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Nanoformulation des analogues nucléosidiques 
et acides nucléiques
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Challenges in the cellular delivery of nucleoside derivatives

DNA polymerase

NA

NA PP

Nucleoside analogues (NA)

Antiviral: AZT, ddI, …, FTC
Anticancer: dFdC (Gemcitabine)

• Poor stability
• Low or no cellular uptake
• Insufficient phophorylation (NA)

• Low half life
• Side effects
• Emergence of resistances

Objectives of nanocarriers:

• Protection
• Enhance cellular uptake
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Various types of ‘nano-drugs’

1 nm 10 nm 100 nm 1 µm

API 
nanocrystals

API 
nanocarriers

≠ supramolecular 
organizations
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1. Squalenated nucleoside analogues 

Nanoprecipitation

100-200 nm nanoparticles with:
• high drug loading (∼30% w/w)
• no ‘burst release’ effect

Couvreur et al., Nano Letters 2006, 6, 2544

1’,2-trisnorsqualenic
acid

Prodrug AZT-Sq ddI-Sq ddC-Sq T-Sq Gem-Sq

Sq
anchorage 5’-OH 5’-OH Base (N) 5’-OH Base (N)
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1. Squalenated nucleoside analogues – antiviral NAs 

Hillaireau et al., Biomaterials 2013, 34, 4831

Human PBMC infected in vitro by reference HIV strains

Sensitive to ddI and ddC (HIV-1-Lai) Resistant to ddI (HIV-1-146)
or both ddI and ddC (HIV-1-144)

• Increased anti-HIV activity correlated to the 
active triphosphate metabolite

• Increase of impregnation of organs relevant for 
HIV infection (liver, spleen, bone marrow, 
thymus and brain) following oral adm. to rats
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2. Aqueous-core nanocapsules for nucleotide analogues
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Hillaireau et al., J Control Release 2006

• Combination of hydrophobic and cationic polymers
allows efficient entrapment and cellular uptake of AZT-TP

• Limitation: low drug loading ∼0.1% w/w
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3. Nanogels of nucleotide analogues – drug-triggered assembly

Giacalone et al., Biomacromolecules 2013 14(3), 737-42

Critical N/P Critical +/–
TPP 1.41 0.99

ATP 1.02 1.03

AzT-TP 1.09 0.97

+

solution
-like

colloidal 
susp.

Agrega-
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Colloidal suspensions obtained for N/P ≳ 1 can be ontained for
triphosphate group-containing drugs

Constant suspension pH ≈ 4

Chitosan

Ionotropic

gelation
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3. Nanogels of nucleotide analogues – incorporation of FeIII

FeIII

OH
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Substitution of CS by CS-Fe does not compromise nanogel formation, modifies critical N/P
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4. An injectable implant of nucleotide-loaded nanogels

in situ-forming, ATP-loaded
nanostructured implant 

Chitosan
1) Fe(NO3)3

2) ATP
Nanogels

1) Freeze-drying

2) PLGA in NMP
Homogeneous, injectable,

newtonian liquid form

~ 1 cm

~ 1 week

release
ATP

~ 1 month

release
ATP

~ 180 nm

Injection in 
subcutaneous medium

Injection in 
aqueous medium

Nanogel resuspension
 

by back-and-forth cycles

PLGA in NMP
(solution)

Nanogel lyophilisate
Nanogel suspension

in PLGA solution

Giacalone et al., Drug Deliv Transl Res 2024
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4. An injectable implant of nucleotide-loaded nanogels

FeIII ensures colloidal stability in organic medium

10 µm 20 µm 20 µm

Nanogels identified in formed implant

1 cm 5 µm

200 nm 1 µm

Giacalone et al., Drug Deliv Transl Res 2024
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Administration of nucleic acids for therapy

DNA

mRNA

mRNA
Protein

Blockage of gene expression
• Antisense ODN
• RNA interference (siRNA)

Production of a protein of interest
→ mRNA
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5. siRNA delivery by decorated polyplexes

demonstrated by Whitehead and colleagues [29] further
accentuates this point.

Polymer-based nanocarriers
Polymer-based nucleic acid nanoparticles are primarily
assembled via entropically driven polyionic condensation.
They are relatively easy to formulate with siRNAs (via
simple mixing) and can be modular (especially with the
advance of new polymer synthesis techniques). One
widely studied cationic polymer for siRNA delivery is
polyethylene imine (PEI); however, PEI has failed to
progress clinically primarily owing to its poor toxicity
profile and in vivo instability especially during systemic
administration [30]. Early in 1999, Davis and co-workers
introduced a new type of cyclodextrin polymer (CDP) for
the delivery of pDNA [31]. This work transitioned into
the delivery of siRNAs after Elbashir et al. demonstrated
that siRNAs could be used to silence genetic targets in

mammalian cells [32]. This delivery vehicle, coined
CALAA-01, was the first targeted polycation for siRNA
delivery to enter the clinic for cancer. Three years later,
proof of RNAi in a human systemically administered with
CALAA-01 was reported.

The CDP delivery system is comprised of three delivery
components and the siRNA drug as shown in Figure 2.
The three delivery components; CDP, adamantane–PEG
(AD–PEG) and adamantane–PEG–Transferrin (AD–
PEG–Tf), each play a specific but complimentary role
in overcoming numerous in vivo barriers. The key com-
ponent to this delivery system is the CDP. This relatively
short polycation (n ! 5) was synthesized via a step-growth
condensation polymerization between a unique cyclodex-
trin diamine monomer and a dimethyl suberimidate cross-
linker (green). The short length was chosen by design to
reduce toxicity and permit renal clearance in vivo. The

430 Cancer

Figure 2
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Current Opinion in Pharmacology

A graphical representation of the CDP delivery system.

Current Opinion in Pharmacology 2012, 12:427–433 www.sciencedirect.com
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“Evidence of RNAi in humans from systemically administered siRNA via targeted NPs”
Davis et al., Nature 2010
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6. The first ARN-based drug: patisiran

• In 2018, an siRNA has been targeted to the liver using lipid nanoparticles
• Used in the treatment of polyneuropathy associated with hereditary transthyretin-

mediated amyloidosis (hATTR) in adults

n engl j med 379;1 nejm.org July 5, 2018 17

Patisir an for Hereditary Tr ansthyretin Amyloidosis

siran and did not have an improvement in the 
mNIS+7 (54 of 137 patients with available data), 
the median change from baseline in the mNIS+7 
at 18 months was lower than that observed in all 
51 patients who received placebo and had avail-
able data (9.9-point increase and 26.5-point in-
crease, respectively).

Secondary End Points
The change from baseline in the Norfolk QOL-DN 
score was significantly lower with patisiran than 
with placebo at 18 months, indicating better qual-
ity of life with patisiran. At baseline, the mean 
(±SD) Norfolk QOL-DN score was 59.6±28.2 in 
the patisiran group and 55.5±24.3 in the placebo 
group. At 18 months, the least-squares mean (±SE) 
change in the Norfolk QOL-DN score from base-
line was −6.7±1.8 with patisiran, as compared 
with 14.4±2.7 with placebo (least-squares mean 
difference, −21.1 points; 95% CI, −27.2 to −15.0; 
P<0.001) (Fig. 2C). Consistent effects in favor of 
patisiran were noted in Norfolk QOL-DN scores 
across all subgroups (Fig. S4 in the Supplemen-
tary Appendix). At 18 months, 51% of the patients 
who received patisiran had an improvement (de-
crease from baseline at 18 months) in the Norfolk 
QOL-DN score, as compared with 10% of those 
who received placebo (Fig. 2D).

Significant between-group differences in favor 
of patisiran treatment were observed for all other 
secondary end points (Table 2). Improvement rela-
tive to baseline was also seen in gait speed in the 
10-m walk test (53% of the patients who received 
patisiran vs. 13% of those who received placebo) 
and motor strength (40% vs. 1%), as determined 
by the NIS-weakness test at 18 months. For all 
secondary end points, between-group differenc-
es in favor of patisiran were evident at the first 
efficacy assessment time point (3 months for 
modified BMI and 9 months for all others).

Select Exploratory End Points
Measures of neuropathy stage also favored pati-
siran, with the polyneuropathy disability score 
stable (96 patients [65%]) or improved (12 pa-
tients [8%]) from baseline in 108 of 148 patients 
(73%); in the placebo group, stabilization occurred 
in 23 of 77 patients (30%) and none had improve-
ment at 18 months. Among patients whose poly-
neuropathy disability score worsened at 18 months, 
worsening by more than one level was observed 
in 5 of 30 patients (17%) in the patisiran group, 

as compared with 16 of 32 (50%) in the placebo 
group.

In the cardiac subpopulation, the geometric 
mean baseline level of NT-proBNP, a measure of 
cardiac stress that is an independent predictor of 
death in patients with transthyretin cardiac amy-
loidosis, was 726.9 pg per milliliter (coefficient 
of variation, 220.3%) in the patisiran group and 
711.1 pg per milliliter (coefficient of variation, 
190.8%) in the placebo group. At 18 months, the 
adjusted geometric mean ratio to baseline was 
0.89 with patisiran and 1.97 with placebo (ratio, 
0.45; P<0.001), representing a 55% difference in 
favor of patisiran. Patisiran treatment was also 
associated with better cardiac structure and func-
tion than placebo, including significant differ-
ences in mean left ventricular wall thickness 
(P = 0.02) and longitudinal strain (P = 0.02) at 18 
months (Table 2).

Safety
Overall, 97% of the patients in each trial group 
reported adverse events (Table 3), most of which 
were mild or moderate in severity. The frequency 
of severe adverse events (28% in the patisiran 
group and 36% in the placebo group) and seri-

Figure 3. Correlation of Reduction in Transthyretin Levels with Change  
in mNIS+7 from Baseline at 18 Months.

The analysis included 188 patients with nonmissing mNIS+7 assessments 
at month 18.
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The Onpattro story and the clinical translation 
of nanomedicines containing nucleic acid-based 
drugs
The regulatory approval of Onpattro, a lipid nanoparticle-based short interfering RNA drug for the treatment of 
polyneuropathies induced by hereditary transthyretin amyloidosis, paves the way for clinical development of many 
nucleic acid-based therapies enabled by nanoparticle delivery.

Akin Akinc, Martin A. Maier, Muthiah Manoharan, Kevin Fitzgerald, Muthusamy Jayaraman, 
Scott Barros, Steven Ansell, Xinyao Du, Michael J. Hope, Thomas D. Madden, Barbara L. Mui, 
Sean C. Semple, Ying K. Tam, Marco Ciufolini, Dominik Witzigmann, Jayesh A. Kulkarni, Roy van der Meel 
and Pieter R. Cullis

Nanomedicines resulting from the 
application of nanotechnology to 
medicine are having an increasing 

impact on the treatment of disease. This 
applies particularly to nanomedicines using 
lipid nanoparticle (LNP) drug delivery 
systems as there are now more than ten 
US Food and Drug Administration (FDA) 
approved pharmaceuticals employing 
LNPs to deliver drugs to disease sites 
(Table 1). Most of these nanomedicines 
are formulations of cancer drugs that offer 
the benefits of reduced toxicity and/or 
enhanced efficacy compared to the ‘free’ 
drug1. Due to the clinical success of LNP-
based drug delivery systems, we now have 
a good understanding of the requirements 
for successful clinical translation of LNP 
systems for delivery of small molecules. 
Translational criteria include a size 
range of 100 nm or less, highly efficient 
encapsulation techniques, a low surface 
charge, robust, scalable manufacturing 
processes and adequate product stability2.

It is of great interest to extend LNP 
technology to delivery of nucleic acid-
based drugs, such as short interfering 
RNA (siRNA), messenger RNA (mRNA) 
and gene editing constructs. Unmodified 
nucleic acid-based drugs face particular 
delivery problems, because they are readily 
broken down in biological fluids, do not 
accumulate in target tissues and cannot 
penetrate into target cells even if they get 
to the desired tissues. Unfortunately, many 
of the techniques developed for generating 
clinically viable LNP formulations of 
small molecule drugs cannot be applied to 
nucleic acid polymers owing to their large 
size and negative charge. Further, LNP 
formulations of small molecule drugs have 
only to release drug cargo after arrival in the 

target tissue; by contrast, LNP formulations 
of nucleic acid-based drugs must also 
facilitate intracellular delivery of these 
macromolecules into target cells.

Here, we describe the successful 
preclinical development and clinical 
translation of patisiran (trade name 
Onpattro), which is an LNP formulation of 

siRNA for the treatment of polyneuropathies 
resulting from the hereditary disease 
transthyretin-mediated amyloidosis 
(hATTR). This drug acts by inhibiting the 
synthesis of the transthyretin (TTR) protein 
in the liver. The positive results of a global 
phase 3 study3 resulted in FDA approval of 
Onpattro in August 2018. The success of 
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Fig. 1 | Integrated model of lipid nanoparticle (LNP)-mediated delivery of siRNA to hepatocytes in vivo. 
Key steps include the dissociation of PEG-lipids from the particle surface, recruitment of endogenous 
ApoE to the LNP surface, trafficking of LNPs through fenestrated endothelium and binding to low density 
lipoprotein receptors and other ApoE-binding receptors on hepatocytes, internalization of LNPs via 
endocytosis, protonation of the ionizable lipid due to the low pH in the endosome, interaction of the 
protonated ionizable lipid with negatively charged endogenous lipids, which results in the destabilization 
of the endosomal membrane, and release of siRNA into the cytoplasm, where it can engage with the 
RNAi machinery. RISC, RNA-induced silencing complex. LDLR, low density lipoprotein receptor.
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7. Lipid nanoparticle-mRNA – based vaccines

Vaccines 2021, 9, 65. 
doi.org/10.3390/vaccines9010065

More susceptible to degradation than siRNA
(chemical modification is more comlpex)

1-10 mRNA copies/nanoparticle,
in central core

14

Conclusions on nanomedicine for treatments
and vaccines

• Nucleotide analogues and nucleic acids require specific formulations

• Cationic excipients are key for nano-encapsulation and control of the release

• Colloidal stability can determine controlled release 

• Nanocarriers enable siRNA and mRNA administration
→ Future vaccines and new therapeutic approaches

15


