

Roswell Park Memorial Institute

S.C

Subcutaneously

SAM

Self-amplifying RNA

SAM-GFP

Self-amplifying RNA encoding for a green
fluorescent protein

SAM-Rabies

Self-amplifying RNA encoding for rabies
glycoprotein

SCF

Supercritical fluid

SD

Standard deviation

SEC

Size exclusion chromatography

SHM

Staggered herringbone micromixer

SLNs

Solid lipid nanoparticles

SOI

Site of injection

SUV

Small unilamellar liposomes

TDB

Trehalose dibehenate

TFA

Trifluoroacetic acid

TFF

Tangential flow filtration

TFR

Total flow rate

TLRs

Toll-like receptors
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TMP

Transmembrane pressure

TNF

Tumor necrosis factor

UTR

Untranslated region

VRPs

Viral replicon particles

WHO

World Health Organization

ZP

Zeta potential
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CHAPTER 1
Introduction
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1.1 Key concepts in immunology and vaccinology
The aim of vaccination is to generate a strong immune response providing long term protection
against infections. Protection against pathogens is a result of multiple interactions between
organs, tissues, cells and molecules that build the body’s immune system (Moser and Leo,
2010). The immune system is composed by three major defense mechanisms: (a) external
barriers including physical (such as skin, ciliated epithelia, mucous membranes) and chemical
(such as destructive enzymes in secretions, stomach acids) barriers; (b) innate and (c) adaptive
immune responses. Once an infection occurs, the innate immunity acts immediately: the first
line of defense in the immune system - antigen presenting cells (APCs) such as dendritic cells
(DCs), macrophages and neutrophils – recognise distinct molecules on or in pathogens termed
‘pathogen associated molecular patterns (PAMPs)’ (Geijtenbeek and Gringhuis, 2016, Goyal
et al., 2016) which are different from host markers. APCs express pattern recognition receptors
(PRRs) on the surface and in endosomes which bind PAMPs selectively. Among PRRs, Tolllike receptors (TLR) have recently emerged as key components in innate immunity (Lemaitre
et al., 1996). After recognition, APCs internalise pathogens through phagocytosis. This
mechanism aims to disrupt pathogens by a complex set of digestive enzymes or reactive
oxygen species (such as free radicals) produced within the cell (Gulati, 2009). This process
referred to as the inflammatory response: after pathogen recognition, phagocytes secrete a
series of chemokines (defined as small soluble proteins that function as chemotactic factors
by directing cellular migration) that attract phagocytes from the blood circulation to the
infection site (Bachmann et al., 2006), and cytokines (defined as proteins released by cells that
affect the behavior of other cells) such as tumor necrosis factor (TNF-α) and interleukins that
amplify phagocytosis. This cascade process leads to recruitment of cells and plasma proteins
to the site of infection, thus inducing signs of inflammation (increased swelling, redness, pain
and heat).
However, due to the limited diversity of PRRs, pathogens with a high mutation rate can easily
circumvent the innate immune system (Bowie and Unterholzner, 2008). To overcome this
issue, vertebrate developed the adaptive immune system which involves antibodies and T cell
receptors as recognition systems. Adaptive immunity is mediated by cells such as T and B
lymphocytes. The latter cell line produces a set of proteins known as antibodies which can
recognise virtually all known pathogens (Brack et al., 1978, Murre, 2007). In the absence of
an infection, lymphocytes are accumulated in the bone marrow and each of them expresses
multiple copies of a unique antibody as a cell surface receptor (B cell receptor, BCR). Thus,
at the beginning, each lymphocyte is mono-specific, i.e. able to recognise a single antigenic
molecule. Once they encounter specific antigen, B cells expressing a given antibody are
stimulated to divide and differentiate into plasma cells and memory B cells (Burnet, 1976) .
Most of these plasma cells return to the bone marrow, where they will produce large amounts
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of soluble antibodies with a given specificity that will be released in the blood and other body
fluids. Opposite to inflammatory cells, B cells do not need to be present at the site of infection,
since they can face the infection “at distance” thanks to soluble antibody generation.
Although antibodies allow the immune system to react with a large variety of antigens, these
large molecules cannot cross the cell membrane and cannot bind and destroy intracellular
pathogens such as viruses. For this purpose, APCs are involved since they can display peptide
fragments derived from intracellular proteins on their cell surface (Alegre et al., 2008,
Scarzello et al., 2005). These peptides are bound by transmembrane “presenting molecules”
encoded by the major histocompatibility complex (MHC) genes in humans (Rock et al., 2002).
These complexes will then display (or “present”) these peptides (or “antigens”) of intracellular
origin to the cell surface (Bjorkman et al., 1987). T lymphocytes are equipped with antigen
specific receptors (TCR) that can selectively recognize these complexes. This mechanism is
called “antigen presentation”. Those T cells which are responsive to these protein fragments
express cell surface marker known as the CD8 molecule. These T cells recognise peptide
fragments presented by a subset of MHC molecules known as class I MHC molecules
(Loureiro and Ploegh, 2006). On the other hand, T cell expressing the marker known as CD4,
react to MHC-peptide complexes class II. These peptides originate from limited digestion of
extracellular proteins that have been internalized through endocytosis or phagocytosis. In
conclusion, CD8-expressing cells detect peptides of cytoplasmic origin presented by MHC
class I molecules, while CD4 cells react to proteins of extracellular origin whose processed
peptides are loaded on MHC class II molecules. When an antigen enters the body, it binds to
cells expressing the corresponding receptors and induces their multiplication and
differentiation
It is worth to notice that only a subset of APCs known as dendritic cells (DCs) can activate
naïve CD4+ T cells into differentiated T-helper cells (Th cells) (Steinman and Cohn, 1973).
The activation process seems to proceed stepwise: (1) antigen processing, (2) migration to
lymphoid organs and finally (3) activation of naïve T cells through provision of a combination
of antigenic, costimulatory and cytokine signals. These cells are capable to migrate from the
infection site to the lymphoid organs where they present antigenic fragments to lymphocytes,
thus activating and stimulating T cells. Helper T cells secrete specific cytokines (Mosmann et
al., 1986); one of the most abundant is IFN-γ, a cytokine known to increase expression of
MHC molecules and to exert potent anti-viral effects. This cytokine is released by Th1 cells
and it can promote the differentiation and activity of CD8-expressing cells and phagocytes
(Heinzel et al., 1989). Other cytokines such as IL-4, IL-5 and IL-13 are mainly produced by
Th2 cells. These cells activate eosinophils and mastocytes often involved in the immune
response to large extracellular parasites (Finkelman et al., 2004). However, the over-activation
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of these cells induces secretion of high levels of IgE antibodies, responsible for allergic
reactions. Moreover, IL-21 is released by follicular helper T cells (fTh), a subset of cells that
is often found in close association with B lymphocytes in selected structures (germinal centres)
of lymphoid organs has been recently identified. IL-21 is a cytokine known to enhance
humoral responses in vivo (Breitfeld et al., 2000). Finally, IL-17 and IL-22, cytokines are
secreted by Th17 which are involved in regulating the local immune response to gut and lung
pathogens (Harrington et al., 2005).

Figure 1.1 The different types of follicular helper T cells subsets. Differentiation of helper
T cell subsets is determined by cytokines. In the presence of interleukin-6 (IL-6), IL-21, and
transforming growth factor-beta (TGF-β), naïve CD4+ T cells differentiate into a Th17 cell
phenotype, which is characterized by the expression of transcription factors retinoic acid
receptor-related orphan receptor-γt (RORγt) and signal transducer and activator of
transcription 3 (STAT3). IL-1β and IL-23 cytokines can promote and stabilize this phenotype
during cell expansion. Once programed, these cells secrete IL-17A, IL-17F, IL-21, and IL-22,
which play a key role in enhancing autoimmunity and host defense. Cytokines IL-12, IL-4,
and TGF-β and transcription factors T-bet, GATA3, and FoxP3 have been shown to regulate
Th1, Th2, and Treg cell development, respectively. These distinct subsets regulate immune
response to foreign, self, and tumor antigen.(Bailey et al., 2014)

1.2 Basic principles of modern vaccination and its role in public health
Antigen-presentation and DCs maturation appear as the critical regulatory steps enabling the
initiation of an immune response. Vaccination approach takes advantage from the principle of
a non-virulent inoculation of a given pathogen, able to elicit a strong and adequate immune
response in vivo (Zepp, 2010). Attenuated live organisms were the first kind of vaccines
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employed since the beginning of the vaccinology era. A protective immune response from
live attenuated viral vaccines is a result of combined antigen-specific antibody and T cell
responses (Wrammert et al., 2009). Nowadays, several live attenuated vaccines have been
licensed, including those against viral (polio, measles, mumps, rubella, influenza, yellow
fever, rotavirus, chicken pox) and bacterial diseases (tuberculosis, typhoid fever). However,
they might have limitations. For example, the production of these kind of vaccines becomes
challenging for those live organisms (e.g., hepatitis C virus (HCV)) which do not grow well
in vitro. Moreover, attenuated organisms can revert into their virulent state, raising safety
concerns for development of live vaccines against highly dangerous pathogens (e.g., Ebola
virus).
Thus, modern vaccines more often comprise pathogen-derived subcellular components or
recombinant proteins which result to be potentially less risky. However, the limitation of these
subunits is strongly related to their potency. Numerous clinical and experimental observations
demonstrated the reduced immunogenicity of subcellular or subunit-based vaccines when
compared with inactivated/killed whole organisms (Geeraedts et al., 2008). Another possible
strategy is the use of vector-based systems, like bacteria and virus, which are currently
investigated more in depth due to their capacity of targeting cells and delivering nucleic acid
using pathways of cellular entry naturally employed by viruses. Vaccinia (Gilbert, 2013) and
adenovirus (Johnson et al., 2013) are the two most common used platforms and they were
proved to induce antigen-specific antibody and T cell responses in several clinical trials.
However, antivector immunity might interfere with these systems, limiting their application
(Saxena et al., 2013). One possible strategy to circumvent this issue is delivering nucleic acid
through nonviral systems, such as plasmid DNA, mRNA

1.3 Case study: Rabies - epidemiology, transmission and prevention
1.3.1 Virus epidemiology and transmission
Rabies is an acute, progressive encephalitis caused by a lyssavirus which is bullet-shaped,
genetically mono-phyletic, single-stranded, negative-sense RNA virus, taxonomically
residing in the Order Mononegavirales, Family Rhabdoviridae (Afonso et al., 2016). The
rabies virus (RABV) genome is approximately 12 kb in size and comprises five genes that are
encoding nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and the
RNA-dependent RNA polymerase (L) (Pringle, 1997). Ribonucleoprotein, formed by RNA
and N, together with P and L forms the viral replication complex. RABV G and M regulate
RNA synthesis and affect RABV pathogenesis by regulating virus replication and by
facilitating cell-to-cell spread (Finke et al., 2003, Pulmanausahakul et al., 2008). M bridges
the RNP and the cytoplasmic domain of G to form the bullet-shaped virion. A leader sequence
at the 3′ end and a trailer sequence at the 5′ end of the RABV genome are conservative. From
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the 3′ end, a gradient of transcription occurs that follows the gene order 3′-leader-N-P-M-GL-trailer-5′. This gradient results in the most abundant viral transcripts of N mRNAs and the
least abundant transcripts of L mRNAs in infected cells (Figure 1.2) (Iverson and Rose, 1981,
Conzelmann, 1998). More than 17 lyssavirus species have been described since the 1950s.

3’

N

P

M

G

L

5’

12 Kb

Figure 1.2 Structure of Rabies virus. Rabies genome comprises five genes encoding
nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and the RNAdependent RNA polymerase (L). Ribonucleoprotein, formed by RNA and N, together with P
and L forms the viral replication complex. RABV G and M regulate the RNA synthesis and
affect the RV pathogenesis by regulating virus replication and by facilitating cell-to-cell
spread.

These types of viruses can be delivered into a wound from the saliva after an animal bite and
they are highly neuropathic. The domestic dog remains the major global reservoir and source
of most human infections. Virions undergo retrograde transmission within the neuronal
axoplasm, before replication in the central nervous system (CNS) and subsequent passage to
the salivary glands (Ugolini and Hemachudha, 2018). The incubation period from the infection
to onset of symptoms is generally between 3 and 12 weeks, but it can last longer (several
months or even years). The diagnosis can be difficult in the early stages as symptoms may be
non-specific and common to many infections. Generally, rabies induces anxiety, headaches
and fever. Subsequently, there are spasms of the swallowing muscles making it difficult or
impossible for patients to drink (hydrophobia), and respiratory failure sets in.
Rabies virus infects a variety of mammals in many parts of the world, particularly in Asia and
Africa (Fisher et al., 2018). It is estimated that between 25,000 and 159,000 people die from
rabies each year, almost entirely in developing countries (Hampson et al., 2015). This high
number might be due to several reasons, for example, lack of pre-exposure (PrEP) or postexposure prophylaxis, contact with unvaccinated rabid animals, biodiversity of reservoirs and
viruses, diagnostic limitations, inadequate surveillance systems and limited budgets (Octaria
et al., 2018).
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1.3.2 History of rabies vaccinology and prevention
The development of virus neutralizing antibodies in the host is fundamental to prevent
infection (Hooper et al., 1998), and rabies vaccines are efficient at inducing an anti-rabies
antibody response. However, a delay in production of neutralizing antibodies during rabies
vaccination occurred and it remained unexplained (Hunter et al., 2010). Together with the lack
of effective anti-viral treatments for rabies, these factors may be responsible for the high
fatality rate associated with the disease (Dacheux et al., 2011).
Since its first application by Pasteur in the late 19th century, vaccines against Rabies have seen
great improvements made throughout the 20th century (Rupprecht et al., 2016). These vaccines
based on Pasteur’s methodology are classified as nerve tissue-based vaccines (NTV) and they
consist of attenuated virus in desiccated nerve tissue. Although continuously improved over
the years, inactivated NTVs produced in the brains of sheep or goats (Semple) or suckling
mice (Fuenzalida) are associated with neurological adverse reactions; therefore, it is strongly
recommended that the production and use of NTVs for humans should be discontinued and
replaced by modern approaches. Alternatives to Pasteur’s methodology included inactivation
of infected chick embryos (Koprowski and Cox, 1948) or inactivation of infected suckling
mouse brain that has a lower level of myelin compared to the adult brain (Lodmell and Ewalt,
2001). However, due to safety concerns their use as vaccines was never authorized by the
World Health Organization (WHO). A further step for rabies vaccines was the development
of cell culture for virus propagation. This approach, where rabies virus was grown in a human
diploid cell line (Wiktor et al., 1964), led to the development and licensing of a human diploid
cell vaccine (HDCV) in the mid-1970s. A more recent alternative to HDCV was a vaccine
generated in chick embryo cells (PCE), (Kondo, 1965) which are currently used successfully
worldwide. Currently, three human rabies vaccines are WHO prequalified: Rabavert and
Rabipur (PCEC vaccines) produced by GSK and Verorab (cell culture vaccine) produced by
Sanofi Pasteur. Since the introduction of cell culture vaccines, WHO has advocated the
minimum potency of 2.5 IU per single intramuscular dose. However, when larger quantities
of antigen are given no additional benefits are seen (Nandi and Kumar, 2010). Furthermore,
the use of monoclonal antibodies against rabies was another approach, with “Rabishield” as
first licensed human monoclonal antibody (mAb) for human rabies post exposure prophylaxis
in India. Table 1.1 gives an overview of currently available human rabies vaccines and their
producers.

1.3.3 Routes of vaccine administration and prophylaxis
Rabies vaccines can be given both pre- and post-exposure to virus. Pre-exposure vaccination
consists of an intramuscular (i.m) injection of 1 mL vaccine on days 0, 7, 21 and 28.
Depending on the vaccine manufacturer, boosting is recommended at 3–5-year intervals
(Morris et al., 2007). Post-exposure vaccination is usually accompanied by injection of anti33

rabies immunoglobulin of either human (HRIG) or equine (ERIG) origin and is given typically
as an intramuscular injection on days 0, 3, 7, 14 and 30 (Verma et al., 2011).
Nowadays, rabies vaccines are produced as individual doses for intramuscular injection,
usually in lyophilised form. After reconstitution with 0.5 or 1 mL of sterile diluent, one
intramuscular dose vial assured a potency of ≥ 2.5 IU and can be used for both PrEP and PEP.
However, the high production cost of cell culture-based vaccines for intramuscular
administration limits their widespread use in many areas where rabies is present. Therefore,
moving from intramuscular injection to intradermal (i.d) was promoted by WHO as a safe,
immunogenic and cost- and dose-sparing alternative. In this case, less doses are required to
complete a full course of PEP by the i.d., route thereby reducing the volume used and the
direct cost of vaccine by 60–80% in comparison with standard i.m. injection (Anderson and
Shwiff, 2015). Despite these benefits, there is no evidence that vaccines administered
intradermally are more potent than those recommended for intramuscular administration
(Vigilato et al., 2013).

Table 1. 1 Human rabies vaccines and producers worldwide. HDCV, human diploid cell
vaccine; N/A, not available; PCECV, purified chick embryo cell vaccine; PVRV, purified
Vero cell vaccine (Rupprecht and Salahuddin, 2019).
Vaccine

Brand

Producer

PVRV

N/A

Butantan Institute Brazil

HDCV

PVRV
HDCV

Chengdu Chengdu
Kanghua Kanghua
SPEEDA Liaoning
Chengda Co
Verorab Sanofi Pasteur
Imovax
Sanofi Pasteur

PCECV

Rabavert

GSK

PCECV

Rabipur

GSK

HDCV

Rabivax

Serum Institute of
India

PVRV

Country

China

Cell line
Vero cells

Formulation
type
Liquid

Human diploid
cells
Vero cells

Lyophilized

Vero cells
Human diploid
cells
Germany Chick embryo
cells
India
Chick embryo
cells
France
Human diploid
cells

Lyophilized
Lyophilized

China
France
France

Lyophilized

Lyophilized
Lyophilized
Liquid

1.3.4 Alternative development of rabies vaccines
Despite the efficacy of current commercial vaccines against rabies, there is still extensive work
to develop alternatives, ongoing for a number of reasons. For example, the high production
cost of cell culture-based vaccines for intramuscular administration limits their widespread
use in many areas where rabies is present (Morters et al., 2015). Moreover, most of the
vaccines on the market are lyophilized formulations (Table 1.1). Lyophilization is a common
34

but cost intensive process in the pharmaceutical field (Bhambere et al., 2015). Furthermore,
the genetic manipulation approach saw a great development in the last decade, aiming to
become a revolutionary technology for future rabies vaccines. Therefore, there is still a need
for new and improved vaccines to reduce the toll of rabies disease in the developing world.
These vaccines need to be inexpensive, safe, and able to provide sustained protection,
preferably after a single administration.
Nowadays, one of the most advanced approach in developing vaccines against rabies is to
target virus glycoprotein G. Glycoprotein G is the only surface-exposed protein on the virion
particle and many antigenic sites to which neutralizing monoclonal antibodies bind have been
identified on this protein (Seif et al., 1985, Prehaud et al., 1988). The aim of this vaccines
strategy is to clone the rabies virus glycoprotein into bacterial plasmids and then express the
protein in a range of systems or express the glycoprotein in viral vectors(Yarosh et al., 1996,
Jallet et al., 1999, Lodmell and Ewalt, 2001). The list of vaccines based on rabies glycoprotein
approved for human use include V-RG (Recombinant vaccinia rabies glycoprotein vaccine)
and ONRAB (Recombinant human adenovirus rabies glycoprotein vaccine). These vaccines
were proven to induce high neutralizing antibodies titers and to efficiently prevent infection
in small animal models (Faber et al., 2002, Faul et al., 2008, Zhao et al., 2010). However, due
to the high production costs and low acceptance for human use, they have been unable to
challenge existing vaccines. Therefore, genetic manipulation of the viral genome seemed to
be a valid rational strategy. The first pioneering approach has been done by Conzelmann and
Schnell, who recovered the attenuated, fixed strain of rabies virus SAD B19, from a plasmidencoded genome (De Nardo et al., 2018). This opened a new avenue for research on rabies
virus biology and rabies vaccine development through manipulation of the rabies virus
genome.

1.4 Nucleic acid based vaccines
Nucleic acid-based vaccines such as viral vectors, plasmid DNA, and mRNA have emerged
as an alternative vaccination approach in the last few decades, aiming to address several unmet
medical needs (Rappuoli et al., 2011). Nucleic acid–based vaccines have attracted researchers’
attention because of their promising ability to elicit immune responses, particularly in the case
of cell-mediated responses, in a safe manner. However, so far there is still no licensed nucleic
acid–based vaccine for human use (Sardesai and Weiner, 2011). The reason might be due to
several factors; for example, recombinant viral vectors are shown to be efficient delivery
systems, but due to antivector immunity, production limitations, and safety issues, their use is
restricted (Uematsu et al., 2012). Regarding plasmid DNA (pDNA) vaccine, even though they
are much safer and broadly effective in small animal models, a large dose of DNA is required
to induce a potent immune response in humans (Moon and Wilusz, 2012). These
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disadvantages have been partially overcome through optimization of pDNA constructs,
coexpression of immune-stimulatory molecules, and improved delivery technologies.
Ongoing clinical trials will ultimately determine if these improvements in pDNA vaccines are
sufficient to generate practical human vaccines (Margalith and Vilalta, 2006, Nguyen et al.,
2009b). One of the most recent alternatives to pDNA is mRNA technology (Geall et al., 2013,
Petsch et al., 2012). The advantages are numerous; first, mRNA requires delivery into the
cytoplasm of the cells to be translated, while pDNA must be transported across the nuclear
membrane which is usually very challenging (Luo and Saltzman, 2000). Second, the
integration of pDNA into the host genome post-transfection might affect pDNA safety; on the
other hand, RNA technology does not require any intercalation process with a consequent
safer profile. Moreover, mRNAs induce transient antigen expression, while DNA vaccines
provide a long-lasting expression. Although a transitory gene expression might be desirable
as it minimizes potential risks of genetic transformation, this inevitably affects mRNA
potency, with a consequent need of vaccine dose increase. A possible strategy to overcome
this issue is to use a self-amplifying RNA platform.

1.4.1 Self-Amplifying RNA Vaccines
Nonamplifying mRNAs have several advantages including a simple structure, relatively small
size of the RNA compared to a self-amplifying molecule (2-3 kb versus 10 kb), and the lack
of additional proteins which might be targets of undesirable immune responses (Schlake et al.,
2012). However, the level of antigen expression is low and time-limited due to mRNA short
half-life and in vivo instability (Kallen et al., 2013). Nonamplifying mRNA contain 5 key
elements: cap structure (m7Gp3N (N: any nucleotide)), a 5’ untranslated region (5’ UTR)
situated immediately upstream of the translation initiation codon, an open reading frame
(ORF) that encodes a gene of interest (GOI), a 3’ untranslated region (3’ UTR), and the tail of
100–250 adenosine residues (poly(A) tail) of variable length) (Atkins et al., 2008). Thus,
mRNA molecules encode only the antigen of interest.
In the case of self-amplifying RNA (SAM) the conventional ORF is larger and encodes four
nonstructural proteins (nsP1-4) and a subgenomic promoter. Moreover, the nucleic acid has
been built around an α-virus genome, in which the structural genome of the alphavirus that
allow the generation of viral particles have been replaced with the genes expressing the antigen
of interest (Chatterjee and Pal, 2009). However, significant elements that induce the
amplification process of the virus have been left, such as polyproteins which can be cleaved
in RNA dependent polymerase that are able to replicate the RNA in multiple copies. This leads
to significantly greater immune responses than conventional RNAs. Once SAM reaches the
cytosol of a cell, the released mRNA together with the host cell ribosome produce the four
functional components of RNA-dependent RNA polymerase (RDRP) or viral genome
replication apparatus: nsP1, nsP2, nsP3, and nsp4 (Fros and Pijlman, 2016). These nsPs
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transcribe full-length negative-strand copies from the initial native mRNA. This copy will be
used as template for two positive-strand RNA molecules: the longer genomic mRNA and the
shorter, colinear subgenomic mRNA that corresponds to the 3’ third of the genomic RNA.
This subgenomic mRNA (also known as the 26S RNA), is transcribed at extremely high
levels, allowing the amplification of mRNA encoding the vaccine antigen (Hekele et al.,
2013). This auto replicative machinery induces greater and long-lasting antigen expression
levels (Figure 1.2). There has been extensive work on delivery of self-amplifying RNA using
viral replicon particles (VRPs) where RNA is packaged in a viral particle (e.g., alphavirus)
(Shin et al., 2012). As VRPs do not encode the structural proteins needed to spread from cell
to cell, they are single-cycle infectious particles. Such VRPs have safely elicited potent
immune responses in multiple animal models and in humans (Perri et al., 2003, Rayner et al.,
2002).

Figure 1. 1 Characterization of nonamplifying mRNA and self-amplifying RNA vectors.
(A) Schematic representation of a mature eukaryotic mRNA containing a cap structure
(m7Gp3N (n: any nucleotide)), the 5’-untranslated region (5’UTR), an open reading frame
encoding a gene of interest (GOI), the 3’-untranslated region (3’UTR), and a tail of 100–250
adenosine residues (poly(A) tail). (B) Schematic representation of a self-amplifying RNA
derived from an alphavirus containing a 5’cap, nonstructural genes (nsP1–4), 26S sub genomic
promoter (open arrow), the GOI, the 30-untranslated region (3’UTR), and a poly(A) tail (Brito
et al., 2014a).
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Figure 1. 2 Schematic illustration of difference between self-amplifying RNA and
‘conventional’ mRNA translation. After the cell delivery, self-amplifying RNA produce the
antigen in four phases. 1) The ORF of the genomic (+) RNA encodes for the nonstructural
proteins (nsP1, nsP2, nsP3, nsP4) that produce a RNA-dependent RNA-polymerase (RDRP)
complex; 2) RDRP generates a genomic (-) strand; 3) RDRP generates from the RNA (-)
strand a genomic (+) strand and the sub genomic RNA; 4) the translation of the sub genomic
RNA produces the antigen. 5) The conventional mRNA can directly express the antigen
(Iavarone et al., 2017).

1.4.2 Delivery of self-amplifying RNA vaccines
One of the main issues which limits the growth of gene therapies based on RNA and DNA is
delivery (Whitehead et al., 2009). The reasons behind that are multiple. First, naked nucleic
acids are susceptible to degradation processes in biological fluids, so thus their accumulation
in target tissues after systemic administration is not completely achieved. RNA-degrading
enzymes (ribonucleases or RNases) can be classified in three main categories: endonucleases
(which cut RNA internally), 5’ exonucleases (which hydrolyze RNA from the 5’ end), and 3’
exonucleases (which degrade RNA from the 3’ end) (Houseley and Tollervey, 2009). These
enzymes are known to catalyze transesterification at a specific site (after purines) by
promoting attack of the 2’ hydroxyl group on the phosphate backbone followed by hydrolysis
of the cyclic phosphate diester formed in the first step. Further, RNA and DNA penetration
into target cells is challenging due to electrostatic repulsion between nucleic acids and the cell
membrane, both negatively charged. In addition, since they are highly hydrophilic, vectors
containing nucleic acid are rapidly recognized and eliminated by the immune systems (Bowie
and Unterholzner, 2008). Thus, considering these obstacles, it is evident that a nonviral
delivery of the nucleic acid to the cell cytoplasm is required to obtain significant antigen
biosynthesis.
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Over the last 30 years efforts have been made by researchers to develop delivery systems that
allow the therapeutic application of genetic drugs. Transportation of RNA or DNA can be
achieved via different non-viral delivery like physical delivery technologies such as
electroporation or ballistic particle-mediated delivery strategies or chemical particulates made
by lipids, polymers, emulsions, or other. These particles have been described in the literature
for pDNA, antisense RNA, siRNA, and mRNA transportation, (Deering et al., 2014) aiming
to increase nucleic acid cell uptake. The need to enhance cellular internalisation is due to the
intrinsic hydrophilicity and strong net negative charge of RNA, which significantly limit the
association with the cell membrane. One of the strategies to circumvent this is to
electrostatically complex RNA with cationic lipids or polymers (Cu et al., 2013b).
These particles contribute towards enhancing the potency of the vaccine itself and thus they
can be classified as vaccines adjuvants. An adjuvant is an ingredient of a vaccine that helps to
enhance the immune response (Carter and Reed, 2010). Adjuvants can act as
immunostimulants and/or delivery systems. Immunostimulants interact with specific receptors
- like membrane-bound PRRs include Toll like receptors (TLRs) and C-type lectin receptors
(CLRs) or cytoplasmic PRRs include NOD-like receptors (NLRs) and RIG-I-like receptors
(RLRs) - while delivery systems increase the immune response by different mechanisms,
depending on their characteristics. Adjuvants are essential for enhancing and directing the
adaptive immune response to poorly immunogenic vaccine antigens. This response is
mediated by two main types of lymphocytes, B and T cells (Harandi et al., 2009). An adjuvant
or immunopotentiator should stimulate high antibody titers, but this process should not induce
toxicity or harmful side effects after injection into either animals or human beings. The main
function of an adjuvant is to stimulate immune response against a range of antigens, even with
small quantities of poorly antigenic substances, preferably in a small number of injections or
administrations. These objectives seemed not to be easy to achieve for many reasons like cost
and the complex preparation of the injection mixture, and the high reactivity in toxicology
tests(Bailey et al., 2014) .

1.5 Non-viral delivery via particulates
1.5.1 Aluminium salts
Aluminum gels or salts have been used as adjuvants since the 1930s (Baylor et al., 2002,
Bailey et al., 2014). Aluminum phosphate and Aluminum hydroxide are currently employed,
and they can load antigen by direct adsorption. Electrostatic forces (between negatively
charged proteins and aluminum hydroxide, and between positively charged proteins and
aluminum phosphate) as well as covalent bonds (between antigen phosphates and hydroxyl
groups on the adjuvant) are the main interactions

occurring in the process (Hem and

Hogenesch, 2007). These adjuvants are prepared in house by vaccine companies or purchased
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from manufacturers such as Brenntag Biosector, Chemtrade, and SPI Pharma. They are
sometimes referred to by their tradenames, such as Alhydrogel, Rehydragel, and Adju-Phos.
Another aluminum-containing adjuvant that is commonly used in preclinical experimental
studies is ImjectTM Alum (ThermoFisher Scientific). However, this adjuvant is composed of
amorphous aluminum hydroxycarbonate and crystalline magnesium hydroxide (Hem et al.,
2007).
Despite the extensive use during the last 70 years, the mechanism by which alum enhances
the immune response remains disputed. Several mechanisms operate simultaneously to alum
adjuvanticity and a full understading might be not trivial. Currently, studies tried to give a
satisfactory explanation of the mechanisms that underlie the immune-enhancing effect of
aluminum adjuvants. It was reported that adsorption of antigen, although not always, usually
enhances the immune response. Adsorption induce precipitain of soluble antigens, which
enhances uptake through phagocytosis by dendritic cells(Morefield et al., 2005). Moreover, it
favoured antigen presentation, as indicated by increased expression of MHC II-peptide
complexes and increased activation of CD4 T cells(Ghimire et al., 2012). Finally, it increases
antigen retention at the injection site, enhancing time for recruitment by antigen-presenting
cells. However, it was observed that a short-term depot is not necessary for the effect of
aluminum adjuvants(Hutchison et al., 2012). Injection of aluminum-adjuvanted vaccines
induces a limited amount of necrosis of tissue cells at the site of injection, which may lead to
the limited release of some “danger-associated” molecular patterns, including DNA(Marichal
et al., 2011), uric acid (Kool et al., 2008), ATP(Riteau et al., 2012), heat shock protein,(Wang
et al., 2012b) IL-1α and IL-33 which are molecules that recruit and activate inflammatory
cells(Li et al., 2008).
Dendritic cells play a critical role in the immune-enhancing effect of aluminum adjuvants as
depletion of these cells impairs the immune response. Aluminum adjuvants increase the
transport of antigens via migratory dendritic cells from the injection site to the draining lymph
node (Liang et al., 2017) and induce the differentiation of monocytes into dendritic cells.
Aluminum adjuvants activate the NLRP3 inflammasome which results in cleavage of pro-IL1β into IL-1β by caspase-1(Li et al., 2008). However, deletion of MyD88, which is required
for signaling through the IL-1 receptor, does not impair the antibody response to aluminum
adjuvanted vaccines, suggesting a redundant role of IL-1β in the immune-enhancing effect of
aluminum adjuvants (Schnare et al., 2001). Aluminum adjuvants activate phosphoinositide 3kinase and calcineurinNFAT.122–124 Both pathways may be initiated by the binding of
aluminum adjuvants to cell membrane lipids and were dependent on Syk. Activation of NFAT
required LPS priming of dendritic cells and led to the secretion of IL-2. Aluminum hydroxide
adjuvant also activates the complement cascade(Ramanathan et al., 1979).
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However, aluminum adjuvants induce only weak Th1 and Th17 responses, which may not be
necessary for the induction of protective immunity against certain infectious diseases, such as
malaria and tuberculosis(Hogenesch et al., 2018).

1.5.2 Emulsions
Nanoemulsions are thermodynamically stable isotropic systems in which two immiscible
liquids (typically water and oil) are mixed to form a single phase, often with the help of
appropriate surfactants/co-surfactants (Souto et al., 2011a). Oil-in-water or water-in-oil
emulsions have been used as vaccines adjuvants in the early 1990. One of the first
formulations was Freund’s Complete Adjuvant (FCA) which combined a killed mycobacteria
(Freund et al., 1937) with water-in-oil emulsion (known as Freund’s Incomplete Adjuvant;
IFA). This formulation was proven to be highly potent in improving immune responses,
inducing predominantly Th1 and Th17 biased response with some Th1 cellular response
(Bandholtz et al., 2002). However, due to its elevated toxicity and reactogenicity caused
partially by the poor quality of the oil, its application in clinical trials was not possible.
A safer alternative to Freund’s Incomplete Adjuvant is MF59, which was formulated more
than 60 years later. MF59 is a squalene based emulsion and it was approved for use in a human
vaccine, Fluad, for seasonal influenza for the elderly in Europe (O'Hagan et al., 2012). Once
injected i.m., this emulsion creates an ‘immunocompetent environment’ within the muscle,
that could be exploited by co administration of antigen. Moreover, it leads to recruitment of
immune cells into the injection site, thus favouring antigen presentation and DCs maturation
and differentiation. (Ott et al., 1995).
Besides Fluad, there are four more adjuvanted influenza vaccines containing squalene
emulsions approved for use; for example, Aflunov and Focetria which are MF59 adjuvanted
for pandemic influenza or Prepandrix and Pandremix which are AS03 adjuvanted for
prepandemic influenza. In addition, squalene-based emulsions have been used in clinical trials
for a range of vaccine candidates, including those targeting HSV, HIV, HCV, and CMV (De
Gregorio et al., 2008). AS03 is an adjuvant system composed of the immunostimulant αtocopherol, squalene and polysorbate 80 in an oil-in-water emulsion (Brigelius-Flohe and
Traber, 1999). It is widely reported that AS03-adjuvanted vaccines enhance the vaccine
antigen-specific adaptive response by activating the innate immune system locally and by
increasing antigen uptake and presentation in draining lymph nodes. This phenomenon seems
to be related to the presence of a-tocopherol in the emulsion. Furthermore, the combination of
prepandemic H5N1influenza vaccine and AS03 increased levels of anti-influenza antibody,
assuring protection against disease and against virus replication of influenza strains
homologous and heterologous to the vaccine strain (Garcon et al., 2012). Nonclinical and
clinical data demonstrated the ability of AS03 to induce superior adaptive responses against
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the vaccine antigen, mainly in terms of antibody levels and immune memory (O’Hagan et al.,
2013).
The reason for using oil-in-water particles carrying antigens is that they have a good safety
profile, they are efficiently endocytosed by antigen presenting cells and, because of their small
size, they can readily pass from injection sites into lymphatics (Seubert et al., 2008). Squalenebased emulsions have also been applied for pDNA vaccines delivery, where they clearly
improved vaccine potency (Ott et al., 2002). More recently, Brito and co-workers developed
a positively charged version of MF59 by adding the cationic lipid DOTAP for delivery of selfamplifying RNA (Brito et al., 2014a).This combination prevents RNAse-mediated
degradation of nucleic acid and allows the delivery system and RNA to be formulated
separately and mixed just before administration. CNE resulted to be efficacious in vivo for
several diseases, including RSV, CMV, and HIV, inducing high immunogenicity even at low
antigen doses (Bogers et al., 2015).
MF59 based emulsions require to be formulated into nanodroplets, as none of the individual
components of MF59 are an effective adjuvant. (Calabro et al., 2013); further emulsions act
as adjuvant by creating an immunostimulatory environment at the injection site, promoting
recruitment and activation of antigen presenting cells in a toll-like receptor independent
manner involving ATP (Seubert et al., 2008, Vono et al., 2013).

1.5.3 Nanoparticles
Nanoparticles (NPs) are solid particles ranging in size from 1 to 1000 nm (1 μm). They consist
of macromolecular materials and can be used therapeutically or prophylactically, for example,
as adjuvants in vaccines or drug carriers, in which the biologically active material is
dissolved, entrapped, or encapsulated, or to which the active principle is adsorbed
or chemically attached. Polymeric particles are often made of hydrolytically degradable
polyesters such as poly (D, l-lactic-coglycolic acid) copolymers (PLGA), poly (D, l-lactide)
(PLA), polycaprolactone (PCL) or poly (ortho esters) (POE) (Johansen et al., 2000). Several
polymers have been approved by the U.S. Food and Drug Administration (FDA) for medical
applications. However, no NP formulation has been approved for vaccination so far. These
materials can interact with APCs, presenting antigen to specific CD8+ CTL. It has been
reported that antigens delivered by PLGA particles are able to escape endosomal degradation
and reach the cytoplasm at a significantly higher level than other antigen forms, and that these
antigens are presented on MHC class I more efficiently and for significantly longer durations
(Hedley et al., 1998).
It has been seen that PLGA NPs enhanced vaccine accumulation into lymph nodes (LNs)
increasing cellular and humoral immunity to a variety of antigens in vivo (Reddy et al., 2007).
Many studies reported that nanoparticle characteristics such as size, shape or surface
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properties can significantly influence their biological activity (Morachis et al., 2012). These
attributes might affect targeting to specific cells, antigen uptake and the type of immune
response.
NPs can be taken up by cells mainly through two pathways - phagocytosis and pinocytosis
(Khalil et al., 2006). Particles with similar size as bacteria are efficiently recognized and taken
up by APCs. On the other hand, NPs with a size between 20 and 200 nm are preferentially
taken up by DCs through the pinocytosis mechanism, while larger particles (between 0.5 to 5
μm) are mainly engulfed by macrophages through macropinocytosis and phagocytosis (Xiang
et al., 2006). Particle size can also affect the uptake efficiency and the immune response
induction by APCs. Furthermore, size affected the kind of immune response. Previous studies
have shown that PLGA NPs of around 300 nm generate a better DC maturation and more
efficient Ag-specific immune responses (IgG2a and CD8+ T lymphocyte) than microparticles
counterparts in vivo (Wischke et al., 2008). Although optimal size for efficient uptake and
immune induction has not yet been established, particles seem to be able to trigger either
humoral or cytotoxic immune responses according to their diameter, probably due to the
different endocytosis pathway (Joshi et al., 2013). Moreover, particles shapes can influence
cellular uptake. Generally, polymeric non-spherical NPs improved membrane attachment, but
it reduced uptake by APCs. Thus, this orientation facilitates phagocytosis initiation but leads
to slower internalization of these particles (Champion and Mitragotri, 2006). Nevertheless,
surface charge has been reported to influence the uptake of NPs. Positively charged particles
are easily taken up by APCs, due to charge-to-charge interactions, and they can migrate to
LNs; on the contrary, cellular uptake is reduced for negatively-charged polymeric particles,
therefore they tend to accumulate to the injection site, prolonging antigen presentation (Yue
et al., 2011). Hydrophobicity is another attribute that contributes to NP uptake and
immunogenicity. Literature concluded that hydrophobic particles induce greater immune
response compared to their hydrophilic counterparts (Liu et al., 2013).
These nanocarriers have been widely employed in many different fields such as drug delivery,
imaging, and detection of apoptosis. However, the main area of application is cancer therapy,
where they are often used to deliver anticancer drugs (Nagpal et al., 2010). In the last few
decades, many papers reported the association of nanoparticles and gene therapy. The
combination of DNA/RNA with NPs made from biodegradable polymers was proven to
enhance transfection and the efficiency of the process is dependent on complex size, complex
stability, toxicity, immunogenicity, protection against DNase degradation and intracellular
trafficking, and processing of the DNA/RNA. Furthermore, the degradation of the polymer
can be used as a tool to release the plasmid DNA into the cytosol (Borchard, 2001). The
nucleic acid can be either encapsulated within or adsorbed onto the surface of the NP. The
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former option assures antigen protection which may otherwise degrade rapidly upon injection
or induce a short-lived, localized immune response. Moreover, the latter allows presentation
of RNA/DNA to the immune systems in a comparable manner to pathogens , thereby
generating a similar response (Williamson, 2013). For example, it has been seen that
Polyethyleneimine (PEI) based nanoparticles were efficient tools for HPV16 E7 gene
transfection in COS-7 cells, but toxicity was observed in vivo. In addition, chitosan-linked PEI
(CP) nanoparticles were used to deliver plasmid encoded IL-12 in vivo. CP/DNA complex
was found to be able to efficiently deliver IL-12 in vivo, enhancing the antitumor effects on
ascites tumour bearing mice (Zhao et al., 2012). Moreover, PLGA/ cetyltrimethylammonium
bromide (CTAB) microparticles were recently moved into stage I clinical trials by Novartis
for HIV-1 DNA vaccination. PLGA is one of the most widely studied polymers of interest in
the vaccine field (Nguyen et al., 2009b). For example, DNA encoding hepatitis B surface
antigen (HBsAg)-encapsulated in PLGA nanoparticles could induce enhanced immunity in
mice. In addition, PLG encapsulated DNA encoding human papillomavirus antigen has been
tested in phase I and II human clinical trials (Espuelas et al., 2005).
A valid alternative to polymeric nanoparticles seemed to be solid lipid particles (SLNs). SLNs
are aqueous colloidal dispersions usually in the submicron range (10–1000 nm) and they were
first applied as novel carrier for intravenous injection in the early 1990s (Schwarz et al., 1994).
SLN consist of a solid matrix where biomolecules can be incorporated. In contrast to other
delivery systems, SLNs are less widely studied with a PubMed search identifying only around
200 publications associated with these systems. As delivery systems, solid lipid nanoparticles
can offer a range of advantages including high stability in body fluids and tissues, sustained
drug release, biodegradability, ease of manufacture and the capacity to scale up to industrial
production levels at relatively low cost (van Swaay and deMello, 2013, Joshi and Müller,
2009). In terms of their application, SLNs are most commonly explored as solubilising agents
for the delivery of poorly soluble drugs, due to the hydrophobic nature of the particle’s matrix.
However, they have also been investigated for the delivery of nucleic acids proteins, antigens,
or in the food industry (Weiss et al., 2008, Cerqueira et al., 2014) as carriers for bioactive
compounds or to protect biomolecules against degradation.
An area of interest is in the development of novel adjuvants. Studies have demonstrated that
SLNs have an adjuvant activity and the intensity is related to the size; particles with a diameter
of more than 100 nm exhibited a clear adjuvant activity, whereas SLNs with size below 100
nm, in various concentrations, revealed a lower adjuvant activity (Kim et al., 2008). More
precisely, SLNs with size >100nm induced the highest antibody titre against mycoplasma
bovis antigen in chicken. Furthermore, SLNs in association with interleukin 2 (IL-2) have
been shown to increase antibody titre, spleenocyte proliferation, and secretion of IFN-γ and
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IL-4 cytokines. The adjuvant effect of SLNs is related to their ability to protect sub-unit
antigens from rapid degradation in vivo, and to promote delivery and targeting of antigen
presenting cells (Almeida and Souto, 2007). Being in the solid state, the lipid matrix of SLN
will be slowly degraded with a consequent longer lasting exposure of the loaded antigen to
the immune system. Furthermore, the addition of sterically stabilizing surfactants that hinder
the anchoring of enzyme complexes can reduce the degradation speed more (Olbrich and
Müller, 1999). Literature reported a comparison of SLN with FIA in terms of adjuvanticity in
sheep. Two solid lipid particles formulations induced 43 and 73% higher antibody titers
compared to FIA used as standard. Given these promising data, SLN are currently being
optimized e.g. on surface properties to enhance immune response.
Although SLNs were widely employed for the delivery of poorly soluble drugs, their
application for RNA and siRNA delivery has been limited, although recent studies have tested
cationic solid lipid nanoparticles (cSLN) as carriers for nucleic acids (Kim et al., 2008). SLNs
in combination with nucleic acids are known as “SLNplexes”. It has been suggested that the
interaction between nucleic acids and SLNs is mainly through adsorption of the nucleic acid
to the particle surface thanks to the inclusion of cationic lipids to anionic SLNs. These studies
have clearly revealed the importance of endocytosis in nanoparticle internalization and the
subsequent need for endosomal escape to release RNA in the cytosol (Minchin and Yang,
2010).
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Table 1. 2 Examples of SLN formulations encapsulating water soluble drugs and their
method of manufacture. LE (loading efficiency).

Production
method
double
emulsion
method
(w/o/w) and
solvent
evaporation
double
emulsion and
melt dispersion
high pressure
homogenisation
cold dispersion

Formulation

Drug

Ref.

Lecithin and triglyceride

Catalase

50

Phosphatidylcholine and tripalmitin

Catalase

78

stearic acid or a mixture of stearic
acid and crodamol

Sulforhodamine 60
101

Witepsol E 85, Softisan 142,
propyleneglycol, Superpolystate,
cetyl alcohol
stearic acid

Lysozyme

40

Cyclosporine

70-90 (Zhang et
al., 2006)
80
(Zhang et
al., 2000)

high pressure
stearic acid
homogenisation
hot dispersion
Warm
Egg lecithin, stearic acid
microemulsion
mixture of stearic acid and Epikuron
200,
stearic acid and lecithin

Cyclosporine

supercritical
fluid

Solvent
displacement

LE%

Thymopentin

<5

Cyclosporine

13

Insulin

38

Gelucire 50-02 and Dynasan 114

bovine serum
albumin

13

Phosphatidylcholine and tristearin

insulin and
recombinant
human growth
hormone
Insulin

<3

Gonadorelin

50

Insulin

27

tristearin/phosphatidylcholine/dioctyl
sulfosuccinate
Monostearin

Lecithin

<3

(Qi et al.,
2011)
(qi et al.,
2012)

(Becker
Peres et al.,
2016)
(Almeida et
al., 1997)

(Morel et
al., 1996)
(Ugazio et
al., 2002)
(Zhang et
al., 2006)
(Ribeiro
Dos Santos
et al., 2002)
(Salmaso et
al., 2009a)

(Salmaso et
al., 2009b)
(Hu et al.,
2004)
(Reithmeier
et al., 2001)

It has been demonstrated that cationic SLN produced by modification with N, N-di-(βstearoylethyl)-N, N-dimethylammonium chloride (EQ1) efficiently transfected the
galactosidase expression plasmid pCMVβ in vitro. For instance, SLN-encapsulated antisense
oligodeoxyribonucleotide G3139 demonstrated greater immunostimulatory property and
antitumor activity compared to its free counterpart (Pan et al., 2009). Further, Tristearin:
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DOTAP SLNs loaded with siRNA resulted in prolonged siRNA release after intradermal
injection in mice (Lobovkina et al., 2011).Furthermore, it was highlighted that the addition of
Protamine to a SLN: pDNA complexes reduced cytotoxic and enhanced transfection
efficiency in Na1300 cell line (Vighi et al., 2010). However, given the intrinsic lipid nature of
the matrix, less work has been done for the development of SLNs encapsulating water soluble
biomolecules, due to poor drug loading. Some of the papers combining solid lipid particles
and hydrophilic drugs are listed in Table 1.3. Although challenging, the application of SLNs
as entrapment agents for nucleic acids seemed to be promising.

1.5.4 Liposomes and lipid nanoparticles
Liposomes are vesicles made of one or more concentric lipid bilayers alternating with aqueous
cores (Joshi and Müller, 2009). The lipid components are usually phospholipids or other
amphiphiles such as non-ionic surfactants, often supplemented with cholesterol and other
charged lipids. Bilayers can be in a “fluid” or “rigid” state at ambient temperature, depending
on the nature of the amphiphile. Since the 1970s the ability of liposomes or nanoparticles to
induce immune responses to incorporated or associated antigens has been well
known. Referring to publications in the literature, liposomes seem to be the most commonly
used nanosystems for delivery of RNA agents. For years, cationic liposomes have been the
standard carriers of RNA (Mallick and Choi, 2014). The use of cationic lipids which can
electrostatically bind RNA and DNA provided a way forward. Even though these complexes
called “lipoplexes” have proven useful for in vitro transfection purposes, their utility in vivo
is limited due to their large size (>1 µm diameter), instability, positive surface charge, and
dose-limiting toxic side effects (Lv et al., 2006a). A mixture of cationic and neutral
components could be employed because the positive charge helps not only to increase
RNA/DNA loading efficiency but also to bind to the cell surface by non-specific electrostatic
interactions and to release nucleic acid from the endosome (Hirsch-Lerner and Barenholz,
1999). Lipoplexes are taken up by APC and mediate MHC class I antigen presentation.
Liposomes could promote endocytosis of antigen by DC, monocytes and macrophages.
Depending on the kind of lipid employed, liposomes could show immunostimulatory
properties and they are taken up by DC. Liposomes offer the advantage of preserving RNA
against rapid intracellular degradation by APC, therefore prolonging primary activation of T
cells in vivo. However, development of liposomes technology has been limited by the
complexity of the formulation process and lack of large-scale manufacture (Modlin et al.,
2004). Table 1.4 lists more commonly used cationic lipids for adjuvant manufacturing.
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Table 1. 3 List of commonly used cationic/ionizable lipids for liposomes, emulsion and
particles production.
Physico-chemical
Lipid

Structure

properties and key

System

Ref.

attributes
Monovalent head group
(quaternary amine). 2
DOTMA

unsaturated oleyl chains
bound by an ether bond to

Lipoplex /Liposome

(Felgner et
al., 1987b)

glycerol. Usually
combined with DOPE

DOTAP

Monovalent head group

Lipoplex /Liposome

(quaternary amine). 2

(Combined with

unsaturated oleyl chains

DOPE or Chol or

bound by an ester bond.

protamine

R stereoisomer is the

sulphate), /Solid

active one.

lipid

(Kim et al.,
2015, Souto
et al., 2011b)

nanoparticles/Nanoe
mulsion
Cholesterol moiety
attached by an ester bond
to a
DC-Chol

hydrolysable mithetylethl
enediamine (tertiary
amine). Usually

Lipoplex /Liposome/
Nanoemulsion/
Solid lipid
nanoparticles

(Zhang et al.,
2010, Behr et
al., 1989)

combined with DOPE
Multivalent head group
(Spermine). 2 saturated
octadecyl chains bound
by an amide group.
DOGS

Known as transfectam.
Has shown better

Lipoplex /Liposome

(Yamano et
al., 2010)

transfection than
monovalent counterparts.
Usually combined with
DOPE
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Multivalent cationic head
group (spermine). 2
unsaturated oleoyl chains
DOSPA

bound. Lipofectamine =
DOSPA: DOPE (3:1

Lipoplex/Liposome

(Kowalski et
al., 2015)

ratio). Has shown better
transfection than
monovalent counterparts.
Pyridinium base with a
quaternary amine. Two
SAINT derivatives

oleyl chains as

Lipoplex/Liposome

hydrophobic tail. Usually

(Adrian et al.,
2010)

combined with DOPE
Monovalent head group
with carboxybenzyl group
DOBAQ

attached to the amine. 2

Lipoplex/Liposome

oleyl chains bound

(Vangasseri
et al., 2006)

through ester group
Monovalent head group
(ethylphosphocholine)
and 2 unsaturated oleyl
chains bound through
DOEPC

ester bonds. Have shown

Lipoplex/Liposome

better activation of co-

(Wong et al.,
2001)

stimulatory molecules
(CD80, CD86) than TAP
family (DOTAP)
Monovalent head group.
DODAC

2 acyl chains connected
to a quaternary amine.

Liposome

(Wang et al.,
2004)

Chloride salt
Monovalent head group.
2 acyl chains connected
DDA

to a quaternary amine.
Bromide salt. May be
combined with TDB

(HenriksenLiposome

Lacey et al.,
2011b)

(CAF01) or DOPE

49

Monovalent head group
DODAP

(dimethylammonium prop

Lipoplex

(Semple et

ane). 2 oleyl chains bound

Liposome

al., 2001)

through ester bonds.
Monovalent head group
(tertiary amine). 2 linoleic
chains bond by different
DLinDMA derivatives
DLin-MC3-DMA
DLin-KC2-DMA

means. May be
synthesized or provided
by Tekmira
Pharmaceuticals. Combin

Stable nucleic acid
lipid nanoparticles
(SNALP)

(Geall et al.,
2012b)

ation with Chol, neutral
lipids and PEGylated
lipid.
Monovalent head group
DMRIE

(quaternary amine). 2
saturated acyl chains

Lipoplex /Liposome

(Wang et al.,
1996)

connected by ether bonds

Stearylamine

DiC14-amidine

One 18C acyl chain with Liposome/Nanoemuls(Silva et al.,
amine head group

Saturated acyl chains.
Imine group.

ion

Liposome

2016)

(Kim et al.,
2004)

Multivalent head group
with. 14C acyl chains
DMKE, DMKD

bound by ester groups.

(HirschLipoplexes/LiposomeLerner et al.,

Strong inducer of CD80

2005)

and CD86 in DCs

DOPE

Tertiary amine and a
phosphate head group
linked to two

Liposomes /Solid (Scarzello et
lipid nanoparticles, / al., 2005)
Micelles

monounsaturated
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aliphatic chains through
two ester bonds.
TEPA-PCL

Polyvalent lipid with a

Liposomes

phosphate head group

(Wheeler

et

al., 1996)

linked to
a tetraethylene tail
through an amide bond.
GAP-DLRIE

The basic skeleton of
GAP-DLRIE is typical of

Liposomes

(Wheeler
al., 1996)

the 2,3-dioxypropaniminium class of
cationic lipids which
also includes DMRIE,
DOTAP, DOTMA and
DOSPA. This class of
cationic lipids has two
hydrophobic chains
appended to a quaternary
ammonium moiety via a
polar dioxy-propyl group
in a manner affording a
central glycerollike structure.

However, it has been seen that, when antigen size and complexity increases (like in virus- or
tumour-derived antigens), a higher immune response can be achieved by loading the antigen
into the liposome bilayer rather than onto its surface (Barnier-Quer et al., 2013). It has been
established that selected cationic lipids containing an ammonium ion head group are
immunostimulatory, with dimethyldioctadecylammonium (DDA) salts, 1,2-dioleoyl-3trimethylammonium-propane (DOTAP) and 3β- [N- (N′, N′-dimethylaminoethane)carbomyl] cholesterol (DC-Chol) gaining much attention. DOTAP and DC-Chol are
commonly cited as transfection agents and vaccine delivery systems for both DNA-encoded
(Perrie et al., 2001) and protein (Walker et al., 1992) antigens.
DOTAP is a quaternary ammonium compound coupled with two unsaturated fatty acid chains
via ester linkage. DOTAP based liposomes were seen to be highly efficient in transporting
plasmid DNA into A549, AGS, Huh7, and COS7 cell lines in a manner independent of
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particles size or surface charge. Moreover, DOTAP liposomes effectively delivered siRNA
into Human Hematopoietic Stem Cells Differentiating into Dendritic Cells (DC). Results
showed that cells were transfected with siRNA for cathepsin S with negligible cytotoxicity
and transfection rates above 60%, which was comparable to what was obtained with lentiviral
vectors (Martino et al., 2009). Generally, DOTAP-based liposomes have been shown to
increase the humoral immune response, with polarization of CD4+ T cells mainly through Th1
phenotype compared with antigen alone (Brgles et al., 2009). Further, these lipids based
particles could enhance the immunostimulatory effect of both TLR-2 and TLR-9 ligands
triggering MAPK (extracellular signal-regulated kinase and p38) activation in DCs (Yan et
al., 2007). This pathway induced DC maturation resulting in an upregulation of CD80, CD83
and CD86 costimulatory molecules with consequent induction of CD4+ Th1 cells and a CD8+
T-cell response. DDA is a quaternary ammonium salt consisting of a nitrogen atom substituted
with two methyl groups and two octadecyl groups. DDA is known to induce cell-mediated
immunity and delayed-type hypersensitivity. DDA based liposomes have been previously
employed as carriers for drugs, as antimicrobial agents and as adjuvants for a range of vaccines
for both parenteral and mucosal delivery (Hilgers et al., 1984, Klinguer et al., 2001). In
addition, the combination of DDA liposomes and the immunostimulatory glycolipid trehalose
dibehenate (TDB), is known as CAF01 and it is currently in phase I clinical trials. This
formulation induced strong T-cell response with the T cells producing high levels of IFN-γ
and IL-17

Figure 1.3 Endocytic pathway for Lipid nanoparticles (LNPs) internalization. Lipid
nanoparticles resemble low density lipoproteins (LDL) and are taken up by receptor-mediated
endocytosis governed by the LDL receptor present on many cell types and Apolipoprotein-E.
In the endosome, acidic conditions cause the pH-sensitive ionizable lipids to become cationic
where they disrupt the endosome and release their nucleic acid payload A (Thomas et al.,
2018).
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and low levels of IL-5. When compared with aluminium hydroxide the IgG1 antibody titres
were not significantly different, whereas IgG2 antibody titre was significantly higher. It has
been seen that CAF01 led to T-cell differentiation into TNF-α+IL-2+ and IFN-γ+TNF-α+IL2+ multifunctional CD4+ T cells (Lindenstrøm et al., 2009). The adjuvant effect of DDA
based formulations is due to their ability to prolong the deposition of the antigen at the
injection site and thus lengthening antigen presentation, perhaps through active actindependent endocytosis. (Kaur et al., 2012b)
Recently the ionizable cationic lipid 1, 2-dilinoleyloxy- 3-dimethylaminopropane
(DLinDMA) has been widely investigated for delivering siRNA in vivo (Heyes et al., 2005).
DlinDMA and similar cationic lipids are weak bases with a dissociation constant pKa of 6.7.
So then, the degree of protonation depends on the pH of the aqueous environment. Thus, while
formulating, they can act like bases and become protonated by using acidic buffers, therefore
enhancing RNA loading. However, once released in vivo, the physiological pH of the body
imparts a net neutral surface charge to the lipid with a consequently less toxicity concerns.
Furthermore, once into the cell, DlinDMA particulates enter the endosomes where they
become protonated, thus facilitating endosomal escape due to destabilising interactions of the
endosomal membrane (Figure 1.3). This promotes release of the nucleic acid into the cytosol
(Hafez et al., 2001b).
These ionizable cationic lipids are often combined with neutral or helper lipids like DSPC or
cholesterol and hydrophilic polymers like PEG to form so called lipid nanoparticles (LNPs).
Previous experiments demonstrated that LNPs have an interior lipid core containing the
nucleic acid complexed with ionizable cationic lipids organised in inverted micelles (Tam et
al., 2013). As reported in literature, delivery of RNA vaccines with LNPs elicits antigenspecific humoral and cellular immune response. In a mouse model, LNP delivery of selfamplifying RNA enhanced Th1 responses, with slightly elevated titres of antigen-specific
IgG2a relative to IgG1. Furthermore, antigen-specific interferon-γ producing CD4+ and CD8+
T cell proliferation was enhanced (Cu et al., 2013a).

1.6 Manufacturing challenges in nanoparticle, liposomes and
emulsions production
In general, manufacturing of drug delivery systems represents a real challenge and it can be a
great obstacle to overcome, given the cost and relative complexity of their production.
Multiple characteristics and attributes need to be considered while formulating the
final product,

including

the

drug

substance,

the

lipids/polymer and

non-

lipid/polymer components of the system (Rantanen and Khinast, 2015). Given that
pharmacological, toxicological and pharmacokinetic properties of the delivered bioactive
molecule can be dictated by components of the delivery system, quantification of the amount
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of therapeutic molecule incorporated and retained within the system must be defined.
Furthermore, since pharmacokinetic profiles are dictated by the carrier physicochemical
properties (e.g. size, morphology, surface characteristics, particles structure and integrity, net
charge etc.), these should be characterised and defined (Rantanen and Khinast, 2015). Indeed,
these are key critical quality attributes of a product and they are often dependent on the method
of manufacture. Given the recent issues seen in the manufacture of liposome and particles and
to facilitate the transition of more products from bench to clinic, it is important that new, lowcost and scalable manufacturing methods are developed.
In terms of manufacturing processes for solid lipid particles, high-pressure homogenization
and microemulsion-based techniques are the most used methods. These processes have been
summarized in Table 1.4. However, these methods have limitations such as poor drug loading
capacity, drug expulsion after polymeric transition during storage and relatively high-water
content of the dispersions. Furthermore, the drug loading capacity of conventional SLNs is
limited by the solubility of drug in the lipid melt, the structure of the lipid matrix and the
polymeric state of the lipid matrix. If the lipid matrix consists of similar molecules (i.e.
tristearin or tripalmitin), a perfect crystal with few imperfections is formed. Since incorporated
drugs are located between fatty acid chains, between the lipid layers and in crystals
imperfections, a highly ordered structure cannot hold large amounts of drugs.
Regarding liposomes, there are two main ways of forming them: either to produce large
vesicles and then employ size reduction methods (e.g. homogenisation, microfluidisation,
high-sheer mixing and sonication), or alternatively bottom up methods, which promote the
formation of small vesicles from individual lipid monomers. Commonly, liposomes are
produced by the lipid film hydration method. This method gives rise to multilamellar vesicles
(MLVs) of several hundred nanometres in size with a broad size distribution. Because it is
based on the macroscopic mixing of organic and aqueous phases, it also offers poor batch-tobatch reproducibility. Consequently, additional size reduction techniques (e.g. extrusion or
probe sonication) are often required. Although homogeneous liposome dispersions with
relatively narrow size distribution can be obtained, scaling-up these methods can be
challenging (Bangham et al., 1965). Furthermore, to achieve a homogeneous liposome
suspension, generally particle size reduction to below 100 nm is required, and it is difficult to
form homogenous populations of larger liposome systems using these methods.

Ethanol

injection is another popular technique for producing large unilamellar liposomes that consists
of rapidly injecting an ethanol solution containing lipids into an aqueous phase (Pons et al.,
1993). However, this method is not easy to translate to large scale and is more commonly used
to produce SUV. Recently, microfluidic emerged as a valid alterative technique; it enables
not only reliable laminar flow dynamics and thus robust liposome formulation, but also ease
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of scale-up (Jahn et al., 2004). Moreover, microfluidics promotes effective incorporation of
both hydrophilic and hydrophobic drugs simultaneously with higher encapsulation
efficiencies compared to conventional techniques.

Table 1. 4 List of the most common methods to manufacture solid lipid nanoparticles
(Mukherjee et al., 2009).
High energy approaches
High pressure homogenization



High shear homogenization
Ultrasonication

a) Homogenization of hot pre-emulsion
b) Homogenization of cold pre-suspension
a) Probe ultrasonication
b) Bath ultrasonication

Electro-spray technique
Low-energy approaches
Microemulsion method
Membrane contactor
Phase inversion temperature (PIT) method
Coacervation method
Double emulsion method
Approaches with organic solvents
Emulsification-solvent evaporation
Emulsification solvent diffusion
Solvent injection
Supercritical fluid (SCF) technique

Generally, whilst the production of large vesicles followed by size reduction is the commonly
adopted method at the laboratory scale, such methods of liposome manufacture lack industrial
scalability and encapsulation efficiencies are usually low. In contrast, methods that exploit
fluidic control to build liposomes from the bottom-up tend to offer more industrial
applicability.
Concerning nanoemulsions, they can be generated in different ways. Usually, the preparation
method can be distinguished as low-energy (self-emulsification, phase transition, and phase
inversion temperature methods) and high-energy methods (high-pressure homogenization and
ultrasonic emulsification). For example, the phase inversion temperature method uses the
specific properties of polyethoxylated surfactants to modify their partitioning coefficient as a
function of the temperature. Continuous systems formed at a temperature close to the phase
inversion temperature are broken up by dilution and temperature drop to generate oil-in-water
nano-emulsions (Anton et al., 2008). Most of the new methods of emulsifications are based
on mechanical processes and are related to the high-energy emulsification techniques.
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Alternatively, extrusion process can be used. Here, the dispersed phase is filtered through a
microfiltration device and size-tuneable droplets can be prepared. Furthermore, spontaneous
emulsification process is another important emulsification technique which occurs when the
two bulk phases are brought into contact without stirring during the very rapid diffusion of the
organic phase prepared with water miscible solvent i.e. acetone or ethanol in the aqueous
phase (Vitale and Katz, 2003).
Regarding polymeric nanoparticles, the most commonly used manufacturing methods involve
two main steps: first the preparation of an emulsified system followed by nanoparticle
formation either by the precipitation or the gelation of a polymer or by polymerization of
monomers. Nanoemulsions can be generated by the methods described above. After emulsion
generation, nanoparticle formation can be obtained, for instance, by applying polymer
precipitation by solvent removal. Solvent can be extracted from the organic phase by different
strategies such as solvent evaporation, fast diffusion after dilution or salting out (Bilati et al.,
2005).
The first technique involves the formation of a polymeric nanoemulsion in volatile solvents.
After evaporation of the solvent under vacuum, polymer diffuses through the continuous phase
of the emulsion. Regarding obtaining nanoparticles by emulsification–solvent diffusion, the
polymer solvent used to prepare the emulsion needs to be partly soluble in water (QuintanarGuerrero et al., 2005). Then, the emulsion is prepared with water saturated with the polymer
solvent composing the oil phase and with an oil phase saturated with water as continuous
phase. Once the oil-in-water emulsion is obtained, it is diluted with an excess of pure water.
Thus, diffusion of additional organic solvent from the organic phase contained in the dispersed
droplets can be achieved, leading to the precipitation of the polymer (Quintanar-Guerrero et
al., 1997). Furthermore, the emulsification–reverse salting out method is very similar to the
method described above. The main difference consists in the composition of the emulsion,
which is a mixture of polymer solved in solvent totally miscible with water, i.e. acetone
(Ibrahim et al., 1992). To emulsify the polymer solution in the aqueous phase, a high
concentration of salt or sucrose (several mol/L), chosen for their strong salting out, are added
(e.g. magnesium chloride, calcium chloride, and magnesium acetate). These molecules retain
water for their own solubilisation, resulting in modification of the miscibility properties of
water with other solvents such as acetone. The precipitation of the polymer dissolved in the
droplets of the emulsion can easily be obtained by dilution of the emulsion with a high quantity
of water, hence inducing a reverse salting out effect. This dilution reduces salts or sucrose
concentration inducing the polymer solvent to migrate out of the emulsion droplets (Allémann
et al., 1992).
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Other methods to produce nanoparticles from emulsion are to gelify the polymer dissolved in
the emulsion droplets. This method requires the use of polymers displaying gelling properties
(i.e. agarose). With a polymer like agarose, gels can be formed by cooling down the
temperature of the solution which is prepared at a high temperature. Other polymers like
alginate and pectin, requires the addition of a second component or alteration of the pH of the
polymer solution to induce gelation (Tokumitsu et al., 1999).
Finally, nanoparticles can be obtained by in situ polymerization of a monomer. Herein, the
monomer is added in the emulsion instead of a polymer solution and the polymer forms by
polymerization. nanocapsules are then obtained by performing interfacial polymerization or
polycondensation reactions in emulsions or in microemulsions (Bouchemal et al., 2006).

1.7 New platforms available
In the present study two different methods – microfluidics and microfluidizer - were
investigated for nanocarrier production. The aim was to find newer and cost-effective scale
up manufacturing methods that answer pharmaceutical companies’ requests. Regarding
microfluidics, one of the key approaches exploited was miniaturizing the assay systems so it
was possible to operate on micron dimension samples, using lab on-a-chip technology. The
application of microfluidic tools for carriers manufacturing is based on the theory of a
nanoprecipitation reaction resulting from rapid mixing at the nanolitre scale. In contrast to the
top-down methods, this nanoprecipitation can produce liposomes and nanoparticles in a onestep

process

(Bally

et

al.,

2012)

with

no

further

disruption

of

the

resulting product. The advantages of microfluidic-based technologies include enhanced
control over processing conditions, offering reproducible and robust manufacturing of
uniform liposome size distributions and, by working at reduced volumes during development
processes, costs can be reduced, whereas throughput is also increased (Jensen, 2001).
Generally, two or more inlet streams (an organic solvent and an aqueous phase) are rapidly
mixed together and flow profile in the chamber itself are of low Reynolds numbers and
categorized as laminar (Karnik et al., 2008b). Using microfluidic systems, a tight control of
the mixing rates and ratio between aqueous and solvent streams is achieved, with low liquid
volume required, which facilitates process development by reducing time and production
costs. The systems are designed with the option of high-throughput manufacturing and are
generally considered as less harsh compared to conventional methods of nanoparticles
manufacturing, based on mechanical nanoprecipitation. In microfluidics, a chaotic advection
micromixer, a Staggered Herringbone Micromixer (SHM), is used. The fluid streams pass
through the series of herringbone structures that allow for the introduction of a chaotic flow
profile, which enhances advection and diffusion. A chaotic advection micromixer, as well as
flow focusing methods, were shown to allow for scalability, associated with defined particle
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size (Belliveau et al., 2012). Sample mixing is essentially achieved by enhancing the diffusion
effect between the different species flows. A passive mixing occurs in the chip, where the
contact area and contact time of the species samples are increased through specially-designed
microchannel configurations. The diminutive scale of the flow channels in microfluidic
systems increases the surface to volume ratio and is therefore advantageous for many
applications. However, Reynolds number (Re = 1 ρv/η) of liquid flows in such microchannels
is very small (Lee et al., 2011a). For example, typical water-based microfluidic systems with
a channel width of 100 μm and a liquid flow rate of 1 mm/s have a Re around 0,1: in these
conditions, turbulent mixing does not occur, and hence diffusive species mixing plays an
important role but is an inherently slow process. Consequently, the aim of microfluidic mixing
is to enhance the mixing efficiency such that a thorough mixing performance can be achieved
within shorter mixing channels, which can reduce the characteristic size of microfluidic
devices.

A

B

Figure 1. 4 Vesicles and particles formation using microfluidics. a) Schematic description of
the liposome and particles formation process based on the SHM design, b) Staggered
herringbone micromixer flow investigated by Stroock and co-workers (Stroock and McGraw,
2004).

Due to the inherently laminar characteristics of micro-scaled flows, mixing in passive
micromixers relies predominantly on chaotic advection effects realized by manipulating the
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laminar flow within the microchannel or by enhancing molecular diffusion by increasing the
contact area and contact time between the different mixing species. Also, the geometry of
microfluidic mixer is a key feature to control instrument performances. Mixing efficiency of
the serpentine microchannel was observed to be twice that obtained in a conventional straight
microchannel (Vijayendran et al., 2003).

A

B

Figure 1. 5 M-110P Microfluidizer for Continuous High Shear Fluid Processing a)
Schematic depiction of the liposome and particles formation process using M-110P
Microfluidizer b) Y-Type Interaction Chamber: Channel velocities over 400 m/s, channel
minimum dimensions typically 50-300 microns, shear rates up to 10 7s-1.
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The other method that has been tested in our laboratory was the microfluidisation processing.
This technology combines high pressure values to deliver product into the interaction chamber
with fixed geometry patented interaction chamber itself (Helgason et al., 2015). Molecules
dissolved in fluids with different polarity are loaded in the inlet reservoir. The intensifier pump
generates extremely high pressure to accelerate the product into the interaction chamber. In
this chamber the pressure energy is converted in kinetic energy. The Y shape of the chamber
allows separation of the stream in two microchannel (Chung et al., 2014). The product stream
collides upon itself, producing incredible forces of impact and shear which help to reduce
sample size and polydispersity (Chung et al., 2014). By changing Microfluidizer parameters
like pressure values at which the pump works or number of sample cycles into the machine it
has been possible to control particles physico-chemical properties.

1.8 Aim and objectives
Nucleic acid–based vaccines have attracted researchers’ attention because of their promising
ability to elicit immune responses, particularly in the case of cell-mediated responses, in a safe
manner. Additionally, self-amplifying RNA (SAM) technology due to its intrinsic autoamplification capacity, leads to the generation of multiple copies of the RNA, therefore
inducing significantly greater immune responses than conventional RNAs. However, SAM
activity might be restricted by enzymatic degradation and limited entry into cells cytoplasm.
Hence, nonviral delivery of nucleic acids has been explored.
To achieve this aim, the overall objectives of the work were:


Formulate different cationic delivery systems - solid lipid (SLNs) and polymeric
nanoparticles (NPs), nanoemulsions (CNE) and liposomes, both containing either the
cationic

lipid

1,2-dioleoyl-3-trimethylammonium-propane

dimethyldioctadecylammonium

(DDA)

–

using

innovative

(DOTAP)

or

manufacturing

technologies (microfluidics and microfluidisation).


Produce stable and homogeneous cationic particles in combination with a specific
self-amplifying RNA (SAM) encoding for the model antigen rabies glycoprotein
(SAM-Rabies), which can efficiently encapsulate or adsorbed the antigen thereby
protecting it from nucleases degradation.



Evaluate the potency of delivery systems to successfully transfect different cell lines,
therefore enhancing antigen expression in vitro.



Screen a range of cationic formulations to investigate the pharmacokinetics and
adjuvant properties of these particles by different routes of administrations in an in
vivo model.
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CHAPTER 2
Scalable manufacturing processes for solid lipid
nanoparticles

The work presented in this chapter has been previously published in:
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1. Drug Delivery Letters (Anderluzzi and Perrie, 2019)
2. Pharmaceutical Nanotechnology (Anderluzzi et al., 2019)
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2.1 Introduction
In the development of nanomedicines, there is a wide range of delivery systems available
including polymer based systems, protein based systems and lipid based systems. Within the
lipid area, liposomes, emulsions and solid lipid nanoparticles can all be formulated to deliver
drugs in a controlled and/or targeting mechanism, with each system offering advantages
depending on the drug to be delivered, the rate of delivery, the route of administration and the
target site. The use of solid lipids to develop solid lipid nanoparticles (SLNs) offers the
potential for longer controlled release compared to emulsions and liposomes, because the drug
mobility in these systems is reduced. Solid lipid nanoparticles consist of solid hydrophobic
core with a monolayer coating of phospholipid. The solid core contains drug dissolved or
dispersed in the solid high melting lipid matrix with the hydrophobic chains of phospholipids
also embedded in this matrix (zur Mühlen et al., 1998). Due to their lipid nature, solid lipid
nanoparticles are biocompatible and they can be manufactured without the use of organic
solvents, which is also advantageous (Muller and Stefan, 1999). However, solid lipid
nanoparticles have limitations including lack of scale-up manufacturing processes and poor
drug loading capacity (Müller et al., 2002). Indeed, currently there are no clinically approved
solid lipid nanoparticle-based medical products.
In terms of their characteristics, generally, the solid lipid nanoparticle lipid matrix determines
the pharmaceutical properties of the particles. Currently, stabilisers such as surfactants, cosurfactants and coating materials are widely employed in solid lipid nanoparticle formulations.
Antioxidants, electrolytes, preservatives, viscosity enhancing agents, adhesives, absorption
enhancers and other excipients can also be added to improve formulations attributes. For
example, a combination of Tristearin and pegylated lipids can be used to formulate solid lipid
nanoparticles; Tristearin or glyceryl tristearate is a triglyceride derived from three units of
stearic acid, widely used in the pharmaceutical field due to its high biocompatibility and
biodegradability and the fact it is approved for oral and parental administration (Abdelaziz et
al., 2019). Poly(ethylene glycol)–distearoylphosphatidylethanolamine (PEG-DSPE) is a linear
PEG phospholipid with saturated C18 stearoyl fatty acid (Abou-Saleh et al., 2014). Once
incorporated in the particle, the PEG shell remains on the surface of the matrix and it can
generate a hydrophilic coating which potentially reduces the in vivo clearance of carriers and
their opsonisation by plasma proteins (Panyam et al., 2002). The presence of PEG-DSPE could
prolong the body circulation time of the carrier and release drugs at a sustained rate in an
optimal range of drug concentrations.
As mentioned, despite the advantages of solid lipid nanoparticles and the variety of
formulations that can be explored, there remains a lack of cost-effective and scalable
production methods and this has hampered the development of solid lipid nanoparticles.
Current manufacturing and formulations approaches can be classified into three main groups
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– high energy approaches, low-energy approaches and methods employing organic solvents
(Battaglia et al., 2015). This includes emulsification, extrusion/homogenisation, solvent
evaporation methods and the adoption of supercritical fluids. Depending on the method of
manufacture and the drug loaded, drug loading varies widely, and production must be
optimised for the given formulation. However, with many of these methods, dispersion quality
is often compromised by the presence of micro particles. To overcome these technical issues,
two methods were investigated to produce SLNs 1) the application of microfluidisation and
2) microfluidics.

2.1.1. Production of SLNs using microfluidisation
One of the key features of microfluidisation process is the combination of high pressure
delivery (which converts into kinetic energy) of the feed-stock into the interaction Y-shaped
chamber (Mayhew et al., 1984, Washington and Davis, 1988, Saheki et al., 2012). The Y shape
of the chamber separates the stream in two micro-channels. The product stream collides upon
itself, producing impaction and shear which reduces the particle size and polydispersity, and
by controlling the process parameters (pressure and number of cycles) particle size can be
controlled (Mahdi Jafari et al., 2006, Sorgi and Huang, 1996). An additional advantage of this
system is the direct scalability of the process from bench to manufacture. Indeed, many papers
reported the application of microfluidisation for drug carriers manufacturing, especially
emulsions, polymer particles, crystalloid solids and liposomes (Bodmeier and Huagang, 1990,
Siqueira et al., 2010, Takahashi et al., 2009, Thompson and Singh, 2006). For example, soy
lecithin based liposomes were demonstrated to have a diameter below 50 nm and low
polydispersity after the homogenization process (Laye et al., 2008, Gibis et al., 2014, Lajunen
et al., 2014). Furthermore, the Microfluidics M110P was used for particles size reduction of
three different liposome formulations composed of 1) hydrogenated soy phosphatidylcholine,
1,2-dioleoyl-3-trimethylammonium-propane and cholesterol, 2) 1,2-dimyristoyl-sn-glycero3-phosphocholine,

1,2-dimyristoyl-3-trimethylammonium-propane

(DMTAP)

and

cholesterol, or 3) egg phosphatidylcholine, DMTAP and cholesterol. All three of these
liposome formulations were shown to be monodisperse and highly stable, with diameter
reduced to sub-micron sizes after 3 passages through the Microfluidizer (Lajunen et al., 2014).
Similarly, this technology has been employed for silica nanoparticle manufacturing and for
particles agglomerating study, with encouraging results for both applications (Gavi et al.,
2018).

2.1.2 Production of SLNs using microfluidics
Microfluidics technology is based on controlled manipulation and mixing of fluids in the
microliter to picolitre range. Since its first application in the 1980s (Whitesides, 2006),
microfluidics has emerged as a lab-on-a-chip based technology for process development
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(Bjork and Joensson, 2019), to automate laboratory procedures in the fields of pharmaceutical
industry and biotechnology (M. Squires and R. Quake, 2005) and to produce nanomedicines
(Kastner et al., 2014, Kastner et al., 2015, Forbes et al., 2019, Dimov et al., 2017, Joshi et al.,
2016). In general, microfluidics involves the controlled mixing of fluids, with fluid mixing
being dictated by the design of the microfluidic cartridge (with numerous formats and mixingsteps having been investigated) and the process parameters adopted (including the flow rate
through the cartridge and the mixing ratios employed during the process). In terms of a mixing
process, microfluidics offers a range of advantages including scalable working volumes from
very low volumes to high-throughput, short reaction times, reduced cost, controlled mixing
and enhanced parameter control combined with process automation (Yu et al., 2009, Pihl et
al., 2005, David J. Beebe et al., 2002, Jahn et al., 2010). Therefore, microfluidics has been
used to produce a range of nanoparticle systems including lipid nanoparticles, liposomes,
polymeric nanoparticles and solid lipid nanoparticles. By using microfluidics to rapidly mix
liquids of different polarities, the nanoprecipitation of dissolved molecules can be promoted
and uniform nanoparticle suspensions produced (Park, 2017).

2.1.3 Aim and objectives
Given the positive results with other particulate systems for both high-shear mixing and
microfluidics, the aim of the work within this chapter was to investigate both manufacturing
platforms for their potential as a scalable manufacturing process for solid lipid nanoparticles.
To achieve this, the objectives were:


Evaluation of critical process parameters to produce protein loaded SLNs.



Application of tangential flow filtration for protein and solvent removal.



Protein loading and in vitro release quantification.

2.2 Materials and Methods
2.2.1 Materials
Tristearin (Grade II-S, ≥90%) and trifluoroacetic acid (TFA) were obtained from SigmaAldrich Company ltd, Poole, UK. 1,2-Distearoyl-phosphatidylethanolamine-methylpolyethyleneglycol conjugate-2000 (DSPE-mPEG-2000) was obtained from Lipoid GmbH
(Ludwigshafen Germany). Ethanol and methanol were obtained from Fisher 141 Scientific
UK, Loughborough, UK. TRIS Ultra-Pure was obtained from ICN 142 Biomedicals, Inc.,
Aurora, Ohio. Phosphate-buffered saline (PBS) and Albumin from chicken egg (OVA), were
obtained from Sigma-Aldrich Company ltd, Poole, UK. Sephadex G-75 size exclusion
columns were obtained from GE Healthcare Life Science -Little Chalfont-Buckinghamshire,
UK.
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2.2.2 Preparation of solid lipid nanoparticles
2.2.2.1 Microfluidics
Solid lipid nanoparticles formulations using the micromixer were performed on a benchtop
NanoAssemblr instrument (NanoAssemblr, Precision Nano- Systems Inc.). The two inlet
streams comprised lipids dissolved in ethanol and aqueous buffer (Tris, 10 mM, pH 7.4),
syringe pumps allowed for controlling the flow rates and the flow ratios between the two inlet
streams. Solid lipid nanoparticles were prepared with the Nanoassemblr; 1.3 mg of Tristearin
and either 1% w/w or 16% w/w of mPEG-DSPE were dissolved in 1 mL of ethanol (70°C)
and OVA (when added) was dissolved in 1 mL TRIS buffer pH 7.4 10 mM. Both solutions
mixed via microfluidics and particles were collected in a 15-mL falcon tube. The total flow
rate (TFR) was varied between 5 and 20 mL/and the aqueous/solvent ratio (FRR) was varied
between 1:1, 3:1 and 5:1.

2.2.2.2 Microfluidisation
Solid lipid nanoparticles were prepared using the M-110P Microfluidizer (Microfluidics Inc,
Westwood, Massachusetts, US). mPEG-DSPE-2000 (1 or 16% w/w) was dissolved in 10 mM
TRIS buffer at pH 7.4 and heated up at 75°C. Tristearin 1.3 mg/mL was melted at 75°C and
the liquid mass was emulsified with the aqueous phase under vigorous stirring. Buffer solution
(75°C) was added to the O/W emulsion to a final volume of 75 mL. The emulsion was loaded
in the inlet reservoir of an M-110P Microfluidizer processor and the effect of the number of
process cycles (1 to 5) and of process pressure change (20,000, 25,000 and 30,000 psi) were
investigated. The size, PDI and Z-potential were measured with Zetasizer Nano ZS and
Zetasizer AT (Malvern Instruments Ltd). OVA loaded Tristearin: mPEG-DSPE (5:1 w/w)
solid lipid nanoparticles were similarly prepared: mPEG-DSPE-2000 16% w/w was dissolved
in 10 mM TRIS buffer at pH 7.4 and heated up at 75°C. To formulate loaded particles,
Ovalbumin (0.1, 0.5 and 1 mg/mL; OVA) was added to the aqueous phase. Tristearin 1.3
mg/mL was melted at 75°C and the liquid mass was emulsified with the aqueous phase under
vigorous stirring. Buffer solution (75°C) was added to the O/W emulsion to a final volume of
75 mL. The emulsion was loaded in the inlet reservoir of an M-110P Microfluidizer processor
to reduce particles size.

2.2.3 Purification methods
2.2.3.1 Solvent elimination via dialysis after microfluidics
To remove residual organic solvents from formulations, dialysis was applied as purification
method. Briefly, after being produced with Nanoassemblr, 1mL sample SLNs was put into a
14 kDa dialysis membrane; the organic solvent was then let diffuse through membrane porous
against 200 mL TRIS buffer 10 mM pH 7.4 under stirring for one hour.
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2.2.3.2 Size exclusion chromatography (SEC) for solvent and free protein
removal after microfluidics
To achieve removal of organic solvent, 1 mL sample made with Nanoassemblr was loaded on
top of a G-25 spin column (GE Healthcare) and eluted with 3 mL TRIS buffer 10mM, pH 7.4
as recommended from manufacturer instructions. Purified samples were collected into a 15mL falcon tube. Moreover, to eliminate both organic solvent and unloaded protein from
samples prepared in presence of OVA, G-75 spin column (GE Healthcare) was used. Samples
of 1 mL were added on top of the column and, after equilibration, they were eluted with 3 ml
TRIS buffer pH 7.4 10 mM following manufacturer instructions.

2.2.3.3 Protein and solvent removal using tangential flow filtration method after
microfluidics and microfluidisation
Tangential flow filtration (TFF – KR2i TFF System) was investigated as a method for both
organic solvent and free protein removal from formulations made by Nanoassemblr. As part
of the validation process, the sufficient number of washes required to eliminate organic solvent
was evaluated. On this purpose, samples prepared in presence of OVA were used. TFF
filtration speed was set up at 27 mL/min. Residual methanol after 4, 8,12,16 and 20 times TFF
washes with TRIS buffer was detected using gas chromatography (GC-MS, Agilent
Technologies) adding 1% 2-propanol (IPA) as internal standard; flow: 1.561 mL/min,
pressure: 18.678 psi, column: Agilent 122-1334, 0-260 oC, 30 m × 250 µm × 1.4 µm); peaks
area was normalised by IPA peak area and related to solvent concentration through a
calibration curve with a linearity of R2 = 0.9502. All measurements were within the level of
detection and level of quantification.
The minimum volume of buffer needed to eliminate free OVA was investigated using different
OVA stocks at concentrations between 1 mg/mL and 0.1 mg/mL. TFF filtration velocity was
set up at 36 mL/min and stocks were washed with 20 mL of buffer. Filtrate was collected in
aliquots of 1 mL each. For both stocks and aliquots, the absorbance at 230 nm has been
measured using the Nanodrop 2000c (Thermo Scientific). OVA quantification was achieved
by referring to a calibration curve (R2=0.999). The same method was applied to samples
prepared with M-110P Microfluidizer.
Once the minimum washing volume was established, the concentration process after M-110P
Microfluidizer was performed with a 75-ml feed volume of solid lipid nanoparticles dispersion
(0.5 mg/mL) and the TMP maintained at 10 psi. The retentate was circulated back to the feed
bottle at filtration speed of 36 mL/min. As more filtrate was generated, the concentration of
retentate increased. Once the retentate volume reached 1 mL, purification was stopped. The
purified sample was assessed for particle size distribution and zeta potential. Between
purification of batches, the TFF system was cleaned by 1-h continuous circulation of 0.1 M
NaOH followed by flushing with a large volume of water (≥1 L).
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Table 2. 1 Working parameters for Gas Chromatography method.
Rate (oC/min)

Value (oC)

Hold time (min)

Run time (min)

Initial at O

60

1

1

Ramp at 10

120

0

7

MeoH/IPA area ratio

3
2,5
2
1,5
y = 0,028x - 0,0201
R² = 0,9989

1
0,5
0
0

20

40
60
volume of Methanol (µL)

80

100

Figure 2. 1 Calibration curve for solvent quantification. Calibration curve for the
determination of residual methanol in samples. R2= 0.9989

Table 2. 2 Calibration curves parameters.
Characteristic
LOD (µg/mL)

Calibration
curve A
1.3

LOQ (µg/mL)

3.8

Reference
Calculated according to ICH guideline Q2 (R1):
“Validation of Analytical procedures: Text and
Methodology (2005)”
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Absorbance (230 nm)

9
8
7
6
5
4
3
2
1
0

y = 5,203x - 0,0614
R² = 0,9998

0

0,4

0,8
[OVA] mg/mL

1,2

1,6

Figure 2. 2 Calibration curves for protein quantification. Calibration curve for the
determination of OVA concentration in samples. R 2= 0.9998.

2.2.4 Characterization of solid lipid nanoparticles
2.2.4.1 Characterization of particle size, zeta potential and morphology
The dynamic light scattering (DLS) technique was used to report the intensity mean diameter
(z-average) and the polydispersity of all solid lipid nanoparticles formulations (Malvern
Zetasizer Nano-ZS (Malvern Instruments, Worcs., UK)). The measurements of particles size
and polydispersity were carried out at 25 °C in Tris buffer (1:10 dilution, 10 mM, pH 7.4).
Zeta potential was measured in Tris buffer (1:10 dilution, 10 mM, pH 7.4) using the Malvern
Zetasizer Nano-ZS (Malvern Instruments, Worcs., UK). All measurements were undertaken
in triplicates. Furthermore, The Zetasizer AT (Malvern Instruments, Worcs., UK) was used as
an on-line measurement of particle size. 2.5 mL of samples were diluted 1:10 in Tris buffer
(1:10 dilution, 10 mM, pH 7.4) at 25 °C and the volume was let circulate between the mixing
tank and the homogenizer, until the measurement was completed. Data obtained with the two
instruments were compared.
To visualize particles and assess the integrity and morphology, cryogenic electron microscopy
(cryo-EM) was used. Briefly, samples (3 μL) were deposited on a pre-cleaned lacey carboncoated grid and flashed frozen by plunging into liquid ethane cooled by liquid nitrogen.
Samples were then observed in a cryo-holder in electron microscope Tecnai 12 G2 (FEI,
Eindhoven) at liquid nitrogen temperature and 80 KV with magnifications ranging from
40,000X to 135,000X.

2.2.4.2 Lipid recovery
Lipid recovery after dialysis, TFF and spin column was performed by adding 1,1'-Dioctadecyl3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DilC) 0.2% mol total lipid concentration
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solved in ethanol to lipid stocks before being loaded in the Nanoassemblr. DilC fluorescence
was measured before and after TFF, dialysis and spin column (PolarStar, BMG LABTECH
GmbH). Lipid quantification was achieved by referring to a calibration curve with a linearity
of R2=0.995. All measurements were within the level of detection and level of quantification.

90000
Fluorescence intensity

80000
70000

60000
50000
40000
y = 246246x + 1707
R² = 0,995

30000
20000
10000

0
0

0,05

0,1
0,15
0,2
0,25
lipid concentration (mg/mL)

0,3

0,35

Figure 2. 3 Calibration curve for lipid quantification. Calibration curve for the
determination of residual lipid concentration after TFF in SLN samples. R² = 0.995.

Table 2. 3 Calibration curves parameters.
Characteristic Calibration
Reference
curve A
LOD (µg/mL)
0.014
Calculated according to ICH guideline Q2 (R1): “Validation
of Analytical Procedures: Text and Methodology (2005)”
LOQ (µg/mL)
0.045

Recovery of lipids was also performed after samples preparation with M-110P Microfluidizer
and concentration with TFF. DilC 0.2% mol total lipid concentration was solved in the melt
lipid before being loaded in the Microfluidizer. DilC sample fluorescence was measured
before and after TFF (PolarStar, BMG LABTECH GmbH). Lipid quantification was achieved
by referring to a calibration curve with a linearity of R2=0.995. All measurements were within
the level of detection and level of quantification (refer to chapter 3.2.3 for details).

2.2.4.3 Protein loading quantification
The loading efficiency was measured using reverse phase HPLC (Agilent 1100 Series) with a
mobile phase of TFA 0.1 % and methanol with 0.08% TFA with a flow rate of 2.0 mL/min,
λmax of 215 nm. At these conditions the OVA retention time is 9.6 min. The particles were
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destroyed using a solution of IPA: TRIS 50:50 vol/vol. The solution was left at room
temperature for 1 hour to achieve complete particle dissolution. All measurements were within
the level of detection and level of quantification.

6000
5000

Area

4000
3000

y = 5596,8x + 28,233
R² = 0,9994

2000
1000

0
0

0,2

0,4
0,6
Protein concentration (mg/mL)

0,8

1

Figure 2. 4 Calibration curve for protein quantification. Calibration curve for the
determination of encapsulated OVA concentration in SLN samples. R² = 0.999.

Table 2. 4 Calibration curve parameters.
Characteristic
LOD (µg/mL)

Calibration
curve
3

LOQ (µg/mL)

10

Reference
Calculated according to ICH guideline Q2 (R1):
“Validation of Analytical Procedures: Text and
Methodology (2005)”

2.2.4 In vitro release of protein from solid lipid nanoparticles
For the release study of 0.5 mg/mL initial ovalbumin from solid lipid nanoparticles,
nanoparticles were prepared using either Nanoassemblr (TFR 10 mL/min FRR 3:1) or M110p
Microfluidizer (number of passes 5, pressure 25000 psi). All formulations were dialysed
against 80 mL PBS pH 7.4 at 37 °C (membrane cut off 300 kDa). The absorbance of aliquots
from the outer buffer was analysed at different time points (up to 48 h) using NanoDrop 2000c
UV-Vis spectrophotometer (Thermo Fisher Scientific Inc). Released OVA was detected by
measuring the protein absorbance at 230 nm (NanoDrop 2000c, UV-Vis Spectrophotometer)
and these values were related to the concentration using a calibration curve (linearity R 2 =
0.998).
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2.2.5 Statistical analysis
Unless stated otherwise, the results were calculated as mean ± standard deviation (SD). Oneway ANOVA followed by Tukey post hoc analysis was performed for comparison and
significance was acknowledged for p values less than 0.05. All the calculations were made
using GraphPad Prism 8.

2.3 Results
2.3.1 High-throughput manufacturing of solid lipid nanoparticles via
microfluidisation
Solid lipid nanoparticles consisting of Tristearin and mPEG-DSPE-2000 were formulated
using the microfluidisation method. The aim was to optimise parameters to control particle
size by varying the operating pressure from 20,000 to 30,000 psi as well as the number of
circulation cycles from 1 to 5. Figure 2.5A demonstrates that all particles produced by
Microfluidizer processor had a diameter of 250 nm or below with a polydispersity index
between 0.2 and 0.3. The results also show that changes in pressure values between 20,000
and 30,000 psi did not significantly influence particles size. However, at pressures of 20,000
psi the variability within the particle size was the lowest (Figure 2.5A) therefore demonstrating
that this pressure can be adopted to produce solid lipid nanoparticles. Furthermore, increasing
the number of cycles did not significantly reduce the particle size and at 20,000 psi particles
of around 200 nm and polydispersity around 0.25 were formed irrespective of the number of
passes demonstrating the particles are easily formed via this method.
When considering the zeta potential of the formulations, all solid lipid nanoparticles were
anionic in nature, as would be expected given their composition (approximately -20 to -30
mV; Figure 2.5B) and these values were not significantly affected by either number of cycles
or applied pressure.
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Figure 2. 5 The effect of processing pressure and passes on SLN attributes. A) Size
(columns), polydispersity (dots) and B) Z-potential of Tristearin: mPEG-DSPE SLNs obtained
with Microfluidizer processor. Samples with pressure from 20000 to 30000 psi as well as cycle
numbers from 1 to 5 had been tested. Results are expressed as the means of three independent
experiments ± S.D, n=3.
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% OVA remaining
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0
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Figure 2. 6 Purification and removal of non-incorporated protein via TFF. A) Percentage
of residual OVA (mg/mL) after 20 washes at initial protein concentrations from 0.1 to 1
mg/mL. B) Minimum number of diafiltration cycles required to have a protein remained
concentration below 5% (w/w). Results are expressed as the means of three independent
experiments ± S.D, n=3.
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Table 2. 5 Solid lipid nanoparticles attributes after purification via TFF. Results represent
mean ± SD, n = 3.
Solid lipid nanoparticles attributes
Size

142 ± 3 nm

PDI

0.23 ± 0.01

Protein loading capacity

100 ± 24 µg/mL

Particle recovery

96 %

2.3.2 Development of a high-throughput purification of solid lipid nanoparticles
and in-line particle size monitoring
To support the rapid purification and concentration of solid lipid nanoparticles, tangential flow
filtration (TFF) was applied. Initially, the TFF process was optimized to ensure effective
removal of non-incorporated protein with protein concentrations of 0.1 to 1 mg/mL being
mixed with pre-formed solid lipid nanoparticles and the removal of Ovalbumin measured. The
results in Figure 2.6A demonstrate that across this range the purification process was similar
with 12 diafiltration cycles effectively removing non-loaded protein (Figure 2.6B). This
process was then used to purify solid lipid nanoparticles prepared with OVA loaded. The lipid
recovery and the SLN attributes (size, PD, Zeta potential and protein loading) was measured
for Tristearin: PEG SLNs (5:1 w/w) after purification via this TFF protocol (Table 2.5) with
the SLNs being approximately 140 nm in size with a PDI of 0.2 with high protein loading
(100 µg/mL) and particle recovery was 96% (Table 2.5). The SLNs were also subjected to a
10 times concentration step via TFF, and there was no significant change in particle size and
PDI (Figure 2.7B) or morphology (Figure 2.7C).
An important parameter in the development of effective manufacturing processes is the ability
to rapidly monitor critical quality attributes of a product and in the case of nanoparticles,
particle size is a key attribute. Therefore, the potential to monitor the particle size of SLNs
using the Zetasizer AT was investigated. This method offers on-line measurement of particle
size using Dynamic Light Scattering to enable real time monitoring of the particle production.
To achieve this, an at-line system was set up, such that samples could be tested during
production as a process monitoring control or alternatively at the end of the production as a
quality control.
The standard off-line particle sizing (Malvern Zetasizer) and in-line data was compared.
Figure 2.8 outlines the set-up and demonstrates that continuous monitoring of the particles
size and polydispersity after TFF purification and concentration was achieved with no
significant difference in particle size when measured off-line and in-line.
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Figure 2. 7 Production and in-line monitoring of SLNs after production via
Microfluidizer processor after concentration via TFF A) visual appearance, B) Size
(columns) and PDI (dots) of Tristearin: PEG SLNs before and after 10 times TFF
concentration and C) cryo-EM images of Tristearin: PEG SLNs made by Microfluidizer
processor before (two images on the left) and after (two images on the right) 10 times TFF
concentration. Where appropriate, results are expressed as the means of three experiments ±
S.D, n=3. Mann-whitney non- parametric t-test was used for statistical analysis.

Figure 2. 8 Production and in-line monitoring of SLNs after production via
Microfluidizer processor. SLNs were produced, purified via TFF and the particle size
measured by circulation between the mixing tank and the homogenizer, until complete
detection. Data obtained with at-line and off-line dynamic light scattering were compared.
76

A

ns

400

1
0,8
0,6

PDI

Size (d.nm)

300

200
0,4
100

0,2

0

0

0,1

0

B

0,5
[OVA ] (mg/mL)
0,2

[OVA] (mg/mL)
0,4
0,6

1

0,8

1

Z-potential (mV)

0

-10

-20

-30
ns

-40
*

C

Loading capacity (µg/mL)

150

100

50

0
0,1

0,5
[OVA] (mg/mL)

1

Figure 2. 9 OVA-loaded solid lipid nanoparticles made by Microfluidizer processor A)
Size (columns), PDI (dots) and B) Zeta potential and C) Loading efficiency of Tristearin:
mPEG-DSPE SLNs expressed as percentage of the initial protein amount (µg/mL). Results
are expressed as the means of three independent experiments ± S.D, n=3.
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Figure 2. 10 The effect of PEG. The effect of PEG on SLN attributes A) size and PDI, B)
Zeta Potential, C) Loading and D) release profile. Results are expressed as the means of three
experiments ± S.D, n=3. Mann-whitney non- parametric t-test was used for statistical analysis.
Table 2. 6 R2 values of cumulative release profile of OVA (%) replotted according to zeroorder (µg) and first-order models (Ln).
R2 (%)

R2 (µg)

R2 (Ln)

PEG 16%

0,809

0,809

0,643

PEG 1%

0,981

0,981

0,829
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2.3.3 Manufacture of protein-loaded solid lipid nanoparticles
To assess the ability of the M110-P Microfluidizer processor as a potential high throughput
manufacturing method for protein loaded lipid particles production, Tristearin:PEG SLNs
were formulated in presence of different protein (Ovalbumin -OVA) concentrations. As it
shown in figure 2.9A, increasing the protein concentration had no impact on particles
attributes. However, initial OVA concentrations of 1 mg/mL induced high size variability and
less homogeneous particles (PDI of 0.4 ± 0.05). The initial protein concentration did not
impact on zeta potential with all particles being around - 30 to - 35 mV (Figure 2.9B) and
OVA loaded within the SLNs could be increased up to a maximum of 100 µg/mL for the given
lipid concentration (Figure 2.9C). Finally, the impact of increasing the amount of mPEG
within the SLNs was tested, given that low levels of PEG may be useful in the formulation of
vaccine delivery systems whilst high levels of PEG can be useful for avoiding rapid clearance
from the circulation. As shown in Figure 2.10, increasing the amount of PEG had no
significant effect on particle size, zeta potential and protein loading, suggesting that these
systems can be prepared with low and high degrees of pegylation without impacting on the
particle size, PDI and loading. However, increasing PEG concentration from 1 to 16% w/w
affected the protein release kinetics. As shown from the R 2 values listed in table 2.6, OVA
released from SLNs containing 1% PEG followed a zero-order profile - R2 (µg) = 0,981 while increasing PEG till 16% changed the kinetics to pseudo-first order - R2 (µg) = 0,809.
Despite that, the amount of released protein over time was not significantly different between
the two SLNs formulations.

2.3.4 SLNs manufacturing by microfluidics: particles size can be process
controlled
Solid lipid nanoparticles consisting of Tristearin and PEG-DSPE were prepared using the
microfluidics method and the aim of this study was to evaluate how the microfluidic process
parameters impact on particles size and polydispersity. More precisely the percentage of
organic phase was reduced from 50% to 17% and differences in particles attributes were
evaluated. Figure 2.11A showed the effect of modifying flow rate ratio (FRRs; ratio between
organic and aqueous phase) on SLNs size distribution; by enhancing the FRR from 1:1 to 3:1,
the diameter was significantly (p<0.05) reduced from 180 ± 65 nm to 65 ± 23 nm. However,
further increasing the FRR to 5:1 did not significantly impact on the particle size (59 ± 17 nm;
Figure 2.11A). Across the FRR tested the PDI remained low (between 0.2 and 0.3; figure
2.11A) and the size intensity plots are shown in figure 2.11B. Regarding the zeta potential,
values were independent from the FRR (Figure 2.11C); among all aqueous/solvent ratio tested,
the zeta potential remained slightly negative (between -17 and -20 mV) as expected, with no
significant difference.
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Figure 2. 11 SLNs attributes A) Size (columns) and PDI (dots) and B) Zeta-potential of
Tristearin: mPEG-DSPE SLNs using Nanoassemblr after dialysis. Formulations with TFR 10
mL/min and FRR from 1:1 to 5:1 had been tested. C) Intensity plot of SLNs made by
Nanoassemblr and sized after dialysis purification method. Formulations with TFR 10 mL/min
and FRR 3:1 had been tested. Results are expressed as the means of three experiments ± S.D,
n=3.
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2.3.5 Purification process for SLNs produced by microfluidics
Given that after microfluidic manufacturing samples contain organic solvent, several
purification methods were investigated. SLNs were prepared using microfluidics at a FRR
1:1; in these conditions the concentration of ethanol in the final sample is 50 %, thus aiming
to challenge each of purification systems tested. Figures 2.12A and B show that at least 12
washing cycles are required to reach a residual organic solvent concentration below 0,5% in
the sample which corresponds to 5000 ppm, as recommended into the International
Conference on Harmonisation of technical requirements for registration of pharmaceuticals
for human use (ICH).
Then dialysis, TFF and spin column were compared according to their feasibility as
purification methods. Parameters like particles physico-chemical attributes, lipid recovery and
residual solvent levels were evaluated. As it shown in figure 2.13A, by using either spin
column or dialysis it was possible to collect almost 100% particle yield.
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number of washes

Figure 2. 12 Solvent removal using TFF. Residual solvent content after 0, 4, 8, 12, 16 and
20 washing cycles with TFF expressed as percentage of residual methanol. All data were
normalised by IPA standard peaks area. Results are expressed as the means of three
experiments.

In contrast, recovery of SLNs after TFF purification was lower (72%; Figure 2.13C). Figure
2.13D also shows that all three methods tested could efficiently remove the organic solvent
from the sample to below 1%, and both TFF and dialysis achieved residual ethanol levels
below 0.5 %, in line with ICH guidelines for residual ethanol levels.
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Figure 2. 13 Comparison of different purification methods for SLNs samples. A) Size
(columns), PDI (dots) and B) Zeta potential values of Tristearin:mPEG-DSPE SLNs after spin
column (black), dialysis (white) and TFF (grey) purification. Formulations with TFR 10
mL/min and FRR from 1:1 to 5:1 were tested. C) Lipid recovery of Tristearin: mPEG-DSPE
SLNs after spin column, dialysis and TFF purification and C) Residual solvent after spin
column, dialysis and TFF expressed as percentage of remained ethanol (mL%). All data were
normalised by IPA standard peaks area. Results are expressed as the means of three
independent experiments ± S.D.

2.3.6 Protein-loaded solid lipid particles production using Nanoassemblr:
loading efficiency as a function of manufacture process
Using these optimised parameters, the next stage was to evaluate the suitability of
microfluidics for producing SLNs containing proteins. To consider this, three different protein
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(OVA) concentrations were used and loading compared. To achieve this, initially the
extraction process was optimised and drug loading was measured at different time points (3
min, 6 hours and 24 hours post digestion). Spin column purification was applied for both
solvent and free protein removal. Figure 2.14A shows that subjecting the OVA-loaded SLNs
to prolonged exposure to IPA: TRIS 50:50 vol/vol resulted in reduced protein loading, which
may be a result of protein degradation in the IPA. Therefore, for all further studies, all
formulations were subjected to no more than 30 min digestion. Figure 2.14A also shows the
effect of initial OVA concentration on loading capacity. As expected, with increasing initial
OVA concentrations, SLNs can incorporate higher concentrations up to approximately 140
µg/mL when initial concentrations of 1 mg/mL OVA are used. When expressed as % loading
efficiency, the maximum that can be achieved is 36% when an initial concentration of 0.1
mg/mL OVA is used (Figure 2.14B), and in terms of loading capacity (protein/lipid w/w) the
trend again shows increasing loading (up to 11%) with increasing initial OVA concentrations
(Figure 2.14C). Therefore, high protein loading can be achieved when high initial protein
concentrations are used, but this is at the expense of loading efficacy as would be expected
(Figure 2.14).

2.3.7 Influence of flow rate on particle characteristics and drug loading
To consider the impact of production speed, the TFR was varied and the SLN particle size and
protein loading was investigated. The total flow rate values were varied from 5 mL/min to 20
mL/min, while the ratio between aqueous and solvent stream was maintained constant at 3:1.
Figure 2.15A shows the effect of flow rate changes on particles size and polydispersity.
Increasing the production speed from 5 to 10 mL/min made no significant difference in
particles size (between 70 and 90 nm); however, enhancing TFR values to 15 mL per min or
above reduced the particle sizes to a minimum of 40 ± 4 nm without affecting samples
homogeneity (PDI approx. 0.25). The same trend was seen when particle zeta potential was
measured (Figure 2.15B) with the zeta potential at TFR 5 mL/min being more variable at low
(5 mL/min) TFRs, and at 10 mL/min or above the zeta potential was less variable (around -30
mV; Figure 2.15B). With respect to the loading efficiency, using an initial 0.5 mg/mL protein
concentration, the capability was not significantly influenced by the total flow rate; however,
less variability in protein loading was seen at flow rates of 10 mg/mL or more with loading of
80 - 90 µg/mL (Figure 2.15C).
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Figure 2. 14 The effect of digestion method on entrapment. Solid lipid nanoparticles
encapsulating 0.1, 0.5 and 1 mg/mL initial OVA content were formulated using the
Nanoassemblr platform. A) Protein encapsulation efficiency was determined after 0 hours, 6
hours and 24 hours post IPA digestion. Protein incorporation also expressed as B) Protein
loading efficiency (%) and C) Loading capacity (w OVA/w Tristearin). Results are expressed
as the means of at least four experiments ± SD.
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Figure 2. 15 OVA Loaded SLNs attributes. A) Size (columns), PDI (dots), B) Loading
capacity (µg/mL) and C) Zeta potential of OVA loaded SLNs. Protein initial concentration
was 0.5 mg/mL. FRR was set up at 3:1 while TFR were increased between 5 and 20 mL/min.
OVA Protein initial concentration was 0.5 mg/mL. Results are expressed as the means of at
least four experiments ± SD.
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Figure 2. 16 Release study. A) The cumulative release profile of OVA under physiological
conditions from SLNs (PBS buffer, pH = 7.4, at 37°C). Data was also replotted according to
B) zero-order and C) first-order models. Results represent percentage cumulative release of
initially incorporated OVA and are expressed as the means of three experiments ±SD.
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The release profiles of OVA from SLNs produced was also investigated. As shown by results
previously described in figure 2.10D of this chapter, changing PEG content in the formulation
seemed not to alter the amount of protein released over time. Therefore, only particles
containing 16% w/w PEG were used to perform OVA release study from SLNs.
To do so, particles were prepared from a FRR 3:1, TFR 10 mL/min and OVA initial
concentration of 0.5mg/mL. The results in figure 2.16 show that the SLNs give a rapid release
of up to 90% within the first 24 h and the release does not follow a zero-order profile. The
release was also plotted as Ln cumulative percentage of drug released vs time (Figure 2.16B)
and the data suggests the release does not follow a first-order model. These findings suggested
that none of the models accurately described the kinetics of protein released from SLNs.

2.3.8 Comparison of methods
Table 2.7 outlines a summary of the key attributes of the SLNs prepared by microfluidisation
and microfluidics. From these results both methods were suitable for production of
homogeneous solid lipid nanoparticles (PDI<0,3) between 100-200 nm in size and slightly
negative surface charge (Zeta potential of around -20 mVolt).

Moreover, both

microfluidisation and microfluidics allowed the encapsulation of high protein content (LC
between 70 and 100 µg/mL) without altering SLNs physicochemical attributes. In addition,
release of OVA from SLNs matrix seemed to be independent from the manufacturing method
used, with a pseudo-first order release kinetics for both SLNs containing higher PEG content
produced by either microfluidisation and microfluidics

Table 2. 7 Comparison of microfluidisation and microfluidics methods in terms of
SLNs production suitability. Parameters like size, PDI, ZP (Z-potential), LC (loading
capacity) and release kinetics were evaluated
Microfluidisation
Formulation

Size

composition

(nm)

Tristearin,

≈200

PDI
≈0,3

mPEG-

Microfluidics

ZP

LC%

Release

(mV)

(µg/mL)

kinetics

≈

≈100

Pseudo

-

25

Size

PDI

EE%

Release
kinetics

≈100

≈0,2

first

DSPE 16%

ZP
≈ -

≈90

20

Pseudo
first

order

order

w/w
Tristearin,
mPEGDSPE

≈200

≈0,3

≈-25

≈70

Zero

-

-

-

-

-

order
1%

w/w
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2.4 Discussion
Solid lipid nanoparticles offer a range of advantages for drug delivery due to their
biocompatibility, biodegradability and physical stability. Despite these advantages, their
application has been limited by the lack of cost-effective and scalable methods for their
preparation. Furthermore, the loading of hydrophilic, biologically active compounds is
challenging, due to the intrinsic lipophilic nature of solid lipid nanoparticles.
Microfluidisation is commonly applied as a method for particles size reduction with
decreasing particles size occurring after a few recirculation cycles (Salminen et al., 2017,
Asumadu-Mensah et al., 2013). For example, liposomes made by 1,2-dipalmitoyl-sn-glycero3-phosphocholine, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol and cholesterol reached
size values of around 80 nm and PDI 0.11 after 12 cycles at 10,000 psi (Fox et al., 2014).
Similarly, liposomes prepared by this method and formulated from hydrogenated soybean
phosphatidylcholine and N-(Carbonyl-methoxypolyethyleneglycol2000)-1,2-distearoyl-snglycero-3-phosphoethanolamine (mPEG2000-DSPE) were highly homogeneous with average
diameter of 90-110 nm (Cui et al., 2007). Generally, solid lipid nanoparticles tend to be larger
in size and previous studies using three recirculating cycles in microfluidizer platform at
10,000 psi produced Tristearin based SLNs at around 200 nm with low polydispersity
(Salminen et al., 2017). Within these studies (Figure 2.5) it was demonstrated that this method
can be employed to produce SLNs in a high through-put and efficient production of SLNs at
flow rates of up to 155 mL/min depending on the process pressure.
In addition to their productions, solid lipid nanoparticles (and other nanoparticles) generally
require purification to remove non-entrapped drug and tangential flow filtration offers a
scalable process. Therefore, TFF manufacturing process has been exploited to effectively
remove un-entrapped protein with SLNs being purified and retaining their physico-chemical
attributes (Figure 2.7) with good particle recovery (Table 2.5). TFF has recently emerged as
an innovative purification method, and several studies describe the effective purification and
concentration of nanoparticles using tangential flow filtration(He et al., 2018, Dalwadi and
Sunderland, 2007). For instance, nanoparticles composed of poly (D, L-lactide-co-glycolide)
(PLGA) and polyvinyl alcohol (PVA) were purified by tangential flow filtration with a 300K
MWCO membrane and the purified particle dispersions were stable and free of aggregation
(Dalwadi et al., 2005). Moreover, it was demonstrated that phosphatidylcholine and
cholesterol based liposomes were successfully purified by TFF application, with no change in
particles size (approximately 115 nm) and PDI (0.15) and a total lipid recovery after
diafiltration (Dimov et al., 2017) . TFF was also applied to remove unbounded protein;
Ovalbumin was used as model biomolecule (Conrad et al., 2009, Sharma et al., 1996). As a
water soluble compound, its encapsulation in lipid based systems is challenging (Kastner et
al., 2014) (McLaren et al., 2011). Therefore, the choice of OVA has a sound rational to
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challenge the production method. Herein, it was proved that protein loading solid lipid
nanoparticles could be manufactured, purified and concentrated using scalable and costeffective methods, without any alterations in particles physicochemical properties (Figure
2.10). Within these studies, it was also demonstrated that high protein concentrations
destabilise the inner colloidal structure of particles, increasing sizes and inducing aggregation
(Figure 2.9) (van de Weert et al., 2000, Hong et al., 2015, Colletier et al., 2002). Many factors
can physically destabilise solid lipid nanoparticles leading to significant increase in particles
size and consequent aggregation. The use of the PEG in particle formulation is a well-known
technique to improve physical stability of particles. PEG generates a hydrophilic polymeric
coating and PEG chains help to keep particles separated (Kenny et al., 2010, de Lima et al.,
2018, Luangtana-Anan et al., 2010). The presence of PEG shield favours particles repulsion
thus reducing particle growth and collapse.
In vitro release study from SLNs revealed that protein release increased over time; after 10
hours all protein content (>80% of the initial concentration) was released irrespective of the
PEG content (figure 2.10D). Drug release from almost all the SLNs follows Weibull and
Higuchi equations better than first-order equation (Chen et al., 2001, Venkateswarlu and
Manjunath, 2004). The pseudo-first order release kinetics maintains the drug concentration in
the blood or target tissue at a desired concentration for longer. Furthermore, the presence of
high amount of PEG on particle surface reduced kinetics of the process: several coherent
explanations could be given for this phenomenon. According to the Stocks-Einstein equation
(Brillo et al., 2011), the diffusion coefficient is inversely proportional to solution viscosity:
diffusion could be slowed down by increasing solution viscosity. The presence of
polyethylene glycol molecules on the particle surface enhanced the bulk viscosity of water
reducing the speed at which OVA could cross the lipid barrier. Secondly, PEG chains are very
flexible, and they give larger hydrodynamic radius in aqueous media. According to Fick’s first
law of diffusion (Fick, 1995), the rate of diffusion is related to membrane thickness, in a
reverse proportional manner.
One possible limitation which inevitably affects the applicability of the specific Microfluidizer
used within this project at bench scale is the requirement of large volumes for sample
production (up to 75 mL). Therefore, even though additional techniques like TFF can
efficiently circumvent this issue by concentrating samples, this machine might not be suitable
for development of new formulations at early stage or for samples containing expensive
excipients. Thus, microfluidics was employed as alternative technology for SLNs production,
since it requires smaller operating volumes (between 1 and 10mL). Although there has been
extensive work on delivery of hydrophobic molecules using SLNs (due to their lipid-based
matrix facilitating drug incorporation) their applicability as water soluble nanosystems has
received less attention. Therefore, to consider this, these systems were investigated for the
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delivery of water soluble proteins (ovalbumin). Within this chapter it was demonstrated that
protein-loaded SLNs can be manufactured with their particle size being process controlled
(Figure 2.11A). Most of the studies based on microfluidic technologies have attempted to
understand how process parameters might impact on particle attributes and flow rate ratio,
total flow rate and lipid concentration are commonly investigated. Previous studies on
microfluidics confirmed the effect of flow rate ratio on particles dimensions, in agreement
with what has been reported in this present work (Maeki et al., 2015, Patra et al., 2006, Jahn
et al., 2010). For example, cationic 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
based liposomes formed at 1:5 solvent/aqueous formulation were smaller in size (50–75 nm)
compared to the 1:1 solvent/aqueous formulation (175–200 nm) (Kastner et al., 2014).
Furthermore, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol liposomes
formed at low flow rate ratio (1:1) resulted to be larger in size (200 nm) with respect to their
counterparts formulated at higher FRRs (around 90–120 nm) (Joshi et al., 2016). However, it
was also seen that increasing the FRR increased polydispersity (Kastner et al., 2015); a
possible explanation for this phenomenon would be related to the reduced particles fusion
(Ostwald ripening) that occurred at higher FRR, due to the lower amount of residual solvent.
Thus, the formation of smaller monodisperse particles is achieved (Zhigaltsev et al., 2012,
Zook and Vreeland, 2010). On the other hand, at higher FRRs, a dilution of the organic phase
occurred, reducing the tendency of lipids to diffuse, with an effect on sample polydispersity;
these observations were confirmed by previous studies where a staggered herringbone mixer
was used (Kastner et al., 2015). The higher the FRR, the lower the lipid concentration, and
consequently the lower the rate of diffusion. This phenomenon led to partly incomplete
nucleation and a lower rate of particles formation (Balbino et al., 2013). However, it should
be noted that at these high flow rate ratios, the concentration of SLNs will be reduced. This
can be mitigated by concentration of the batch during the TFF step. Alternatively, higher initial
lipid concentrations can be considered (Joshi et al., 2016).
When looking at the surface charge of the SLN particles, zeta potential values remained
unchanged across the FRRs tested (around -20mV; Figure 2.11B). Tristearin or glyceryl
tristearate is a triglyceride derived from three units of stearic acid, without any charged group
at neutral pH (Mehnert and Mäder, 2001, Xue and Wong, 2011, Wissing et al., 2004).
However, PEG-DSPE is a linear phospholipid, a block copolymer of a hydrophobic part
(DSPE) and a hydrophilic part (PEG) (Wang et al., 2012a). The phosphoethanolamine group
is completely ionised at pH 7.4, giving the PEG a net negative charge. By adding PEG-DSPE
to SLNs formulation the distearoyl tail is incorporated to the tristearin solid layer and the
hydrophilic PEG-phosphoethanolamine part remained on lipid surface, making particles
negatively charged (Lobovkina et al., 2011, Uner and Yener, 2007, Kashanian et al., 2014). It
is also known that the addition of PEG may help the manufacture of more homogeneous
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particles (Bahl et al., 2017). Direct incorporation of PEG onto the surface of the particle in a
single step process has advantages over addition via conjugation post production in terms of
reduced process steps and PEGylation of nanoparticles is used in a range of approved products
e.g. Doxil which is a PEGylated liposome product.
In the development of manufacturing processes, production speed is important. Here it was
demonstrated that total flow rates of 20 mL/min can easily be adopted with no effect on the
particle size or protein loading (Figure 2.15). This is in line with previous work on liposomes,
where increasing the flow rate from 10 to 20 mL/min had no effect on liposome size, PDI or
protein loading (Forbes et al., 2019). Within the microfluidic cartridge, even although the
surface to volume ratio is relatively high (due to the reduced dimensions of the channels), the
Reynolds number (Re=1 ρv/ƞ) of liquid is quite low (around 1) (Lam et al., 2009, Huang et
al., 2006). In these conditions, the flow tends to be laminar and driven by diffusive forces,
with a direct consequence on mixing process speed. To overcome these issues, either the
contact area or the contact time between solutions need to be enhanced. To address this, the
inner geometry of the cartridge plays an important role with the serpentine shape of the
microchannel doubling the mixing efficiency of conventional straight microchannel (Forbes
et al., 2019). Thus, microchannel shape and materials used for developing microfluidic devices
are critical aspects that should be considered in the production process. For instance, it has
been seen that the combination of micromixer geometry and hydrodynamic flow focusing
regime affected particles size.(Jahn et al., 2010). Additionally, polydimethylsiloxane (PDMS)
is currently the most commonly used materials for cartridge fabrication (Chaudhury and
Whitesides, 1991, Morra et al., 1990).
As part of the production process, the residual ethanol concentration in the final product is one
of the characteristics that must be considered. Ethanol is a Class 3 solvent, which is considered
less toxic and a lower risk solvent compared to Class 1 and 2 solvents and levels of 50 mg per
day or less (corresponding to 5000 ppm or 0.5%) being acceptable without justification (Klok
and Windhorst, 2006, Qin et al., 2004). For laboratory production of SLNs, three methods
were considered and both TFF, spin column and dialysis can remove solvents to below the
required ICH levels (Figure 2.13D). Moreover, TFF was shown to give slightly lower recovery
compared to the other methods (Figure 2.13C) and particles physico-chemical attributes were
altered after filtration (Figure 2.13A-B). These results are opposite to previous reports, where
TFF has been demonstrated for the purification of other nanomedicines. For example, polyvinyl alcohol (PVA) and sodium cholate were shown to be removed from monomethoxy poly
(ethylene glycol) – poly (D, L-lactide-co-glycolide) (mPEG-PLGA) co-polymer nanoparticles
using TFF, without changing particles properties (Dalwadi and Sunderland, 2007).
Furthermore, tangential flow filtration was applied to purify Poly (d, l-lactic acid)
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nanoparticles from poloxamer 188. Within this study, the authors reported that purification of
the nanoparticles from the excess surfactant using tangential flow filtration enabled better
drying results when the different sugars were studied (Hirsjärvi et al., 2009). It should be
considered, however, that in these studies the chemical composition of TFF column was
slightly different compared to the one used in this chapter; these changes might minimize nonspecific binding between the inner column area and the particles surface. Furthermore, in the
works mentioned above, the use of high quantities of surfactants might help to increase
particles stability during TFF purification, avoiding particles breakage and reassembly into
less homogeneous structures. However, the application of spin column as alternative SLNs
purification method to old-established dialysis resulted to be successful, with no alterations in
particles attributes and lipid recovery (Figure 2.6). Spin column, known as size exclusion
chromatography (SEC), is the simplest and mildest of all the chromatography techniques
which allows separation of molecules based on differences in size, enabling group separation
of biomolecules that are above the exclusion limit of the medium (Davis and Gregoriadis,
1987, Lesieur et al., 1991). When an aqueous solution is used to transport the sample through
the column, samples are processed using an isocratic elution and larger molecules are eluted
in or just after the void volume, as they pass through the column at the same speed as the flow
of buffer; instead small molecules such as salts that have full access to the pores move down
the column, and they are eluted later. These findings were in line with what has been
previously reported in literature. For instance, the use of a G-25 Sephadex column for
purification of egg-phosphatidylethanolamine (PE) and brain Lα-phophatidylserine (PS)
anionic liposomes allowed the recovery of almost 100% of the lipid materials (Ruysschaert et
al., 2005). Moreover, docetaxel-loaded liposomes (DSPC: Chol: DSPE-PEG2000)
physicochemical properties were maintained after SEC purification. Therefore, the
combination of both fast manufacturing and purification can accelerate SLNs product
generation.
Considering protein loading within solid lipid nanoparticles, drug loading via microfluidics is
a passive mechanism, where a simultaneous dispersion of drug and lipids in the aqueous phase
occurs and microfluidics can promote higher encapsulation efficiency compared to
conventional techniques. Herein, high protein (OVA) loading was achieved even at lower
OVA concentrations (around 40% LE at 0.1 mg/mL initial OVA; Figure 2.14 and 2.15). This
is higher than commonly reported for SLNs manufactured by other methods. For example, it
has been seen that egg lecithin and stearic acid based SLNs made through warm
microemulsion were able to encapsulate below 5% of the water soluble immunostimulant
thymopentin (Morel et al., 1996). The same technique was applied for cyclosporine loading
into SLNs made of a mixture of stearic acid and Epikuron 200. However, the loading
efficiency was not promising (just 13%) (Ugazio et al., 2002). Further, supercritical fluids
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(e.g. CO2) were applied to SLN manufacturing. However, many papers reported that the
entrapment efficiency of small peptides – e.g. Insulin – within Tristearin based SLNs was very
low (<3%) (Salmaso et al., 2009a, Salmaso et al., 2009b). This improved loading via
microfluidics has also been shown with other nanoparticle systems, for example, 1,2distearoyl-sn-glycero-3-phosphocholine (and cholesterol liposomes made by microfluidics
gave approximately 30 % protein loading (0.18 mg/mL initial OVA concentration). This is in
comparison to below 5 % with lipid hydration and extrusion or sonication (Forbes et al., 2019).
Furthermore, the concentration of sulforhodamine B in liposomes prepared with microfluidics
was found to be unexpectedly high due to a spatial concentration enhancement induced by
viscosity anisotropy in the microchannel (Jahn et al., 2007). Therefore, the combination of the
fast production step and higher entrapment efficiency of protein demonstrates the suitability
of microfluidics as effective alternative method for protein loaded solid lipid nanoparticles.
This can translate directly into cost savings and improvement in product method performance.
In terms of release from the SLNs (Figure 2.16), most of the protein was released within 24 h.
The initial fast release of OVA maybe resulting from OVA associated at the surface layer of
the solid lipid nanoparticles (Xu et al., 2015) and the PEG coating on SLNs surface could
accelerate the release of proteins or drugs from lipid matrix. It has been seen (Liu et al., 2007)
that PEGylated particles showed a faster protein release with an initial burst, probably due to
protein diffusion through polymer pores and impaired protein interaction with lipophilic
molecules (Zhang et al., 2014).

2.5 Conclusions
The work reported here demonstrates that it is possible to effectively formulate, manufacture,
purify and monitor the particle size of SLNs produced by two different methods –
microfluidisation and microfluidizer. Within this study, SLNs at approx. 200 nm or below
containing low and high PEGylation and incorporating OVA were formulated with both
techniques. The modification of the PEGylation will allow evaluation of these delivery
systems as potential adjuvants (low PEGylation) and for therapeutic drug delivery (high
PEGylation). However, despite promising results obtained with microfluidisation - rapid
manufacture (2 cycles) and at a low pressure (20,000 psi) and removal of non-entrapped
protein achieved after 12 diafiltration cycles - the need of large volumes for sample production
might limit its applicability for development of new formulations at early stage or for samples
containing expensive excipients. Therefore, herein microfluidics was demonstrated to be a
valid alternative method for high-throughput manufacturing of both empty and protein loaded
solid lipid nanoparticles which require low operating volumes (between 1 and 5 mL). Both
the total flow rate and the flow rate ratio were identified as critical process parameters and
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particles physicochemical attributes were confirmed to be suitable for pre-clinical and clinical
applications. Furthermore, using the microfluidics method it was possible to combine particles
manufacturing and drug encapsulation in a single process step, with evident benefits for time
of production. Additionally, these promising results emphasise the suitability of this method
to be adopted for further development of adjuvants for a self-amplifying RNA vaccine.
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CHAPTER 3
Manufacturing of different delivery systems for a selfamplifying RNA (SAM) vaccine
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3.1 Introduction
Nucleic acid-based vaccines such as viral vectors, plasmid DNA, and mRNA have emerged
as an alternative vaccination approach in the last few decades, aiming to address several unmet
medical needs. These new generation vaccines are very promising due to their ability to elicit
both humoral and cellular immunity in a safe manner (Smerdou and Liljestrom, 1999).
However, so far there is still no licensed nucleic acid–based vaccine for human use. The reason
might be due to several factors; for example, recombinant viral vectors are shown to be
efficient delivery systems, but, due to antivectorial immunity, production limitations, and
safety issues, their use is restricted (Smerdou and Liljestrom, 1999). Regarding plasmid DNA
(pDNA), even though they are much safer and broadly effective in small animal models, a
large dose of DNA is required to induce a potent immune response in humans (Kutzler and
Weiner, 2008). These disadvantages have been partially overcome through optimization of
pDNA constructs, coexpression of immune-stimulatory molecules, and improved delivery
technologies. Ongoing clinical trials will ultimately determine if these improvements in pDNA
vaccines are sufficient to generate practical human vaccines (Sardesai and Weiner, 2011). A
promising alternative to pDNA is mRNA technology (Wolff et al., 1990). The advantages of
mRNA vaccines are numerous; first, mRNA need only be delivered to the cytoplasm of the
cells to be translated, while pDNA must also be transported from the cytoplasm across the
nuclear membrane (Weissman, 2015, Petsch et al., 2012). Second, the integration of pDNA
into the host genome following transfection is an additional safety concern; on the other hand,
RNA technology does not suffer from this issue. Several means of mRNA delivery have been
explored, including injecting naked mRNA, device-mediated delivery such as the gene gun or
electroporation, (Hoekstra, 2001, Behr et al., 1989) or formulating with synthetic delivery
vehicles, such as liposomes, lipoplexes, and cationic polymers. mRNA potency can be further
increased by using a Self-amplifying RNA (SAM) strategy (Heidenreich et al., 2015) (Geall
et al., 2012a). Here, the vaccine is based on an α-virus genome, in which the structural genes
of the alphavirus that form viral particles have been replaced with the mRNA encoding an
antigen of interest (Kramps and Elbers, 2017). However, significant elements that induce the
amplification process of the virus have been left, such as polypeptides which, when cleaved
which makes a RNA dependent polymerase that amplifies the mRNA by generating multiple
copies of the RNA (Choi and Chang, 2013). This leads to significantly greater immune
responses than conventional RNAs. However, the most challenging step in realizing the full
potential of self-amplifying RNA vaccines is the efficient nonviral delivery of the nucleic acid
to the cell cytoplasm, where it can amplify and express the encoded antigen (A L Audouy et
al., 2002, Pollard et al., 2013, Kallen and Theß, 2013). When administered into the body, SAM
might undergo biological degradation via RNases present at the injection site (Choi et al.,
2004). Moreover, SAM must translocate through the cellular membrane to enter the cytoplasm
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and initiate translation of the non-structural proteins. However, due to its hydrophilicity and
net negative charge, cellular uptake is limited (Hoerr et al., 2000). Therefore, to overcome
these issues, delivery systems are required. Lipid nanoparticles (LNP) systems are currently
the lead non-viral delivery systems for enabling the clinical potential of genetic drugs. They
are composed of an ionizable amino lipid, an helper lipid (usually a phosphatidylcholine i.e.
1,2-distearoyl-sn-glycero-3-phosphocholine - DSPC), cholesterol and a coat lipid
(polyethylene glycol based lipid) (Jayaraman et al., 2012). heptatriaconta-6,9,28,31-tetraen19-yl 4-(dimethylamino)butanoate (DLin-MC3-DMA) is currently the most active ionizable
lipid being used in clinical trials. It is also currently the gold standard cationic lipid for
silencing liver targets (Jayaraman et al., 2012). However, the application of DLin-MC3-DMAbased LNPs might be limited due to its high cost and sophisticated synthetic pathway (Heyes
et al., 2005). Hence, development of a less expensive alternative carrier with comparable
ability of SAM protection and antigen expression might be beneficial. For this purpose, two
cationic lipids – DOTAP and DDA- were used. There has been extensive work in identifying
both lipids as efficient transfection agents and immunostimulant. DDA is known to induce
cell-mediated immunity and delayed-type hypersensitivity (Klinguer-Hamour et al., 2002).
DDA based liposomes have previously been evaluated as carriers for drugs, (Carmona-Ribeiro
et al., 1997) as antimicrobial agents (Lincopan et al., 2003) and as adjuvants for a range of
vaccines for both parenteral and mucosal delivery (Hilgers et al., 1984, Klinguer et al., 2001,
Snippe et al., 1977, Lima et al., 2001, Tsuruta et al., 1997). Recently they have been used as
part of more complex adjuvant systems for experimental subunit vaccines (Brandt et al.,
2000b, Lindblad et al., 1997, Holten-Andersen et al., 2004, Rosenkrands et al., 2005). In
addition, the association of DDA with the immunostimulatory glycolipid trehalose dibehenate
(Davidsen et al., 2005) is currently in phase I clinical trials. Moreover, DOTAP is commonly
cited as transfection agent, usually in combination with the helper lipid DOPE. This helper
lipid can form the inverted hexagonal structure in liposome and cause freeing DNA/RNA from
lipoplex and releasing into cytoplasm (Dass and Choong, 2006, Caracciolo et al., 2007) due
to its ethanolamine head group. It has been seen that by encapsulating antigen-encoding
plasmid DNA (pDNA) into cationic liposomes composed of PC, DOPE and DOTAP,
improved antibody responses and antigen specific cytotoxic T-lymphocyte (CTL) responses
were obtained after intramuscular administration in mice, as compared to naked pDNA
(Gregoriadis et al., 1997, Bacon et al., 2002). Besides, this formulation improved the immune
response after administration of antigen-encoding pDNA via the subcutaneous or oral route
(Perrie et al., 2002, Perrie et al., 2003). The increased potency of liposome-encapsulated
pDNA as a vaccine was ascribed to the protective effect of DOTAP liposomes against
enzymatic degradation of pDNA, and improved interaction with negatively charged cellular
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membranes. This leads to improved transfection and consequently higher antigen levels
(Perrie et al., 2001).

3.1.1 Aim and objectives
Within this chapter, as validation step, cationic liposomes composed of 1,2-dioleoylphosphoethanolamine (DOPE) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
were produced using microfluidics. Further, the impact of changes in process parameters like
flow rate ratio (FRR), total flow rate (TFR) and lipid concentration on vesicles attributes were
analysed. The aim was to:


Better understand the suitability of microfluidics to prepare cationic liposomes.



Use this methodology for further applications as delivery systems and antigen
adjuvants production.

Moreover, these findings were then adopted to produce different carriers - liposomes, solid
lipid nanoparticles (SLNs), polymeric nanoparticles (NPs) and cationic nanoemulsions (CNE)
- for a self-amplifying RNA (SAM) vaccine. Formulations differed in physico-chemical
attributes, but they all contained one cationic lipid - 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) or dimethyldioctadecylammonium (DDA). The aim of the project was to:


Compare empty and SAM loaded carriers according to their physico-chemical
properties (hydrodynamic radius, polydispersity index – PDI - and surface charge).



Evaluate the ability of cationic formulations to efficiently encapsulate or adsorb
SAM, thereby protecting the antigen from enzymatic degradation.

3.2 Materials and methods
3.2.1 Materials
Poly (D, L-lactide-co-glycolide) lactide: glycolide (50:50), mol wt 30,000-60,000, Dimethyl
Sulfoxide, Tristearin (Grade II-S, ≥90%) Cholesterol and squalene were obtained from SigmaAldrich Company ltd. Dipalmitoylphosphatidylcholine (DSPC), 1,2-dimyristoyl-rac-glycero3-methoxypolyethylene glycol-2000 (DMG-PEG2000), Dimethyldioctadecylammonium
(DDA) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were obtained from
Avanti Polar Lipids, Alabama. Ethanol, methanol, 2-propanol, 1,1'-Dioctadecyl-3,3,3',3'Tetramethylindocarbocyanine Perchlorate (DilC), Tween 20 and Span 80 were obtained from
Fisher Scientific UK, TRIS Ultra-Pure was obtained from ICN Biomedicals. Tertiary cationic
lipid “X” was provided by Discovery, Drug Product Development department Rockville,
USA.1,2-Distearoyl-phosphatidylethanolamine-methyl-polyethyleneglycol

conjugate-2000

(DSPE-MPEG-2000) was obtained from Lipoid GmbH (Germany). Sephadex G-25 size
exclusion columns were obtained from GE Healthcare Life Science (UK). MicroKros hollow
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fibre filter (750K MPES 0.5MM MLL X FLL 1/PK) was obtained from Spectrum
Laboratories, Inc (UK).

3.2.2 Preparation of liposomes
Liposomes formulations were prepared using benchtop NanoAssemblr instrument
(NanoAssemblr, Precision Nano- Systems Inc.). Briefly, lipid mixture composed of DOTAP
and DOPE (1:1 w/w, 4 mg/mL initial concentration) was dissolved in methanol. TRIS buffer
pH 7.4 10 mM was used as aqueous phase. Both solutions were mixed via microfluidics and
vesicles were collected in a 15-mL falcon tube. The total flow rate (TFR) was varied between
5 and 20 mL/min and the aqueous/solvent ratio (FRR) was varied between 1:1, 3:1 and 5:1.
To evaluate the effect of lipid concentration on liposomes size, initial lipid mixture content
was varied from 0.25 to 10 mg/mL. Liposomes were manufactured using the Nanoassemblr
as previously described. Process parameters – FRR and TFR – were set up at 1:1 and 15
mL/min respectively.

3.2.3 Solvent purification methods
To consider solvent purification methods, liposomes attributes (size, PDI and zeta potential)
as well as residual solvent levels were quantified after tangential Flow Filtration (TFF – KR2i
TFF System – Filtration speed 27 mL/min, washing volume 20 mL), dialysis (1-hour,
membrane cut off 14 000 KDa) and spin column (3 mL elution buffer volume). Residual
solvent was detected using gas chromatography (GC-MS, Agilent Technologies) adding 1%
2-propanol (IPA) as internal standard; peaks area was normalised by IPA peak area and related
to solvent concentration through a calibration curve with a linearity of R2 = 0.9502. All
measurements were within the level of detection and level of quantification (refer to chapter
2.2.3 for details).

3.2.4 Lipid recovery quantification after purification
Lipid recovery after dialysis, TFF and spin column was performed by adding 1,1'-Dioctadecyl3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DilC) 0.2% mol total lipid concentration
solved in ethanol to lipid stocks before being loaded in the Nanoassemblr. DilC fluorescence
was measured before and after TFF, dialysis and spin column (PolarStar, BMG LABTECH
GmbH). Lipid quantification was achieved by referring to a calibration curve with a linearity
of R2=0.995. All measurements were within the level of detection and level of quantification
(refer to chapter 2 for details).

3.2.5 SAM synthesis
DNA plasmids encoding the self-amplifying RNAs were constructed using standard molecular
techniques. Plasmids were amplified in Escherichia coli and purified using Qiagen Plasmid
Maxi kits (Qiagen). DNA was linearized immediately following the 3′ end of the selfamplifying RNA sequence by restriction digest. Linearized DNA templates were transcribed
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into RNA using the MEGAscript T7 kit (Life Technologies) and purified by LiCl
precipitation. RNA was then capped using the Vaccinia Capping system (New England
BioLabs) and purified by LiCl precipitation before formulation. Both self-amplifying RNA
encoding for a green fluorescent protein (SAM-GFP) and self-amplifying RNA encoding for
rabies glycoprotein (SAM-Rabies) were used in the study.

3.2.6 SAM-formulations preparation
Formulation of liposomes: SAM-liposomes were prepared in the Nanoassemblr Platform.
Briefly, lipid mixtures, composed of DOPE and a cationic lipid (DOTAP or DDA) were
prepared in methanol at 1:1 mole ratio. Then, the lipids and an aqueous phase (10 mM TRIS
buffer pH 7.4) were injected simultaneously in the micromixer. Empty liposomes were
prepared at 4 mg/mL initial lipid concentration, 1:1 aqueous: organic flow rate ratio (FRR)
and 15 mL/min total flow rate (TFR).
SAM-Lipid Nanoparticles (LNPs) manufacturing: SAM-LNPs were prepared in the
Nanoassembr by mixing tertiary cationic lipid “X”: Chol: DSPC: 14:0-PEG2000 (10:48:40:2
mol%) in methanol at 4 mg/mL initial lipid concentration. Citrate buffer 20mM pH 6 was used
as aqueous phase. TFR and FRR were set up at 10 mL/min and 3:1.
Solid-lipid nanoparticles (SLNs) and polymeric nanoparticles (NPs) preparation: cationic
SLNs were prepared with the Nanoassemblr ;1.3 mg of Tristearin, 2mg of DOTAP and 2%
w/w of 14:0 PEG 2000 were solved in 1mL hot ethanol (70°C); TRIS buffer pH 7.4 10 mM
was used as aqueous phase. Both solutions were injected inside the chip and particles were
collected in a 15-mL falcon tube. The same technique was applied for polymeric nanoparticles
(NPs) preparation. Poly (D, L-lactide-co-glycolide) lactide: glycolide (50:50), mol wt 30,00060,000 (PLGA) 2 mg/mL and DOTAP 2 mg/mL were solved in DMSO. Furthermore, DDA
based SLNs and NPs were obtained by substituting the cationic lipid DOTAP with DDA,
following the method described above.
Emulsion preparation: to make oil in water (O/W) cationic nanoemulsions (CNE), DOTAP
or DDA in chloroform was placed in a beaker and the volume allowed to evaporate to 200 ml,
Tween (0.5%, w/w), Squalene (5.0%, w/w) and Span (0.5%, w/w) were added and vortexed
for 1 min to provide a homogeneous feedstock. This primary emulsion was passed 5 times
through M110-p Microfluidizer at 25,000 psi to reduce droplets size. Chloroform was let
evaporate leaving the sample overnight under vigorous stirring. In order to prepare anionic
nanoemulsions (MF59-like) the protocol described above was followed without adding any
cationic lipid during the sample preparation. To encapsulate either SAM-GFP or SAM-Rabies
inside formulations, liposomes, SLNs and NPs were formulated with the addition of RNA 8:1
mol/mol N:P (Nitrogen –N- in the cationic lipid and Phosphate- P- in SAM) in the aqueous
phase of Nanoassemblr, following the protocol explained above. To load RNA on the surface,
the nucleic acid (8:1 mol/mol N: P) was mixed with formulated liposomes, SLNs, NPs and
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CNE under mild stirring. Dialysis was applied to liposomes, LNPs, SLNs and NPs as
purification method (1h against 200mL aqueous buffer, membrane cut off 14000 Da).

3.2.7 Quantification of SAM loading and adsorption efficiency
After organic solvent removal, SAM encapsulation efficiency (EE%) was measured using
Quant-iT RiboGreen RNA Assay Kit. Briefly, 100 µL of the diluted fluorescent dye was added
to each formulation and incubated in the absence of light for 5 min. This allowed the dye to
quantitatively bind free nucleic acid. The concentration of non-loaded SAM was determined
by measuring fluorescence (λem=480 nm, λex=520nm) using either Polarstar Omega (BMG
Labtech) or Synergy H1 Hybrid Multi-Mode Reader (BioTek Instruments, Inc) and referring
to a calibration curve (Figure 3.1). The actual loading was obtained by subtracting the
unloaded SAM to the initial nucleic acid concentration. Furthermore, to quantify SAM
adsorption rate, SAM adsorbing samples were ultracentrifuged for 20 min at 10000 rpm
(Beckman Coulter Airfuge Air-Driven Ultracentrifuge) to separate free SAM from adsorbed
ones. Then the subnatant containing non- adsorbed nucleic acid was used for SAM
quantification. The adsorption efficiency (LE%) was calculated using the method above.

3.2.8 Physiochemical characterization of formulations
All formulations were characterized in terms of hydrodynamic size (Z-average),
polydispersity index (PDI) and surface charge (zeta-potential) by dynamic light scattering
(DLS) in a Zetasizer Nano ZS (Malvern, UK) at 0.1 – 0.2 mg/mL at 25 ˚C.
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Figure 3. 1 Calibration curve for RNA quantification. Calibration curve for the
determination of RNA
R² = 0.999. Data were obtained using PolarStar, BMG LABTECH
GmbH Spectrophotometer.
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3.2.9 RNA gel electrophoresis and RNase protection assay
To assess the ability of DOTAP or DDA based formulations to protect RNA from RNase
degradation, each RNA/formulation complex was exposed to 0.5 µAU of RNase A (Ambion,
Austin, TX) per microgram of RNA for 30 minutes at room temperature. RNase was
inactivated by proteinase K (Novagen, Darmstadt, Germany) and incubating the sample at 55
°C for 10 minutes. To extract the remaining RNA from lipid formulations, ethanol or 2propanol 1:20 v/v was added to the solution, mixed, and centrifuged at 12K RPM for 15
minutes. The aqueous phase containing RNA was removed and used to analyse RNA integrity
by denaturing gel electrophoresis. A 1% denaturing precast agarose gel was used (Bio-Rad,
Hercules, CA). 1 µg of RNA was loaded per lane. Millennium markers (Ambion) were used
to approximate the molecular weight of the RNA. The gel was run at 100 V and then stained
using 0.1% SYBR gold according to the manufacturer’s guidelines (Invitrogen, Carlsbad, CA)
in water by rocking at room temperature for 1 hour. Gel images were taken on a Bio-Rad
Chemidoc XRS imaging system.

3.3 Results
3.3.1 Effect of operational parameters – total flow rate and flow rate ratio
To initially optimise the production method for cationic systems, the well-reported
DOPE:DOTAP liposomes formulation was selected. Herein, microfluidics was used as
manufacturing method for homogeneous liposomes production and process parameters like
the total flow rate (TFR) and the solvent/aqueous ratio (FRR) were investigated. As shown in
Figure 3.2A, increasing the flow rate ratio (FRR) from 1:1 to 5:1 increased the vesicle size;
for example, for formulations with TFR 10 mL/min the size went from around 41 ± 3 nm at
FRR 1:1 to around 148 ± 40 nm for the FRR 5:1.
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Figure 3. 2 DOTAP:DOPE liposomes made by Nanoassemblr. DOTAP:DOPE
liposomes made by Nanoassemblr changing TFR and FRR a) size b) PDI and c) Z-potential
increasing TFR from 5 to 20 mL/min. Blue, red and green columns/lines represent
formulations with FRR 1:1, 3:1 and 5:1 respectively; Results are expressed as the means of
three independent experiments ± S.D.
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However, particles attributes seemed to be independent from the TFR applied. Polydispersity
index tended to follow a similar trend, with more homogeneous particles obtained at lower
FRRs, despite the TFR choice (Figure 3.2B). For instance, at TFR 20 mL/min, enhancing
solvent/aqueous ratio from 1:1 to 5:1 resulted in PDI increase of more than two-fold.
Furthermore, liposomes surface charge was maintained highly cationic, regardless of
alterations in flow rates and ratios with the liposomes having a positive zeta potential of 5060 mV (Figure 3.2C).

3.3.2 Effect of lipid concentration
As known, the increase in FRR will induce dilution of liposomes and lower liposome
concentrations in the final formulation. A subsequent concentration process based on
filtration, chromatography or centrifugation adds additional processing time and may alter the
final product. Therefore, to circumvent this additional process step, the dilution of the lipids
at higher FRR was counteracted by increasing initial lipid concentrations introduced to the
micromixer at the desired FRR. Through this method the lipid amount was varied from 0.25
to 10 mg/mL. As is shown in figure 3.3A, increasing the lipid concentration resulted in smaller
liposome size; more precisely, at lipid content of 0.25 mg/mL size was 153 ± 43 nm, while
increasing DOTAP: DOPE concentration of 40 times, vesicles became smaller (40 ± 2 nm).
A similar trend was followed by PDI values; at initial lipid amount below 1 mg/mL liposomes
tended to be very heterogeneous with PDI>0.4. However, increasing lipid stock above 4
mg/mL led to more homogeneous and monodisperse samples production with PDI<0.2
(Figure 3.3A). Zeta potential values seemed to be independent from lipid concentration and
they remained highly positive (around +40 mVolt) among the different concentrations tested
(Figure 3.3B).

3.3.3 Comparison of different purification processes for cationic liposomes
produced by microfluidics
Samples produced by microfluidics contain up to 50% of organic solvent, thus a purification
step is required after manufacturing. Therefore, DOTAP: DOPE liposomes were prepared
using microfluidics at TFR 15 mL/min and FRR from 1:1 to 5:1. Tangential flow filtration
(TFF), size exclusion chromatography (SEC) and dialysis were compared in terms of solvent
removal suitability. As shown in Figure 3.4A, comparing formulations made at the same FRR,
dialysis and SEC seemed to give comparable size and PDI values. For example, at FRR 1:1
liposomes were around 40 nm in size with a polydispersity index of 0.25 after both purification
steps. Moreover, increasing aqueous/solvent ratio resulted in bigger and less homogeneous
vesicles as seen in the previous chapter. More precisely, moving from FRR 1:1 to 5:1 vesicle
size was 3-fold and 4-fold higher after SEC and dialysis respectively. However, liposomes
obtained after TFF washes seemed to be larger in size and higher in polydispersity compared
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to the other purification methods tested, (Figure 3.4A). For instance, at FRR 1:1 size and PDI
after TFF were 2-fold higher compared with what was obtained with dialysis and spin column.
Nevertheless, solvent removal technique seemed to dictate the final vesicles surface charge.
More in details, as shown in Figure 3.4B, only dialysis method could maintain a positive Zpotential (between +50 and +60 mV) as expected from liposomes made of cationic lipids,
while both TFF and spin column reduced charge close to neutrality.
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Figure 3. 3 Effect of changing lipid concentration on liposomes attributes A) size
(columns), PDI (dots) and B) Z-potential of DOPE: DOTAP liposomes increasing lipid
concentration from 0.25 to 10 mg/mL. TFR and FRR were set up at 15 mL/min and 1:1
respectively. Results are expressed as the means of three experiments ± S.D.
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Figure 3. 4 Comparison of different purification methods for DOPE: DOTAP liposomes
A) Size (columns) and PDI (dots) of DOPE: DOTAP liposomes after spin column, dialysis
and TFF. Formulations with TFR 10 mL/min and FRR 1:1 (black), 3:1 (white) and 5:1 (grey)
were tested. B) Zeta potential of DOPE: DOTAP liposomes after spin column, dialysis and
TFF purification. Formulations with TFR 10 mL/min and FRR from 1:1 to 5:1 were
represented. C) Lipid recovery of DOPE: DOTAP liposomes after spin column, dialysis and
TFF (grey). Formulations with TFR 10 mL/min and FRR 1:1 were tested. D) Residual solvent
after spin column, dialysis and TFF expressed as percentage of remained methanol (mL%).
All data were normalised by IPA standard peaks area. Formulations with TFR 10 mL/min and
FRR 1:1 has been tested. Results are expressed as the means of three experiments ± S.D.
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Despite differences in vesicles physico- chemical attributes, lipid recovery seemed to be
independent from the purification method applied (Figure 3.4C); TFF, dialysis and spin
column were equally able to recover above 85% of initial lipids. Moreover, the efficiency to
remove organic solvents from samples was comparable among all three methods tested
(Figure 3.4D). Figure 3.4D showed that the percentage of residual methanol after TFF, dialysis
and spin column was <0,1 % (which corresponds to 1000 ppm) in accordance to ICH
guidelines for residual solvent levels.

3.3.4 Evaluating SAM-GFP polymeric particles, cationic emulsions and lipoplex
formulations
Microfluidics optimised parameters were then adopted to produce cationic carriers for selfamplifying RNA vaccines platform. Proof of concept for non-viral delivery of SAM vaccines
was obtained using a set of cationic formulations – liposomes, NPs, SLNs and CNE- either
adsorbing or encapsulating SAM encoding for a green fluorescent protein (GFP). Samples
were analyzed according to their physico-chemical properties and compared to the gold
standard formulation lipid nanoparticles (LNPs). Carriers exhibited different composition, but
they all contained the same cationic lipid (DOTAP or DDA). With respect to DOTAP based
formulations, the hydrodynamic size of empty liposomes, SLNs and NPs was around 50 nm,
while CNE one was slightly above 150 nm (Table 3.1); size data were similar to what has been
obtained for LNPs (size and PDI). As it is shown in Table 3.1, by adding SAM inside or onto
formulation surface, it induced an increase in NPs, SLNs and liposomes particles size (up to
200nm, 180 nm and 100 nm respectively) while emulsions droplets diameter remained
equivalent to what had been measured in the absence of antigen (around 180 nm). All
formulations showed unimodal size distributions with PDI below 0.3. Empty formulations
were highly cationic (zeta-potential > 30 mV); however, the addition of SAM slightly reduced
this parameter, with values <25 mV for most of the formulations. As expected, LNPs surface
charge was neutral. Moreover, the capability to incorporate or adsorb the nucleic acid was
evaluated using a fluorescence based assay; data in Table 3.1 revealed that liposomes, SLNs
and NPs could encapsulate almost 100% of the initial RNA added. When RNA is added on
the surface, the adsorption efficiency of liposomes, SLNs, and emulsions was above 90%; on
the other hand, the presence of nucleic acid on the surface seemed to induce PLGA NPs
aggregation, which denied the possibility to quantify the adsorption efficiency. These results
were in line with what has been obtained for the positive control LNPs. With respect to DDA
based formulations, their physicochemical attributes are listed in Table 3.2. As shown, only
SAM encapsulating DDA-liposomes have been produced (size around 190 nm, PDI of 0.2,
ZP around 50 mV); on the other hand, due to the sample instability induced by the addition of
SAM inside formulations, it was impossible to characterize SAM loaded particles. By adding
SAM on the surface, liposomes, SLNs and NPs size and polydispersity were increased, with
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a reduction in the zeta potential values (Table 3.2). This behavior is less evident on CNE,
where the presence of SAM on the surface reduced droplets diameter with a minor effect on
zeta potential. Despite that, moving from DOTAP to DDA did not affect the ability of particles
to adsorb or encapsulate SAM, with both adsorption (AE) and encapsulation efficiency (EE)
above 90% for all formulations (Table 3.2).
Table 3. 1 Physico-chemical properties of DOTAP based formulations. All formulations
were prepared at 1 mg/mL final cationic lipid concentration. SAM encoding for a green
fluorescent protein was used as model antigen. Results are represented as mean ± SD of three
measurements within the same sample. CNE (cationic nanoemulsions), NPs (polymeric
nanoparticles), SLNs (solid lipid nanoparticles), LNPs (lipid nanoparticles) EE (encapsulation
efficiency), AE (adsorption efficiency).
Delivery

SAM

SAM EE

SAM AE

(%)

(%)

40 ± 1.5

-

-

-

-

-

-

182 ± 33

0.2 ± 0.02

25 ± 2

-

94

No

64 ± 0.3

0.1 ± 0.01

30 ± 4

-

-

Encapsulated

187 ± 21

0.1 ± 0.07

23 ± 0.7

98

-

Adsorbed

119 ± 0.6

0.2 ± 0.02

15 ± 0.2

-

97

No

39 ± 11

0.1 ± 0.09

50 ± 7

-

-

Encapsulated

198 ± 6

0.2 ± 0.04

24 ± 7

98

Adsorbed

-

-

-

-

-

No

41 ± 3

0.25 ± 0.006

57.8 ± 1.5

-

-

Encapsulated

85 ± 4

0.16 ± 0.02

26.5 ± 2.5

96

-

Adsorbed

118 ± 20

0.3 ± 0.16

38.7 ± 5

97

-

No

96 ± 5

0.22 ± 0.003

4 ± 0,3

-

-

Encapsulated

136 ± 19

0.14 ± 0.02

0±1

99

-

Adsorbed

-

-

-

-

-

Size (d.nm)

PDI

ZP (mV)

No

151.4 ± 8.5

0.05 ± 0.01

Encapsulated

-

Adsorbed

system

CNE

SLNs

NPs

Liposomes

LNPs
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Table 3. 2 Physico-chemical properties of DDA based formulations. All formulations were
prepared at 1 mg/mL final cationic lipid concentration. SAM encoding for a green fluorescent
protein was used as model antigen Results are represented as mean ± SD of three
measurements within the same sample. CNE (cationic nanoemulsions), NPs (polymeric
nanoparticles), SLNs (solid lipid nanoparticles) E.E. (encapsulation efficiency), AE
(adsorption efficiency).
Delivery

SAM-GFP

system

CNE

SLNs

NPs

Liposomes

Size
(d.nm)

SAM
PDI

ZP (mV)

EE
(%)

SAM AE
(%)

No

196 ± 22

0.20 ± 0.08

38 ± 2

-

-

Adsorbed

208 ± 17

0.16 ± 0.03

35 ± 2

-

91

Encapsulated

-

-

-

-

-

No

71 ± 4

0.26 ± 0.02

46 ± 3

-

-

Adsorbed

201 ± 74

0.30 ± 0.04

26 ± 2

-

99

Encapsulated

-

-

-

-

-

No

58 ± 1

0.06 ± 0.01

38 ± 5

-

-

Adsorbed

268 ± 40

0.30 ± 0.05

26 ± 2

-

99

Encapsulated

-

-

-

-

-

No

40 ± 5

0.2 ± 0.03

44 ± 5

-

-

Adsorbed

186 ± 17

0.16 ± 0.02

27 ± 1

-

99

Encapsulated

195 ± 12

0.20 ± 0.04

42 ± 3

99

-

3.3.2 The choice of antigen did not alter particles physicochemical properties
In this chapter, model SAM encoding for a green fluorescent protein (SAM-GFP) antigen was
substituted with the antigen of interest SAM-encoding for rabies glycoprotein (SAM-Rabies).
Formulations were prepared with Nanoassemblr or Microfluidizer platform and their
physicochemical properties were compared to the standard gold LNPs. All SAM formulations
had an average diameter between 100 and 200 nm, PDI <0.3 and slightly positive zetapotential. With respect to DOTAP based formulations (Figure. 3.5A), the hydrodynamic size
of SAM-Rabies liposomes was around 75 and 114 nm when SAM was encapsulated or
adsorbed respectively. Polydispersity index was around 0.3 for both formulations. Similar
results have been obtained with SAM-GFP. Regarding solid lipid nanoparticles, SAM-Rabies
encapsulating and adsorbing SLNs had a diameter of 176 and 100 nm respectively, with PDI
around 0.3 and the change from SAM-Rabies to SAM-GFP did not alter particle parameters
(Figure 3.5A). Furthermore, both SAM-Rabies and SAM-GFP NPs or CNE size was around
109

200 nm with PDI<0.2. Formulations resulted to be similar in size compared to the gold
standard LNPs which had an average diameter of around 100 nm and PDI around 0,1 despite
the choice of antigen (Figure 3.5A). Graph in figure 3.5B reported the surface charge of SAM
formulations. As shown, all formulations were slightly positive regardless the loaded antigen:
compared to LNPs which had a neutral surface charge at pH 7.4, formulations zeta potential
was between +20 and +50mVolt in presence of either SAM-GFP or SAM-Rabies (Figure
3.5B).
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Figure 3. 5 Formulation attributes A) Size (columns), PDI (dots) and B) Zeta potential of
empty, SAM-GFP (black) or SAM-Rabies (grey) based DOPE:DOTAP liposomes,
Tristearin:DOTAP SLNs, PLGA:DOTAP NPs and DOTAP:CNE. Both antigen adsorbing and
antigen encapsulation particles attributes were represented. Formulations were compared with
the gold standard LNPs. Results are expressed as the means of three experiments ± S.D. MannWhitney non- parametric t-test was used for statistical analysis.
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Figure 3. 6 Formulation attributes A) Size (columns), PDI (dots) and B) Zeta potential of
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Table 3. 3 Encapsulation efficiency (EE) and adsorption efficiency (AE) of SAM-GFP
and SAM-Rabies in DOTAP based liposomes, SLNs, NPs and CNE. Results are
expressed as the means of three experiments ± S.D.
EE% (GFP)

AE% (GFP)

EE%
(Rabies)

AE%
(Rabies)

Liposomes

96

97

98

99

SLNs

98

97

99

99

NPs

98

-

88

CNE

-

94

-

LNPs

95

90

98

Table 3. 4 Encapsulation efficiency (EE) and adsorption efficiency (AE) of SAM-GFP
and SAM-Rabies in DDA based liposomes, SLNs, NPs and CNE. Results are expressed
as the means of three experiments ± S.D.
EE% (GFP)

AE% (GFP)

EE%
(Rabies)

AE%
(Rabies)

Liposomes

99

99

99

99

SLNs

-

99

-

98

NPs

-

99

-

99

CNE

-

91

-

90

With respect to DDA based formulations, their physicochemical attributes are listed in Figure
3.6A. Changing from DOTAP to DDA generally induced an increase in particles size and
polydispersity, while still maintaining comparable surface charge values (Figure 3.6 A and
B). For example, DDA SLNs adsorbing SAM Rabies or GFP had a diameter of around 100nm
with PDI of 0.3. These values were significantly higher compared with DOTAP ones (p<0.01),
which were around 100 nm. Tables 3.3 and 3.4 reported the encapsulation efficiency (EE) and
adsorption efficiency (AE) values of all DOTAP and DDA particles. Clearly, both EE% and
AE% were above 90%, proving that the initial added at the beginning was either fully
encapsulated or adsorbed, despite the choice of antigen and cationic lipid. These data were
comparable with what was obtained with LNPs.
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3.3.3 DOTAP and DDA based formulations could efficiently protect RNA from
degradation
RNase-mediated degradation of an RNA vaccine in tissues after administration may be a
limiting factor in delivering an intact transcript to the cell cytoplasm. To evaluate the
protective effect of DOTAP or DDA based formulations on RNA stability, self-amplifying
RNA encoding for rabies glycoprotein was incubated with RNase A in the presence or absence
of formulations. Agarose gel electrophoresis showed that RNA integrity was maintained
during formulation (Figure 3.7A-D, Figure 3.8 A-B, lane 4). Furthermore, it was demonstrated
that unformulated SAM RNA treated with RNase was fully degraded (Figure 3.7-3.8 lane 3),
and the band was deleted. On the contrary, DOTAP or DDA particles protected the nucleic
acid when it was adsorbed to the surface or inside particles. However, the efficiency of
protection varied among formulations with DOTAP liposomes being poorly protective against
RNAse degradation (Figure 3.7 A)
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Figure 3. 7 Denaturing RNA agarose gel electrophoresis showing protection of SAM
RNA from RNAse A) molecular weight ladder (lane 1), SAM RNA (lane 2), SAM RNA after
incubation with RNase (lane 3), encapsulated (lane 4) and adsorbed (lane 6) SAM RNA after
extraction from DOTAP Liposomes (Lipos), DOTAP Liposomes with SAM RNA
encapsulated (lane 5) and adsorbed (lane 7) after RNase exposure, inactivation of RNase, and
RNA extraction from DOTAP Liposomes. B) molecular weight ladder (lane 1), SAM RNA
(lane 2), SAM RNA after incubation with RNase (lane 3), SAM RNA after extraction from
DOTAP NPs (lane 4), DOTAP NPs with SAM RNA after RNase exposure, inactivation of
RNase, and RNA extraction from DOTAP NPs (lane 5). C) molecular weight ladder (lane 1),
SAM RNA (lane 2), SAM RNA after incubation with RNase (lane 3), encapsulated (lane 4)
and adsorbed (lane 6) SAM RNA after extraction from DOTAP SLNs, DOTAP SLNs with
SAM RNA encapsulated (lane 5) and adsorbed (lane 7) after RNase exposure, inactivation of
RNase, and RNA extraction from DOTAP SLNs. D) . molecular weight ladder (lane 1), SAM
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RNA (lane 2), SAM RNA after incubation with RNase (lane 3), SAM RNA after extraction
from DOTAP CNE (lane 4), DOTAP CNE with SAM RNA after RNase exposure,
inactivation of RNase, and RNA extraction from DOTAP CNE (lane 5).
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Figure 3. 8 Denaturing RNA agarose gel electrophoresis showing protection of SAM
RNA from RNAse A) molecular weight ladder (lane 1), SAM RNA (lane 2), SAM RNA after
incubation with RNase (lane 3), SAM RNA after extraction from DDA CNE (lane 4), DDA
CNE with SAM RNA after RNase exposure, inactivation of RNase, and RNA extraction from
DDA CNE (lane 5), SAM RNA after extraction from DDA NPs (lane 6), DDA NPs with SAM
RNA after RNase exposure, inactivation of RNase, and RNA extraction from DDA NPs.(lane
7). B) molecular weight ladder (lane 1), SAM RNA (lane 2), SAM RNA after incubation with
RNase (lane 3), encapsulated (lane 4) and adsorbed (lane 6) SAM RNA after extraction from
DDA Liposomes (Lipos), DDA Liposomes with SAM RNA encapsulated (lane 5) and
adsorbed (lane 7) after RNase exposure, inactivation of RNase, and RNA extraction from
DDA Liposomes. C) molecular weight ladder (lane 1), SAM RNA (lane 2), SAM RNA after
incubation with RNase (lane 3), SAM RNA after extraction from DDA SLNs (lane 4), DDA
SLNs with SAM RNA after RNase exposure, inactivation of RNase, and RNA extraction from
DDA SLNs (lane 5).

115

3.4 Discussion
In this chapter a novel manufacturing approach to produce size-tunable cationic delivery
systems was investigated. It has been seen that microfluidics provides a unique tool to
formulate liposomes with consistent size and size distribution compared to conventional
methods such as extrusion or probe sonication. Moreover, liposome size can be controlled via
adjustments of microfluidic operating parameters such as flow rate ratio (FRR), total flow rate
(TFR) and lipid concentration, depending on lipid composition and micromixer design (Ali et
al., 2010). In the present work it has been demonstrated how microfluidics could be a suitable
technique to make homogeneous cationic DOTAP:DOPE vesicles, just by varying process
parameters. The main factor which seemed to affect vesicles physicochemical attributes was
the aqueous/solvent ratio; despite no significant changes in surface charge values, liposomes
formulated at higher FRRs (1:1) were smaller in size and more homogeneous compared to
those obtained at lower aqueous/solvent ratios (Figure 3.2). The formation of liposomes within
a staggered herringbone micromixer (SHM) was hypothesized to be a consequence of alcohol
and aqueous buffer mixing in the microchip, which increased the polarity of the lipids’ solvent.
This fact progressively reduced lipids solubility and increase the likelihood to precipitate and
self-assemble into planar lipid bilayers (Hayward et al., 2006, Thorsen et al., 2001,
Shestopalov et al., 2004). As these planar bilayer discs grow, they begin to bend to reduce the
surface area of hydrophobic chains exposed to polar solvent around the perimeter of the disc.
The increase in polarity throughout the chamber leads to the formation of small unilamellar
liposomes (SUV) within milliseconds of mixing (Stan et al., 2013). For their formation, it was
widely reported that the ratio of aqueous to solvent stream is a crucial factor. However, the
effect of this parameter on particles attributes remained controversial. Many papers observed
an increase in particles size at higher FRRs, in line with what has been shown in this chapter.
A reasonable explanation given for this phenomenon was related to the reduced stabilizing
effect of organic solvent at high FRRs. Since mixing occurs very quickly at high FRRs, the
alcohol concentration decreases rapidly, leaving the lipid discs to grow with less stabilization
from alcohol around the exposed hydrophobic edges. As demonstrated here, at TFR<5
mL/min, the effect of FRR on size was not significant, while it became evident at higher
injection velocities. Given that at higher TFRs the fluid residence time in the microchip
decreases, it might be probable that the combination of high injection speeds at low
aqueous/solvent ratios resulted in uncontrolled lipid self-assembling, with consequently less
sample homogeneity (Leng et al., 2003). On the contrary, it was also observed that, increasing
aqueous/solvent ratio decreases particles size because of the reduction of final solvent
concentration at high FRR (Belliveau et al., 2012). Consequently, the polarity between the
two phases is increased and induction of nanoprecipitation of more homogeneous liposomes
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is driven. Moreover, particle fusion is reduced and lipid exchange (Ostwald ripening) after
complete mixing is achieved (Kastner et al., 2014, Kastner et al., 2015, Zhigaltsev et al., 2012).
However, data shown here seemed to disagree with these findings, with larger particles size
obtained at higher aqueous:solvent ratios. These results together suggested that the final effect
of FRR is not unique and it might be a consequence of several factors (lipids composition,
FRR range and TFR/FRR choice). It is worth underlining that studies conducted previously
with microfluidics also referred to lower sample homogeneity at higher FRRs, in accordance
with data shown here. For example, with liposomes prepared with Egg phosphatidylcholine
(PC) and cholesterol, increasing aqueous/solvent ratio from 1:1 to 5:1 increased PDI almost
2-fold (Kastner et al., 2015). A direct proportionality between higher flow rate ratios and lower
homogeneity may be a result of increased dilution at higher FRR reducing the rate of
diffusional mixing within the microchip. Given that low lipid concentrations reduced the
tendency of molecules to diffuse from the organic phase to the aqueous counterpart, increasing
FRR inevitably induced lipid content dilution, with consequent less diffusivity and efficiency
in liposomes nucleation (Balbino et al., 2013). Furthermore, these results correlated with what
has been seen in Chapter 2 of this thesis, which reported the production for a different delivery
system (i.e. solid lipid nanoparticles) using the same microfluidics platform. Overall, these
findings demonstrate that a FRR of 1:1 results in liposomes of the smallest size and
polydispersity. Furthermore, the SHM method enhances the diffusional mixing due to the
herringbone structures on the microchip, (Stroock et al., 2002) which results in a more efficient
mixing compared to other techniques (Jahn et al., 2004, Jahn et al., 2007, Jahn et al., 2010).
The zeta potential of liposomes was maintained despite alterations in flow rates and ratios
with the liposomes having a positive zeta potential of 50-60 mV (Figure 3.2). These data were
in agreement with data previously reported for DOPE: DOTAP liposomes prepared by the
lipid hydration method following sonication or by Microfluidics (Weibel and Whitesides,
2006, Karnik et al., 2008a). The net positive charge of liposomes is due to the presence of
DOTAP, which is a phospholipid with an ammonium head group that is completely protonated
at neutral pH. On the other hand, DOPE instead is a zwitterionic phospholipid with a
phosphate group and a tertiary amine both ionized at pH 7.4, making lipid total charge close
to neutrality (Zuidam et al., 1999). Interestingly, the velocity at which both aqueous and
solvent streams were injected in the micromixer seemed not to alter vesicles size, size
distribution and surface charge (Figure 3.2). Previous reports indicated that the TFR had a
slight impact on particle formation (Jahn et al., 2007, Jahn et al., 2004, Lo et al., 2010). Even
though the TFR is inversely proportional to the fluid residence time in the microchip, these
findings suggested that the fluid residence time in the microchannel was sufficient for
liposome formation in the explored range, even at higher TFRs. The low influence of TFR on
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vesicle size might indicate that the microfluidic system can operate at higher total volumetric
flow rates, which could be potentially beneficial for productivity and scalability.
The initial lipid amount in the solvent stream is also an important consideration in the
production of liposomes using microfluidics. As known, the increase in FRR would inevitably
induce dilution of liposomes, therefore lower particles content in the final sample. Thus, a
subsequent concentration process based on filtration, chromatography or centrifugation would
add additional processing time and might alter final product attributes (Wagner et al., 2002,
Pattnaik, 2009). Hence, to avoid additional process steps, the dilution of lipids at higher FRR
was mitigated by increasing initial lipid concentrations in the lipid stock. Within this chapter
it was demonstrated that lower levels of lipids tended to promote larger and less homogeneous
vesicles (Figure 3.3A). Results correlate with what has been reported in literature. For
example, increasing the initial concentration of PC and cholesterol from 0.25 to 2 mg/mL
resulted in larger liposomes with no effect on final surface charge (Joshi et al., 2016). A
possible explanation for this phenomenon might be given considering that decreasing lipid
content may affect the rate of diffusion between aqueous and organic phases within the
micromixer. As known, the lower is the lipid content in the solvent stream the lower will be
the tendency of lipids to diffuse; this fact might lead to inefficient lipid monomers selfassemble and more inhomogeneous vesicles formation (Joshi et al., 2016). Moreover, at low
concentrations, liposome size can be increased due to solvent incorporation into the bilayer
(Joshi et al., 2016). Furthermore, it has been reported that diluted lipid mixtures required
longer mixing channels and time to achieve complete water–solvent mixing (Jahn et al., 2010);
thus, at lower lipid concentrations an increase of injection speed (TFR) might be required to
improve liposomes attributes.
The use of microfluidics for scalable delivery systems production allows for the cost-effective
and rapid production of liposomes and lipid particles. The need to use a continuous process is
not only related to the manufacturing, but also to the purification step. The purpose of this
work was to identify a more suitable method to remove residual organic solvent in the sample
after Nanoassemblr. Therefore, tangential flow filtration, dialysis and spin column were
compared. As shown in figure 3.4 A and B, across all the purifications methods tested, dialysis
seemed to maintain cationic lipid vesicles attributes, while spin column and TFF failed. The
most dramatic effect was observed on Z-potential values, with liposomes charge being almost
neutral after spin column and TFF (Figure 3.4 B). This fact could probably be caused by the
chemical composition of the purification column: Sephadex G75 and modified polysulfone
are slightly negative at pH 7.4 and they could induce the absorption of positively charged
liposomes (Busatto et al., 2018) .Moreover, high shear forces occurred at high TFF filtration
speed or high-pressure values applied on top of spin column could induce breakage of such
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fragile particles and their reassembly in bigger and less homogeneous structures (Lesieur et
al., 1993). These findings suggested a step of gel pre-saturation with lipids to avoid loss of
efficiency during spin column or TFF (Reynolds et al., 1983). Generally, pre-treatment is
preferentially carried out with sonicated liposomes as their small sizes ensure efficient
penetration of the lipids within the gel pores (Grabielle-Madelmont et al., 2003). Despite this
fact, all three methods were successfully able to remove organic solvent, with a liposome
recovery above 85%. Therefore, within this study, it was demonstrated that purification
remains a significant hurdle step in the optimization of liposomal products and the
identification of optimal operating conditions should be considered while developing new
vaccine adjuvants.
These findings were then adopted to produce four different delivery systems – liposomes, lipid
and polymeric nanoparticles and emulsions. Table 3.1 and 3.2 showed that this technique
could produce either empty or SAM-encapsulating/adsorbing carriers. Interestingly, while all
formulations were monodispersed and < 200 nm in size, all newly formulated particles were
highly cationic (Z-potential>30mV) compared to gold standard LNPs which are neutral. This
discrepancy between surface charge values was due to differences in the physico-chemical
structure of cationic lipid components. Chemical structures revealed that both DOTAP and
DDA contained an ammonium head group (pKa ̴ 9) that is completely protonated at neutral
pH , giving a net positive charge at the particle surface (Henriksen-Lacey et al., 2011a). On
the other hand, tertiary cationic lipid X is a ionizable amino-lipid containing a tertiary amine
with a pKa of 6.4, resulting in a neutral charge at physiological pH. It was widely reported
that the choice of cationic lipid dictates the structure of the delivery system and the subsequent
classification in either liposomes or lipid nanoparticles. Molecular modeling and cryogenic
transmission electron microscopy (cryo-TEM) images revealed that, while liposomes (in
particular large unilamellar vesicles – LUVs) contain lipids organized in a single bilayer
separating the interior aqueous medium from the exterior (Cullis and de Kruijff, 1979). LNPs
possess a largely hydrophobic core consisting of inverted micelles of lipid encapsulating
oligonucleotides surrounded by a coating of PEG-lipids (Leung et al., 2015). It has been seen
that the activity of these LNP systems was highly sensitive to the species of cationic lipid
employed (Semple et al., 2010). More precisely, the dominant factors determining the cationic
lipid potency were the unsaturation of the acyl chains, introduction of ether linkages, and most
notably, the pKa of the amino function of the cationic lipid (Jayaraman et al., 2012).
Specifically, LNP siRNA systems containing cationic lipids with amino functions exhibiting
a pKa between 6.2 and 6.4 are by far the most effective for hepatocyte gene silencing
(Jayaraman et al., 2012).
Generally, observing data reported here, the encapsulation of SAM inside or adsorption onto
formulation surface resulted in larger particles, with a less positive Z-potential. These findings
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agreed with what has been previously shown. The application of cationic liposomes as vaccine
delivery systems and adjuvants has been investigated extensively over the last few decades
(Oberle et al., 2000, Tabatt et al., 2004a). For example, cationic DOTAP:DOPE liposomes
made by microfluidics were around 50 nm in size with a low polydispersity index (<0.2)
(Kastner et al., 2014) and net positive charge (>40 mV). However, the addition of either single
strand homopolynucleotides with purine or pyrimidine ring (poly-deoxy-adenosine (polyA),
and poly-deoxy-thymidine (polyT), respectively) or double strand polynucleotides (dsAT)
increased liposomes size up to 200–250 nm (Ciani, 2004). Furthermore, cationic nanoparticles
based on the block-copolymer PLGA were monodisperse and around 200 nm in size (Patil
and Panyam, 2009) after the complexation with an siRNA. Regarding SLNs, it has been seen
that for example a PEGylated cationic solid-lipid nanoparticle formulation encapsulating
TNF-α-siRNA, had an average diameter of approximately 120 nm (Aldayel et al., 2018). With
respect to nanoemulsions, they have been used extensively throughout the pharmaceutical
industry for delivery of poorly water-soluble drugs, and the vaccine industry has optimized
them for use as vaccine adjuvants (Teixeira et al., 2001, Hippalgaonkar et al., 2010). CNE
have been described previously for delivery of pDNA (Choi et al., 2004, Ott Gael et al., 2002).
It has been seen that the addition of mRNA on DOTAP-CNE did not dramatically alter
formulations attributes, but induced a slight increase in droplets size of around 30 nm
compared to the antigen-free counterpart (Brito et al., 2014a). Moreover, LNPs composed of
1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA) and encapsulating a self-amplifying
RNA vaccine encoding RSV-F resulted in particles Z-average diameters from 130 to 164 nm
with a polydispersity index from 0.09 to 0.14 using ethanol injection method. The size
distributions were characterized by a single peak with a low polydispersity index, indicating
a relatively monodisperse size distribution. These data correlated with what has been obtained
herein this work with Nanoassemblr platform, indicating that Microfluidics might be a
comparable and consistent alternative technique to the ethanol dilution process (B Jeffs et al.,
2005). Furthermore, changing from DOTAP to DDA usually induced an increase in diameter
and PDI, while still maintaining comparable surface charge values (Table 5.2). For example,
DOTAP liposomes were around 85 nm in size, while their DDA counterparts was 2-fold
larger. (Table 3.1 and 3.2). The higher size increase of DDA-based carriers might be due to
the intrinsic rigidity of particles formulated with this cationic lipid. The cationic synthetic
amphiphile lipid dimethyldioctadecylammonium (DDA), known to induce cell-mediated
immunity and delayed-type hypersensitivity, (Korsholm et al., 2007) is an unsaturated fatty
acid with a phase transition temperature around 50°C. On the other hand, the melting point of
N-[1-(2,3-dioleoyloxy) propyl]-N, N, N-trimethylammonium (DOTAP) is close to 0°C due to
the higher degree of unsaturation compared to DDA (Campbell et al., 2001). This difference
in phase transition temperature was proven to influence the final rigidity of particles lipid layer
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(Tabatt et al., 2004b). The bilayer fluidity, which is related to the lipid gel-liquid crystal
transition temperature and its effects on immune responses, is of important interest when
designing efficacious vaccines (De Serrano and Burkhart, 2017). Since DDA is solid at room
temperature, the lipid layer of DDA based liposomes, NPs and SLNs will be solid and less
fluid compared to the DOTAP counterpart. This lack of fluidity might translate into a greater
increase of particles size when the antigen was incorporated. It has been widely reported that
the use of high transition temperature lipids for particle formulations affected their associated
immune response, with greater antibody induction for lipids with phase transition temperature
>20°C (Yasuda et al., 1977, van Houte et al., 1981). Thus, these findings provide a sound
rationale to further investigate the use of either DOTAP or DDA for SAM delivery. Despite
that, encapsulation efficiency (EE) and adsorption efficiency (AE) values seemed to be
independent from differences in lipid structure between the two cationic lipids, with values
above 90% for all formulations tested (Table 3.1-3.2). The strategy of using positively charged
lipids for nucleic acid delivery was widely established. It was reported in the literature that the
implementation of delivery systems with cationic lipids was fundamental to associate nucleic
acid polymers with lipid-based particles, enhancing antigen loading due to charge-to-charge
interactions (Felgner et al., 1987a, Behr et al., 1989, 1998). Positively charged carriers could
also promotes binding with the negatively charged cell membrane, thus enhancing cell uptake
and consequently the likelihood to express the antigen and induce a greater immunity (Mislick
and Baldeschwieler, 1996, Kopatz et al., 2004). Furthermore, the combination of cationic and
anionic lipids facilitated the formation of nonbilayer structures that increase intracellular
trafficking (Hafez et al., 2000). It might be worth underlining that, while direct mixing
between non-ionizable lipids and nuclei acid can be achieved and spontaneous association
occur even at physiological pH, efficient encapsulation of negatively charged biomolecules
with ionizable cationic lipids (pKa <7) can be obtained at pH<pKa, where the ionizable lipids
are positively charged. Subsequently, the pH can be raised to physiological values, leading to
LNPs with a relatively neutral surface.

Changing from model SAM encoding for a green fluorescence protein to its rabies
glycoprotein counterpart did not lead to significant alterations in liposomes, SLNs, NPs or
CNE physico-chemical attributes. All formulations were < 200 nm in size, monodisperse
(PDI<0.3) and with Z-potential between 0 and +50mV (Figure 3.5 and 3.6). Gold standard
LNPs were in line with these findings. Further, both DOTAP and DDA based formulations
were efficiently able to either encapsulate or adsorbed the two employed SAM platforms with
AE and EE % above 90 (Table 3.3 and 3.4). These observations emphasise the versatility of
newly formulated cationic delivery systems, with remarkable advantages and benefits for
further applications as carriers for nucleic acid based vaccines.
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To maximize its therapeutic application, it is essential that RNA based vaccines remain active
under physiological conditions during their systemic application. However, in the blood RNAs
are exposed to serum RNases known to degrade single-stranded RNAs within seconds
(Braasch et al., 2003). Therefore, all mRNA-based therapies would benefit from the utilization
of stabilized mRNA that have enhanced resistance towards ribonucleases contained in
physiologic fluids, cell culture media and on the surface of the skin. Based on these
observations, one of the criteria which might be worth evaluating during development of new
delivery systems is the ability of carriers to prevent SAM degradation. Within the study, it has
been observed that, despite differences in physico-chemical attributes, all formulations were
able to protect SAM-GFP antigen from enzymatic degradation (Figure 3.7 and 3.8). However,
the efficiency of protection changed among formulations, with DOTAP liposomes less able
to maintain SAM integrity after RNAse incubation. These findings agreed with what has been
shown in the literature. For example, (Brito et al., 2014a) it was demonstrated the ability of
DOTAP CNE in protecting a 9 kb self-amplifying RNA after RNase addition. Moreover, it
was shown how DLinDMA LNPs efficiently protected the RNA from degradation by RNase
A (Ott et al., 2002). Regarding DOTAP liposomes, opposite findings were obtained by
Blakney and co-workers, who repoterd full protection of SAM from enzymatic degradation
when formulated with DOTAP based LNPs(Blakney et al., 2019). However, it might be worth
noticing that , whithin the aforementioned paper, LNPs were produced by a different
microfluidics approach than what has been used herein this thesis (SHM vs μEncapsulator) .
Moreover, the ratio of complexing lipid to RNA was higher than what has been reported in
the present chapter (N/P ratio of 8:1 vs 12:1) (Blakney et al., 2019). These changes might
presumably impact on the association between the RNA and the cationic particles, with
consequently different protection efficiency.
Preliminary work, shown within this chapter, suggests that it will be fruitful to pursue a more
extensive evaluation of those cationic formulations as a nonviral delivery strategy for selfamplifying RNA. Next, the suitability of particles to express the antigen in vitro will be
evaluated, aiming to select the best candidate to move forward in an in vivo immunogenicity
test.

3.5 Conclusions
In this chapter two formulation approaches for cationic liposomes, polymeric and solid lipid
nanoparticles and nanoemulsions preparation were investigated. Results suggested that both
Microfluidics and Microfluidizer were equally able to produce small and monodisperse
particles with a highly positive electronic dense core. Moreover, the addition of nucleic acid
inside or outside particles notably increased formulations average diameter; however,
formulations’ stability was not detrimentally compromised. Indeed, particles physicochemical
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attributes were confirmed to be suitable for pre-clinical and clinical applications. Moreover,
cationic carriers were able to protect SAM from biological degradation. However, the
efficiency of protection varied among formulations, with DOTAP liposomes less able to
maintain SAM integrity after RNAse incubation. Encapsulation or adsorption efficiencies
were >90%, regardless of particles composition. Thus, these formulations will be further
investigated in an in vitro model to better understand their efficiency in transfecting cells and
induce antigen transcription.
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CHAPTER 4
In vitro self-amplifying RNA (SAM) vaccine delivery
properties of cationic formulations
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4.1 Introduction
The aim of vaccination is to generate a strong immune response providing long term protection
against infections. Unlike attenuated live vaccines, killed whole organism or subunit vaccines
generally require the addition of an adjuvant to be effective. It has been proven that adjuvants
are able to affect the type of immune response and to markedly enhance a cytotoxic T-cell
response against the particle-associated antigen (Grabielle-Madelmont et al., 2003, Indrova et
al., 2001). This is due to the unique capability of some professional antigen-presenting cells
(APCs– dendritic cells (DCs) and macrophages (Mф) - to efficiently internalise foreign
particulate material such as microparticles and bacteria. This process called phagocytosis
becomes activated by the recognition of the antigenic material to process and present both self
and foreign antigens to other cells of the immune system (Hirayama et al., 2017). Presentation
on major histocompatibility complex class I and II on APCs elicits cellular as well as humoral
immune responses (Drake, 2019). This opens the opportunity to use antigen-loaded delivery
systems for vaccination purposes. It was seen that only antigen-presenting dendritic cells
could prime naive T-lymphocytes, inducing a strong T-cell response in vitro and in vivo.
Additionally, DCs efficiently present antigens derived from phagocytosed apoptotic cells and
are capable to stimulate MHC class I-restricted CD8+ cytotoxic T-lymphocytes(Drake, 2019)
. The priming of naive T cells and the stimulation of CD8+ T-cells are crucial to fight viral
infections and tumour cells and make DCs a logical target for vaccines.
It has been demonstrated that both Mф and DCs are able to capture antigens, whole microbes,
apoptotic bodies, and particles(McCarthy et al., 2014). Therefore, the potentiality of DOTAP
or DDA based liposomes, nanoparticles and emulsions to target APCs and deliver the antigen
was evaluated. Many papers reported the suitability of these delivery systems as in vitro
antigen transfection agents. De Beuckelaer and co-workers have reported that delivery of
conventional mRNA with DOTAP: DOPE liposomes in macrophages cell lines (De
Beuckelaer et al., 2016). Moreover, it has been reported that solid lipid nanoparticles were
able to efficiently transport pDNA into a neuronal cell line (Na1300) and induce antigen (GFP)
expression in vitro (Vighi et al., 2010). Within this chapter, γ-irradiation was used to sterilise
the formulations. Herein, the toxicity induced by four different cationic formulations –
liposomes, solid lipid nanoparticles (SLNs), polymeric nanoparticles (NPs) and
nanoemulsions (CNE) - to bone marrow-derived DCs and MΦs using Alamar blue was
studied. Subsequently, internalisation of the formulations in both cell types using flow
cytometry (FACs) was confirmed. Alamar blue (AB) colorimetric assay was used as watersoluble dye for in vitro cells viability quantification (Ansar Ahmed et al., 1994). Furthermore,
cellular uptake quantification was performed using fluorescence-activated cell sorting (FACs),
which is a specialised type of flow cytometry for sorting a heterogeneous mixture of biological
cells into two or more containers, one cell at a time, based upon the specific light scattering
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and fluorescent characteristics of each cell (Ducat et al., 2011). Despite promising results,
antigen efficient transfection of MΦs in vitro failed, therefore baby hamster kidney – BHK –
cells were used as alternative cell line; these cell lines have been used extensively for a variety
of studies, including transfection and expression of cloned genes. BHK cells have been
characterised as fibroblastoid with some epithelial phenotypic traits (Stoker and Macpherson,
1964).

4.1.1 Aim and objectives
The aim of this work was to:


Test the suitability of γ-irradiation to efficiently sterilise cationic particles prior in
vitro assays performance.



Find the critical concentration of cationic lipid at which formulations cause
cytotoxicity.



Evaluate the ability of different delivery systems to efficiently induce particle uptake
and consequent antigen expression in vitro.



Screen among formulations to select the most promising candidates for an in vivo
immunogenicity test.

4.2 Materials and Methods
4.2.1 Materials
Poly (D, L-lactide-co-glycolide) lactide: glycolide (50:50), mol wt 30,000-60,000, Dimethyl
Sulfoxide, Tristearin (Grade II-S, ≥90%) Cholesterol and squalene were obtained from SigmaAldrich Company ltd. Dipalmitoylphosphatidylcholine (DSPC), 1,2-dimyristoyl-rac-glycero3-methoxypolyethylene glycol-2000 (DMG-PEG2000), Dimethyldioctadecylammonium
bromide (DDA) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were obtained
from Avanti Polar Lipids. Alamar blue was obtained from Bio-Rad Laboratories, Inc. Ethanol,
methanol,

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine

Perchlorate

(DilC),

LIVE/DEAD™ Fixable Aqua Dead Cell Stain, Lipofectamin2000), Gibco phosphate buffer
saline (PBS), Roswell Park Memorial Institute (RPMI1640 Medium, Tween 20 and Span 80
were obtained from Fisher Scientific UK, Dulbecco’s Modified Eagle Medium (DMEM) and
foetal bovine serum (FBS) were obtained from Gibco. APC-labelled anti-CD11c, FITClabelled anti-F4/80 antibodies and anti-Fc antibody (Fc block) were obtained from BD
Biosciences UK. Penicillin-streptomycin, L-glutamine,and pontamine blue were purchased
from Sigma. TRIS Ultra-Pure was obtained from ICN Biomedicals. Cytofix-cytoperm
solution was obtained from BD Biosciences. Tertiary cationic lipid X was provided by
Discovery, Drug Product Development department Rockville, USA
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4.2.2 Sterilisation of formulations
All formulations were produced either via a Microfluidics or the Microfluidizer platform (refer
to chapter 3.2.3 for preparation details). Subsequently 1 mL of either liposomes, NPs, SLNs
or CNE was sterilised by γ-irradiation before addition into cells. Samples were irradiated for
10 min at 10 Gy in an X-RAD 225 Biological Irradiator (Precision X-Ray).

4.2.2.1 Formulation characterisation
Formulations were characterised before and after irradiation, in terms of hydrodynamic size
(Z-average), polydispersity index (PDI) and surface charge (zeta-potential) by dynamic light
scattering (DLS) in a Zetasizer Nano ZS (Malvern, UK) at lipid concentrations of 0.1 – 0.2
mg/mL in 10 mM TRIS pH 7.4 at 25 °C. SAM integrity after sterilisation was assessed by
performing an RNA agarose gel electrophoresis as described in chapter 3.2.9. Sterility after
irradiation was checked by incubating samples (10 µL) in a precast agar plate at 37°C. Plate
was monitored daily and picture of the plate collected 5 days post incubation.

4.2.3 Isolation and culture of bone-marrow derived macrophages and dendritic
cells
All protocols have been subject to ethical review and were carried out in a designated
establishment. Female BALB/c mice 6-8 weeks were terminated by cervical dislocation and
tibias and femurs were collected. Bone marrow cells were then flushed from bones with RPMI
1640 Medium (Moore et al., 1967).

4.2.3.1 Bone marrow derived macrophages
Bone marrow derived macrophages were grown in petri dishes (10 mL) in DMEM
supplemented with 30% (vol/vol) L-cell-conditioned media, 20% heat inactivated foetal calf
serum (HI-FCS) and 2% L-glutamine penicillin and streptomycin (macrophage medium).
Cells were cultured for 10 days at 37 °C and 5% CO2. Briefly, fresh macrophage media (10
mL) was added at day 3. At day 7, 15 mL of the medium were replaced by fresh macrophage
medium. L-cell-conditioned medium was obtained by harvesting the metabolized medium
from cultured cells of the murine fibroblastic cell line L-929. This conditioned medium
provides a source of macrophage colony-stimulating factor (M-CSF) and Granulocytemacrophage colony-stimulating factor (GM-CSF), necessary for the growth and
differentiation of bone marrow stem cells into mature macrophages.

4.2.3.2 Bone marrow derived dendritic cells
Bone marrow derived dendritic cells (BMDDCs) were grown in petri dishes (10 mL) in
completed RPMI-1640 (RPMI supplemented with 10% HI-FCS and 1% penicillin and
streptomycin) and 10% GM-CSF (DC medium). Cells were grown for 7 days at 37 °C and 5%
CO2. Briefly, fresh DC media (10 mL) was added at day 2. At day 5, 10 mL of the medium
were replaced with fresh DC medium.
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4.2.4 Cell proliferation assay of bone-marrow derived macrophages and
dendritic cells
Macrophages and dendritic cells were harvested from petri dishes and plated in 96-well plates
at a cell density of 100,000 and 50,000 cells/well in complete RPMI-1640 and left overnight
at 37 °C in 5% CO2 to allow the cells to adhere. On the next day cells were incubated with
serial dilutions of cationic liposomes, NPs, SLNs and CNE (refer to paragraph 3.2.2 for
preparation details). Cationic formulations were standardised according to the final cationic
lipid (i.e. DOTAP) concentration. Then, after 24 hours 200 µL of AlamarBlue was added to
each well. Non- treated cells were used as negative control. After 6 hours incubation the
absorbance was measured at 600 nm and 570 nm, then the percentage of reduction from
resazurin to resorufin in the treated cells was calculated by using the following formula:

eq (1)

Percentage of reduction =

4.2.5 Cellular uptake in bone-marrow derived macrophages and dendritic cells
Macrophages and dendritic cells were harvested from the petri dishes at day 10 and 7
respectively with RPMI 1640 medium and centrifuged at 1400 rpm for 5 min. Pellets were
resuspended in complete RPMI-1640 and plated in 24-well plates at a cell density of 50,000
cells/well and incubated overnight at 37°C in 5% CO2 to allow cells to adhere. Empty or SAMGFP loading liposomes, NPs, SLNs and CNE were co-formulated with the lipophilic
fluorescent dye DilC (0.2% mole %) to track the cellular uptake (Refer to chapter 3 for
preparation details). The lipophilic dye DilC can be only incorporated within the lipid layer
and thus its concentration is constant for monodisperse formulations regardless of their size.
Formulations were then added at 5 μg/mL of cationic lipid (either DOTAP or DDA) to the
cells at different time points (0.5, 1, 4 and 24 h) at 37 °C and 4 °C. Subsequently, cells were
harvested from the well-plates, washed and resuspended in PBS supplemented with 5% FCS
and specific antibodies: APC-labelled anti-CD11c Ab and FITC-labelled anti-F4/80
antibodies for detection of dendritic cells and macrophages respectively. Cells were incubated
for 30 min at 4°C in the absence of light. Then, they were washed twice with PBS
supplemented with 5% FCS. As controls, unstained cells and stained cells without
formulations were used. All flow cytometry data were collected on BD FACSCanto™ (BD
Biosciences) and analysed using FlowJo software 7.6.

4.2.6 Cell proliferation assay in baby hamster kidney cells
Baby hamster kidney cells (BHK) cells were grown in flasks (20 mL) in complete DMEM
(DMEM supplemented with 10% HI-FCS and 1% penicillin and streptomycin). Cells were
grown for 2-3 days at 37 °C and 5% CO2. BHK cells were seeded at a density of 5×105 cells
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in 500 µL cDMEM (DMEM+ 5% heat inactivated FBS, 1% penstrep and 1% L-glutamine) in
each well of a 24-well plate and incubated for at least 6 hours to allow cell adhesion. Then,
cells were incubated with serial dilutions of SAM Rabies-Liposomes, NPs, SLNs and CNE
(refer to chapter 6.2.3 for preparation details) starting from a cationic lipid concentration of
100 µg/mL to 400 ng/mL through a 3-fold serial dilution. As positive control, BHK were also
transfected with LNPs following the same experimental conditions described above. Then,
cells were trypsinised, transferred in 96-well plates and stained with 100 µL of diluted
LIVE/DEAD™ Fixable Aqua Dead Cell Stain for 20 min at room temperature in the darkness.
After two washes with PBS, cells were resuspended in PBS and the percentage of
LIVE/DEAD+ cells with respect to untreated control was measured by FACs analysis. All
flow cytometry data was collected on FACSCANTO II flow cytometer and analysed using
FlowJo software 7.6.

4.2.7 Cellular uptake in baby hamster kidney cells
BHK cells were seeded at a density of 5×105 cells in 500 µL cDMEM (DMEM+ 5% heat
inactivated FBS, 1% penstrep and 1% L-glutamine) in each well of a 24-well plate and
incubated for at least 6 hours to allow cell adhesion. SAM-Rabies formulations, prepared in
presence of 0.2% mol of the DilC fluorescent dye, were then added at 11 μg/mL of cationic
lipid to the cells at different time points 16 hours before analysis at 37 °C. As positive control,
BHK were also transfected with LNPs following the same experimental conditions described
above. Moreover, Lipofectamine2000 was used as additional positive control following
manufacturer instructions. Subsequently, cells were harvested from the well-plates, washed
and resuspended in PBS supplemented with 5% FCS and the percentage of DilC+ cells with
respect to untreated control was measured by FACs analysis. All flow cytometry data was
collected on FACSCANTO II flow cytometer and analysed using FlowJo software 7.6.

4.2.8 In vitro potency of SAM-GFP formulations
A total of 50,000 BHK cells were plated per well in 24-well plates in cDMEM and allowed to
adhere for at least 6 hours at 37 ⁰C and 5% CO2. Then liposomes, NPs, SLNs and CNE coformulated with SAM-GFP were added at SAM concentrations ranging from 500 to 65 ng/mL
as a 2-fold 8-point curve. Lipofectamine2000 (LF) and LNPs were used as positive controls.
After 16 hours, cells were trypsinised, washed twice with PBS + 5% FBS and collected in
FACS tubes. Subsequently, the in vitro potency (IVP) of SAM-formulations was determined
by flow cytometry as percentage of GFP+ cells with respect to untreated control cells in a
FACSCANTO II flow cytometer.

4.2.9 In vitro potency of SAM-Rabies formulations
BHK cells (50,000 cells/well) were plated as previously described. After 6-8 hours, cells were
incubated for 16 hours with SAM-Rabies-liposomes, NPs, SLNs and CNE at antigen
concentration of 400, 200 and 100 ng/mL. Lipofectamine 2000 and LNPs were used as a
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positive control for cells transfection as described above. Then, cells were trypsinised and
transferred in 96-well plates, washed twice with PBS, fixed and permeabilised with Cytofixcytoperm solution containing 4% paraformaldehyde (PFA). After incubation cells were
washed twice with PBS and stained with primary antibody dilution (Anti-Rabies Antibody,
Glycoprotein, clone 1:1000 dilution) for 1 hour at room temperature. Then, after washing,
cells were incubating with secondary antibody dilution (Anti Mouse IgG2a, 1:1000 dilution)
for 1 hour at room temperature in the darkness. Finally, cells were washed and resuspended
in PBS for FACs analysis (FACSCANTO II flow cytometer). The percentage of Rabies+
formulations was calculated with respect to untreated control cells.

4.2.10 Statistical analysis
Unless stated otherwise, the results were calculated as mean ± standard deviation (SD). Oneway ANOVA followed by Tukey post hoc analysis was performed for comparison and
significance was acknowledged for p values less than 0.05. All the calculations were made
using GraphPad Prism 8.

4.3 Results
4.3.1 The effect of sterilisation process on formulation size
Since formulations require to be incubated with cells to perform in vitro assays sterility of the
formulations is a key consideration. Hence, contamination driven by non-sterile samples
should be avoided. Previous studies (Pattnaik, 2009) have already shown that cationic
formulations could not be filter sterilised due to electrostatic interactions and loss of product.
Therefore, γ-irradiation was investigated as sterilisation method for the different formulations
since it has previously been shown to be effective for cationic liposomes (Mohammed et al.,
2006). Antigen-free DOTAP cationic formulations (SLNs, liposomes, NPs and CNE) were
manufactured with Nanoassemblr or Microfuidizer. The size of all formulations was
determined by dynamic light scattering before and after sterilisation. As shown in figure 4.1A
and B, size and PDI did not change after γ-irradiation. For example, cationic SLNs diameter
was around 100 nm before and after irradiation (Figure 4.1). The same trend seemed to be
followed by zeta potential values; as it is shown in Figure 4.1C, despite the type of formulation
tested, after 10 minutes irradiation, zeta potential of SLNs, NPs, liposomes and CNE remained
like the non-sterile counterpart, thus providing a simple and effective method for sample
sterilisation. Moreover, agarose gel electrophoresis in Figure 4.2A showed that SAM integrity
was maintained during sterilisation and all DOTAP based formulations protected the RNA
from γ -irradiation. Moreover, the agar plate picture in Figure 4.2B confirmed that sterility by
γ -irradiation was achieved and maintained up to 5 days.
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4.3.2 Evaluating the cytotoxic range for cationic formulations in bone-marrow
derived macrophages and dendritic cells
Prior to any in vitro assay performance, complete differentiation of bone-marrow stem cells
was investigated. The percentage of BMDM was determined as percentage of F4/80+ cells
(Figure 4.3A). F4/80 is a membrane glycoprotein that has been widely used as a specific cell
marker for murine macrophages. The percentage of F4/80+ cells was >80% as determined by
flow cytometry. Moreover, CD11c+ cells, which represent bone marrow-derived dendritic
cells (BMDDCs), were > 50% (Figure 4.3B). Histograms showed a net peak shift compared
to the negative control after differentiation, clearly representative of a positive cell population
expressing one of the two membrane surface markers tested.
The cytotoxicity of all formulations was determined in macrophages and dendritic cells after
24 hours by the colorimetric cell proliferation-based assay Alamar Blue. Cationic formulations
were prepared at a cationic lipid content (i.e. DOTAP) of 2 mg/mL in absence of antigen. As
shown in Figure 4.4A, which represents the cell viability of Mф incubated with cationic
formulations at different concentrations, liposomes seemed to be more toxic compared to the
other cationic formulations, especially at higher cationic lipid content. For example, at 125
µg/mL [DOTAP], the percentage of live macrophages incubated with liposomes was 37%,
while the percentage was above 70% for the other formulations.
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Figure 4. 1 The effect of γ-irradiation on formulations attributes. A) Size, B)
polydispersity (PDI) and C) Z-potential of solid lipid nanoparticles (SLNs), polymeric
nanoparticles (NPs), cationic nanoemulsions (CNE) and liposomes before (blue) and after
(green) γ -irradiation. Results are expressed as the means of three experiments ± SD. Statistical
analysis was performed using Mann-Whitney non- parametric t-test.
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Figure 4. 2 The effect of γ-irradiation on formulations attributes. A) RNA agarose gel
electrophoresis: RNA ladder (lane 1), self-amplifying RNA (lane 2), self-amplifying RNA
after exposure to γ-irradiation formulated with DOTAP based cationic nanoemulsions (CNE
- lane 3), solid lipid nanoparticles (SLNs - lane 4), liposomes (lane 5), polymeric nanoparticles
(NPs – lane 6). B) Agar plate picture collected after 5 days incubation with self-amplifying
RNA formulated with DOTAP based solid lipid nanoparticles (SLNs), polymeric
nanoparticles (NPs), cationic nanoemulsions (CNE) and liposomes sterilised by γ -irradiation.

A

B

Figure 4. 3 Differentiation of stem cells into macrophages and dendritic cells.
Representative flow cytometry plots of A) F4/80+ and B) CD11c+ cells (blue) with respect to
control cells (red). F4/80+ and CD11c+ cells identified stem cells differentiation into
macrophages and dendritic cells respectively.
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Furthermore, NPs and CNE seemed to be nontoxic even at the highest DOTAP concentration
tested (125 µg/mL). However, due to non-specific cell over reduction activity induced by
CNE, it was not possible to quantify the percentage of live cells at [DOTAP] concentration
>10 µg/mL for CNE formulations. Therefore, only values below this concentration were
reported. Furthermore, by comparing the two different cell types, it seemed that dendritic cells
(Figure 4.4B) were more sensitive to the formulations tested than macrophages, especially to
NPs and SLNs. This trend was more evident at the highest [DOTAP] of 100 µg/mL which
corresponds to 200 µg/mL of particles. More precisely, above 32 µg/mL of DOTAP, the
percentage of live cells incubated with NPs was 99 and 56% for macrophages and dendritic
cells respectively.
Further, after 24 hours incubation of Mφ with 125 µg/mL DOTAP:SLNs, the cell viability
was 70%, instead when DCs were tested in the same conditions the percentage was reduced
to 54%. However, liposomes seemed to be less toxic in DCs, with a IC 50 of 250 µg/mL and
125 µg/mL in DC and Mφ respectively. CNE did not show any cytotoxic effect among all
concentrations tested.
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Figure 4. 4 Cell viability test. Cytotoxicity in A) bone marrow derived macrophages and B)
in bone marrow derived dendritic cell of cationic formulations - NPs (green), SLNs (blue),
emulsions (grey) and liposomes (yellow). Results are represented as mean ± SD of 3
independent experiments.
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4.3.3 Uptake of empty and SAM-GFP loaded liposomes, SLNs, NPs and CNE by
bone marrow derived macrophages (BMDM)
In order to assess the cell uptake of DOTAP based liposomes, NPs, SLNs and CNE, an optimal
sub-toxic concentration of 11 µg/mL of cationic lipid was established. At this concentration,
the viability of macrophages and dendritic cells was above 90%, as previously described
(Figure 4.4). Formulations were prepared and sterilised before incubation using gamma
irradiation (section 4.2.2). Cell uptake was first determined in macrophages at times points of
4 and 24 h at 37 °C (Figure 4.5). Figure 4.5A shows the uptake profile of empty DOTAP based
formulations. The uptake process tended to be time dependent only for liposomes with 15%
and 76% of liposomes+ macrophages after 4 and 24 hours incubation respectively. SLNs, NPs
and CNE seemed to be engulfed to a similar extent irrespective of incubation time, with around
50% of uptake efficiency. Thus, data reported here highlighted that macrophages required
more time to engulf DOTAP liposomes, but the actual number of particles taken up after 24
hours was higher compared to other formulations (Figure 4.5). With respect to SAM loaded
formulations, the uptake kinetics are shown in Figure 4.4B. In line with previous observations,
uptake was time independent with no significant difference after 4 or 24 hours post incubation.
However, by comparing different formulations’ uptake efficiency, SAM encapsulating NPs
and SLNs and SAM adsorbing emulsions were engulfed more, with above 70% uptake
efficiency, while SAM adsorbing SLNs and SAM encapsulating liposomes resulted to be
taken up slightly less (around 60%). Regarding SAM adsorbing liposomes, just 47% of
macrophages were liposomes+. After 24 hours, this trend was maintained, with average uptake
efficiency between 70 and 80%. According to the graph in Figure 4.5 B, macrophages seemed
to be less able to engulf SAM adsorbing liposomes, with just 58% of liposomes positive cells
after 24 hours.
Regarding DDA based formulation, the uptake kinetic profile in macrophages is represented
in Figure 4.6A. As previously reported for DOTAP formulations, 24 hours incubation resulted
in higher particles uptake. However, the difference between percentage of uptake measured at
4 and 24 hours was not statistically significant. For example, after 4 hours, 50% and 40% of
DilC+ cells incubated with CNE and SLNs respectively were detected, as seen with DOTAP
based formulations. In contrast, cells seemed to be less able to engulf both NPs and liposomes,
with less than 30% uptake efficiency. Furthermore, after 24 hours, this trend seemed to be
maintained, with CNE having the highest uptake efficiency (around 80%). SLNs, liposomes
and NPs uptake percentages were 64, 51 and 42% respectively. Compared to DOTAP
formulations, the kinetics resulted to be inverted. More precisely, cells were less sensitive to
DDA liposomes and polymeric nanoparticles. With respect to SAM loaded formulations, the
uptake values in Mф is shown in Figure 4.6B. Herein the difference between formulations was
more evident. More precisely, after 4 hours incubation, SAM encapsulating liposomes and
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SAM adsorbing emulsions were the ones which have been taken up the most by macrophages
(around 60%). Regarding SAM adsorbing SLNs and liposomes, the uptake efficiency was
comparable (around 35%), while NPs showed the lowest value (around 20%). After 24 hours,
both SAM encapsulating liposomes and SAM adsorbing emulsions had the highest uptake
(around 80%), while SAM adsorbing SLNs and liposomes uptake efficiency was between 50
and 60%. (Figure 4.6B).
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Figure 4. 5 Cell uptake of DOTAP based formulations. Cell uptake of A) empty and B)
SAM-GFP loaded DOTAP based liposomes (yellow), solid lipid nanoparticles - SLNs (blue),
polymeric nanoparticles - NPs (green) and cationic nanoemulsions- CNE (grey) in bone
marrow derived macrophages. Solid and dash lines represent SAM-GFP encapsulating and
SAM-GFP adsorbing formulations respectively. Results are expressed as the means of three
independent experiments ± S.D.
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Figure 4. 6 Cell uptake of DDA based formulations. Cell uptake of A) empty and B) SAMGFP loaded DDA based liposomes (yellow), solid lipid nanoparticles - SLNs (blue),
polymeric nanoparticles - NPs (green) and cationic nanoemulsions- CNE (grey) in bone
marrow derived macrophages. Solid and dash lines represent SAM-GFP encapsulating and
SAM-GFP adsorbing formulations respectively. Results are expressed as the means of three
independent experiments ± S.D.

Furthermore, Mф capability to engulf SAM adsorbing DDA NPs was still low compared to
the other DDA based formulations even after 24 hours (around 40%). Thus, while SAM
loading DOTAP based formulations uptake efficiency was comparable across all samples
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tested, DDA based particles showed differences between the formulations, with SAM
encapsulating liposomes and SAM adsorbing emulsions having much higher uptake (Figure
4.6B).
Moreover, the ability of cationic formulations to induce antigen expression in macrophages
was performed. However, antigen transfection was very poor (<15%), even with the positive
control Lipofectamine 2000.

4.3.4 Evaluating the cytotoxic range for cationic formulations in BHK cell line
Due to unsuccessful transfection in macrophages, primary cells were substituted with baby
hamster kidney – BHK – cell line; these cell lines have been used extensively for a variety of
studies, including transfection and expression of cloned genes. BHK cells have been
characterised as fibroblastoid with some epithelial phenotypic traits. The cytotoxicity of all
formulations was determined in BHK cells after 16 hours by an amine reactive dye such as
LIVE/DEAD. In cells with compromised membranes, the dye reacts with free amines both in
the cell interior and on the cell surface, yielding intense fluorescent staining. In viable cells,
the dye's reactivity is restricted to the cell-surface amines, resulting in less intense
fluorescence. The difference in intensity is typically greater than 50-fold between live and
dead cells, allowing for easy discrimination.(Robertson et al., 2019) The aim of the study was
to understand the sub-toxic concentration to work at in further in vitro experiments like in
vitro potency (IVP) or cell uptake. As it shown in Figure 4.7, as a general overview, DDA
based formulations are generally more toxic compared to DOTAP formulations at the same
concentrations.
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Figure 4. 7 Cell viability test in BHK cell line. Cytotoxicity in BHK of A) DOTAP based
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For example, at 33 µg/mL of cationic lipid, the percentage of alive cells after incubation with
DOTAP NPs and DDA NPs was 97 and 20 respectively (Figure 4.7). Furthermore, liposomes
seemed to follow the same trend: at 33 µg/mL of cationic lipid, below 40% of BHK were alive
when incubated with DDA liposomes, while more than 90% of cells were found to be nonapoptotic when the same amount of DOTAP liposomes was added in the well. Regarding
DOTAP CNE and DDA SLNs, they did not induce a toxic effect among all the concentrations
tested but the highest (100µg/mL): at this DDA dose the cell viability was around 40%, which
is comparable with what has been measured for Lipofectamine 2000, while DOTAP SLNs
(with both SAM encapsulated or adsorbed) were nontoxic (cell viability above 80%). On the
other hand, the rest of the formulations seemed to be nontoxic among the concentration range
tested with more than 80% of alive cells (Figure 4.7). Generally, for most of the particles,
toxicity was dependent on the lipid content, where higher concentrations were more toxic than
low concentrations. Looking at Figure 4.7 it was evident that the half maximal inhibitory
concentration (IC50) of DDA NPs and DDA Liposomes was between 20 and 40 µg/mL of
cationic lipid, with IC50 DDA NPs> IC50 DDA liposomes. Regarding DOTAP NPs the IC50
was between 70 and 90 µg/mL of DOTAP concentration, while for the rest of the formulations
these values were above the highest cationic lipid concentration tested, despite the presence
of antigen inside the particles or on their surface.

4.3.5 Cell uptake of SAM-Rabies loaded liposomes, SLNs, NPs and CNE in
BHK cell line
In order to assess the cell uptake, DilC was used as in vitro tracker for lipid based particles.
All formulations were added to the cells at an optimal sub-toxic concentration of 11 µg/mL of
cationic lipid (i.e. either DOTAP or DDA). At this concentration, the cell viability of BHK
was above 90% (Figure 4.7). To test the effect the type of cationic lipid has on the cellular
uptake, a direct comparison between DOTAP (Figure 4.8A) and DDA (Figure 4.8B) based
formulations was performed. Particles were incubated for 16 hours in cells containing either
complete media containing 5% FCS or in FSC-free media, due to possible inhibitory effect of
serum on particle uptake. Looking at Figure 4.8, where DOTAP based formulations were
compared, the percentage of DilC+ cells was not significantly different among samples; thus,
despite differences in physico-chemical properties, formulations were taken up by fibroblasts
to the same extent, with an average percentage of DilC positive cells of around 95%.
Moreover, depletion of serum did not affect the ability of particles to be engulfed by BHK;
indeed, all formulations induced comparable values of DilC+ cells, which were not
significantly different from what has been obtained in complete media. A similar trend was
followed by DDA based formulations. Again, more than 95% of BHK resulted to be DilC+,
therefore meaning that most particles were successfully taken up by fibroblasts (Figure 4.8B).
In this case, neither the particle composition nor the cell growth media altered cellular
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internalisation, with >95% DilC+ cells under the different conditions tested. Interestingly,
gold standard LNPs were used as a positive control, showed a different internalisation pathway
when incubated in presence or absence of FCS with almost 100% of BHK becoming DilC+
when incubated with SAM-Rabies encapsulating LNPs in complete media versus only 36%
of DilC positive fibroblasts in FBS free media.
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Figure 4. 8 Cellular uptake of formulations in BHK cell line expressed as DilC positive
cells. Percentage of DilC positive BHK cells after 16 hours incubation with A) DOTAP based
and B) DDA based NPs (green) SLNs (blue), CNE (grey) and liposomes (yellow) in both
complete and FBS-free media. SAM-Rabies encapsulating and adsorbing formulations are
represented as solid and dash columns respectively. LNPs (red) was used as control. Results
are represented as mean ± SD of 3 independent experiments.
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Figure 4. 9 Cellular uptake of formulations in BHK cell line expressed as mean
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(grey) and liposomes (yellow) in both complete and FBS-free media. SAM-Rabies
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independent experiments.
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However, although no significant difference in particles uptake has been shown by expressing
data as percentage of DilC+ cells, discrepancies among formulations in uptake efficiency were
indeed evident by analysing mean fluorescence intensity values (MFI) (Figure 4.9). The mean
fluorescence intensity measured by flow cytometry is equivalent to the amount of fluorescent
dye taken up by BHK, which is directly proportional to the product of the number of particles
by liposome fluorescence; hence MFI is proportional to the amount of DilC+ cells. Looking
at figure 4.9A and focusing on formulations incubated in complete media, it seemed that
induced MFI of DOTAP SLNs and NPs was significantly higher compared to the other
formulations; more in details SLNs and NPs MFI was >24300, while MFI of all the other
DOTAP based carrier was <14300. However, despite absolute values being lower compared
to 5%FCS condition, in FCS-free media, NPs resulted in the highest MFI (around 20000),
which directly translated into more polymeric particles uptake by BHK. A similar trend was
followed by DDA based formulations (Figure 4.9B), with again DDA NPs showing the
greatest mean fluorescence intensity (̴ 37000 and ̴ 16000 in 5% FBS and FBS-free media
respectively), despite cell growth conditions. The extent of NPs uptake per cell correlated with
increased toxicity reported in figure 4.7; it is known that induction of cytotoxicity by particles
is determined by the entry pathway and intracellular localization; thus higher intracellular
trafficking might lead to reduced cell viability (Foroozandeh and Aziz, 2018). It might be
worth, however, to underline that moving from DOTAP to DDA reduced the overall MFI of
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formulations. If, for example, MFI of SAM-Rabies adsorbing DOTAP SLNs was > 11000,
DDA counterpart value was significantly inferior (around 5500). Interestingly, fibroblasts
incubated with positive control LNPs showed the lowest mean fluorescence intensity (between
1000 and 3000), regardless the incubation conditions (Figure 4.9B).

4.3.5 In vitro potency assay with SAM-GFP formulations
To understand the suitability of cationic delivery systems to efficiently transfect cells and
induce antigen expression, an in vitro potency assay (IVP) was performed. To do so,
formulations at 11 µg/mL of either DOTAP or DDA were used. LNPs were used as positive
control. GFP was used as model antigen, since its detection and quantification in vitro did not
require any additional staining, due to the intrinsic fluorescence of the protein. Figure 4.11
showed the percentage of GFP+ cells when SAM was transfected with either DOTAP (Figure
4.11A) or DDA (Figure 4.11B) based NPs, CNE, liposomes and SLNs. Figure 4.11 shows that
polymeric nanoparticles resulted in higher protein expression at SAM concentrations of 500
ng/mL, irrespective of the cationic lipid used (p<0.05); when 500 ng/mL of SAM was
delivered through DOTAP and DDA NPs the percentage of GFP + cells was around 60% and
40% respectively. However, in general, LNPs and liposomes were more potent at SAM
concentrations of 65 ng SAM/mL compared to other formulations (p<0.05) (Figure 4.11).
Regarding SLNs, it seemed that the presence of DOTAP enhanced the ability of particles to
deliver SAM compared to DDA, with consequently higher percentage of cells expressing GFP
at SAM concentration of 250 ng/mL. As it shown in figure 4.11B, when the
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Figure 4. 11 In vitro potency of SAM GFP-NPs, SLNs, CNE and Liposomes in BHK
fibroblasts. A) Percentage of GFP positive cells with A) DOTAP based and B) DDA based
formulations incubated with different cationic delivery systems - NP (green), Liposomes
(yellow), CNE (grey) and SLNs (blue). SAM adsorbing and SAM encapsulating formulations
are represented by dashed lines and solid line respectively. LNPs (red) and Lipofectamine2000
(black) were used as positive controls. Results are represented as mean ± SD of three
independent experiments.
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same nucleic acid concentration was adsorbed onto DDA based SLNs, the percentage of GFP+
cells was lower compared to DOTAP SLNs (<15% vs 30%; p<0,05)). However, the change
in cationic lipid did not alter the potency of CNE to induce antigen transfection (<14%; Figure
4.11).
DOTAP
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Figure 4. 12 Histograms of in vitro potency of SAM GFP-NPs, SLNs, CNE and
Liposomes in BHK fibroblast. Representative flow cytometry plots of DOTAP A)
Liposomes, C) SLNs, E) NPs, G) CNE, and DDA B) Liposomes, D) SLNs, F) NPs, H) CNE.
All formulations were prepared with 500 ng/mL of SAM. Histograms represent GFP+ cells
induced by formulations (colored) with respect to control cells (orange).
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A

B

Figure 4. 13 GFP expression in BHK cell line. Images of BHK at A) 0 and B) 16 hours
incubation with DOTAP polymeric nanoparticles encapsulating 500 ng/mL SAM-GFP. The
cells were observed under a fluorescent microscope (Zeiss Axio Scope A1 Microscope) B)
with or A) without a green filter.

With respect to DOTAP liposomes it seemed that SAM adsorbing vesicles were more efficient
in delivering the nucleic acid in fibroblasts compared to the SAM encapsulating ones. For
example, when 250 ng/mL of SAM were adsorbed on or encapsulated in liposomes, the
percentage of GFP+ cells was 40 and 18 respectively (p<0.05). However, when DDA was
used in the liposomes formulation, the ability of both SAM encapsulating and adsorbing
vesicles to induce antigen expression was similar and it was comparable to gold standard LNPs
at 125 ng of SAM/mL (Figure 4.11B).
To confirm the suitability of the method, Lipofectamine 2000 (LF) was used as an additional
positive control. When LF was employed to deliver SAM inside BHK, expression was above
70% (Figure 4.10 and 4.11). Further, when looking at the flow cytometry plots (Figure 4.12),
while a peak shift is only observed for DOTAP and DDA NPs, DOTAP SLNs, DOTAP and
DDA liposomes (Figure 4.12A, B, C, E, F), transfection of BHK cells with DDA SLNs and
DDA and DOTAP CNE also resulted in cells overexpressing GFP with a clearly differentiated
population of GFP positive cells (Figure 4.12D, G and H). Microscope observations correlated
with FACs data. More precisely, images in Figure 4.13 showed production of green
fluorescence when BKH were incubated for 16 hours with DOTAP polymeric nanoparticles
encapsulating 500 ng/mL SAM-GFP (Figure 4.13 B) compared with the non-treated
counterpart (Figure 4.13 A).
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4.3.6 In vitro potency assay with SAM-Rabies formulations
Once the consistency of the method was established, model antigen SAM-GFP was substituted
with the antigen of interest SAM-Rabies. Formulations were prepared at the highest [SAMRabies] of 400 µg/mL. Figure 4.13 represents the percentage of Rabies-positive cells after 16
hours incubation of SAM-loaded DOTAP (Figure 4.14A) or DDA (Figure 4.14B) particles at
different antigen concentrations in complete media. After 16 hours incubation with BHK cells,
it can be seen that all particles were able to transfect fibroblasts, however polymeric
nanoparticles and liposomes showed the greater ability to induce antigen transcription in vitro
compared to CNE and SLNs (p<0.05). Moreover, the transfection efficiency seemed to be
SAM dose independent; indeed, increasing SAM content, the percentage of Rabies+ cells
increased significantly. However, the potency of the transfection varied among particles. For
example, focusing on DOTAP based formulations, at the lowest antigen dose tested, NPs and
liposomes (with SAM adsorbed or encapsulated) could transfect between 40 and 60% of BHK,
while for the rest of the formulations, antigen+ cells were comparable to or below the positive
control (LNPs) values. This discrepancy became even more evident at the highest SAM
content tested, with NP and liposomes showing a transfection efficiency comparable with LF,
while SLNs were significantly lower compared to LF (p<0.05). Regarding SLNs and CNE,
the percentage of antigen positive cells was below 50 as measured for LNPs, despite the
change of cationic lipid or the increase of antigen content.
Due to possible inhibitory effect by the serum contained in the media on gene delivery, IVP
testing was also performed in the absence of serum to better understand if the binding of serum
proteins to the SAM-particles complex might modulate the activity of formulations in culture.
These additional tests might also help to better discriminate among formulations according to
their antigen expression efficiency, thus aiming to identify which formulation/s will be moved
further for in vivo immune study. As shown in Figure 4.15A and B, particles mediated antigen
expression in serum free media followed the trend seen in the presence of serum; however,
the percentage of transfected cells increased in absence of FBS for most of the formulations.
For instance, at the highest SAM dose, the percentage of Rabies+ cells for DOTAP NPs, DDA
and DOTAP liposomes was between 80 and 100%, values which were comparable with ones
of LF. Furthermore, the ability of CNE to transport particles inside cells and consequently
induced antigen transcription seemed to be higher in FBS free media (p<0.05). For example,
at 400 ng/mL SAM, Rabies + cells were 13% for DOTAP CNE and 45% for DDA CNE in
presence of serum; however, once the FBS was depleted, these values became much higher
(60 and 70% respectively- p<0.05).

149

A
100
90

% Rabies + cells

80
70
60
50
40
30
20
10
0
0

B

100

200
[SAM] ng/mL

300

400

200
[SAM] ng/mL

300

400

100
90

% Rabies + cells

80
70
60
50
40

30
20
10
0
0

100

Figure 4. 14 In vitro potency (IVP) in BHK cell line in complete medium. IVP in BHK in
cDMEM supplemented with 5% FCS of A) DOTAP based and B) DDA based formulations
prepared with SAM-Rabies at different concentrations - NPs (green) SLNs (blue), CNE (grey)
and liposomes (yellow). SAM-Rabies encapsulating and adsorbing formulations are
represented as solid and dash lines respectively. LNPs (red) and Lipofectamine2000 (black)
were used as controls. Results are represented as mean ± SD of 3 independent experiments.
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Figure 4. 15 In vitro potency (IVP) in BHK cell line in absence of serum. IVP in BHK in
FCS-free medium of A) DOTAP based and B) DDA based formulations prepared with SAMRabies at different concentrations - NPs (green) SLNs (blue), CNE (grey) and liposomes
(yellow). SAM-Rabies encapsulating and adsorbing formulations are represented as solid and
dash lines respectively. LNPs (red) and Lipofectamine2000 (black) were used as controls.
Results are represented as mean ± SD of 3 independent experiments.

151

A

B

Figure 4. 16 The effect of serum on antigen transcription. Representative flow cytometry plots
of A) SAM-Rabies DOTAP NPs and B) LNPs (on the right). Red, blue and yellow histograms
represent the peaks of control cells, cells incubated without serum and cells incubated with
serum respectively. All formulations were prepared with 400 ng/mL of SAM.

On the contrary, SAM transfection with gold standard LNPs was more efficient in complete
medium (p<0.05). By comparing Figure 4.14A and 4.15A, looking for example at 200 ng
SAM/mL, the percentage of Rabies+ cells were around 40 and 2 in presence or absence of
serum respectively. The flow cytometry plots in Figure 4.16 confirmed these observations,
even though cells expressing antigen were clearly represented by a separate and left shifted
peak compared to the control (red), the intensity and degree of separation varied among
experimental conditions. For instance, while just a small peak of Rabies+ cells were observed
with LNPs (Figure 4.16B) in absence of serum (blue), a more intense histogram represented
antigen expressing cells when SAM was transfected with LNPs in complete media (orange).
An opposite trend was observed for DOTAP NPs (Figure 4.16 A), with a wider and more right
shifted Rabies+ cells population peak (blue) in FSC free media compared to the one in 5%
FCS (orange). Despite these differences, all particles could deliver both SAM-GFP and SAMRabies to BHK cells and induced antigen transfection. However, according to this data, SAMRabies encapsulating DOTAP NPs, SAM-Rabies encapsulating DOTAP and DDA liposomes
resulted in greater and more consistent antigen expression compared to SLNs and CNE.

4.4 Discussion
Within this chapter the suitability of four different cationic nanoparticulates – liposomes, solid
lipid nanoparticles, polymeric nanoparticles and cationic nanoemulsions - to efficiently induce
transfection and consequently antigen expression in vitro was investigated. Self-amplifying
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RNA encoding for a green fluorescence protein (SAM-GFP) and for a rabies glycoprotein
(SAM-Rabies) were formulated with carriers either on the surface or inside the formulation.
The optimal SAM delivery system should be non-toxic, protect SAM from RNase
degradation, facilitate intracellular uptake followed by escape from endosome vesicles into
the cytosol and finally encourage effective antigen expression (Oh and Park, 2009).

4.4.1 The effect of sterilisation method on formulations attributes
Prior to in vitro assays assessments, SAM adsorbing or SAM encapsulating cationic
formulations were sterilised via γ-irradiation. The importance of developing contaminantsfree formulations is relevant not only for in vitro purposes, but it might be also extended to
further in vivo applications and larger scale production steps. Although filtration is a wellestablished and relatively cheap method of formulations sterilisation at small scale, (Meure et
al., 2008) its applicability suffers from size restriction and particles surface composition
limitations. Therefore, particles larger than 200 nm are retained by the pores of the filter;
moreover, highly cationic formulations can potentially establish chemical interactions with
filters made of polycarbonate or depth filters made from cellulose acetate, (Goldbach et al.,
1995) with consequently loss of materials and poor lipid recovery. Alternatively, a sterilization
method able to maintain formulations attributes would be therefore highly advantageous.
Compared to other sterilisation techniques, γ-irradiation is known to have the highest
reliability in killing, requiring moderate operating temperature (35–40°); herein, it has been
shown that application of γ-irradiation for samples sterilisation did not alter particles attributes
and SAM integrity (Figure 4.1-4.2). These findings are in line with previous reports. For
example sterilization of drug-loaded PLGA nanoparticles was performed by γ irradiation at
the dose of 25 kGy, and it was shown to have no adverse effect on particle size, drug release
behaviour, or ex vivo arterial uptake of the nanoparticles (Song et al., 1997). In another study,
cationic liposomes based on DDA–TDB incorporating mycobacterial fusion protein Ag85BESAT-6 were compared in terms of size and surface charge before or after sterilisation
(Mohammed et al., 2006).
It was concluded that the values obtained prior to sterilisation were not significantly different
to those after γ irradiation, with no alteration in liposomes properties and antigen structure
including in vivo efficacy (Mohammed et al., 2006). Therefore, these encouraging results
emphasised the suitability of γ irradiation as an efficient method for cationic formulations
sterilisation.

4.4.2 Targeting bone marrow derived macrophages and dendritic cells
Moving into in vitro assays, it was first attempted to target bone marrow derived macrophages
(BMDM) and dendritic cells (BMDDCs). The cytotoxicity data revealed that, despite
differences in formulation composition, the toxic effect of most of the cationic formulations
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was cationic lipid dose dependent in both cell types. (Figure 4.2). The toxic effect is mainly
determined by the cationic nature of the vector (Gao and Hui, 2001). Generally, the cytotoxic
effects of cationic lipids are mainly due to the structure of its hydrophilic group. Quaternary
ammonium amphiphiles are more toxic than their tertiary amine counterparts (Hyvönen et al.,
2000). One rational solution would be spreading the positive charge of the cationic head by
delocalizing it into a heterocyclic ring. Heterocyclic cationic lipids containing imidazolium or
pyridinium polar heads (Meekel et al., 2000, Roosjen et al., 2002) have been reported to
display higher transfection efficiency and reduced cytotoxicity when compared with classical
transfection systems (Ilies et al., 2003). Further, the interaction between cationic lipids and
critical enzymes such as protein kinase C (PKC) might increase lipids toxicity (Bottega and
Epand, 1992). To circumvent that, it has been shown that many derivatives of cholesterol
which contain tertiary or quaternary nitrogen head-groups can inhibit PKC activity, with
consequently reduced toxicity (van der Woude et al., 1997). Moreover, the type of linker
bonds might play a role in lipids cytotoxicity. Although compounds with ether linker render
better transfection efficiency, they are too stable to be biodegraded and thus cause toxicity.
Cationic lipids with ester bonds such as DOTAP in the linker zone are more biodegradable
and associated with less cytotoxicity in cultured cells (Leventis and Silvius, 1990, Farhood et
al., 1992, Qiao et al., 2012); however, these linkers are liable to decompose in the circulation
system. One alternative approach might be substituting esters with carbamate-linked lipids
which would be stable (Ren et al., 2001) at physiological pH while they decompose at lower
endosomal pH (Qiao et al., 2012). Furthermore, an increase in the length of the linker segment
led to decreased toxicity in cell culture (Hafez et al., 2001b). The cytotoxicity of charged
formulations on a wide range of cell lines has been well established; it is known that the
presence of a positive charge density on formulation surface induces toxicity. Mayhew
(Mayhew et al., 1987) and Campbell (Campbell, 1983) reported that inclusion of the cationic
lipid stearylamine into anionic formulations increased the cytotoxicity and it was also
dependent on the amount of this lipid added per well. Moreover, it has been seen that cationic
lipids and cationic polymers for gene delivery may cause toxic effects in vitro and in vivo
(Floch et al., 2000).
Moreover, it seemed that BMDM were more sensitive to DOTAP:DOPE liposomes (cell
availability <35%), while BMDDCs were more affected by high concentrations of DOTAP
based SLNs and NPs with <55% cell survival. The fact that cationic liposomes are highly
toxic toward macrophages could be explained by the enhanced relative phagocytic activity of
macrophages, confirmed by uptake efficiency data collected within this work. It was observed
that lipoplexes caused several changes to cells, which included cell shrinking, reduced number
of mitoses and vacuolization of the cytoplasm (Mosmann, 1983). The fact that the liposomes
were the most toxic compared with all formulations tested in macrophages might be due to
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the presence of DOPE. This is a pH-sensitive phospholipid that can destabilize the endosomal
membrane at acidic pH and assist liposomes in delivering their contents into the cytoplasm
(Hui et al., 1996). The association of DOPE with cationic lipids may therefore be responsible
for the toxicity observed toward macrophages. Indeed, Phillips and co-workers (Filion and
Phillips, 1997) found that the progressive replacement of DOPE by DPPC significantly
reduced toxicity towards macrophages. The replacement of DOPE by DPPC did not
completely abolish the toxicity, but the toxicity never exceeds 15% at the concentrations used.
However, the reason why SLNs and NPs were more toxic in dendritic cells was not well
understood, therefore it might be worth performing additional cell uptake experiments to see
if there is any correlation between cytotoxicity and increased phagocytic activity.
Moreover, uptake of empty and SAM-GFP loaded formulations in BMDM revealed that the
association with the model antigen altered particles internalization pathway of cationic
particles. Considering DOTAP based formulations, the addition of SAM generally increased
particles uptake during the timeframe tested (Figure 4.4). This improvement might be due to
increased particles size after SAM encapsulation or adsorption as reported previously in
Chapter 3. These results are in agreement with previous works, where cellular uptake was
reported to increase with increase in liposome size. For instance, it has been seen that the
uptake of ciprofloxacin-hydrogenated soybean phosphatidylcholine (HSPC), cholesterol
(Chol) and dicetylphosphate (DCP) liposomes by peritoneal macrophages was particle sizedependent over the range 100–1000nm with larger particles taken up in a greater extent
compared to the smaller counterpart (Chono et al., 2006). Moreover, this sensitivity of
macrophages to vesicle size was also reported by Schwendener and co-workers who saw that
the delivery of aqueous drugs to macrophages can be further improved using large unilamellar
vesicles made of egg phosphatidylcholine and cholesterol because of their greater internal
volume (Schwendener et al., 1984). Although the uptake mechanism of SAM loaded particles
by BMDM cells was not investigated in the present study, previous works showed that cationic
lipid-based delivery systems containing plasmid (Lin et al., 2013) and oligonucleotide
(Yotsumoto et al., 2008, Maeki et al., 2018) accumulate in cells by endocytosis ( for particles
<100 nm in size) or phagocytosis (for particles between 200 and 2000 nm in size) (Harashima
et al., 1999).

However, another work using LNP-siRNA delivery systems containing

“lipidoid” cationic lipids has suggested entry by macropinocytosis (Love et al., 2010). A more
recent paper on LNP-siRNA hypothesised a more complex internalization pathway, with
uptake predominantly driven by clathrin-mediated endocytosis and macropinocytosis (Lin et
al., 2013). A substantial body of literature concluded that RNA-lipid particles enter cells via
endocytosis pathways, (Schroeder et al., 2010, Ziello et al., 2010) more specifically by the
clathrin-mediated pathway. The success is generally attributed to the interactions of charged
lipids with the anionic components of endosomal membrane, and the effects of helper lipid on
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the cellular membranes structure, leading to the material escaping from endosomal vesicles
(Hui et al., 1996). It has also been proposed that the caveolae-mediated pathway may play a
role in a successful gene delivery, due to avoiding the delivery systems’ ‘entrapment’ in
endosomes and lysosomes (Kiss and Botos, 2009). However, clathrin-mediated pathway
remained predominant.
Regarding DDA based formulations, the size-dependent uptake path seemed to be less evident,
with no significant difference in terms of DilC+ cells between empty and SAM-loaded
particles after 24 hours. (Figure 4.5). These data suggest that other factors, such as surface
charge and lipid rigidity, might contribute to particles internalization in vitro. As already
discussed in Chapter 3, the addition of the antigen either inside or onto particles surface
induced a significant reduction in positive Z-potential values. This loss might therefore
compromise particles uptake by BMDM in vitro. In agreement with what has been hypnotised,
literature reported that receptor-targeted cationic head-group induced the greatest increase in
cellular uptake, followed by cationic amine head-groups, both being superior to neutral
(zwitterion) lipids or to negatively-charged head-groups (Akinc et al., 2010). Moreover, in
non-phagocytic cells, negative charge on the particle has been shown to reduce cellular uptake
due to electrostatic repulsion between the negatively-charged particle and the negativelycharged cell membrane (Lu et al., 2016). Thus, the more positive formulations are the higher
is the likelihood of them to be internalized by cells. Moreover, it is known that lipid particles
uptake and consequent transfection potency is strongly related to cationic lipid pKa (Semple
et al., 2010). More specifically, higher pKa will result in a higher surface charge for
formulations containing DOTAP or DDA, which would be expected to encourage association
with the negatively charged membrane of the macrophage cell line in vitro and thus enhance
uptake (Zimmermann et al., 2006). On the other part, membrane flexibility of cationic particles
is an important factor for appropriate wrapping of plasmid (Zuhorn et al., 2005) and bilayer
fluidity of lipoplexes or polyplexes influences the interaction of vector with cell membrane
(Ferrari et al., 2002). It is generally accepted that hard and faceted particles are preferable for
cellular uptake compared to soft and round particles (Anselmo et al., 2015). However, it was
proven that lipoplexes containing unsaturated lipids were more fluid and less regular in
structure, thus resulting in weaker binding of pDNA within the lipoplex (Ferrari et al., 2001).
Conversely, the presence of the long, saturated side chains may serve to anchor the lipids in
the membrane. As a result, the lipoplex structure may be less flexible, with a more regular
placement of the positively charged head groups on the lipid surface, allowing tighter and
more uniform coverage of the pDNA (Ferrari et al., 2001). This more uniform positive surface
charge could facilitate binding by serum proteins with consequently less internalization and
reduced transfection efficiency (Ferrari et al., 2001). Hence, this might mitigate size increase
effect after SAM addition in DDA based formulations.
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However, despite promising results on cellular internalization, antigen expression in BMDM
was unsuccessful. It is known that primary phagocytes are poorly transfection permissive due
to their inherent resistance to transfection with DNA constructs (Lemmon et al., 2011).
Transfection resistance of the primary phagocytes is thought to be due to the innate ability of
these cells to degrade foreign nucleic acids within the endo-lysosomal system (Burke et al.,
2002). Methods that circumvent DNA degradation within these compartments, such as
electroporation, also result in lower transfection efficiencies in phagocytes, indicating that
there are additional factors contributing to this resistance (Matthews et al., 1995). Although
non-viral transfection of ex vivo and in vivo macrophages and dendritic cells has generated
interest for the potential to use these cells as targets or vehicles in gene therapy, transfection
efficiencies using this methodology were modest (Lemmon et al., 2011).

4.4.3 Targeting baby hamster kidney cells
Therefore, another cell line - baby hamster kidney cells (BHK) – was used as target for antigen
expression, as they are a well-established model for SAM transfection. Moreover, BHK are
more permissive to nucleic acids internalization since they are type I IFN deficient cell line
(Spuul et al., 2011). The presence of viral dsRNA in an animal cell is an indication of the
pathogen invasion and it is recognized by the innate immune system as a non-self entity, as
vertebrate genomes do not encode RNA-dependent RNA polymerase (RdRp) activity.
Recognition of viral dsRNA by specific pathogen recognition receptors (PRRs) leads to the
induction of type I interferons (IFN; e.g. IFN-a and IFN-b), (Takeuchi and Akira, 2009) which
promote an antiviral IFN response state of the cell (Samuel, 2001). Thus, type I IFN acts as
an inhibitory molecule that reduces virus replication, as a sort of non-self viral replication
knockdown (Kurane et al., 1993). Therefore, lack in this regulatory molecule triggers to more
permissive cells generation and consequent more efficient RNA transfection. Cytotoxicity
data in BHK cells showed that, as a general overview, DDA based formulations were more
toxic compared to DOTAP ones at comparable concentrations (Figure 4.6). These findings are
in agreement with studies performed on mammalian cell lines (Lappalainen et al., 1994b). The
greater toxic effect of DDA was confirmed by other studies reported in literature. For example,
it has been seen that DDA:DOPE liposomes were more toxic than DOTAP counterparts. More
precisely, CaSki human cervical cancer cells treated with 40 µg DOTAP were found to be
alive, while toxic effect was reported at the same concentration of DDA liposomes
(Lappalainen et al., 1994a). Moreover, within that study, morphological data highlighted that
DOTAP caused minor cellular changes - cell shrinking, reduced number of mitosis and
vacuolization of the cytoplasm – compared to DDA counterparts at the same cationic lipid
content (Lappalainen et al., 1994a). The lower toxicity of DOTAP formulations might be
attributed to higher degradability in vitro of DOTAP compared to DDA; the ester linker on
DOTAP structure is known to be susceptible to hydrolysis in an aqueous environment, which
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promotes DOTAP metabolism therefore avoiding accumulation in cells compartments (Lv et
al., 2006).
Data shown within this chapter highlighted that, in vitro, cationic particles were readily taken
up by BHK, with approximately 100% particles+ cells after 16 hours despite the growth media
composition (Figure 4.8). It might be worth noticing that the gold standard LNPs behaved
differently in either presence or absence of FCS, with significantly lower DilC+ cells in FSCfree conditions (<37% vs >99%). This may be due to depletion of Apolipoprotein E (ApoE)
in FSC-free media. It has been widely reported that the internalization of LNPs siRNA for
hepatocyte gene silencing has been attributed to association with apolipoprotein E, which
leads to uptake through the scavenging receptor (Akinc et al., 2010). However, herein,
differential uptake of cationic formulations by BHK was more evident when analysed in terms
of mean fluorescence intensity (MFI – Figure 4.9). Generally, particles internalisation was
higher in presence of FCS in the growth media, with DOTAP SLNs, DOTAP NPs and DDA
NPs having the greater MFI values. These findings were partially in agreement with what has
been seen previously. Serum has been reported to exert its inhibitory effect by binding serum
proteins to the complex of cationic lipids and nucleic acid (lipoplexes), which leads to
structural reorganization, aggregation, and dissociation of the complexes (Marchini et al.,
2009). However, the cholesterol-based cationic lipid CHOL-E has shown high transfection
efficiency even in the presence of serum as compared to Lipofectamine (Marchini et al., 2011).
Furthermore, DC-Chol, a well-known cholesterol derived cationic lipid, has shown to have
better transfection efficiency in the presence of serum (Caracciolo et al., 2010). These data
suggested that DDA and DOTAP based SLNs, NPs, CNE and Liposomes may enter cells by
caveolae mediated endocytosis and macropinocytosis in addition to the clathrin-mediated
endocytosis in the presence of serum. Several studies have reported that the nanoparticle
associated “protein corona” from plasma or other bodily fluids is important in the
cell−nanoparticle interaction (Caracciolo et al., 2011). Most of proteins surrounding
nanoparticles were apolipoproteins, immune response-related proteins, immunoglobulins,
acute-phase proteins, coagulation-related proteins, and cell adhesion proteins (Walczyk et al.,
2010, Capriotti et al., 2011). Serum proteins such as albumin and heparin are also known to
bind to lipid membranes, causing aggregation of lipoplexes and an increase of the size
(Zelphati et al., 1998, Almofti et al., 2003). The change in endocytosis pathway may be a
consequence of these changes of particles. Lipoplexes approximately of 300 nm or less were
preferentially enter cells via the clathrin-mediated endocytosis, and lipoplexes larger than 500
nm were reported to be internalized via caveolae mediated endocytosis (Rejman et al., 2004).
The addition of serum might presumably have increased SLNs, CNE, NPs and liposomes
particles size, therefore, these particles may use more than one pathway in the presence of
serum, taking advantage of alternative trafficking processes. Further, as discussed previously
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for the uptake in BMDM, DOTAP formulations were taken up in a greater extent compared
to DDA counterparts. Again, this might be attributed to the differences in Z-potential values
and in the overall final rigidity of different cationic particles, parameters which is known to
affect non-viral gene transfection in vitro.
In vitro potency (IVP) assays with both SAM-GFP and SAM-Rabies based formulations
showed that DOTAP polymeric nanoparticles and both DDA and DOTAP liposomes had the
greater ability to induce antigen expression in BHK cells, regardless of the choice of the
encoded antigen (Figure 4.9 and 4.13). Moreover, increase in SAM concentration did not
result in higher antigen expression. This lack of dose response with SAM loaded formulations
in vitro could result from saturation of either the uptake pathway, which is likely different
from that of lipofectamine, or translation capacity of the cells. The internalisation of lipid
particles for gene delivery is a complex machinery which involves several endocytic pathways
(Kaksonen and Roux, 2018, Lim and Gleeson, 2011) and it is affected by numerous cellular
phenomena. It is strongly believed that obstacles to transfection in vitro is the presence of
serum which exerts its inhibitory effect (Zelphati et al., 1998, Yang and Huang, 1997). Thus,
within this study, the IVP experiment in absence of serum was performed, showing greater
expression potency in FCS-free conditions despite the kind of delivery system employed.
These additional data partially supported what was previously discussed, as there was no
strong correlation between particle internalisation and antigen expression in complete media.
It is well documented in literature that cationic lipoplexes and polyplexes accumulated in cells
by endocytosis (Yotsumoto et al., 2008). However, it has been observed that micropinocytosis
might be an alternative mechanism for LNP-siRNA uptake (Love et al., 2010). Despite the
endocytic pathway, it has been observed that serum might interfere with these processes by
the binding of serum proteins to the complex of cationic lipids and nucleic acid (Simberg et
al., 2003). This association facilitates LNP-DNA/RNA structural reorganization, aggregation,
and dissociation of the complexes. FBS contains several blood proteins, including
endonucleases, albumin, lipoproteins, fibrinogen, and heparin. One of the recent observations
made by researchers suggested that lipids of lipid particles interact and fuse with serum
protein, destabilizing the lipoplex or polyplex complex (Vitiello et al., 1998). Thus, a release
of some nucleic acid molecules might happen with a consequent loss in transfection efficiency.
Furthermore, serum proteins, by binding to lipid membranes, can induce an increase in
particles size and a consequent reduction in the zeta potential (Marchini et al., 2009). This
effect contributes to make the interaction between lipoplexes and cell membrane weaker.
These observations were in agreement with what has been shown in the results reported here.
For all the formulations tested, the presence of FBS in the growing media interfered with
transfection and reduced the ability of formulations to efficiently transport SAM inside cells
for a complete antigen transcription. However, an opposite effect was seen when LNPs were
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used for SAM delivery. In this case FBS seemed to be required for a good transfection. The
cause of this phenomenon might be attributed to the presence of apolipoprotein E (ApoE) in
serum. High potency of DLin-KC2-DMA LNP (an analogue of lipid X employed here) for
gene silencing in hepatocytes has been attributed to association with ApoE, which led to
uptake through the scavenging receptors (Wolfrum et al., 2007, Sahay et al., 2010). Another
possibility is that serum may likely induce switch from clathrin-dependent to caveolaemediated internalization (Farhood et al., 1995).
Moreover, the greater ability of either DOTAP or DDA liposomes to induce antigen
expression might be helped by the presence of the fusogenic helper lipid DOPE in the
liposomes

formulation

utilised.

DOPE

has

a

relatively

small

head-group,

phosphoethanolamine, and two bulky and unsaturated oleyl chains, creating a cone-like shape.
This lipid geometry can stabilize the non-bilayer hexagonal (HII) phase, which is found in
transitional structures during membrane fusion and/or bilayer disruption (Hattori et al., 2005).
Hence, previous studies on transfection efficiency have shown that DOPE aided transfection
in mixtures of DOTAP, (Hui et al., 1996) suggesting that inverted hexagonal lipoplexes
transfect more efficiently than lamellar lipoplexes. In addition, cationic lipids cause the
swelling and rupture of the lysosomes by sequestering protons and their counterions (the
“proton sponge effect”) and create an osmotic imbalance similar to that created by
lysosomotropic compounds (Boussif et al., 1995).
Moreover, the potency of polymeric NPs to transfect fibroblasts might also be attributed to
the presence of the biodegradable polymer PLGA in the formulation. This block co-polymer
was widely employed in gene therapy, especially for DNA or siRNA delivery. The potential
advantage of biodegradable carriers compared with their non-degradable counterparts is their
reduced toxicity and the prevention of the polymer accumulation in the cells after repeated
administration (Luten et al., 2008). Furthermore, the degradation of the polymer can be used
as a tool to release the nucleic acids into the cytosol (Luten et al., 2008). For example, it has
been seen that the siRNA delivery and resultant silencing efficiency of PLGA NPs were better
than those of commercialized gene transfection agent (Heo and Lim, 2014). Furthermore,
recent studies have shown that antigen-loaded PLGA particle enhances and prolongs antigen
cross-presentation in DCs that induce cytotoxic T cell responses (Johansen et al., 2000, Lee et
al., 2011b). The mechanism of the enhanced therapeutic effect given by PLGA has been
recently elucidated.

Panyam and co-workers (Panyam et al., 2002) found that surface

cationization of PLGA based NPs could be related to NP behaviour (Mukherjee et al., 1997)
in the endocytic vesicles. The early endocytic vesicles have a physiological pH (Mukherjee et
al., 1997), at which PLGA would be negatively charged and hence would be repelled by the
negatively charged endosomal membrane. However, the secondary endosomes and lysosomes
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are predominantly acidic (pH between 4 and 5) (Mukherjee et al., 1997), therefore, NPs would
be cationic hence interacting with the negatively charged membrane, leading to their escape
into the cytoplasmic compartment. The mechanism of escape proposed within the cited paper
was not related to the opening of the endo-lysosomal vesicles, but it was attributed to localized
destabilization of the endo-lysosomal membrane at the point of contact with PLGA NP,
followed by extrusion of the NP through the membrane. Furthermore, at acidic pH the
hydrolysis of PLGA is accelerated therefore leading to a fast release of the encapsulated
bioactive molecule and a consequent higher accumulation in the cytosol. A sustained release
mechanism is crucial for non-replicative drugs i.e. DNA or RNA based compounds in order
to enhance antigen production. However, a slow release of SAM might not be necessary due
to its intrinsic self-replicating properties. Moreover, to enhance endosomal escape, the
addition of cationic materials such as chitosan or cationic lipid to PLGA NPs formulation
might be beneficial (Stigliano et al., 2013). This mechanism of action is an important
advantage in the use of PLGA NPs as cytoplasmic delivery vehicles. Besides, phagocytosis
and pinocytosis (including clathrin-mediated endocytosis, caveolae-mediated endocytosis and
macropinocytosis) are the two main endocytic pathways used for NP uptake (Khalil et al.,
2006). These different pathways differ in the composition of the coat, the size of the vesicles
and the fate of the internalized molecule (Khalil et al., 2006). Generally, caveolae-vesicles
induce the intracellular migration of materials with a size of 50–80 nm. NPs with a similar
size as viral pathogens are efficiently recognised and taken up by APCs for the induction of
the immune response (Xiang et al., 2006). NPs with a size between 20 and 200 nm are
preferentially taken up by DCs, through the pinocytosis mechanism, while macrophages
uptake larger NPs, from 0.5 to 5 μm, through macropinocytosis and phagocytosis (Xiang et
al., 2006). However, despite differences in the endocytic pathway, all particles could deliver
both SAM-GFP and SAM-Rabies to BHK cells and induced antigen transfection. However,
according to data reported here, SAM-Rabies encapsulating DOTAP NPs, SAM-Rabies
encapsulating DOTAP and DDA liposomes resulted in greater antigen expression. Thus, these
formulations will be the candidates to test for in vivo immune response.

4.5 Conclusions
Within this chapter, four different cationic delivery systems were evaluated according to their
ability to efficiently trigger antigen expression in vitro in different cell lines. The results
suggested that particles can be simply and effectively sterilised using γ-irradiation. Moreover,
it was shown that toxicity in both MBDM, MBDDCs and BHK was cationic lipid dose
dependent. In terms of uptake in BMDM, while SAM-DOTAP formulations were taken up by
cells in a comparable manner, DDA particles showed a greater difference among them, with
SAM encapsulating liposomes and SAM adsorbing emulsions having much higher uptake. In
BHK cells, even though no significant difference in particles uptake has been shown by
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expressing data as percentage of DilC+ cells, discrepancies among formulations in uptake
efficiency were indeed evident by analysing mean fluorescence intensity values (MFI), with
DOTAP SLNs and NPs having significantly higher MFI values compared to the other
formulations; however, despite this, absolute values were inferior compared to 5% FCS
condition. In FCS-free media, NPs resulted in the highest MFI, which directly translated in
more polymeric particles uptake by BHK. Moreover, it was shown that moving from DOTAP
to DDA reduced the overall MFI of formulations. However, despite the promising results on
cellular internalisation, antigen expression in BMDM was not achieved. On the other hand, in
vitro potency (IVP) assays in BHK cell line with both SAM-GFP and SAM-Rabies based
formulations showed that DOTAP polymeric nanoparticles and both DDA and DOTAP
liposomes had the greater ability to induce antigen expression in BHK cells, despite the choice
of the antigen and the presence of serum. Thus, these formulations were selected to progress
in vivo to better understand their immunogenicity in a mouse model.
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CHAPTER 5
Pharmacokinetics and Immunogenicity studies in a mouse
model
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5.1 Introduction
The rabies virus is an enveloped, single stranded, negative-sense RNA virus of the Lyssavirus
genus, with an estimated annual global human mortality of about 24,000 to 90,000 (Knobel et
al., 2005). Despite extensive effort in preventing the spread of the virus, rabies is still one of
the major causes of death from infectious diseases in humans, especially in developing
countries (Evans et al., 2012), with infection being acquired from transcutaneous or mucosal
exposure to saliva of a rabid animal. The rabies virus genome encodes for five structural
proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and the
viral RNA polymerase (L). However, G protein is the only target for neutralizing antibodies,
which provide full protection against virus challenge (Ertl, 2009).
Efficacious rabies vaccines for humans are already on the market (Warrell, 2012) and these
include three killed virus tissue culture vaccines licensed for use in the developed world:
human diploid cell vaccine (Imovax Rabies, licensed in the UK), purified chick embryo cell
vaccine (Rabipur/RavAvert licensed in the USA) and a purified vero cell vaccine (Verorab,
licensed in Europe). Despite their indisputable efficacy, the production process is very
expensive. Besides, rabies vaccines for pre-exposure prophylaxis must be given three times to
achieve protective immunity, which can last 3–4 years, while for post-exposure prophylaxis
the number of administrations rises until 4–5. Therefore, more cost-effective alternatives
which require less frequency of administrations might be really advantageous. Several
approaches are in preclinical development. One of the most recent is nucleic acid based
vaccines. RNA or DNA encoding the antigen(s) of interest are one of the most advanced
platforms for vaccination; in particular, self-amplifying RNA (SAM), where the gene
sequences encoding structural proteins in the RNA viruses are replaced by mRNA encoding
antigens of interest as well as by RNA polymerase for replication and transcription, has been
successfully assayed with many different antigens as vaccines candidates. Moreover, they
have been shown to be effective in several animal species, including mice, nonhuman
primates, and humans (Geall et al., 2012b). However, due to SAM biological instability and
impossibility of directly crossing cell membrane, a safe and effective delivery system is
needed. Ideally, the delivery system should interact with target cells and being taken up upon
receptor-mediated endocytosis; further it should be able to escape from the endosomal
compartment into the cell cytoplasm, where the RNA machinery is located, while avoiding
degradation by lysosomal enzymes. Furthermore, delivery systems for systemic
administration should be nontoxic and highly immunostimulatory upon administration (Geall
et al., 2013).
The use of cationic formulations as experimental adjuvants for subunit peptide or nucleic acid
vaccines is well documented. Studies from the past decades on adjuvant mechanisms showed
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that the adjuvanticity of such formulations may be due to a combination of various pathways
including formation of depot, induction of cytokines and chemokines, recruitment of immune
cells, enhancement of antigen uptake and presentation, and promoting antigen transport to
draining lymph nodes (Freimark et al., 1998, Henriksen-Lacey et al., 2011b). Over the years,
it has become clear that adjuvants activate innate immune responses to create a local immunocompetent environment at the injection site. Depending on the type of innate responses
activated, adjuvants can alter the quality and quantity of adaptive immune responses.
Understanding the mechanisms of action of adjuvants will provide critical information on how
innate immunity influences the development of adaptive immunity, help in rational design of
vaccines against various diseases, and can inform on adjuvant safety. Despite a substantial
body of literature regarding the suitability of cationic particulates as vaccine
immunomodulators or delivery systems, contradictory statements are reported with respect to
the adjuvanticity of these formulations and a consensus on their precise mechanism of action
and their effect on the immune system is still lacking (Carmonaribeiro, 2000, Freimark et al.,
1998). The logic for cationic particulates as vaccines carriers is based on the assumption that
these systems are able to deliver the antigen to antigen-presenting cells (APCs) and thus
enhance antigen-specific immune responses (Cox and Coulter, 1997, Banchereau and
Steinman, 1998). Herein this context, dendritic cells (DCs) are important for their ability to
efficiently induce primary immune responses and to elicit immunological memory. Moreover,
many papers support the hypothesis that the increased permanency of carriers at the injection
site - depot effect – may help to prolong the antigen retention at the inoculation site thereby
increasing the time of vaccine exposure to the immune cells (Henriksen-Lacey et al., 2010a).
The depot effect has been attributed to electrostatic forces between the net negatively charged
serum proteins and local cells and the positively charged formulation thereby leading to carrier
aggregation and precipitation at the injection site with consequent antigen retention
(Henriksen-Lacey et al., 2010a). However, the need for a depot effect to increase
immunogenicity remains controversial, as it has been seen that it is not always correlated with
increased adjuvanticity (Hutchison et al., 2012). Within the present chapter, the
pharmacokinetics in vivo of either DOTAP or DDA based polymeric nanoparticles (NPs),
solid lipid nanoparticles (SLNs) and cationic nanoemulsions (CNE) encapsulating SAM
vaccine were compared. In this study, self-amplifying RNA vaccine encoding for a green
fluorescent protein (GFP) – SAM-GFP – was used as model antigen. The aim was to
understand the biodistribution of different cationic delivery systems in an animal model and
evaluate any retention in the injection site as well as any accumulation and toxicity in the other
organs. To follow the movement of formulations in vivo, a radiolabeling technique was used.
Moreover, biodistibution studies were correlated with immunogenicity. Although there has
been an important development of non-viral delivery systems for RNAi (Kanasty et al., 2013),
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the experience with mRNA or self-amplifying RNA is very poor. Self-amplifying RNA
vaccines have been delivered mainly as naked RNA or with specific non-viral vectors (lipid
nanoparticles (Geall et al., 2012b) or cationic nanoemulsions (Ott et al., 2002)), following
intramuscular injection. The practical utility of viral vectors, however, is limited by
manufacturing considerations, cost-effectiveness, and potential adverse health effects.
Moreover, very limited data have been published on non-viral delivery of RNA replicons,
although it is a highly attractive approach. Furthermore, it has been shown that induction of
antigen-specific immunity can be achieved by administering RNA vaccines through several
routes, i.e. intravenous, intradermal, subcutaneous, intranodal, and intrasplenic (Ulmer et al.,
2012). Additionally, mRNA has also been used via intradermal application to induce its uptake
by Langerhans cells and dermal dendritic cells for further transport to the lymph node.
However, any data about the immunogenicity of these SAM based delivery systems after
intranasal administration has not yet been reported.

5.1.2 Aim and objectives
Within this chapter it has been attempted to:


Understand the pharmacokinetic profile of different cationic formulations; the
biodistribution in a mouse model was performed and different particles attributes –
presence of SAM and cationic lipid composition- were evaluated and compared.



Find the correct antigen dose to induce high antibodies and cellular responses in vivo
and to compare the adjuvant properties of selected cationic candidates after i.m.
injection. For this purpose, DOTAP NPs, DOTAP liposomes and DDA liposomes
were selected as potential candidates. Either 1.5 µg or 0.15 µg/dose SAM encoding
for rabies glycoprotein (SAM-Rabies) was encapsulated within the three delivery
systems and used as vaccine of interest. The commercial vaccine Rabipur, which is
an inactivated virus rabies vaccine, was used as comparison, while GSK CNE and
gold standard LNPs were used as positive controls.



Evaluate if changing the route of administration might affect carriers’ potency; SAM
encapsulating candidates were administered intradermally and intranasally, and
formulations immunogenicity was evaluated according to IgG titres and cellular
response. To do so, DOTAP NPs and DOTAP SLNs were selected.



Evaluate if any correlation between biodistribution and immunogenicity might exist

5.2 Materials and Methods
5.2.1 Materials
Poly (D, L-lactide-co-glycolide) lactide: glycolide (50:50), mol wt 30,000-60,000, Dimethyl
Sulfoxide, Tristearin (Grade II-S, ≥90%) Cholesterol and squalene were obtained from SigmaAldrich Company ltd. Dipalmitoylphosphatidylcholine (DSPC), 1,2-dimyristoyl-rac-glycero166

3-methoxypolyethylene glycol-2000 (DMG-PEG2000), Dimethyldioctadecylammonium
(DDA) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were obtained from
Avanti Polar Lipids. alamarBlue was obtained from Bio-Rad Laboratories, Inc. Ethanol,
methanol,

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine

Perchlorate

(DilC),

LIVE/DEAD™ Fixable Aqua Dead Cell Stain, Lipofectamin2000), Gibco phosphate buffer
saline (PBS), RPMI 1640 Medium, Tween 20 and Span 80 were obtained from Fisher
Scientific UK. Dulbecco’s Modified Eagle Medium (DMEM) and foetal bovine serum (FBS)
were obtained from Gibco. APC-labelled anti-CD11c, FITC-labeled anti-F4/80 antibodies and
anti-Fc antibody (Fc block) were obtained by BD Biosciences UK. Penicillin-streptomycin,
L-glutamine, cholesterol (Chol) and pontamine blue were purchased from Sigma. TRIS UltraPure was obtained from ICN Biomedicals. Cytofix-cytoperm solution was obtained from BD
Biosciences. Tertiary cationic lipid X was provided by Discovery, Drug Product Development
department Rockville, USA

5.2.2 In vivo biodistribution of adjuvants and their associated antigen
5.2.2.1 Preliminary studies: preparation of cationic formulations in presence of
cholesterol
Cholesterol-DOTAP based SLNs, NPs and liposomes were produced with Nanoassemblr
(TFR 10 mL/min and FFR 1:1), while CNE was produced using microfluidisation method
(refer to chapter 3 for formulations details). Each lipid stock contained final [DOTAP] of 1
mg/mL and 500 ng/mL of cholesterol. Samples were dialysed against TRIS buffer 10 mM pH
7.4 in order to remove organic solvent.
5.2.2.2 Preliminary studies: release study of 3H-Cholesterol from formulations
In order to prove that 3H-Cholesterol (3H-Chol) was retained in formulations lipid layer during
time, a release study with 3H-Chol labelled formulations was performed. DOTAP based SLNs,
NPs and liposomes were produced with Nanoassemblr (TFR 10 mL/min and FFR 1:1), while
CNE was produced using microfluidisation method (see chapter 3 for formulations details).
Each lipid stock contained [DOTAP] of 2 mg/mL and 500 ng/mL of 3H-Chol. Samples were
dialysed against TRIS buffer 10 mM pH 7.4 at 37°C, and 1 mL aliquots were taken from the
outer buffer after 30 min, 1, 2, 4, 6, 24, 48, 72, 96,1 20, 144 and 168 hours. The outer volume
in the beaker was maintained constant replacing the withdrawn aliquot with an equal volume
of buffer. The amount of released tritium over time has been quantified using liquid
scintillation counter (PerkinElmer Tri-Carb 2810TR).
5.2.2.3 Preliminary studies: effect of Foetal Bovine Serum (FBS) on particles size
A stability study which mimics a biological environment in vitro has been carry out in order
to understand if cationic formulations were stable once injected in mice. To achieve that,
SLNs, NPs, CNE and liposomes were mixed with a solution of Foetal Bovine Serum (FBS):
Phosphate-buffered saline (PBS) 50:50 vol/vol, then placed in a 15 mL falcon tube at 37°C.
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A 200 µL aliquot was taken from each sample after 0, 1, 2, 4, 24 and 48 hours and the volume
was replaced with the same amount of FBS:PBS solution. Formulations were characterised in
terms of size, PDI and Z-potential after each time-point using Zetasizer Nano ZS.
5.2.2.4 In vivo study: tracking the movement of radiolabelled formulations in a mouse
model
The in vivo biodistribution study procedures strictly adhered to the 1986 Scientific
Procedures Act (UK – project licence number PPL3003289/ personal licence number
IC2992F8F). All protocols have been subject to ethical review and were carried out in a
designated establishment. Groups of four female 6–8-week-old BALB/c mice (20-25g) were
housed appropriately and given a standard mouse diet ad-libitum. In order to track their
movement, adjuvants were formulated with 3H-Chol. In brief, 3H-Chol was incorporated to
either DOTAP or DDA based SLNs, NPs or CNE lipid mixture and co-formulated with the
appropriate buffer described in chapter 3; when specified, formulations were prepared in the
presence of 1.5 µg/dose of SAM encoding for a green fluorescence protein (GFP) added to
the aqueous phase. Particles were formulated by either microfluidics or microfluidizer and
dialyzed against 10 mM TRIS pH 7.4 (refer to chapter 3 for details). Finally, trehalose was
added to a final concentration of 10% w/v to maintain isotonicity upon injection. Each dose
(50 µL) contained 25 µg of cationic lipid (either DOTAP or DDA) and 25 ng of 3H-Chol (200
KBq/dose). The concentration of cholesterol was low enough not to change the size of the
formulations. 3 – 4 days before injection, mice were injected with 200 μL of Chicago Blue
(0.5 % w/v) subcutaneously (s.c.) into the neck scruff as a marker for lymph nodes.
Formulations were injected intramuscularly (i.m.) in the right quadriceps muscle. Mice were
terminated at relevant time points (6, 24 and 48 hours or 6, 24, 48, 72 and 96 hours) post
injection (p.i) and tissue from the site of injection (SOI) and draining lymph nodes (popliteal
lymph node – PLN, inguinal lymph node – ILN) on the side of the SOI were collected for
analysis. Briefly, samples were solubilized completely in 10 M NaOH (2 mL) at 60 °C
overnight and subsequently bleached with 30% w/v hydrogen peroxide (200 µL) for 2 h at 60
°C. Then, 10 mL of Ultima Gold Scintillation cocktail were added. Radiation was quantified
in a Liquid Scintillation Analyser Tri-Carb 2810 TR (Perkin Elmer). The percentage of
injected dose (%ID) was calculated with respect to the original dose as follows:

Eq (5.1)

counts (cpm) in organ

% ID = counts (cpm) in original dose x 100
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5.2.3 Evaluation of immune responses in vivo of different selected adjuvants and
their associated antigen
5.2.3.1 Determination of Rabies-specific serum antibody titres by ELISA
Mouse model was chosen since it is the most widely used model to mimic human immune
system. Project licence “AWB 2015 01”, CPR/2015/01. All animal studies were ethically
reviewed and carried out in accordance with European directive 2010/63/EEC and the GSK
policy on the Care welfare and treatment of animals. Animals were placed in cages with an
individually ventilated caging system and given a standard mouse diet ad-libitum. Groups of
10 female BALB/c mice aged 6–8 weeks and weighing about 20–25 g were immunized with
SAM-Rabies antigen encapsulating DOTAP liposomes, DDA liposomes and DOTAP NPs at
days 0 and 28 and the responses were compared to the commercial, inactivated virus rabies
vaccine, Rabipur. SAM-Rabies adsorbing CNE and SAM-Rabies encapsulating gold standard
LNPs were used as positive controls. The mice received 1.5 and 0.15 µg of SAM-Rabies in
50 µl of the formulation in the left quadriceps. Similarly, 1/20 of Rabipur clinical dose was
administered via intramuscular (i.m.) injection to control groups. Serum samples were
collected on days 0, 14, 27, and 43 after the first vaccination. Rabies G-specific IgG titres
were determined by ELISA using a commercially available kit (PLATELIA™ RABIES II).
The assay was performed following manufacturer’s instructions. Reagents were stored at 2–8
◦C and placed at room temperature for at least 30 min before use. Briefly, each sample was
pre-diluted 1:100 in sample buffer and 100 µL is incubated in a microplate well sensitised
with the rabies virus glycoprotein for 60±5 min at 37±1 ◦C. A negative (R3) and two positive
controls (R4a and b) were tested in each run. The positive controls are calibrated against the
WHO international standard for rabies immunoglobulin. R4b (4 equivalent units (EU)/mL) is
used to establish a reference curve after successive two-fold serial dilutions (S5 = 2 EU/mL,
S4 = 1 EU/mL, S3 = 0.5 EU/mL, S2 = 0.25 EU/mL, S1 = 0.125 EU/mL). After three washing
cycles with 1× washing solution by the use of a microplate washer (type PW41 or PW40, BioRad), horseradish peroxidase-conjugated protein A (10× concentrated, to be diluted in 1×
washing solution prior to use) was incubated 1 h±5 min at 37±2 ◦C in a microplate incubator
(type IPS, Bio-Rad). Following five washes, the linked peroxidase conjugate was visualized
with 3,3’,5,5’-tetramethylbenzidine incubated for 30±5 min at room temperature. The enzyme
reaction is stopped by addition of 1N sulphuric acid solution. Absorbance was measured at
450–620 nm with the use of a microplate reader (type PR3100, Bio-Rad) with specific rabies
program. The dose–OD response curve allows the determination of the titre of each serum.
Sera titres were expressed in equivalent unit per ml (EU/mL).
5.2.3.2 Intracellular cytokine staining (ICS) in speenocytes
Spleens from immunized mice were removed at day 43 after the first vaccination. To assess
T-cell responses, single-cell suspensions were prepared from spleens and 15x106 cells/mL
were plated with anti-CD28 mAb at a final concentration of 2 μg/mL and anti-CD107a FITC
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(5 μg/mL). As positive control, cells were also pre-incubated for 2 hours at 37°C with antiCD3 mAb (1 μg/mL). Moreover, as ex vivo restimulation, cells were stimulated for 4 hours
with Rabies G1-G2-G3 peptide pool at 10 μg/mL. Brefeldin A (5 μg/mL) was added to each
condition for the last 4 hours. For flow cytometry analyses, cells were then stained with
Live/Dead Near InfraRed, fixed and permeabilized with Cytofix/Cytoperm, and then
incubated with anti-CD16/CD32 Fc block. T cells were further stained with anti-CD3-APC,
anti–CD4 BV510, anti–IFN-γ Brilliant Violet 785, anti–IL-2 PE-Cy5.5, anti–TNF Brilliant
Violet 605, and anti–CD44 V450, anti-IL17 PE and anti-CD8 PE. Samples were acquired on
a LRSII special order and analysed using FlowJo software version 9.7.4. Frequencies of
antigen-specific T cells were calculated after subtracting the background measured in the
corresponding negative control for each cytokine.

5.2.4 In vivo comparison of different routes of administrations for SAM
formulations
5.2.4.1 Determination of Rabies-specific serum antibody titres by ELISA
Mouse model was chosen since it is the most widely used model to mimic human immune
system. Project licence “AWB 2015 01”, CPR/2015/01. All animal studies were ethically
reviewed and carried out in accordance with European directive 2010/63/EEC and the GSK
policy on the Care welfare and treatment of animals. Animals were placed in cages with an
individually ventilated caging system and given a standard mouse diet ad-libitum.
Groups of 10 female BALB/c mice aged 6–8weeks and weighing about 20–25 g were
immunized with SAM-Rabies antigen encapsulating DOTAP SLNs and DOTAP NPs at days
0 and 28. The commercial, inactivated virus rabies vaccine, Rabipur was used as comparator,
while SAM-Rabies encapsulating gold standard LNPs was used as positive control. Mice
received 0.15 µg of SAM-Rabies in 50 µL of the formulation via i.m. injection or 0.15 µg of
SAM-Rabies in 20 µL via intradermal (i.d.) or 1.5µg of SAM-Rabies in 50 µL of the
formulation intranasally (i.n). Similarly, 1/20 of Rabipur clinical dose (CD) was administered
intramuscularly and intranasally, while 1/50 CD was administered intradermally. Serum
samples were collected on days 0, 14, 27, 43 and 99 after the first vaccination. Rabies Gspecific IgG titres were determined by ELISA using a commercially available kit (PLATELIA
RABIES II). The assay was performed following manufacturer’s instructions (refer to section
5.2.3.1).
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On CD4+

On CD8+

Figure 5. 1 Gating strategy and representative dot plots to evaluate the immune response
elicited by different selected adjuvants and their associated antigen after i.m. injection
in vivo. Splenocytes were negatively selected based on dye exclusion, and lymphocytes were
further identified based on morphology. CD3+ T cells were selected after discrimination of
singlets and CD4+ and CD8+ T cells were identified based on CD4 and CD8 expression,
respectively. Figure shows representative dot plots of cytokine+ (IFN-γ, IL-2, TNFα and
CD107a) cells identified among the CD4+ or CD8+ subset.
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On CD4+

On CD8+

Figure 5. 2 Gating strategy and representative dot plots to evaluate the immune response
elicited by different selected adjuvants and their associated antigen after either i.m., i.d.
or i.n. injection in vivo. Live cells were negatively selected based on dye exclusion, and
lymphocytes were further identified based on morphology. CD3+ T cells were selected after
discrimination of singlets and CD4+ and CD8+ T cells were identified based on CD4 and CD8
expression, respectively. Figure shows representative dot plots of cytokine+ (IFN-γ, IL-2,
TNFα and CD107a) cells identified among the CD4+ or CD8+ CD44high T cell subsets.

5.2.4.2 Intracellular cytokine staining (ICS) in spenocytes
Spleens from immunized mice were removed at day 43 after the first vaccination. Analysis
of the antigen-specific T-cell response was performed following the protocol described in
section 5.2.3.2.
5.2.4.3 Lung processing and characterization of T cells
Lungs were collected from intranasally immunized mice at day 43 after the first vaccination.
Lung tissue was completely dissociated with Gentlemax Dissociator (Milteny Biotec). Briefly,
lung tissue was digested in Hank's Balanced Salt Solution containing calcium and magnesium
in presence of collagenase D (2 mg/ml) and DNAse I (80 units/ml) for 30 min at 37°C, and
then homogenized until obtaining a single-cell suspension. Then, 2x106 cells were seeded into
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96-well U-bottom plates stained with Live/Dead Near InfraRed, fixed and permeabilized,
plated with anti-CD28 mAb (2 μg/mL) and anti-CD107a FITC (5 μg/mL). As positive control,
cells were added to wells coated with anti-CD3 mAb (1 μg/mL). Moreover, as ex vivo
restimulation, cells were stimulated for 4 hours Rabies G1-G2-G3 peptide pool at 10 μg/mL.
Brefeldin A (5 μg/mL) was added to each condition for the last 4 hours. For flow cytometry
analysis, cells were incubated with anti-CD16/CD32 Fc block. T cells were further stained
with anti-CD62L-APC, anti-CD103-BV711 as markers for cell surface staining. Moreover,
anti-CD3-APC, anti-CD4-BV510, anti-CD8 PE, anti–IFN-γ Brilliant Violet 785, anti–IL-2
PE-Cy5.5, anti–TNF PE, and anti–CD44 V421, anti-IL-17 PE were used as intracellular
markers. Samples acquisition and analysis were performed as previously described.

5.3 Results
5.3.1 Preliminary tests prior to biodistribution study
5.3.1.1 Physicochemical characterization of cationic formulations containing
cholesterol
Since 3H-Chol was selected as antigen tracker in an in vivo model, a preliminary study on
possible particles physico-chemical property alterations after cholesterol addition was
undertaken. For this purpose, the same amount of non-radiolabelled cholesterol/dose was
added to each cationic formulation, and particles were characterised in terms of size, PDI and
Z-potential. As it shown in Figure 5.3A and B size, PDI and Z-potential of cholesterolcontaining formulations were similar to their cholesterol-free counterparts. More precisely,
the hydrodynamic size of DOTAP based liposomes, SLNs, NPs and CNE was around 41, 103,
53 and 90 nm respectively, while when cholesterol was added diameters were around 32, 136,
67 and 116 nm respectively. All formulations showed unimodal size distributions with PDI
below 0.3. The zeta potential remained highly positive as evidenced by the high Z-potential
values (> 20 mV) (Figure 5.3B).
5.3.1.2 Release study of formulations containing 3H-Cholesterol
The ability of 3H-Chol to remain within the formulations, either anchored to the lipid bilayer
of the liposomes or to SLN, NPs or CNE lipid matrix, was investigated. To do so, 3H-Chol
DOTAP based liposomes, SLNs, NPs and emulsions were dialyzed for 96 h, in such a way
that release of 3H-Chol was quantified in the dialysis buffer at different time points. As seen
in Figure 5.4, the percentage of 3H-Chol released from the formulations was negligible
compared to the total amount (below 2%) hence demonstrating that the majority of 3H-Chol
remained within formulations lipid layer.
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Figure 5. 3 Formulations attributes after cholesterol addition. A) Size (columns), PDI
(lines) and B) Zeta potential of DOTAP based Liposomes, SLNs, NP and CNE in the absence
(black) or in the presence (white) of cholesterol. Formulations with TFR 10 mL/min and FRR
1:1 had been tested. Results are expressed as the means of three independent experiments ±
S.D.
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Figure 5. 4 Release study of formulations containing 3H-Chol Release study of 3H-Chol
labelling DOTAP based solid lipid nanoparticles (SLNs - blue), polymeric nanoparticles (NPs
- green), liposomes (yellow) and cationic nanoemulsions (CNE - grey). N=1.

5.3.1.3 Investigating formulations stability in vitro simulating a physiological
environment
The stability of DOTAP based liposomes, NPs, SLNs and CNE was studied in 50% FBS, thus
simulating an in vivo environment (Figure 5.5). Parameters like size, polydispersity index and
zeta potential were evaluated at different time points. As shown in Figure 5.5A the
hydrodynamic size of DOPE:DOTAP liposomes gradually increased over time from below 40
nm in the absence of FBS to 80 – 100 nm after 6 hours in the presence of FBS. After 3 – 4
days, both size and PDI highly increased. A similar trend was observed when NPs were tested.
An immediate visible aggregation of particles occurred upon exposure to 50% FBS. As shown
in Figure 5.5 B particles diameter increased over time until reaching the maximum value of
above 450nm after 96 hours incubation.
In line with what has been observed so far, the presence of FBS in the outer media altered
SLNs diameter in a significant manner along the timeframe tested (Figure 5.5D). More
specifically, despite an initial increase in diameter noted after 24 hours incubation (size >460
nm), particles breakage seemed to occur at further time points and a plateau was reached after
2 days (size around 220nm). On the other hand, CNE size and PDI were constant despite the
incubation time and the presence of serum in the outer media, thus CNE characteristics seemed
to be highly stable during time, with no significant changes in droplet attributes (size
approximately around 150 nm, PDI <0.2 - Figure 5.5C). Moreover, the cationic nature of the
particles was reduced until neutrality in presence of 50% FBS, despite differences in
formulations composition (Figure 5.5).
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A

C

B

D

Figure 5. 5 Stability study of cationic formulations in FBS:PBS. Size (bars), PDI (dots)
and Z-potential (values) of DOTAP based A) liposomes B) SLNs, C) CNE and D) NPs in
presence of 50% FBS. Results are represented as mean ± SD of 3 measurements. Statistical
analysis was performed using one-way ANOVA test.
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5.3.2 Biodistribution study
5.3.2.1 In vivo tracking of empty DOTAP NPs, SLNs and CNE at the site of injection,
lymph nodes and organs
The movement of DOTAP based NPs, SLNs and CNE in animal body was investigated using
a radiolabelling technique to measure particles at chosen time-points and in specific organs
(Figure 5.6 and 5.7). The results in Figure 5.6 show that the concentration of the three cationic
candidates remained high at the site of injection (SOI) up to 2 days with a gradual clearance
upon injection. However, the percentage of dose at SOI and draining lymph nodes was both
size- and formulation composition-dependent. More precisely, with respect to polymeric
particles, the injection of cationic NPs led to a deposition of the particles at the injection site
(Figure 5.6A) with more than 95% of the original dose remaining 6 hours post injection and
approximately 50% remaining at day 2. In contrast, SLNs were removed faster than NPs from
the injection site (Figure 5.7A) with only 34% of the initial dose remaining by day 2. Despite
that, 96 hours p.i. both NPs and SLNs seemed to be drained in a similar manner with just 18%
and 23% of the initial NPs and SLNs dose at the SOI respectively (Figure 5.6A and 5.7A).
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Figure 5. 6 Biodistribution of DOTAP based polymeric nanoparticles (NPs). Percentage
of dose determined at A) site of injection (SOI), B) popliteal lymph node (PLN), C) inguinal
lymph node (ILN) and D) whole carcass. Results are expressed as the mean ± SD of four
animals.
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Figure 5. 7 Biodistribution of DOTAP based solid lipid nanoparticles (SLNs).
Percentage of dose determined at A) site of injection (SOI), B) popliteal lymph node (PLN),
C) inguinal lymph node (ILN) and D) whole carcass. Results are expressed as the mean ±
SD of four animals.

The distribution of polymeric and solid lipid and particles to the draining popliteal lymph node
(PLN) is represented in Figures 5.6B and 5.7B respectively. As shown, above 0.5% of the
total injected SLNs dose was measured 6 hours post injection (Figure 5.7B), while a reduction
to around 0.2% at further time points was measured. These values were higher compared to
the ones of polymeric nanoparticles, which were between 0.03 and 0.15% (Figure 5.6B).
However, accumulation of NPs and SLNs in the inguinal lymph node seemed to be
comparable, with values between 0.18% and 0.15% during the timeframe tested (Figure 5.6C
and 5.75C respectively).
Regarding CNE, the draining profile from the injection site was shown in Figure 5.8A;
compared to lipid and polymeric particles, the CNE droplets seemed to be retained longer in
the leg muscle, with more than 65% of the initial injected dose 2 days p.i. Furthermore, the
percentage of dose detected in the popliteal lymph node was comparable with what has been
obtained for SLNs and NPs (Figure 5.8B). Moreover, the presence of CNE at ILN resulted to
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be inferior (<0.08%) compared to SLNs and NPs counterparts, especially at latest time points.
Besides, the pontamine blue dye was used as a marker for infiltrating monocytes to the
injection site (Kaur et al., 2014). Images in Figure 5.9 showed that all formulations induced
monocyte infiltration; however, the kinetics and intensity varied. More precisely, SLNs and
NPs induced the lowest monocyte influx to the leg muscle with weak blue staining being
evident at day 4 p.i. Indeed, CNE induced a brighter blue colour in the injection site even
after 6 hours p.i. For all samples tested, mass balance data were between 80% and 100% at
early time points confirming the suitability of the method for tracking formulations in vivo
with high particles recovery even after few days p.i. (Fig 5.6D, 5.7D and 5.8D).
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Figure 5. 8 Biodistribution of DOTAP based cationic nanoemulsions (CNE). Percentage
of dose determined at A) site of injection (SOI), B) popliteal lymph node (PLN), C) inguinal
lymph node (ILN) and D) whole carcass. Results are expressed as the mean ± SD of four
animals.
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Figure 5. 9 Representative images of the site of injection after I.M. administration of
different cationic formulations. Blue staining (pontamine blue) indicates monocyte
extravasation at the site of injection due to danger and inflammation signals. Figure showing
pontamine blue staining at the injection site (quadriceps) after injection (i.m.) of SLNs (A),
NPs (B) and CNE (C).

5.3.2.2 Biodistribution of adjuvants and their associated antigen: in vivo tracking of
SAM-GFP loaded DOTAP NPs, SLNs and CNE
The distribution in vivo of both empty DOTAP based SLNs, NPs and CNE was compared to
their SAM-loaded counterparts. Herein, self-amplifying RNA encoding for a green
fluorescence protein (SAM-GFP) was used as model antigen. Regarding CNE, as shown in
figure 5.10A, empty cationic nanoemulsions remained longer in the injection site (SOI). More
in detail, almost 100% of the injected CNE dose was recovered at SOI after 6 hours, while
SAM-CNE was faster drained (78% of the initial dose). Despite this difference, according to
the statistical analysis the distribution profile was not significantly different. At latest time
points this trend seemed to be attenuated: for instance, above 65% of both empty and SAM
adsorbing CNE was detected 48 hours post injection (p.i.). The popliteal lymph node (PLN)
is the local lymphoid tissue to which antigen detected in the quadriceps (SOI) drains.
Therefore, the presence of formulations in the PLN was investigated. It was found that, the
concentration of both empty and loaded CNE was similar in the popliteal lymph node with no
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significant difference 2 days p.i. (Figure 5.10B). Similar observations were reported for
droplets in the ILN, where the accumulation of SAM-loaded and SAM-free CNE was
comparable (Figure 5.10C).
With respect to solid lipid nanoparticles (SLNs), the biodistribution profile from the injection
site to the organs is shown in Figure 5.10D-5.10F. In contrast with what has been shown for
emulsions, the presence of nucleic acid inside particles seemed to reduce the speed at which
the carrier was drained from the leg muscle (Figure 5.10D); more precisely, 6 hours p.i. SLNs
concentration at the SOI was quite comparable (around 90% of the initial dose) despite the
presence of SAM. However, at further time points, empty SLNs concentration was
significantly lower compared to the SAM loaded counterparts; for example, at 24 hours p.i.
almost 60% of the empty SLNs dose was measured at the quadriceps, while around 80% of
SAM loaded particles were still present (p<0.05). This trend became more evident at the last
time point, where empty and SAM loaded SLN concentrations were 48% and 77%
respectively (p<0.01). On the other hand, empty particles tended to accumulate faster in the
lymphatics. As it was shown in figure 5.8E, which represents the particles content in the
popliteal lymph node (PLN), empty SLNs were 10-folds more abundant than the loaded
counterparts 6 hours p.i.; while SAM loaded SLNs concentration seemed to be reduced at
PLN, a consequent accumulation of those particles at the inguinal lymph node (ILN) occurred.
These differences became significant at further time points. Moreover, after 48 hours the
loaded particles were twice more abundant compared to the empty ones (p<0.05).
Regarding polymeric nanoparticles (NPs), the biodistribution profile is shown in Figure
5.10G-5.10I. Figure 5.10G represents the percentage of initial particles dose at the injection
site: at the earliest time point empty and SAM loaded NPs concentrations were not
significantly different compared to their SAM free counterparts. However, after 48 hours p.i.,
the percentage of loaded and empty particles were 65 and 48% respectively (p<0.01). Thus,
a tendency of smaller empty particles to accumulate at popliteal lymph node was observed
(Figure 5.10E). More precisely, empty NPs were 10-times more abundant than loaded ones 6
hours p.i. (p<0.05) at PLN, while the difference in distribution profile seemed to be negligible
at the other isolated lymph node.
All antigen loaded formulations induced monocyte infiltration; however, the kinetics and
intensity were found to be formulation-dependent. As shown by images in figure 5.11, the
presence of nucleic acid in particles core did not affect the blue colour intensity given by
pontamine blue labelled monocytes. Images of isolated legs demonstrated a weak localized
blue staining for SLNs and NPs at the injection site caused by pontamine blue and any
noticeable changes in the intensity of blue staining at the site of injection was observed during
time for both formulations (Fig. 5.11 B and C); on the contrary, SAM-CNE shown in figure
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5.11A seemed to induce more recruitment of monocytes in the SOI, with significantly brighter
blue colour in the leg muscle, even after 6 hours p.i.
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Figure 5. 10 In vivo biodistribution of SAM-loaded cationic DOTAP based CNE, SLNs, NPs in CD1 mice upon intramuscular injection. SAM-loaded
formulations (orange) were compared to empty ones (blue). The percentage of dose was analyzed at the site of injection (CNE – A, SLNs – D, NPs – G),
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popliteal lymph node (CNE – B, SLNs – E, NPs – H) and inguinal lymph node (CNE – C, SLNs – F, NPs – I). Statistical analysis was performed
Mann−Whitney test.
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Figure 5. 11 Representative images of the site of injection after I.M. administration of
SAM loaded DOTAP based formulations. A) CNE, B) SLNs and C) NPs. Blue staining
(pontamine blue) indicates monocyte extravasation at the site of injection due to danger and
inflammation signal.

5.3.2.3 Bio-distribution of adjuvants and their associated antigen: evaluation of
changing from DOTAP to DDA on SLNs, NP and CNE drainage profile in vivo
Despite an extensive body of literature reporting the immunostimulatory capacities of cationic
compounds and their capability to form an antigen depot (Zabner, 1997), less is known
regarding the role that the type of cationic lipid plays in inducing an efficient immune
response. Hence, within this work, two of the most widely used cationic lipids – DOTAP and
DDA - have been selected to formulate potential adjuvants for a SAM based vaccine, and their
distribution in the mouse body was compared. DOTAP or DDA based SLNs, NPs and CNE
formulations were evaluated according to their ability to form an antigen depot at the site of
injection (SOI), popliteal (PLN) and inguinal (ILN) lymph nodes. Since no significant
difference has been shown in the particles’ drainage kinetics, only SAM-loaded formulations
were considered.
Figure 5.13 showed the distribution of SAM-loaded CNE, SLNs and NPs at the SOI and in
the lymphatics. As it is represented in Figure 5.13 A, D and G the change from DOTAP to
DDA did not alter particles distribution from the injection site to the rest of the mice body; all
DDA based formulations induced a depot effect at the leg muscle with no significant
difference among formulations. For example, after 48 hours all carrier concentrations were
between 66 and 78%.
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Furthermore, by looking at Figure 5.13 B, E and H, which represent the percentage of dose
detected at the PLN, differences between DDA based and DOTAP based particles were
evident. For example, DDA:CNE tended to accumulate faster at PLN, with a peak which it 5
times higher compared to its DOTAP counterpart (Figure 5.13 B) 24 hours p.i. However, at
further time points this trend seemed to be attenuated, with both DDA:CNE and DOTAP:CNE
doses being non statistically different. On the contrary, DOTAP:NPs seemed to have a higher
accumulation at the popliteal lymph node 6 hours p.i. (Figure 5.13 H), while difference was
negligible at further time points. On the other hand, the percentage of all formulations at the
inguinal lymph node resulted to be <0.3%, (Figure 5.13 I). Furthermore, the images of the leg
muscles in Figure 5.12 highlighted a brighter blue stain at the SOI given by DDA based
carriers. CNE and SLNs showed a higher presence of blue stain compared to NPs which might
be correlated to the higher monocyte infiltration.

6h

24 h

48 h

Figure 5. 12 Representative images of the site of injection after I.M. administration of
DDA based formulations. CNE (left), SLNs (centre) and NPs (right). Blue staining
(pontamine blue) indicates monocyte extravasation at the site of injection due to danger and
inflammation signal.
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Figure 5. 13 In vivo biodistribution of SAM-loaded CNE, SLNs, NPs upon intramuscular injection. DOTAP based formulations (red lines) were compared to
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DDA ones (blue lines). The percentage of dose was analyzed at the site of injection (CNE – A, SLNs – D, NPs – G), popliteal lymph node (CNE – B, SLNs
– E, NPs –
H) and inguinal lymph node (CNE – C, SLNs – F, NPs – I). Statistical analysis was performed using the Mann−Whitney test.

5.3.2.4 Bio-distribution of adjuvants and their associated antigen: the effect of surface
charge on pharmacokinetics of emulsions in mice
In order to evaluate how the surface charge might affect the clearance rates of nanoemulsions,
the distribution in vivo of cationic DDA or DOTAP based CNE was compared to an anionic
MF59-like formulation. Since no significant difference in the in vivo drainage from the SOI
has been seen between unloaded CNE and its SAM adsorbing counterparts, the anionic MF59like distribution profile has been compared only with antigen-free DDA or DOTAP based
CNE.
As shown in Figure 5.14A, cationic CNE remained longer in the injection site (SOI). More in
detail, between 80 and 90% the injected cationic CNE dose was recovered at SOI after 6 hours,
while MF59 formulation drained faster (around 69% of the initial dose). This trend was
maintained at further time points: for instance, while above 70 and 80% of both DOTAP and
DDA CNE respectively was detected 24 hours post injection, just 58% of MF59-like initial
dose remained in the leg muscle after 1 day. At the last time point this difference became
significant, especially compared with DDA emulsion (p<0.001). On the other hand, the
anionic emulsion seemed to go faster to the popliteal lymph node (PLN- Figure 5.14B). More
precisely, after 48 hours, the percentage of anionic droplets was above 1.2%, while both DDA
CNE and DOTAP CNE ones were 0.4 and 0.3 respectively. The accumulation profile in the
inguinal lymph node is shown in Figure 5.14C; anionic droplets tended to accumulate at ILN
to a greater extent compared to their cationic counterparts, especially at earlier time points.
Specifically, 6 hours p.i. MF59-like concentration was almost 0.2%, while DDA and DOTAP
CNE ones were significantly lower (p<0.05). However, this behaviour seemed to be attenuated
at further time points, where the gap between formulations was not significant.
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Figure 5. 14 Cationic nanoemulsions remained longer at the site of injection compared
to anionic counterparts. Anionic MF59-like formulation (blue columns) were compared to
SAM-free DDA based CNE (orange columns) and SAM-free DOTAP based CNE (green
columns). The percentage of dose was analyzed at the site of injection (A), popliteal lymph
node (B) and inguinal lymph node (C). Statistical analysis was performed using the Kruscal
Wallis method.
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5.3.3 Immunogenicity study
5.3.2.4 Immunogenicity of different vaccine candidates encoding rabies glycoprotein G
after intramuscular injection
Immunogenicity of SAM-Rabies vaccines was performed in BALB/c mice. Candidates were
selected according to in vitro potency (IVP) results shown in chapter 6. In vitro antigen
expression highlighted that SAM-Rabies encapsulating DOTAP liposomes, DDA liposomes
and DOTAP NPs resulted in the most efficient transfection (chapter 4.3.6). Therefore, IVP
was used as rational approach to screen among formulations, to select the most promising
candidates to test in vivo. Herein DOTAP liposomes, DDA liposomes and DOTAP NPs
encapsulating a self-amplifying RNA rabies vaccine that encoded the rabies glycoprotein G
antigen, were compared to the commercial, inactivated virus rabies vaccine, Rabipur. LNPs
and GSK formulated CNE were used as controls. Figure 5.15 showed the immunogenicity of
SAM-Rabies vaccine delivered by the mentioned delivery systems at different time points.
After 2 weeks post one immunisation, all candidates triggered IgG titres level below the limit
of detection (0.125 EU/mL – Figure 5.15A), while controls were immunogenic at both doses
tested (1.5 and 0.15 µg). More precisely, LNPs encapsulating 1.5 µg /dose of SAM elicited a
geometric mean titer (GMT) of around 30 EU/mL, while lowering SAM dose of 10 folds
reduced GMT to around 13 EU/mL. However, comparing LNPs and CNE responses, lipid
nanoparticles elicit 10-fold and 20-fold higher titres compared to cationic emulsions at 1.5 and
0.15 µg SAM respectively (p<0.01). Moreover, IgG elicited by Rabipur were comparable with
CNE low dose (Figure 5.15A). After 4 weeks post first injection (Figure 5.15B), NPs at both
SAM doses resulted in high response with IgG responses comparable to those induced by both
the commercial vaccine and CNE 0.15 µg. More interestingly, NPs GMT was above 0.5
EU/mL, which is considered an indication of protection. Despite an improvement in IgG level,
GMT induced by both liposomes remained below the protective threshold (Figure 5.15B).
However, LNPs at the highest SAM dose were the most effective adjuvants (GMT >20
EU/mL). At day 43 – 2 weeks after the second immunisation – titres generally busted (Figure
5.15C). The trend highlighted previously was maintained after the boost, with LNPs eliciting
100-fold higher response compared to NPs and liposomes at the highest SAM dose. Regarding
CNE, GMT at 1.5 µg SAM was equivalent to Rabipur (around 70 EU/mL), while CNE at the
lowest dose was significantly inferior (p<0.05). Moreover, while a correlation between IgG
titres level and antigen dose occurred when SAM was delivered with both LNPs and CNE, a
dose response was negligible for SAM delivered with NPs or liposomes (Figure 5.15C).
Further, 4 weeks after the second immunisation, the potency of three candidates seemed to
slightly improve, especially for DOTAP liposomes at highest SAM dose, the GMT of which
was equivalent to NPs counterpart (around 9) at the same antigen dose (Figure 5.15D). Despite
that, at 1.5 µg SAM
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Figure 5. 15 Immunogenicity of SAM-Rabies vaccine delivered by different cationic
carriers. Groups of ten BALB/c mice were immunized i.m. on days 0 and 28 with either 1.5
or 0.15 μg of self-amplifying RNA encoding for rabies G protein encapsulating DOTAP
polymeric nanoparticles (NPs), DOTAP Liposomes (DOTAP Lipos) or DDA Liposomes
(DDA Lipos) and compared with the commercial vaccine Rabipur (1/20 of human dose). CNE
and gold standard LNPs were used as positive controls. Specific IgG titres were measured by
enzyme-linked immunosorbent assay (ELISA). Data are from pools of two mice of the same
group (depicted as dots), and the geometric mean titres (GMTs) are solid lines. Sera were
collected and analysed A) 2 weeks B) 4 weeks C) 6 weeks and D) 8 week after the first
immunisation. Titres < 0.125 EU/mL (dotted blue line) were considered below the limit of
detection, while titres >0.5 EU/mL (dotted red line) were considered protective. Intergroup
comparison was analysed using the one-way ANOVA test (Dunnett's multiple comparison
test).
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Figure 5. 16 Time course of rabies anti-G ELISA titres. Groups of ten BALB/c mice were
immunized i.m. on days 0 and 28 with DOTAP polymeric nanoparticles (NPs – green line)),
DOTAP Liposomes (DOTAP Lipos – yellow line) or DDA Liposomes (DDA Lipos – blue
line) encapsulating either 1.5 (solid lines) or 0.15 μg (dash lines) of self-amplifying RNA
encoding for rabies G protein. Candidates were compared with the commercial vaccine
Rabipur (1/20 of human dose – black line). CNE (grey line) and gold standard LNPs (orange
line) were used as positive controls. Geometric mean titres (GMTs) of specific IgG titres were
reported for day 0 (pre-immune) 14, 27, 43 and 58 after the first immunisation. Titres < 0.125
EU/mL (dotted blue line) were considered below the limit of detection, while titres >0.5
EU/mL (dotted red line) were considered protective.

none of the three candidates tested could induce IgG titres level comparable to any of the
controls or to the commercial vaccine, which had a GMT above 80 EU/mL (Figure 5.15D).
Interestingly, at 0.15 µg SAM NPs were as potent as CNE to elicit antibody titres, with the
GMT non-significantly different.
Figure 5.16 shows the time course of rabies anti-G ELISA titres elicited by SAM-Rabies
delivered by different formulations. In accordance with what has been reported above, LNP
and CNE-delivered self-amplifying RNA rabies vaccines produced measurable rabies virus
antibody titres at all-time points tested, with the 1.5 µg/dose of SAM/LNP and SAM/CNE
eliciting higher titres at day 43, at least comparable with the commercial vaccine. Regarding
candidates, they were less potent to induce strong antibody response. However, the
immunogenicity of NPs and CNE at 0.15 µg/dose of SAM seemed to be comparable at all
time points, with the titres and kinetics measured after the second vaccination being well above
the protective threshold of 0.5 EU/mL.
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5.3.2.5 T-cell responses of different vaccine candidates encoding rabies glycoprotein G
after intramuscular injection
Generally, the net frequencies of Rabies-specific CD8+ T-cells (Figure 5.17B) were
significantly higher compared to CD4+ T-cells counterparts (Figure 5.17A): frequencies of
rabies-specific CD4+ T cells ranged from 0.1-0.2% to 1.2%, while CD8+ T cells percentage
went up to 5%. For example, with NPs at 1.5 µg SAM the percentage of CD4+ and CD8+ T
cells were around 0.4 and 1.8% respectively (p<0.05) (Figure 5.17 A and B); further, CD4+ T
cells of mice treated with 1.5 μg of SAM encapsulated in LNP were around 1.2% while CD8+
counterparts were almost 5% (p<0.001) (Figure 5.17 A and B). The majority of rabies-specific
CD4+ T cells were TNF-γ+ and IFN-γ+, while most of CD8+ T cells were IFN-γ+ and IFNγ+/TNF-α+, characteristic of an effector phenotype. With respect to T cell total frequency,
none of the candidates induced significantly higher CD4+ or CD8 + T cell compared to
Rabipur.
Total percentage of antigen splenic T cell responses of different vaccine candidates
encapsulating SAM encoding rabies glycoprotein G after intramuscular injection
demonstrated a slight dose response when assessed at 2 weeks post second immunisation
(Figure 5.17). For instance, looking at SAM delivered with LNPs, the frequency of CD4+
cells at 1.5 µg SAM were significantly higher (p<0.5) compared to the one at low SAM dose.
Moreover, CD8+ cells were 3-fold more abundant with NPs encapsulating 1.5 µg SAM
compared to the lower dose. However, the dose response was not significantly evident for the
other two candidates (DOTAP and DDA liposomes), which induced equivalent CD4+ and
CD8+ percentage regardless the antigen dose tested (Figure 5.17).
To provide an indication of the potential cytotoxic potential of the cells, the surface expression
of CD107a was assessed, as a measure of the degranulation process (Zaritskaya et al., 2010)
upon in vitro antigen stimulation of splenocytes from immunized animals. Results are shown
in Figure 5.18. After two immunizations with SAM at two different doses in combination with
NPs or liposomes, the majority of NP-specific CD4+ T cells were CD107a- (Figure 5.18A.
An equivalent result was obtained for positive controls (LNPs and CNE) and the comparator
(Rabipur). This suggested that SAM formulations did not induce cytotoxic CD4+ T cells.
However, considering specific CD8+ T cells, only the immunization with SAM encapsulating
LNPs and CNE induced high frequency of CD107a+ cells comparable to the commercial
vaccine, while candidates were less potent than Rabipur in inducing cytotoxic T cell. With
respect to the cell phenotype, a combination of Th0 (IL-2+/TNF-α+, TNF-α+, and IL-2+) and
multifunctional Th1 (IFN-γ+/IL-2+/TNF-α+ and combinations) phenotype was observed in
CD4+ T cells 2 weeks after the second immunization (Figure 5.19A).
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Figure 5. 17 Candidates induced levels of antigen-specific CD4+ or CD8+ T cells
comparable to Rabipur. Splenic A) CD4+ T cells, and B) CD8+ T cells 2 weeks after two
intramuscular immunizations spaced 4 weeks apart in BALB/c mice (N=3). Mice were
immunized with either 1.5 or 0.15µg/dose of self-amplifying RNA expressing rabies G
glycoprotein adjuvanted with either polymeric nanoparticles (NPs), DOTAP Liposomes
(DOTAP Lipos) or DDA Liposomes (DDA Lipos). Candidates were compared with the
commercial vaccine Rabipur (1/20 of human dose). CNE and gold standard LNPs were used
as positive controls. Splenocytes were stimulated with rabies G1-G2-G3 peptide, stained for
intra-cellular cytokines, and subjected to flow cytometry. Color code indicates the different
combinations of cytokines produced by the respective cells. Unstimulated cells were used as
control. Intergroup comparison was analysed using the one-way ANOVA test (Dunnett's
multiple comparison test).
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Figure 5. 18 Percentages of cytotoxic CD4+ or CD8+ T cells. The induction of rabiesspecific CD4+ or CD8+ T cells by either 1.5 µg or 0.15 µg/dose of SAM encapsulating
nanoparticles (NPs) DOTAP liposomes (DOTAP Lipos) and DDA liposomes (DDA Lipos)
was characterised 2 weeks after the second immunization. Candidates were compared with
the commercial vaccine Rabipur (1/20 of human dose). CNE and gold standard LNPs were
used as positive controls. Surface expression of CD107a on splenocytes stimulated in vitro
with rabies G1-G2-G3 peptide was assessed by flow cytometry. Data show the frequency of
cytokine-secreting A) CD4+ or B) CD8+ T cells that express (yellow bars) or not (blue bars)
CD107a. Unstimulated cells were used as control.
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Figure 5. 19 Characterization of phenotype of CD4+ T cells. Rabies specific CD4+ cells
induced by either 1.5 µg or 0.15 µg/dose of SAM encapsulating nanoparticles (NPs) DOTAP
liposomes (DOTAP Lipos) and DDA liposomes (DDA Lipos) were measured 2 weeks after
the second immunization. Candidates were compared with the commercial vaccine Rabipur
(1/20 of human dose). CNE and gold standard LNPs were used as positive controls. Activated
CD4+ T cells phenotype was characterised as either Th0 (TNF-α+, IL-2+, IL-2+/ TNF-α+ dark red) or Th1 (IFN-γ+/TNF-α+/IL-2+, IFN-γ +, IFN-γ+/TNF-α+ and IFN-γ+/IL-2+ - light
red).

5.3.2.6 Evaluating the immunogenicity of two vaccine candidates encoding rabies
glycoprotein G by three different routes of administration
To better understand the differences between the immunogenicity profiles of newly
formulated antigen-expressing nucleic acids particles, formulations were administered in
BALB/c mice by the intramuscular (i.m.), intradermal (i.d.) or intranasal (i.n.) routes.
Previously collected in vivo data showed that polymeric nanoparticles at 0.15 µg/dose SAM
were as potent as the positive control CNE to induce high levels of antibody titres (Figure 5.15
and 5.16). Accordingly, DOTAP NPs at this antigen concentration was selected as candidate.
Moreover, since in vitro potency (IVP) was demonstrated not to be the only criteria to take in
consideration when screening among candidates to test in vivo due to poor correlation between
protein expression and immunogenicity (Hassett et al., 2019), solid lipid nanoparticles were
also considered. Therefore, DOTAP NPs and DOTAP SLNs encapsulating 0.15 µg/dose of a
self-amplifying RNA rabies vaccine encoding for rabies glycoprotein G antigen were
compared to the commercial, inactivated virus rabies vaccine, Rabipur. SAM encapsulating
gold standard LNPs was used as control. Moreover, CNE was not included in the study as it
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was not expected to be active in the acidic and proteolytic environment of the mucosae, which
affect the stability and functionality of adsorbed SAM. The immunogenicity of i.m.-injected
SAM-Rabies NPs, SLNs and LNPs was compared with i.m.-injected inactivated virus rabies
vaccine Rabipur, and data were reported in Figure 5.20A. It was noted that, 2 weeks after the
first immunisation, LNPs were the most effective while SLNs were as effective as the
commercial vaccine, as measured by the G-specific IgG geometric mean titres (GMT of 5
EU/mL vs. 0.6 EU/mL; Figure 5.20A). Interestingly, SLNs GMT was ≥0.5 EU/mL, the WHO
recommended protective level. However, when SAM was formulated within NPs, IgG titres
(GMT<0.125 EU/mL) were substantially lower than those elicited by SLNs, LNP or Rabipur
(Figure 5.20A). 4 weeks after the first immunization, the trend seemed to be slightly different.
Overall, LNPs elicited the highest IgG titres (GMT around 8 EU/mL); however, IgG titres
induced by NPs and SLNs were significantly higher compared to the commercial vaccine
(p<0.001 – Figure 5.20A). Despite this increase, after the second immunization, LNPs and
Rabipur were significantly more immunogenic compared to the newly formulated candidates,
with GMT of LNPs> Rabipur>>SLNs>NPs.
Figure 5.20B showed the immunogenicity of formulations administered intradermally. As
described for formulations injected i.m., before the boost, SLNs were significantly more
effective compared to Rabipur but less potent compared to the positive control LNPs (p<0.05);
regarding NPs, the potency of inducing G-specific IgG titres was comparable to the vaccine
on the market (GMT around 0.7 EU/mL). However, 2 weeks after the second immunization,
SLNs were as potent as Rabipur to induce IgG titre in mice, while NPs were
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Figure 5. 20 Immunogenicity of cationic candidates loading SAM-Rabies vaccine
administered by three different routes. Groups of ten BALB/c mice were immunized A)
intramuscularly (i.m.) B) intradermally (i.d) or C) intranasally (i.n.) on days 0 and 28 with
DOTAP polymeric nanoparticles (NPs) and DOTAP solid lipid nanoparticles (SLNs)
encapsulating 0.15 μg/dose or 1.5 μg/dose of self-amplifying RNA encoding for rabies G
protein. Candidates were compared with the commercial vaccine Rabipur (1/20 i.m. and i.n.
or 1/50 i.d. of human dose). LNPs were used as positive controls. Data are from pools of two
mice (depicted as dots), and the geometric mean titres (GMTs) are solid lines. Sera were
collected and analysed 2 weeks (black dots), 4 weeks (red dots) and 6 weeks (green dots) after
the first immunisation. Titres < 0.125 (dotted blue line) were considered below the limit of
detection, while titres >0.5 (dotted red line) were considered protective. Intergroup
comparison was analysed using the one-way ANOVA test (Dunnett's multiple comparison
test).
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Figure 5. 21 Formulations elicited long-lasting immune response up to 99 days post first
immunization. Groups of ten BALB/c mice were immunized A) i.m. B) i.d. and C) i.n. on
days 0 and 28 with DOTAP polymeric nanoparticles (green line) or DOTAP SLNs (blue line)
encapsulating either 0.15 μg of self-amplifying RNA encoding for rabies G protein.
Candidates were compared with the commercial vaccine Rabipur (black line). LNPs (orange
line) were used as positive controls. Titres < 0.125 EU/mL (dotted blue line) were considered
below the limit of detection, while titres >0.5 EU/mL (dotted red line) were considered
protective. One-way ANOVA test (Dunnett's multiple comparison test) was used for statistical
analysis.
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Figure 5. 22 Percentages of antigen-specific CD4+ or CD8+ T cells after antigen
administration by different routes. Splenic CD4+ T cells (A,C,E) and CD8+ T cells (B,D,F)
2 weeks after two immunization via either intramuscular (A and B), intradermal (C and D) or
intranasal (E and F) administration spaced 4 weeks apart in BALB/c mice (N=3). Mice were
immunized with 0.15µg/dose of self-amplifying RNA expressing rabies G glycoprotein
formulated with either polymeric nanoparticles (NPs) or solid lipid nanoparticles (SLNs).
Candidates were compared with the commercial vaccine Rabipur (1/20 i.m. and i.n. or 1/50
i.d. of human dose). LNPs was used as positive control. Splenocytes were stimulated with
rabies G1-G2-G3 peptide, stained for intra-cellular cytokines, and subjected to flow
cytometry. Colors code indicates the different combinations of cytokine produced by the
respective cells. Unstimulated cells were used as control. Intergroup comparison was analysed
using the one-way ANOVA test (Dunnett's multiple comparison test).
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significantly less potent (p<0.05). LNPs remained the most immunogenic, as measured by
GMT>35 EU/mL (Figure 5.20B). With respect to formulations injected intranasally, the
immunogenicity profile was shown in Figure 5.20C. As represented by IgG titres levels,
before the boost, only mice which received SAM loaded SLNs and LNPs were responders;
however, GMT was below the protective threshold for both formulations. Moreover, weeks
after the second immunization, although non- statistically different, SLNs induced a better
response compared to both Rabipur and NPs. More precisely, while no responders were
observed among mice receiving SAM NPs, only the serum of one mouse high IgG titres level
was measured when Rabipur was administered i.n. On the other hand, SAM encapsulating
SLNs and LNPs were protective (GMT >0.6 and >7 EU/mL respectively), with a larger
number of responders (60% and 80% respectively vs 0% (NPs) and 20% (Rabipur) – Figure
5.20C). Overall, IgG titres measured in mice sera immunized i.n. were notably lower
compared to both i.d. and i.m. counterparts. Time course of rabies anti-G ELISA titres elicited
by SAM-Rabies delivered by different formulations and routes of administration is shown in
Figure 5.21. In accordance with what has been reported above, both candidates injected i.m.
were able to elicit high IgG titres 99 days post first immunization, therefore inducing longlasting humoral immunity (Figure 5.21A). However, the potency was significantly lower
(p<0.001) compared to the commercial vaccine (Figure 5.21A), as already seen 2 weeks after
the boost. Interestingly, after i.d. administration, both NPs and SLNs were as efficient as
Rabipur to produce protective IgG titres at day 99 post prime (Figure 5.21B). Further, when
injected intranasally, NPs were unable to induce any rabies specific antibody titres after 99
days post prime (Figure 5.21C), as was the case with the commercial vaccines, with 0% of
responders. On the contrary, SLNs elicited protective IgG titres 99 days after the first
immunization and 50% of were responders, although the GMT was not significantly different
from the one of the comparator (Figure 5.21C).
To confirm this finding, a T-cell assay was performed on splenocytes from 3 animals per group
after the second immunization with SAM NPs or SLNs, using the rabies vaccine on the market
as a comparator and LNPs as a control (Figure 5.22). SAM vaccines in general showed better
or at least equivalent T-cell responses in comparison to Rabipur. Data reported here revealed
that i.d. and i.m. administrations of SAM vaccines induced an increase in the antigen-specific
CD8+ T-cell population compared to the CD4+ counterparts (Figure 5.22 A-B and C-D). the
majority of CD8+ T cells were IFN-γ+, TNF+ and IL-2+ cells. However, when SAM
formulations were administered intranasally, CD4+ and CD8+ T cell levels were comparable
(Figure 5.22 E and F). Nevertheless, the overall amount of activated T cells was higher for
i.m. and i.d routes compared to i.n. route (Figure 5.22), in agreement with the observed IgG
titres.
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Moreover, antigen-specific CD4+ T cells phenotype was a combination of Th0 and Th1 and
it was not influenced by route of administration and the SAM delivery system composition
(Figure 5.23 A,C,E). However, phenotype analysis on CD8+ T cell showed that SAM
formulations tended to induce predominantly IFN-γ+/TNF+/IL-2+ and IFN-γ+/ TNF+
cytokines, suggesting a polarization toward Th1 phenotype (Figure 5.23 B,D.F).
Further, cytotoxic activity induced by SAM formulations was evaluated analysing expression
of CD107a on activated T cells surface (Figure 5.24). As shown previously, few CD4+
CD107a+ cells were detected 2 weeks after the second immunization among the three routes
tested (Figure 5.24 A,C,E). On the other hand, higher frequencies of cytotoxic CD8+ T were
measured and, by changing administration route, differences among candidates were observed
(Figure 5.24 B,D.F). Specifically, candidates injected i.m. induced very low percentage of
CD8+ T CD107+ cells compared to the positive control, while no significant difference was
observed in comparison with Rabipur (Figure 5.24 B). However, when administered i.d. CD8+
T CD107+ cells induced by SLNs were comparable with the LNPs and superior with respect
to the commercial vaccine (Figure 5.24 D). This trend was maintained even after i.n.
administration, with both candidates inducing CD8+ cytotoxic T lymphocytes in a similar
manner to the control and in a greater extent compared to the licensed vaccine (Figure 5.24
F).
T cell assay on lungs of intranasally immunized mice (Figure 5.25) showed that SAM
encapsulating SLNs CD4+ were IFN-γ+, TNF-α+ and IL2+, and the frequency was
comparable to the positive control LNPs and higher that Rabipur (Figure 5.25A). Besides,
both SLNs and NPs were equally able to elicit activation of CD8+ cytokines with no
significant difference among candidates and positive controls (Figure 5.25B). However,
phenotype analysis revealed that CD4+ T cells were more Th0 polarized (Figure 5.25C), while
the majority of CD8+ T cells were mainly IFN-γ+ and TNF-α+ (Figure 5.25D). Cell-mediated
cytotoxicity evaluation highlighted that while low percentage of CD107a+ cells was induced
by both candidates and controls (Figure 5.25E), delivery of SAM within SLNs enhanced
CD8+ CD107a+ production compared to the positive control LNPs (Figure 5.25F). However,
CD8+ cytotoxic T lymphocyte response was comparable to the one induced by Rabipur i.m.
(Figure 5.25F).
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Figure 5. 23 CD4+ T cells phenotype is administration route dependent. Rabies specific
CD4+ T cells induced by SAM encapsulating nanoparticles (NPs) or solid lipid nanoparticles
(SLN) injected either intramuscularly (0.15 µg/dose - A), intradermally (0.15 µg/dose B) or
intranasally (1.5 µg/dose C) were measured 2 weeks after the second immunization.
Candidates were compared with the commercial vaccine Rabipur (1/20 of human dose i.m.
and i.n, 1/50 of human dose i.d.). LNPs was used as positive control. Phenotype of activated
CD4+ T cells after A) i.m. B) i.d. and C) i.n. administration was characterised as either Th0
(TNF-α+, IL-2+, IL-2+/ TNF-α+ - dark red) or Th1 (IFN-γ+/TNF-α+/IL-2+, IFN-γ +, IFNγ+/TNF-α+ and IFN-γ+/IL-2+ - light red).
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Figure 5. 24 SAM encapsulating formulations induced cytotoxic CD8+ T cells
production. The induction of rabies-specific CD4+ or CD8+ T cells by 0.15 µg/dose of SAM
encapsulating nanoparticles (NPs) or solid lipid nanoparticles (SLNs) injected by
intramuscular (A and B), intradermal (C and D) or intranasal (E and F) route was characterised
2 weeks after the second immunization. Candidates were compared with the commercial
vaccine Rabipur (1/20 of human dose i.m. and i.n. or 1/50 of human dose i.d.). LNPs were
used as positive control. Surface expression of CD107a on splenocytes stimulated in vitro with
rabies G1-G2-G3 peptide was assessed by flow cytometry. Data show the frequency of
cytokine-secreting CD4+ (A,C,E) or CD8+ T (B,D,F) cells that express (yellow bars) or not
(blue bars) CD107a. Unstimulated cells were used as control.
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Figure 5. 25 T cell assay in lungs after intranasal injection of SAM formulation. Lungs
of BALB/c mice (n = 3) immunized intranasally twice, 4 weeks apart, with 1.5 μg of SAM
NPs or SAM SLNs were used to quantify cellular immunity. Candidates were compared with
the commercial vaccine Rabipur (1/20 of human dose). LNPs were used as positive control.
A) CD4+ T cells and B) CD8+ T cells expressed as combinations of TNF-α, IFN-γ and IL2
cytokine produced by the respective cells. C) CD4+ T cells and D) CD8+ T cells plotted as
percentage of either CD107a+ (yellow) or CD107- (blue) cells. E) CD4+ T cells represented
as either Th0 (light red) or Th1 (dark red) phenotype Intergroup comparison was analysed
using the one-way ANOVA test (Dunnett's multiple comparison test).
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5.4 Discussion
Despite the efficacy of current commercial vaccines against rabies, there is still extensive work
to develop more cost-effective alternatives and improved vaccines to reduce the toll of rabies
disease in developing countries. Ideally, these vaccines need to be inexpensive, safe, and able
to provide sustained protection, preferably after a single administration. Within this chapter
an innovative approach was employed, by using a self-amplifying RNA (SAM) vaccine which
encodes for rabies glycoprotein G. “Naked” delivery of a self-amplifying RNA vaccine has
shown to be suitable as a prophylactic rabies vaccine (Saxena et al., 2009). However, Saxena
and co-workers highlighted that commercial vaccine Rabipur was more immunogenic than
unformulated SAM (Saxena et al., 2009). Besides, many papers reported enhanced
immunogenicity when SAM was delivered through a particulate delivery system. For
example, it has been seen that unformulated self-amplifying RNA could protect mice from
influenza (HA) challenge; however, two 10 µg doses were required and the HA-specific
antibody titres were highly variable between mice (Fleeton et al., 2001). On the contrary, when
SAM was encapsulated within 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA)
based LNPs, 10 and 100 times less antigen dose (0.1 µg or 1.0 µg) was sufficient to elicit
influenza virus neutralizing antibody titres as high as those elicited by the licensed influenza
vaccine (Hekele et al., 2013). Moreover, a cationic nanoemulsion (CNE) delivery system
based on MF59 formulation was widely described as an efficient delivery system for SAM
vaccines. More precisely, it was found that 0.015 μg of SAM encoding for respiratory
syncytial virus glycoprotein F (RSV-F) elicited a geometric mean titre (GMT) comparable to
a 1,000-fold higher dose (15 μg) of unformulated SAM RNA or pDNA in mice (Brito et al.,
2014b). This benefit might be due to greater SAM protection from biological degradation and
cell internalisation given by the carrier, with consequent higher antigen expression in vivo.
These finding suggested that implementation of delivery systems for RNA delivery might be
highly advantageous.

5.4.1 Biodistribution of cationic formulations in and a mouse model: particles
induced a depot effect at the injection site
Herein, taking advantage of these data, the pharmacokinetics and immunogenicity of different
cationic particles were evaluated. Results from particles biodistribution showed that, using a
radiolabelling method, it was possible to efficiently track formulations in a mouse model
(Figure 5.6-5.8). Preliminary studies reported here demonstrated that 3H-cholesterol label was
not released from the formulations and remained either anchored in the lipid bilayer of the
liposomes or inside the particle (Figure 5.4). Moreover, the addition of radiolabelled probe
did not alter formulations physicochemical parameters (Figure 5.3). The use of radiolabelled
probes is a well stablished technique for carriers or organic molecules detection in animal
205

body (Henriksen-Lacey et al., 2011b). Radiolabelled particles provided many advantages for
clinical monitoring of the distribution of therapeutics in real time to predict therapeutic
efficacy. This technique is based on the detection of radiations emitted by the nuclide in the
organ of interest, thereby allowing to quantify particles placing in the body and to determine
the specific dose needed to achieve the required distribution at the target site.
Results reported here showed that DOTAP based formulations (SLNs, NPs and CNE) were
well retained at the injection site after intramuscular inoculation with >60% of initial dose at
least for 48 hours p.i. (Figure 5.6-5.8). However, the retention efficiency varied among
formulations, with NPs and SLNs tending to accumulate faster in the lymphatics, especially
at earliest time points, compared to CNE (Figure 5.6-5.8). The use of cationic formulations
for antigen delivery in vaccines is a well-documented method to increase the immune
recognition against otherwise inert or poorly immunogenic subunit proteins (Christensen et
al., 2011). Within this study, one of the most commonly used cationic phospholipid (DOTAP)
was combined with either a polymer (PLGA), a non-polar lipid (Tristearin) or with the
cholesterol precursor squalene. DOTAP is commonly cited as transfection agents (Fletcher et
al., 2006) and vaccine delivery systems for both DNA-encoded (Perrie et al., 2001) and protein
(Walker et al., 1992) antigens. Structurally the presence of an ammonium ion headgroup
confers to the lipid a net cationic charge at physiological pH. Previous studies have shown
that cationic formulations induced a greater immune response compared to neutral or anionic
ones (Yan et al., 2007).
This superiority of cationic carriers could be due to non-specific cell damage at the SOI (Shi
and Rock, 2002). Furthermore, it has been proved that the addition of antigen by electrostatic
interactions to the positively charged formulation increased the antigen presentation to APCs
by forming an antigen depot at SOI. The depot effect might occur because of the in vivo
aggregation, due to the cationic surface charge that attracts negatively charged serum protein.
This fact limits the passive draining of the formulations from the injection site to the rest of
the body, enhancing the permanency of particles at the SOI, with a consequent continuous
presentation of the antigen to the immune cells (Henriksen-Lacey et al., 2010a). In the case
reported in the chapter, all formulations tested were found to be able to induce a depot effect
in the leg muscle, but the retention efficiency varied upon formulations. This suggested that a
positive surface charge is not the only physicochemical property that determines the
immunological properties of particles. Other properties such as membrane fluidity, head group
structure might also influence the deposition of formulations and antigen at the injection site
and the ensuing immune response (Henriksen-Lacey et al., 2011a).
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5.4.2 The effect of particle size on formulations pharmacokinetics
Many papers reported that particles size might have an impact on the in vitro uptake and in
vivo distribution of formulations. Studies conducted with the vaccine adjuvant CAF01,
composed of DDA and trehalose 6,6’-dibehenate (TDB), and its associated antigen (Ag85BESAT-6) revealed that cationic liposomes from 200 to >2000 nm exhibited similar clearance
rates from the injection site upon intramuscular injection (Henriksen-Lacey et al., 2011b, Kaur
et al., 2012a). Indeed, in recent studies looking at the distribution of cationic chitosan
nanocapsules after sub-cutaneous administration, 100 nm particles drained more rapidly to the
lymph nodes compared to those of 200 nm and this size reduction also improved interaction
with both migratory and resident antigen presenting cells in the lymph nodes, suggesting a
combination of free- and cell-mediated transport to the lymph nodes (Cordeiro et al., 2019).
This could explain why similar pharmacokinetic profiles were observed for CAF01
formulated at different sizes, since none of the formulations were below 100 nm. Moreover,
depletion of dendritic cells in vivo completely abolished trafficking of 500 nm polystyrene
particles to the lymphatics but did not affected drainage of 20 nm particles (Manolova et al.,
2008). Besides, different pharmacokinetic profiles were recently observed in vivo for small
(40 nm) and large (>500 nm) DOTAP or DDA based liposomes upon intramuscular injection,
with large liposomes showing longer retention at the injection site but limited drainage to the
local lymph nodes compared to small liposomes (Lou et al., 2019), in line with findings
reported here. Furthermore, it has been seen that size might be involved in particles trafficking
to local lymph nodes and uptake by local antigen presenting cells (APCs). For example, it was
reported that large (560 nm) vesicles were able to improve antigen processing compared to
smaller (around 100 nm) vesicles (Brewer et al., 2004). Moreover, it was observed that DC
tended to take up more particles with a diameter between 0.5 nm and 0.2 μm, while smaller
particle (20-100nm) were taken up less and they reached the lymphatics faster (Manolova et
al., 2008). These observations confirm data reported herein the chapter, where SLNs and NPs
with a diameter around 50 nm accumulated faster in the lymphatics compared to CNE larger
droplets (around 200 nm). This particle-size-dependent kinetics in the PLN suggested a role
for cellular uptake and trafficking of CNE from the SOI to the closest lymph node, as opposed
to a passive draining for SLNs and NPs which induced an enhanced concentration of smaller
particles in the PLN or ILN.

5.4.3The effect of Pegylation on formulations biodistribution
It is well documented that the presence of PEG may affect the distribution and uptake profile
of formulations. Literature widely reported that, in the case of cationic liposomes with surface
charge density similar to that of the cell, the strength of electronic interactions between cell
membrane and particles layer is reduced when PEG layer thickness increased (Dan, 2002).
Hence, the presence of rigid barriers (e.g., grafted polymer brush surfaces) or the modification
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of physicochemical attributes of particle surface (e.g., hydrophilicity/hydrophobicity) might
have an impact on protein adsorption efficiency with a consequent reduction of phagocytic
recognition of nanomaterials. For instance, PEG is often being used to formulate stealth drug
carrier; due to the aqueous shield PEGylated particles have a longer blood circulation times
and reduced phagocytosis (Walkey and Chan, 2011) .Herein, it has been proved that the
presence of 2% mol/mol PEG in lipid nanoparticles induced a faster drainage of SLNs in the
PLN, compared to non-PEGylated NPs and CNE (Figure 5.6-5.8) .

5.4.4 The effect of antigen addition on formulations pharmacokinetics
This size-dependent in vivo clearance was also maintained after the addition of the antigen,
with larger (>200nm) loaded SLNs and NPs better retained at the injection site compared to
empty counterparts (around 50 nm) (Figure 5.10). No significant differences were observed
between antigen-free or antigen-adsorbing CNE, probably due to similarity of droplets size
values (185 nm vs 210 respectively). Again, cationic charge is not the only parameter which
drives the distribution of carriers in vivo, but other factors, such as particle size, might play a
relevant role. Looking at percentage of particles in lymph nodes, the smaller the size the faster
was the drainage to ILN and PLN (Figure 5.10). The nanoparticles size-dependent kinetics in
the lymph nodes suggested a role for cellular uptake and trafficking of formulations from the
SOI to the PLN and ILN, especially for larger particles. On the other hand, the drainage of
smaller particles seemed to be passive. Moreover, the presence of PEG on particles surface
might influence carrier distribution in mice, inducing a faster accumulation in the lymphatics.
The increased permanency of SAM loaded particles at the injection site might be of interest
as it was reported that internalization of mRNA vaccines occurs primarily by nonimmune cells
at the injection site and the antigen is expressed mainly by muscle cells, fibroblast, and
keratinocytes (Iavarone et al., 2017). However, dose-limiting toxic side effects need to be
considered when developing charged delivery systems (Lv et al., 2006b).

5.4.5 The effect of cationic lipid choice on formulations pharmacokinetics
The change from DOTAP to DDA did not significantly alter formulations clearance profile in
vivo (Figure 5.13). A comparative study between DDA and DOTAP based liposomes in mice
was also conducted elsewhere to show that the choice of cationic lipid did not have a dramatic
impact on the biodistribution (Lou et al., 2019). This observation was in contradiction to what
has been seen by Henriksen-Lacey and co-workers who found that the draining of
DOTAP:TDB liposomes from the SOI was significantly faster compared to DDA counterpart
(Henriksen-Lacey et al., 2011a). However, it might be worth to underline that, in this study, it
was also found that the proportion of antigen retained at the SOI when delivered with
DOTAP:TDB liposomes was higher than the liposome itself; this may suggest instabilities in
the bilayer of DOTAP:TDB liposomes and/or dissociation of the antigen from DOTAP:TDB
liposomes.
208

5.4.6The effect of surface charge on formulations pharmacokinetics
Head-to-head study among cationic DDA or DOTAP CNE and anionic MF59-like droplets
confirmed that cationic charge is a crucial factor to increase the particles deposition at the
injection site, thereby enhancing associated antigen presentation to the immune cells (Figure
5.14). Herein it was proven that negatively charged emulsions tended to be quickly drained
from the SOI to the lymph nodes compared to their cationic counterparts (Figure 5.14). In line
with these findings, a comparative study between highly cationic DDA:TDB liposomes and
neutral DSPC:TDB liposomes showed that injection of cationic liposomes led to a deposition
of vesicles at the SOI with more than 80% of the original dose remaining at day four and
approximately half of the dose still present in the leg 14 days p.i (Henriksen-Lacey et al.,
2010b). On the other hand, DSPC:TDB liposomes were faster cleared from the leg muscle and
just 6% of the initial dose was found after 14 days (Henriksen-Lacey et al., 2010b). This fact
might be due to the aggregation phenomena which happen in vivo: the high content of
negatively charged protein in organic serum tends to opsonize positively charged particles
more that neutral counterparts. This limits the passive drainage of antigen and liposomes from
the tissue. Accordingly, it was noticed that the concentration of neutral DSPC:TDB liposomes
was significantly higher in the PLN as compared to DDA:TDB liposomes, especially at earlier
time points (Henriksen-Lacey et al., 2010a). The results presented here strongly support the
antigen depot effect attributed to cationic formulations compared to negative ones, whereas a
better accumulation of negatively charged MF59-like formulation at the PLN and ILN
occurred (Figure 5.14).

5.4.7 Evaluating the ability of cationic particles to induce monocytes infiltration
at the injection site
Interestingly, differences among formulations were detected in the ability to induce monocytes
infiltration in the leg muscle. Although all antigen loaded formulations induced monocyte
infiltration (Figures 5.9, 5.11, 5.12) the kinetics and intensity was found to be formulationdependent, with cationic nanoemulsions inducing the highest recruitment of monocytes in the
SOI, with brighter blue colour in the leg muscle, even after 6 hours p.i. (Figure5.9, 5.11, 5.12).
These observations were in line with what has been found in the literature. It is well
documented that MF-59 like formulations induce rapid recruitment of neutrophils and
monocytes that participate in antigen transport to draining lymph nodes (Ott et al., 1995). It
is also reported that the mechanism of action of these kinds of emulsions is mainly local,
creating an ‘immunocompetent environment’ at the injection site which activate cells to take
up the co-injected antigen (Calabro et al., 2013). Moreover, in agreement with findings
reported in this chapter, it was postulated that a major target cell type for MF59-like
formulations could be monocytes recruited from the site of adjuvant action, which take up the
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antigen and undergo an adjuvant induced enhanced differentiation towards a dendritic cell
phenotype (Seubert et al., 2008).

5.4.8 Comparison among selected cationic particles on their potency to elicit
immune response in vivo
IgG titres from the first immunogenicity study showed that, 4 weeks after the first
immunization, NPs were protective and as immunogenic as the commercial vaccine Rabipur
and the positive control GSK formulated CNE at 0.15 µg/dose of SAM (Figure 5.15B).
However, despite the augmented potency of Rabipur after the boost, NPs at lower dose
remained as potent as CNE to elicit antibody titres in vivo (Figure 5.15D). PLGA is one of the
most widely studied polymers in the vaccine field (Lü et al., 2009) due to its low toxicity,
biodegradability, and sustained release capability (Panyam and Labhasetwar, 2003). After
being taken up by cells, PLGA nanoparticles were shown to release their gene contents to the
cytoplasmic space over extended periods of time (Panyam et al., 2002) although accelerated
hydrolysis in acidic endosomal compartments. Therefore, PLGA nanoparticles for delivering
siRNA oligo have attracted great interests as an alternative delivery system to the commonly
used polycationic carriers that are unavoidably toxic and/or non-biodegradable. In addition, it
was proved that PLGA NPs escape the endo-lysosomal compartment and slowly release the
encapsulated nucleic acid in the cytosol, resulting in sustained gene expression especially for
non-replicative RNA/DNA (Panyam et al., 2002). This might explain why IgG titres level
elicited by NPs were significantly inferior 2 weeks post boost (Figure 5.15C) compared to the
positive control CNE, while they became comparable 4 weeks after the second immunization
(Figure 5.15D); it might be worth noticing that SAM adsorption onto CNE surface facilitates
the immediate release of nucleic acid at target site (Patil and Panyam, 2009). Thus, for future
works, it might be interesting to reconsider vaccination schedule applied here and measure
humoral response induced by SAM NPs at later time points. In order to increase nucleic acid
association, PLGA nano/microparticles are usually formulated with cationic materials such as
DOTAP, cetyltrimethylammonium bromide (CTAB) or polyethylenimine (PEI) (Nguyen et
al., 2009a). PLGA/CTAB microparticles were recently developed into stage I clinical trials by
Novartis for HIV-1 DNA vaccination. Moreover, it has been seen that the encapsulation of
DNA encoding hepatitis B surface antigen (HBsAg) into PLGA nanoparticles could enhance
immunity in mice (Nandedkar, 2009).
Despite promising results on antigen transfection in vitro (refer to chapter 4 of this present
thesis), DOTAP and DDA liposomes did not elicit a strong humoral response in mice and the
variability among mice was very high (Figure 5.15). For example, after the boost, DOTAP
liposomes encapsulating 1.5 µg/dose of SAM were as immunogenic as NPs at the same
antigen dose; however, by reducing SAM dose of 10-fold the potency of DOTAP liposomes
was significantly inferior compared to NPs (Figure 5.15). The poor correlation between
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protein expression and immunogenicity was reported by Blakney’s work where different
LNPs (based either on DDA, DOTAP or C12-200) showed different in vitro and in vivo
antigen expression, but comparable antibody titres level in vivo (Blakney et al., 2019). This
fact was also seen elsewhere (Hassett et al., 2019). Here authors reported that that the R 2 of
mRNAs encoding firefly luciferase expression and H10N8 influenza hemagglutinin (HA)
antigen immunogenicity was = 0.54, despite the delivery system employed (either MC3-LNPs
or DOTAP LNPs) (Hassett et al., 2019). Moreover, poor correlation between protein
expression and immunogenicity in vivo were detected for DOTAP-containing LNPs at low
SAM dose (0.001 mg/kg) (Hassett et al., 2019).
Interestingly, after the boost, while both liposomes elicited low comparable IgG level at
0,15µg/dose of SAM, at higher antigen dose DOTAP liposomes were more potent compared
to DDA counterparts (Figure 5.15). Reasons might be several. For example, a relationship
between both immunogenicity and expression in vivo and particles size was observed, with
the best performing formulations being 75–95 nm (Hassett et al., 2019). As discussed in
chapter 3 of this thesis, DOTAP liposomes were around 75 nm in size, while DDA particles
diameter was around 200nm. This finding might partially explain differences in IgG titres
between DOTAP and DDA liposomes (Figure 5.15). In contrast, studies using DDA and
DOTAP liposomes have shown the opposite effect. DDA is commonly employed due to
adjuvating properties which have previously been shown to enhance immunogenicity of
protein vaccines (Nordly et al., 2011). However, it might be worth to notice that generally
DDA liposomes induce an insufficient immune response, especially against weak antigens
(Brandt et al., 2000a). Accordingly, it has been shown in numerous studies that the level and
quality of the immune response induced by DDA-based liposomes can be extensively
enhanced by the incorporation of immunostimulators such as monophosphoryl lipid A (MPL),
trehalose dibehenate (TDB),

monomycoloyl

glycerol (MMG) and/or

Poly I:C.

Monophosphoryl lipid A (Casella and Mitchell, 2008, Christensen et al., 2008). Moreover, it
was observed that fully saturated lipids might not be suitable for mRNA and siRNA delivery,
while lipids containing 2 to 3 unsaturation in the hydrocarbon chain tend to assume non bilayer
HII structures more rapidly. These structures are known to destabilise endosomal membrane
and facilitate RNA release in the cytosol (Hafez et al., 2001a).
The T-cell assay on spleen cells from mice that received the boost showed an increase in the
antigen specific CD8+ T-cell response compared to CD4+ one and the total frequencies of
cytokines production was in correlation with the observed IgG levels (Figure 5.17). Overall,
NPs were more effective in promoting cellular rather than humoral immunity. More
specifically, NPs showed a greater CD8+ cell response compared to CD4+ one, especially at
the highest SAM dose tested, which was superior to those of both DOTAP and DDA
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liposomes and comparable to those of CNE and Rabipur (Figure 5.17). Moreover, CD4+ Th1
polarization was due to high secretion of IFN-γ and TNF-α (Figure 5.19), generally associated
with an effector phenotype. It is well documented in literature that self-amplifying RNA
vaccines induce a higher specific CD8+:CD4+ T cells ratio in immunized mice and a CD4+
Th1/ CD8+ cytotoxic T cell phenotype (Vogel et al., 2018, Brazzoli et al., 2015, Brito et al.,
2014b). Furthermore, antigen-specific CD4 T cells are known to be directly involved in
helping the effector function of CD8 T cells (Kalams and Walker, 1998, Sun et al., 2004). In
addition to intracellular cytokine expression, NPs at high SAM dose induced cell surface
expression of CD107a, a specific marker for degranulation associated with cytotoxic activity
(Figure 5.18), although the total level of cytotoxic CD8+ T cells was inferior with respect to
both positive controls (LNPs and CNE) and the comparator (Figure 5.18). CD8+ T cells play
a crucial role in virus clearance; depletion of CD8+ T cells in SAM-influenza (HA) immunized
mice reduced survival rate upon lethal viral challenge, confirming the functional contribution
of antigen-specific CD8 T cells in mediating viral clearance and conferring protection against
virus infection (Hemann et al., 2013). Because the shortest period of incubation of the rabies
virus may be less than 2 weeks, effective rabies vaccines should elicit strong humoral and
cellular immune responses in a short time to clear virus infection (Charlton et al., 1987). It has
been reported that CD8+ T cells were significantly activated in mice immunized with a rabies
virus vaccine vector expressing IFN-β as an adjuvant (Faul et al., 2008). Results reported here
showed differences in CD8+ T activation induced by the SAM candidates tested, with NPs
eliciting higher CD8+ T proliferation compared to both liposomes, which is consistent with
differences in immunogenicity. It has been seen that PLGA might play a role in directing the
immune response. For instance, the loading of Hepatitis B core antigen into PLGA NPs (300
nm) induced a stronger cellular immune response as compared with Hepatitis B core antigen
alone in a mouse model. Moreover, a correlation between particle size and immunogenicity
was evaluated previously, with NPs ranging 200–600 nm associated with higher levels of IFNγ production related to a Th1 response, whereas increasing particles size up to 2000 nm
promoted IL-4 secretion related to a Th2 response (Gregory et al., 2013).

5.4.9 Investigation of immunogenicity induced by polymeric and solid lipid
nanoparticles administered by three different routes
As discussed above, prior to the boost, antibody titres level induced by either NPs or SLNs
injected i.m. were comparable with or superior to those elicited by the commercial vaccine
(Figure 5.20 A). However, 2 weeks after the boost, SLNs were significantly more potent to
elicit IgG titres compared to NPs, although GMT was still inferior with respect to Rabipur.
These differences in potency between SLNs and NPs might be attributed to several aspects.
For example, the different solvent/aqueous ratio (FRR) at which formulations were produced
in the Nanoassemblr could affect antigen structural stability. It has been seen that solvent
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content above 25% during the mixing process might induce RNA transient denaturation, with
consequently less bioactivity in vivo (Leung et al., 2015). Therefore, in order to minimize this
effect, many papers reported that the ideal FRR to formulate ionizable lipid based LNPs is 3:1
aqueous/organic phase (Zhang et al., 2006). In the case reported within this thesis chapter NPs
were produced at FRR of 1:1 due to aggregation phenomena occurring at higher rates (refer
to chapter 3 of this thesis), whereas it was possible to formulate SLNs at FRR 3:1, at which
particles were stable and homogeneously distributed. Moreover, the presence of PEG on the
SLN surface might be responsible for the higher potency compared to NPs. The PEG lipid
employed here has short (C14) acyl chains which, as seen elsewhere, generated PEG-lipid that
can dissociate from the LNP after injection in vivo, resulting in potent LNP for siRNA systems
(Ambegia et al., 2005). C14 PEG was chosen to reduce in vivo anti-PEG immunity, which
was seen to be correlated with reduced circulation lifetime and faster clearance (Tam et al.,
2013). In vivo there are many bioactive materials that the PEG-lipid can associate with
including lipoproteins, cells in the circulation and endothelial cells. On the contrary, the major
molecules in vitro would be serum lipoproteins and albumin, and potentially the plasma
membranes of cells (Simoes et al., 2005). It was found that PEGylation in vitro might inhibit
uptake, while the presence of 2% mol/mol into particles formulation was beneficial for
effective immunogenicity (Kulkarni et al., 2017). This contradictory behaviour might also
explain the discrepancy between poor in vitro expression and increase immune response in
vivo observed herein this thesis with SLNs (refer to chapter 4). PEG has been used extensively
to improve the pharmacokinetic properties of different therapeutic agents and drug
nanocarriers. For instance, in a previous study, PEGylated SLNs administered intravenously
showed improved in vivo transfection capacity and lower toxicity compared to non-PEGylated
SLNs (Montana et al., 2007). This might be attributed to the reduced aggregation of positively
charged nanoparticles with negatively charged serum proteins and consequently less
accumulation in the lungs, liver, and spleen (Simoes et al., 2005). Besides, the lower potency
of NPs might be also attributed to particles structure. In a study conducted by Colombo and
co-workers, DOTAP:PLGA encapsulating siRNA particles were observed by atomic force
microscopy (AFM) and cryo-transmission electron microscopy (cryo-TEM) combined with
small angle X-ray scattering (SAXS) and confocal laser scanning microscopy
(CLSM)(Colombo et al., 2015). Studies suggested that the siRNA-loaded particles are
characterized by a core–shell structure consisting of a PLGA matrix core coated with lamellar
DOTAP structures with siRNA localized both in the core and in the shell. Researchers
suggested that, as a consequence of this structural organization, siRNA release dynamics
mechanisms can be described as i) release of siRNA–DOTAP complexes from the lamellar
DOTAP structures on the surface of the particles, eventually combined with ii) diffusionmediated sustained release and iii) matrix erosion-mediated release (Colombo et al., 2015).
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The combination of these multiple mechanisms resulted in a burst release of siRNA, followed
by diffusion- and erosion-mediated release, which suggested a co-existence of noncomplexed
siRNA, which is released as a burst, and siRNA–DOTAP complexes. The released,
noncomplexed siRNA has a poor transfection efficiency, which might explain the reduced
potency of NPs compared to SLNs at the same SAM dose (Colombo et al., 2015).
Interestingly, a different trend in IgG titres profile was seen when SAM formulations were
administered intradermally. In this case, before the boost, all mice immunized with either
SLNs or NPs were responders and elicited antibodies level which was superior to Rabipur,
while 2 weeks after the boost, the immunogenicity of SAM loaded SLNs was as high as the
vaccine on the market (Figure 5.20 B); moreover, solid lipid nanoparticles were able to induce
long-lasting adaptive immunity in a similar manner to the commercial vaccine (Figure 5.21
B). This finding highlighted that a single dose of SAM loaded SLNs was sufficient to elicit
greater humoral immunity then the commercial vaccine; besides, the adaptive immunity
induced by SAM-SLNs was long-lasting and comparable to the commercial vaccine.
According to Rabipur prophylaxis, in previously unvaccinated individuals three doses should
be administered to ensure that treatment is successful. These repeated injections inevitably
reduce patients’ compliance which can lead to vaccine failure if the therapy is not properly
followed. Furthermore, the cost of a full course of vaccination, particularly in parts of Asia
and Africa, would remain prohibitive (Hicks et al., 2012). Therefore, a vaccine that could
achieve protection against rabies, but with fewer injections, would be of great benefit. Thus,
solid lipid nanoparticles might represent a more cost-effective alternative for the treatment of
rabies. SLNs have been used extensively to incorporate various drugs, as well as imaging
agents with the benefits of using physiological and nontoxic lipids (Mehnert and Mäder,
2001). Despite many advantages, this type of nanoparticle remains largely unexplored for
sustained oligonucleotide delivery. In addition, a substantial body of literature still focused on
intramuscular as preferred injection route for vaccines, although intradermal vaccination was
proved to be advantageous for the delivery of plasmid DNA or RNA vaccine to the dermal
region, a skin layer abundant in professional APCs in the form of dendritic dermal cells
(DDCs) and Langerhans cells (LCs) (Combadiere and Liard, 2011). Moreover, intradermal
route was proven to be suitable for DNA-based vaccines delivery through “needle free
injection” technology (Ravi et al., 2015), which was seen to improve immunogenicity because
of broader dispersion of the injectate than conventional injection (Levine, 2003). This might
be of great benefit to improve immunogenicity and develop pain free and cost-effective
vaccination. Accordingly, the application of SLNs in dermal delivery were successful due to
several reasons. For example, SLNs offer an occlusive effect due to film formation on the skin
surface, which reduces trans epidermal water loss. Occlusion also favours drug penetration
into the skin. The high specific area of nanometer-sized SLNs enhances contact of
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encapsulated drug with the stratum corneum (Jenning et al., 2000). Intradermal application of
SLNs was also shown elsewhere to deliver several compounds like Podophyllotoxin, all-trans
retinoic acid or ketoprofen (Kakadia and Conway, 2014). The success of SLNs as dermal
carriers was attributed to the ability of particles to avoid systemic uptake, with preferential
epidermal localization. Moreover, SLNs increased the accumulation of bioactive molecules in
the stratum corneum due to small diameters (Chen et al., 2006). Further, the presence of PEG
on particles surface might act as skin penetration enhancer. Previous studies showed that PEG
had a significant effect on drug penetration when skin structures were hygroscopically
manipulated (Sarpotdar et al., 1986). Moreover, the long-lasting response induced by SLNs
could be associated to the sustained release of antigen. It may be safely assumed that
prolonged immunity results in enhanced protection against a pathogen (Pulendran and Ahmed,
2006). Accordingly, due to the ability to trap drugs within the solid rigid lipid matrix, SLNs
have been widely employed to prolong antigen release, therefore enhancing the permanency
of the antigen in the injection site and favouring its presentation to APC (Kakadia and
Conway, 2014). It was supposed that the sustained release might be dependent on the higher
in vitro intracellular stability compared to, for example, liposomes, because of which
intracellular delivery may be relatively delayed, thereby giving rise to sustained release of its
contents (Xue and Wong, 2011). Similar observations of an enhanced stability of SLNs have
also been reported for in vivo experiments. Recently, DOTAP/Tristearin/PEG SLNs were used
to induce in vivo sustained release of siRNA after intradermal injection (Lobovkina et al.,
2011). Such sustained release of siRNA is indicative of the presence of siRNA within the SLN
matrix.
IgG titres elicited by SAM formulations injected intranasally showed that generally very weak
response was elicited by candidates, positive control LNPs and the comparator after one
antigen dose, whereas the administration of a second dose enhanced the humoral immunity
induced by SLNs and LNPs, both higher compared to those induced by Rabipur (Figure
5.20C). The overall poor antibody response induction might be attributed to the lack of a
mucosal adjuvant within the formulations i.e. cholera toxin (CT), which are known to enhance
immune responses to vaccines when administered via mucosal route(Fukuyama et al., 2015,
Rhee et al., 2012). The superiority of SLNs compared to polymeric nanoparticles might be
related to the presence of PEG on particles surface which could contribute to overcome the
mucosal barrier. As reported elsewhere, PEG enhanced the mobility of particles through the
mucus layer, due to its hydrophilicity and neutral surface properties. A study conducted by
Vila et al., using intranasal PLA nanoparticles encapsulating tetanus toxoid, showed that nonPEGylated PLA nanoparticles suffered an immediate aggregation upon injection, whereas the
PEG-coated nanoparticles remained totally stable (Vila et al., 2004). Authors speculated that
PLA nanoparticles were unable to reach the epithelium membrane because they aggregated in
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the overlying mucus, consequently affecting the potency of immune response (Vila et al.,
2004). In literature, many works indicated that PEG coating caused mucoadhesion or
mucopenetration, presumably by interpenetrating polymer network effects between the PEG
and the mucus mesh (Ensign et al., 2012) and/or hydrogen bonding (Marks and Lowman,
2011). Generally, polymer concentration in the range of 2-5 mol% may exhibit sufficient
mucopenetrating property for biomedical applications. By eliminating the hydrophobic
interactions between mucin fibers and hydrophobic nanoparticles core, PEGylation may allow
delivery of rapidly moving particles to the mucosa at higher concentrations than otherwise
possible with uncoated particles. This might also potentially increase the concentration of
therapeutics that can be delivered to the mucosal surfaces of the body (Dawson et al., 2004).
On the contrary, the absence of PEG on NPs surface might induce aggregation in the nostril
and a consequent mucociliary clearance, which could reduce the residence time of the SAM
in the nasal cavity. Moreover, SLNs were seen to be efficient in escaping the RES, thereby
prolonging the residence time in the nose (Brioschi et al., 2009).
With respect to the T cell response in spleens different routes of administration elicited
different cell activation pathways. SAM loaded SLNs and NPs injected i.m. and i.d. induced
comparable CD4+ and CD8+ cell levels, which were non- significantly different compared to
those of Rabipur (Figure 5.22). Interestingly, intranasal administration of SLNs increased
production of activated CD4+ T cells compared to Rabipur. Moreover, those activated T cells
showed a predominant Th0 phenotype. In the lungs, a similar trend was observed with higher
production of Th0 CD4+ T cells induced by SLNs compared to the vaccine on the market
(Figure 5.25). The aforementioned better CD4 response was attributed to a great production
of IL-2 cytokine and related combinations induced by SAM adjuvanted with SLNs.
Accordingly, literature reported that intranasal administration of vaccine protein subunits
increased IL-2 proliferation in vivo (Tomoda et al., 1995, Kang et al., 2012). It was observed
that continued presence of IL-2, throughout the period of the immune response might have a
role in enhancing vaccine potency (Heath, 1995). Besides, it has been documented that
interleukin 2 could act as an adjuvant to increase the potency of inactivated rabies virus
vaccine (Nunberg et al., 1989). Together with this finding, authors also reported that IL-2
induced minimal increase of rabies neutralizing antibody titres, despite enhanced vaccinal
protection. Therefore, it was concluded that cellular immunity plays an important role in
protection against rabies virus infection (Mifune et al., 1981). In fact, protection against
peripheral rabies virus challenge could be obtained in the absence of detectable virusneutralizing antibodies by using a vaccine consisting of the rabies virus ribonucleoprotein
(Dietzschold et al., 1987). Other studies have also noted a lack of correlation between virusneutralizing antibody titre and protection in rabies vaccination (Dietzschold et al., 1987).
Regarding cytotoxic T cells activation in spleens, data showed that, despite the administration
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route, few CD107a+ CD4+ T cells were elicited by all candidates tested, while CD8+
cytotoxic T cells were activated in a greater extent. Moreover, no differences were seen in
CD8+ CD107a+ cells between candidates and Rabipur when formulations were injected i.m.,
whereas after i.d. and i.n. injection SLNs were more potent than the vaccine on the market in
activating CD8 cytotoxic T cells (Figure 5.24). A similar trend was observed in lungs (Figure
5.24), which was found to be consistent and in correlation with the observed IgG titres levels
and with data reported in literature (Magini et al., 2016, Rittig et al., 2011, Phua et al., 2014).
Notably, cytotoxic T lymphocytes (CTLs) play a crucial role in the local clearance or
containment of mucosal viral infections.

5.5 Conclusions
In the present chapter, the pharmacokinetic profiles in vivo of either SAM loaded or antigenfree cationic polymeric nanoparticles (NPs), solid lipid nanoparticles (SLNs) and cationic
nanoemulsions (CNE) showed that positive surface charge is not the only parameter which
drives the distribution of carriers in vivo, but other factors, such as particle size, might play a
relevant role, with smaller and PEGylated particles accumulating faster to the lymph nodes.
Moreover, the change of cationic lipid did not significantly alter formulations clearance profile
in vivo. Despite promising results on antigen transfection in vitro SAM loaded liposomes did
not elicit a strong humoral response in mice at all time points tested, confirming the poor
correlation between in vitro antigen expression and immune response. On the contrary, prior
to the boost, SAM NPs at the lowest antigen dose were as potent as the commercial vaccine
to elicit humoral response after i.m. injection. This proved that the association between selfamplifying RNA vaccine and polymeric nanoparticles resulted in more cost-effective Rabies
vaccine alternatives which possessed potency comparable to the licenced vaccine. Further, all
SAM vaccine candidates could induce cellular response – especially Rabies-specific CD8+ Tcells – although the frequency of activated T cells was inferior compared to Rabipur.
Interestingly, SLNs injected i.m. showed increased immunogenicity compared to both NPs
and the licenced vaccine after a single dose, confirming the suitability of SAM platform in
combination with a particulate delivery system to induce efficient immunity in vivo.
Moreover, the potency of SLNs was also seen after intradermal administration, where SLNs
were as potent as Rabipur to elicit IgG titre in mice after two antigen doses, inducing both
innate and adaptive immunity in a similar extent to the vaccine on the market. This finding is
directly associated with development of a considerably more economical rabies vaccine
approach, which require reduced frequency of administration and long-lasting immunity,
along with the possibility of painless (i.e. needle free) administration. Overall, these
improvements would be of great benefit for patients’ compliance. Herein it was also reported
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that two doses of SAM SLNs injected i.n. induced a humoral immunity which was higher than
the one elicited by Rabipur. Interestingly, intranasal administration of SLNs increased
production of activated CD4+ IL-2+ T cells compared to the licenced vaccine in both spleens
and lungs. However, despite significant difference observed among formulations in the ability
to elicit both humoral and cellular immune response, immunogenicity did not correlate with
biodistribution; carriers’ pharmacokinetics were indeed similar probably due to the short
timeframe tested. All together, these findings are encouraging and demonstrate that
coformulation of SAM vaccine and solid lipid nanoparticles might be a valid and more
advantageous alternative to commercially available rabies vaccines, with augmented patients’
safety and compliance.
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CHAPTER 6
Conclusions
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6.1 Final conclusions
The starting aim of the present thesis project was to develop more novel and cost-effective
alternatives to already established vaccines against Rabies using a self-amplifying RNA
platform (SAM). In order to maintain antigen biological integrity and enhance the in vitro and
in vivo expression, SAM was combined with four cationic delivery systems – liposomes, solid
lipid nanoparticles (SLNs), polymeric nanoparticles (NPs) and cationic nanoemulsions
(CNE). Microfluidics and Microfluidisation were tested first as new manufacturing
technologies. Herein, as a validation step, anionic SLNs encapsulating protein model antigen
(OVA) were first produced. Data reported herein this project highlighted that it is possible to
effectively formulate, manufacture, purify and monitor the particle size of SLNs produced by
two different methods. Within this study, SLNs at approx. 200 nm or below containing low
and high PEGylation and incorporating OVA were formulated with both techniques. The
modification of the PEGylation allowed to explore these delivery systems as potential
adjuvants (low PEGylation) and for therapeutic drug delivery (high PEGylation). However,
despite promising results obtained with microfluidisation - rapid manufacture (2 cycles) and
at a low pressure (20,000 psi) and removal of non-entrapped protein achieved after 12
diafiltration cycles - the need for large volumes for sample production might limit its
applicability for development of new formulations at early stage or for samples containing
expensive excipients. Therefore, Microfluidisation was used only for the size reduction of
CNE due to incompatibility between CNE components and microfluidics chip. Moreover,
microfluidics was demonstrated to be a valid alternative method for high-throughput
manufacturing of both empty and protein loaded solid lipid nanoparticles preparation which
require low operating volumes (between 1 and 5 mL). Both the total flow rate and the flow
rate ratio were identified as critical process parameters and particles physicochemical
attributes were confirmed to be suitable for pre-clinical and clinical applications. Furthermore,
using microfluidics method it was possible to combine particles manufacturing and drug
encapsulation in a single process step, with evident benefits for time of production.
The adoption of these methods for further development of cationic adjuvants for a selfamplifying RNA vaccine was found to be successful. Results suggested that, by applying
either Microfluidics or Microfluidisation, narrow size and monodisperse particles with highly
positive electronic dense core were obtained. Moreover, the addition of nucleic acid either
inside or outside particles notably increased formulations average diameter, without however
detrimentally compromise formulations stability. Indeed, particles physicochemical attributes
were confirmed to be suitable for pre-clinical and clinical applications. Moreover, cationic
carriers were equally able to protect SAM from biological degradation and either encapsulate
or adsorb the whole antigen amount added at the beginning.
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Further, it was proved that particles can be simply and effectively sterilised using γ-irradiation
prior to incubation with cells. In vitro, the four different cationic delivery systems were
evaluated according to their ability to efficiently trigger antigen expression in different cell
lines. It emerged that toxicity in both MBDM, DCs and BHK was cationic lipid dose
dependent. In terms of uptake in BMDM, while SAM loading DOTAP based formulations
uptake was comparable 24 hours post incubation, DDA based particles showed a greater
difference among them, with SAM encapsulating liposomes and SAM adsorbing emulsions
having much higher uptake. In BHK cells, even though no significant difference in particles
uptake has been shown by expressing data as percentage of DilC+ cells, discrepancies among
formulations in uptake efficiency were indeed evident by analysing mean fluorescence
intensity values (MFI), with DOTAP SLNs and NPs having significantly higher MFI values
compared to the other formulations; however, despite this, absolute values were inferior
compared to 5% FCS condition. In FCS-free media, NPs resulted in the highest MFI, which
directly translated in more polymeric particles uptake by BHK. Moreover, it was shown that
moving from DOTAP to DDA reduced the overall MFI of formulations. However, despite the
promising results on cellular internalisation, antigen expression in BMDM was not achieved.
On the other hand, in vitro potency (IVP) assays in BHK cell line with both SAM-GFP and
SAM-Rabies based formulations showed that DOTAP polymeric nanoparticles and both DDA
and DOTAP liposomes had the greater ability to induce antigen expression in BHK cells,
despite the choice of the antigen and the presence of serum. Thus, these formulations were
selected to progress in vivo to better understand their immunogenicity in a mouse model.
The pharmacokinetic profiles in vivo of either SAM loaded or antigen-free cationic NPs, SLNs
and CNE showed that positive surface charge is not the only parameter which drives the
distribution of carriers, but other factors, such as particle size, might play a relevant role, with
smaller and PEGylated particles accumulating faster to the lymph nodes. Moreover, the
change of cationic lipid did not significantly alter formulations clearance profile in vivo.
Despite promising results on antigen transfection in vitro SAM loaded liposomes did not elicit
a strong humoral response in mice at all time point tested, confirming the poor correlation
between in vitro antigen expression and immune response. On the contrary, prior to the boost,
SAM NPs at the lowest antigen dose were as potent as the commercial vaccine to elicit
humoral response after i.m. injection. This proved that the association between self-amplifying
RNA vaccine and polymeric nanoparticles resulted in a valid Rabies vaccine alternative which
possessed potency comparable to the licensed vaccine after a single dose. Further, all SAM
vaccine candidates injected i.m. could induce a cellular response – especially Rabies-specific
CD8+ T-cells – although the frequency of activated T cells was inferior compared to Rabipur.
Interestingly, SLNs injected i.m. showed increased immunogenicity compared to both NPs
and the licensed vaccine after a single dose, confirming the suitability of SAM platform in
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combination with a particulate delivery system to induce efficient immunity in vivo.
Moreover, the potency of SLNs was also seen after intradermal administration, where SLNs
were as potent as Rabipur to elicit IgG titer in mice after two antigen doses, inducing both
adaptive immunity in a similar extent to the vaccine on the market. This finding is directly
associated with development of a considerably more economical rabies vaccine approach,
which require reduced frequency of administration and long-lasting immunity, along with the
possibility of painless (i.e. needle free) administration. Overall, these improvements would be
of great benefit for patients’ compliance. Herein it was also reported that two doses of SAM
SLNs injected i.n. induced a humoral immunity which was higher than the one elicited by
Rabipur. Interestingly, intranasal administration of SLNs increased production of activated
CD4+ IL-2+ T cells compared to the licensed vaccine in both spleens and lungs. However,
despite significant difference observed among formulations in the ability to elicit both humoral
and cellular immune response, immunogenicity did not correlate with biodistribution; carriers’
pharmacokinetics were indeed similar probably due to the short timeframe tested.
All together, these findings are encouraging and demonstrate that coformulation of SAM
vaccine and solid lipid nanoparticles might be a valid and more advantageous alternative to
commercially available rabies vaccines, with augmented patients’ safety and compliance
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