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A B S T R A C T   

K-RAS is a highly relevant oncogene that is mutated in approximately 90% of pancreatic cancers and 20–25% of 
lung adenocarcinomas. The aim of this work was to develop a new anti-KRAS siRNA therapeutic strategy through 
the engineering of functionalized lipid nanoparticles (LNPs). To do this, first, a potent pan anti-KRAS siRNA 
sequence was chosen from the literature and different chemical modifications of siRNA were tested for their 
transfection efficacy (KRAS knockdown) and anti-proliferative effects on various cancer cell lines. Second, a 
selected siRNA candidate was loaded into tLyp-1 targeted and non-targeted lipid nanoparticles (LNPs). The 
biodistribution and antitumoral efficacy of selected siRNA-loaded LNP-prototypes were evaluated in vivo using a 
pancreatic cancer murine model (subcutaneous xenograft CFPAC-1 tumors). Our results show that tLyp-1-tagged 
targeted LNPs have an enhanced accumulation in the tumor compared to non-targeted LNPs. Moreover, a sig
nificant reduction in the pancreatic tumor growth was observed when the anti-KRAS siRNA treatment was 
combined with a classical chemotherapeutic agent, gemcitabine. In conclusion, our work demonstrates the 
benefits of using a targeting approach to improve tumor accumulation of siRNA-LNPs and its positive impact on 
tumor reduction.   

1. Introduction 

KRAS (Kirsten rat sarcoma viral oncogene homolog) oncoprotein is a 
clinically relevant target in cancer therapy [1]. Indeed, KRAS mutations 
are found in approximately 90% of pancreatic cancers [2], 20–25% of 
lung adenocarcinomas [3] and, also, in other types of cancer. Mutant 
KRAS promotes cancer growth, immune suppression, and remodels the 
tumor microenvironment by secreting various cytokines, chemokines, 

and growth factors [2]. The KRAS mutation most frequently occurs 
either at the codon for Glycine-12 (G12) or Glycine-13 (G13) [3]. 
Interestingly, so far, the KRAS mutations, with the exception of the G12C 
mutation, have been identified as undruggable targets when using small 
molecule inhibitors [2]. Hence, in our view, the design of a siRNA-based 
approach to silence the KRAS expression may represent a very attractive 
and valuable therapeutic strategy [1,4]. 

Two different anti-KRAS siRNA designs have been reported, 
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targeting either a specific KRAS mutation [4–13] or all KRAS mutations 
(pan-KRAS) [1,14–17]. Both mutation-specific anti-KRAS siRNA and 
pan-KRAS siRNA or antisense oligonucleotide treatments have been 
reported to selectively kill tumors that are dependent on the KRAS- 
mutation for survival [1,4–17] without eliciting significant toxicity 
[1,16–19]. 

In this work, we selected a pan-KRAS siRNA sequence based on a 
previous study that showed >80% silencing at very low doses (0.1–2 nM 
concentration) with the least off-target effects [1]. Based on previous 
knowledge about the potential of chemical modifications to improve 
siRNA stability, silencing efficacy, long-term activity and reduced non- 
specific immune activation [20–22], three different chemically stabi
lized siRNAs were designed and compared with the unmodified siKRAS 
regarding their in vitro KRAS silencing and anti-cancer activity. Then, we 
selected the two siRNAs that showed the most promise and formulated 
one of them into appropriate delivery carriers. 

According to the literature, an array of delivery carriers has been 
proposed for the delivery of siRNA anti-KRAS. Among them, PLGA- 
siRNA implants for local delivery [4,8,9,23], and polymer nano
particles and assemblies [1,13,14,16], liposomes [6,10,15], exosomes 
(iExosomes) [10], and melittin-based peptide delivery systems [17] for 
systemic administration of anti-KRAS siRNA has been reported. Some of 
these strategies, such as long circulating iExosomes (NCT03608631) and 
PLGA-siRNA implants (NCT01676259), are currently under clinical 
development [9]. Additionally, identifying a suitable combination 
therapy is critical to improve the anti-KRAS siRNA treatment outcome 
[1,6,14,16]. All in all, there has been a significant progress in terms of 
understanding the role of KRAS in the treatment of cancer, and in the 
development of nanotechnology tools for the in vivo delivery of siRNA 
[23]. However, site-specific delivery of siRNA to the tumors while 
avoiding its accumulation in off-target organs, such as liver, is a major 
challenge that still needs to be overcome. 

Lipid nanoparticles (LNPs) are the most efficient and clinically 
proven delivery systems for siRNA and messenger RNAs [22,24,25]. 
Currently, the clinical application of LNPs is limited to the treatment of 
liver diseases and vaccine delivery due to the prominent accumulation 
and functional delivery of RNA cargo to the liver and at the site of in
jection following a parenteral route of administration [22–28]. To 
achieve functional delivery of RNA-LNPs to other organs, several stra
tegies have been explored, such as the optimization of the lipids 
composition [26–32], the modulation of the ratio between the cationic 
and the negative charges of the lipids and RNA, respectively [33], the 
introduction of targeting ligands [34,35], as well as the modulation of 
the protein corona [30,31] and the saturation of the liver uptake 
[36,37]. Our lab and others have found that, among the tumor targeting 
ligands, truncated Lyp-1 (tLyp-1) has good vascular permeation and 
tumor homing properties [38–40]. In fact, we have previously reported 
an excellent tumor accumulation and therapeutic efficacy when doce
taxel was formulated into tLyp-1-functionalized nanocapsules [39]. 

Based on this previous knowledge, in this work, a potent pan anti- 
KRAS siRNA sequence was chosen from the literature and different 
chemical modifications of siRNA were tested for their in vitro trans
fection efficacy (KRAS knockdown, phosphoERK down-regulation) and 
anti-proliferative effects on various cancer cell lines. Then, the selected 
siRNA candidate was loaded into tLyp-1 targeted and non-targeted lipid 
nanoparticles (LNPs). The biodistribution and antitumoral efficacy of 
the most promising candidate was evaluated in vivo using a pancreatic 
cancer murine model (subcutaneous xenograft CFPAC-1 tumors), while 
the toxicity was evaluated in a healthy mouse model. 

2. Materials and methods 

2.1. Materials 

siTTR-ESC+, siKRAS-ESC+, siKRAS-LNA, siKRAS-Chol, 1,1′-((2-(4- 
(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)(2-hydroxydodecyl)amino) 

ethyl)piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) (C12–200, HCl 
salt), and (R)-methoxy-polyethyleneglycol-2000-carbamoyl-di-O-myr
istyl-sn-glyceride (DMG-PEG2000) were a generous gift from Alnylam 
Pharmaceuticals, Cambridge, USA. siRNAs without special chemical 
modifications, siGFP and siKRAS-Unmod, were purchased from Bio
Spring GmbH, Germany. The siRNA sequences are presented in Table 1, 
while the schematic design of siKRAS and the structure of chemical 
modifications are presented in Fig. 2. The ionizable lipid 3,6-bis[4-[bis 
(2-hydroxydodecyl)amino]butyl]-2,5-piperazinedione (cKK-E12) was a 
generous gift from Prof. Daniel G. Anderson from Massachusetts Insti
tute of Technology, Cambridge, USA. 1,2-dioleoyl-3-trimethylammo
nium-propane (chloride salt) (DOTAP), 1,2-dioleoyl-sn-glycero-3- 
phosphoethanolamine (DOPE) and 1,2-distearoyl-sn-glycero-3-phos
phoethanolamine-N-[maleimide(polyethylene glycol)-2000] (ammo
nium salt) (DSPE-PEG2000-Maleimide, or DPM) were purchased from 
Avanti Polar Lipids, USA. Cholesterol was purchased from Sigma 
Aldrich, USA. Polysorbate-80 (Tween® 80) was purchased from Merck 
Millipore. INTERFERin® was purchased from Polyplus-transfection® 
SA, France. Florescent dyes, DiD (1,1’-Dioctadecyl-3,3,3′,3’-Tetrame
thylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) and DiR (1,1’- 
Dioctadecyl-3,3,3′,3’-Tetramethylindotricarbocyanine Iodide), were 
purchased from Invitrogen, Thermo Fisher Scientific. Truncated Lyp-1 
peptide (tLyp-1, CGNKRTR, 97% purity) was purchased from China 
peptides. The structure of LNPs and their component lipids are presented 
in Fig. 1. 

2.2. LNP formulation details 

2.2.1. Preparation of siRNA loaded cationic lipid nanoparticles (cLNPs) 
(RNA adsorbed) 

DOTAP-based cationic lipid nanoparticles (cLNPs) were prepared 
with cholesterol and Tween® 80 in the presence of a fusogenic lipid 
DOPE. The blank cLNPs were prepared by mixing an ethanol phase 
containing component lipids and an aqueous phase containing water 
under magnetic stirring. In a second step, an siRNA solution (100 μL, 0.2 

Table 1 
Details of siRNAs used in this work.  

Entry Name Strand Sequence (5′ – 3 ′) 

I siPan-KRAS#1 antisense UGAAUUAGCUGUAUCGUCAAGdTdT 
sense CUUGACGAUACAGCUAAUUCAdTdT 

II siPan-KRAS#2 antisense ACUGUACUCCUCUUGACCUGdTdT 
sense CAGGUCAAGAGGAGUACAGUdTdT 

III siKRAS #1 (#1) antisense GUGCAAUGAGGGACCAGUAdTdT 
sense UACUGGUCCCUCAUUGCACdTdT 

IV siKRAS #2 (#2) antisense CUUAGAAAAAAGAAGGUUUCCdTdT 
sense GGAAACCUUCUUUUUUCUAAGdTdT 

V siKRAS-Unmod antisense P-UGAAUUAGCUGUAUCGUCGAC 
sense CGACGAUACAGCUAAUUCAUA 

VI siKRAS-ESC+ antisense VP-u●G●aAuUaGcUguaUcGuCaAg●g●c 
sense c●u●UgAcGaUACaGcUaAuU●c●a 

VII siKRAS-LNA antisense VP-u●G●aAuUaGcUguaUcGuCaAg●g●c 
sense m5CL●TL●UgAcGaUACaGcUaAuU●c●a 

VIII siKRAS-Chol antisense VP-u●G●aAuUaGcUguaUcGuCaAg●g●c 
sense c●u●UgAcGaUACaGcUaAuU●c●aL10 

IX siTTR-ESC+ antisense VP-u●U●aUaGaGcAagaAcAcUgUu●u●u 
sense a●a●CaGuGuUCUuGcUcUaU●a●a 

X siTTR-LNA antisense VP-u●U●aUaGaGcAagaAcAcUgUu●u●u 
sense AL●AL●CaGuGuUCUuGcUcUaU●a●a 

XI siTTR-Chol antisense VP-u●U●aUaGaGcAagaAcAcUgUu●u●u 
sense a●a●CaGuGuUCUuGcUcUaU●a●aL10 

XII siGFP antisense P-UCCUUGAAGAAGAUGGUGCGC 
sense GCACCAUCUUCUUCAAGGAdTdT 

Notations and nomenclature: P = 5′-phosphate; VP = E-vinyl phosphonate; ● =
Phosphorothioate linkage; Nucleotide, upper case letter = U,C,A,G are unmod
ified ribonucleotides; lower case letter = a,c,g,u are 2′-OMe modified nucleo
tides; italics upper case letter = U,C,A,G are 2′-F modified nucleotides; L10 =
Cholesterol moiety; Upper case letter with superscript L = AL, m5CL, TL are 
Locked Nucleic Acid (LNA)-modified nucleotides. Negative control: siTTR. 
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mg/mL) was added to an equal volume of cLNPs at a required DOTAP 
concentration (0.88 mg/mL) under magnetic stirring (700 RPM, 20 s). 
The formulations were characterized for size, zeta-potential and trans
fection efficiency. 

2.2.2. Preparation of siRNA loaded LNPs 
LNPs were formulated by mixing an aqueous phase containing an 

siRNA in citrate buffer, pH 4 (Alfa Aesar, Germany), and an organic 

phase containing an ionizable lipid (C12–200. HCl or cKK-E12), a 
phospholipid (DOPE or DSPC), cholesterol and a PEG-lipid (DMG- 
PEG2000, DSPE-PEG-Maleimide and/or Tween® 80) dissolved in ab
solute ethanol at required molar ratios [27]. In the case of preparation of 
cKK-E12-based LNPs, 2.5 M equivalent of hydrochloric acid was added 
to the organic phase to pre-protonate the amine groups of cKK-E12. The 
compositions of all the LNPs reported in this study are presented in 
Tables 2 and 3. For the toxicity study, the LNPs were either prepared at a 

Fig. 1. Schematic representation of targeted siRNA-LNP (A) and the structure of condensing lipids (B), phospholipid (C), PEG lipids and surfactants (D), core lipids 
(E), and tLyp-1 targeting ligand (F) used in this study. The structure of tLyp-1 peptide was predicted using PEPstrMOD online tool [41], and the 3D-surface of the 
peptide was generated by the PyMOL Molecular Graphics System, Version 1.4.7.5 Edu, Schrödinger, LLC. 
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lower (6:1, w/w) or higher (12:1) mass ratio between C12–200 and RNA 
and were referred as LNP-Low and LNP-High, respectively. The N/P or 
charge ratio for LNP-Low was calculated to be around 6.76: 1, while for 
LNP-high was calculated to be around 13.52: 1. For the efficacy study, 
the LNPs were prepared at 12:1 mass ratio between C12–200 and RNA. 
The LNPs were formulated using a microfluidics system (NanoAssemblr 
BenchTop, Precision Nanosystems, Vancouver, Canada) at a final siRNA 
concentration of 0.1–0.4 mg/mL with a total flowrate of 9 mL/min, and 
a flow rate ratio of 3:1, between the aqueous and organic phase. The 
formulation was diluted with equal volume of 2× PBS upon preparation. 
For in vivo assays, the formulations were dialyzed (Thermo Scientific™ 
SnakeSkin™ 7000 molecular weight cut-off, MWCO, dialysis tubing) 
against PBS (1×) for two cycles (2–4 h per cycle) to remove ethanol and 
in some cases unbound tLyp-1 peptides. Finally, the formulation was 
concentrated using an Amicon® centrifugal ultrafiltration system (100 
kDa nominal MWCO). The final siRNA concentration and RNA encap
sulation efficiency were estimated from Ribogreen assay (Invitrogen™ 
Quant-it™ RiboGreen RNA Assay Kit) and agarose gel assay. 

To produce fluorescent LNPs, the same protocol was used as 
described above, except that a fluorescent dye (DiD or DiR) was addi
tionally included at 0.2 mol% in the organic phase along with other 
lipids [42]. DiD and DiR are C18-modified, lipophilic dyes that would 

non-covalently incorporate in the hydrophobic compartments of the 
LNPs. DiD with an excitation/ emission in the visible range (644/665 
nm) is widely used for in vitro applications, while DiR a near-infrared dye 
(748/780 nm) is ideal for in vivo application where the higher wave
length light with deeper penetration properties enable easy detection of 
the signal in biological tissues. 

The formulations were also characterized for size, and zeta-potential 
(Zetasizer Nano-ZS, Malvern Instruments, UK). Usually, the formula
tions were diluted with 1× PBS to an appropriate concentration to 
produce an attenuator value between 6 and 8 for size measurement, and 
the same dilution was used for zeta-potential measurement. For zeta- 
potential measurements in PBS, monomodal setting was opted as it is 
recommended for the samples in high ionic strength solutions (≥ 150 
mM). 

2.2.3. Conjugation of tLyp-1 to DSPE-PEG-Maleimide 

2.2.3.1. In-situ conjugation technique. In this technique, LNPs were 
formulated with DSPE-PEG-Maleimide (1.5 mol%) in the organic phase 
as previously described. In a second step, the pH of the LNP dispersion 
was adjusted with HEPES buffer to pH 7–7.4, followed by the incubation 

A,U,G,C

Fig. 2. Schematic representation of siRNA designs (A) and the structure of the chemical modifications (B) used in this study are presented. AS: Antisense strand; SS: 
Sense strand. 
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with 2 M equivalents of the tLyp-1 peptide for 24–48 h at +4 to +8 ◦C. At 
the end of the incubation, the LNPs (1 to 10 mL at 0.2 mg/mL) were 
dialyzed against PBS (200 mL) for at least 2 cycles with each cycle 
lasting for about 2–4 h, using a 7000 MWCO dialysis membrane. This 
dialysis step would effectively remove any excess tLyp-1 peptide (834 
Da) from the LNPs. Finally, the dialyzed formulation was concentrated 
to a theoretical concentration of 0.5 to 1.5 mg/mL siRNA using an 
Amicon® centrifugal ultrafiltration unit (100 kDa nominal MWCO) 
following the manufacturers recommended protocol. The actual RNA 
concentration was determined using Quant-it™ RiboGreen RNA Assay 

Kit and diluted to the required concentration. 

2.2.3.2. Pre-conjugation technique. In this technique, a DSPE-PEG- 
Maleimide-tLyp-1 conjugate (DPM-tLyp-1) was prepared and the 
conjugation of the peptide to the lipid was confirmed by NMR. This 
DPM-tLyp-1 conjugate was included in the organic phase during the 
preparation of LNPs as previously described. To prepare the DPM-tLyp-1 
conjugate, a freshly prepared solution of DPM (25 mg in 60% ethanol at 
1 mg/mL) was mixed with a freshly prepared solution containing a 2-M 
equivalent of tLyp-1 peptide with an N-terminal cysteine (14.6 mg, 

Fig. 3. Screening of formulations using in vitro GFP silencing assay. Percentage GFP negative cells and Geomean fluorescence intensity of DOTAP-based LNPs (A), 
cKK-E12 based LNPs (B), C12–200-based LNP-S3 (C) are presented. The outcome of statistical analysis (ANOVA – multiple comparison) for LNP-S3 is presented in the 
supplementary sections, S3-C, and S3-D. All formulations were prepared with GFP-siRNA (N = 1). Positive control includes treatment with Lipofectamine® 
RNAiMAX/siGFP at 100 nM, while the negative control includes untreated cells. Statistical significance with a p ≤ 0.05 is represented as *; ** is p ≤ 0.01; *** is p ≤
0.001; **** is p ≤ 0.0001, p ≥ 0.05, ns – not significant. 
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considering 97% purity). The mixture was incubated at room tempera
ture for an hour under stirring, followed by incubation for about 24–48 h 
at +4 to +8 ◦C, purified with at least 3 cycles of dialysis using a 7000 
MWCO dialysis membrane (1 cycle with 0.9% NaCl, 2 or more cycles 
with DNase/RNase/Endotoxin free Milli-Q water), and lyophilized. For 
proton NMR analysis, the final product was dissolved in deuterated 
DMSO to a final concentration of around 2 mg/mL and the conjugation 
efficiency was calculated with quantitative proton NMR spectrum 
(BRUKER DRX 500, CACTUS, USC). 

2.3. In vitro evaluation 

2.3.1. Viability studies after anti-KRAS siRNA treatment 
A549 cells were either treated with 10 nM siRNA (siKRAS #1, siK

RAS #2 or siNT) with Polyplus Transfection® agent (INTERFERin®) or 
with LNPs encapsulating siRNA (siKRAS #1, siKRAS #2, siNT or pI:C) at 
a concentration equivalent to RNA concentrations of 0.08 nM to 157.2 
nM (prepared as 1:3 dilution series). Cell viability was determined with 
a CellTiter Glo assay kit (G9243) after 24-, 48-, 72- and 120-h post- 
treatment, and calculated relative to control cells, i.e., as percentage of 
the luminescence signal of control cells. 

2.3.2. Western Blot and Colony forming assay 
Human A549 cells and murine CMT167 cells were transfected with 

siRNA against KRAS with INTERFERin®. KRAS knockdown efficiency 
and effect on proliferation (colony formation) were determined using 
two different custom-made siRNAs against murine KRAS (siKRAS #1, 
#2) or a siRNA against human and murine KRAS (siKRAS Unmod/ 

siKRAS USC). In addition, Allstar non-target control siRNA (“siNT”), and 
Allstar cell death-inducing siRNA (“Cell death”/ short: death), specific 
for human and murine targets, respectively were used as controls. 

2.3.3. In vitro uptake study 
Lacun3 mouse lung cancer cells were seeded in a 96-well plate (5000 

cells/ well). After 12–24 h of incubation, the cells were treated with DiD- 
labelled LNP-S3 siRNA formulation for 4 h in Opti-MEM at siRNA con
centrations of 100 nM/well. After the treatment, the nanoparticle con
taining medium was discarded, washed twice with PBS. The cells were 
incubated with Hoechst (10 μg/mL) to stain its nucleus, while the acidic 
compartments such as lysosomes were stained with Lysotracker Green 
(50 nM) for 120 min. The cells were imaged using confocal imaging 
microscope (Leica SP8, 63 × 1.2 NA objective). The image processing 
was done in FIJI [43]. 

2.3.4. GFP silencing study 
A total of 10,000 HeLa-GFP cells were seeded per well in a flat- 

bottom 96-well plate and allowed to adhere for 12–24 h. Cells were 
treated with siRNA formulations for 4 h in Opti-MEM at siRNA con
centrations ranging from 0 to 400 nM/well. Formulations were then 
removed, replaced with complete medium and the cells were incubated 
for another 48 h. The cell viability was measured by the resazurin assay 
[44]. Briefly, cells were incubated with resazurin (44 μM, final con
centration) supplemented complete media for 40 min, the fluorescence 
was measure in a plate reader at 544/590 nm. Cells were then trypsi
nized, harvested and fixed with 1% (w/v) formaldehyde in PBS for flow 
cytometry analysis. In some experiments, a total of 60,000 HeLa-GFP 

Fig. 4. In vitro uptake of DiD-labelled LNP-S3 4-h post-treatment. Color coding: Nucleus (Hoechst) is presented in blue, lysosomes (lysotracker green) in green and 
LNPs (DiD) in magenta. The white color represents the colocalization of nanoparticles and lysosomes in the endosomal vesicles. Cell line used: Lacun3 mouse lung 
cancer cells. The composition of LNP used in this study, LNP-S3.DiD: C12–200: DOPE: Chol: Tween® 80: DiD at 28: 14: 49.8: 8: 0.2 mol%, while the C12–200: RNA 
was 12:1, w/w. LNP-S3.DiD were treated at a concentration of 100 nM of siRNA per well. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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cells were seeded per well in 24-well plates. Lipofectamine RNAiMAX® 
at 100 nM siRNA concentration was used as a positive control following 
manufacturer instructions. The Hela-GFP cell line was a kind gift from 
Prof. Javier Montenegro, University of Santiago de Compostela. 

2.3.5. Cell culture and siRNA treatment 
CFPAC-1 cells were cultured in RPMI-1640 (Biological Industries, 

Kibbutz Beit Haemek, Israel) containing 10% FBS, 1% Pen-Strep, and 1% 
L-glutamine (Biological Industries) at 37 ◦C in a humidified 5% CO2 
incubator. Cells were seeded in a 6-well plate at 5 × 105 cell/mL for 
western blot and qPCR analyses, and in 96-well plate at 2 × 104 cells/ 
well for MTT assay. These cells were treated with LNP2 or LNP-S3-tLyp- 
1 (2000 ng/well = 137 nM). The incubation period was 24 h for western 
blot and qPCR analyses and 24, 48, and 72 h for MTT assay. siKRAS-LNA 
was used in this study. 

2.3.6. Western blot analysis 
Total cell lysates of siRNA-treated CFPAC-1 cells were isolated by 

using a lysis buffer including RIPA buffer (Thermo Fisher Scientific, 
Waltham, MA, USA), protease inhibitor, and phosphatase inhibitors 
(Roche, Basel, Switzerland). After total cell lysates were run on SDS- 
PAGE, they were transferred to PVDF membranes. Primary antibodies 
(anti-human-total ERK (1:2000), anti-human-phospho ERK (pERK- 
Thr202/Tyr204, 1:2000) (Cell Signaling Technology, Danvers, MA, 
USA), anti-human vinculin (1 μg/mL, Thermo Fisher Scientific) were 

used with HRP-conjugated secondary antibodies (Cell Signaling Tech
nology). The Chemiluminescent system Newton 7.0 (Vilber, Collégien, 
France) was used for visualization and analyses were performed by using 
ImageJ software (NIH Image, Bethesda, MD, USA). 

2.3.7. Real-time reverse transcription-polymerase chain reaction (qPCR) 
Total RNA was isolated from siRNA-treated CFPAC-1 cells or tumors 

(MN, Germany) and complementary DNA was synthesized (NEB, USA). 
Real-time reverse transcription-PCRs were performed with SsoAd
vanced™ Universal SYBR Green Super Mix (Bio-Rad, USA) and carried 
out on a CFX Connect Real Time PCR (Biorad, USA). The gene expression 
of KRAS (forward 5’-GACTCTGAAGATGTACCTATGGTCCTA-3′, reverse 
5’-CATCATCAACACCCTGTCTTGTC-3′) was determined compared to 
beta-actin (forward 5’-CTGGAACGGTGAAGGTGACA-3′ reverse 5’- 
AAGGGACTTCCTGTAACAATGCA-3′). The relative difference in gene 
expression was calculated with comparative 2(− ΔΔCt) method where 
amplification data obtained from the gene of interest were normalized to 
beta actin housekeeping gene expression (ΔCt = Ct (KRAS) – Ct (beta- 
actin)) and then with the data from control (untreated) samples (ΔΔCt 
= ΔCt (siKRAS treated sample) – ΔCt (untreated sample)). Control 
sample data was set to have 100% expression and other groups were 
normalized to control group for illustration. 

2.3.8. Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay 
The MTT assay was used to assess cytotoxicity. MTT solution 

Fig. 5. In vitro validation of siKRAS-LNA formulated in targeted and non-targeted LNPs in CFPAC-1 pancreatic cancer cell line. Western blot comparing the total ERK, 
phosphoERK, and vinculin (A), Band intensity measured by Image J (B), KRAS expression measured by quantitative PCR (C), and MTT assay measuring the viability 
of CFPAC-1 treated with LNPs in combination with gemcitabine. Statistical significance with a p ≤ 0.05 is represented as *; ** is p ≤ 0.01; *** is p ≤ 0.001; **** is p 
≤ 0.0001. 
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(Sigma–Aldrich, St. Louis, MO, USA) was added into the wells and 
incubated for 4 h. Lysis buffer containing 23% SDS and 45% N,N- 
dimethylformamide (Sigma-Aldrich) was added to dissolve formazan 
crystals and incubated for 16 h. Optical densities (OD) were acquired at 
570 nm by a Spectramax Plus microplate reader (Molecular Devices, 
Sunnyvale, CA, USA). The percentages of the number of viable cells were 
calculated according to the cells incubated with culture medium only. 

2.3.9. Immunofluorescence staining 
Frozen sections of the tumors (Leica Microsystems, Nussloch, Ger

many) were fixed with 4% paraformaldehyde and blocked with 10% 
BSA. They were incubated with anti-human-pERK (Cell Signaling 
Technology) primary antibody and antibody binding was visualized by 
Alexa555-conjugated secondary antibody (Abcam, Cambridge, United 
Kingdom) together with DAPI (Sigma–Aldrich). Images were taken with 
a fluorescence microscope (Olympus, Center Valley, PA, USA) and an
alyses were performed by using ImageJ software (NIH Image). 

2.3.10. Flow cytometry 
The cells were labelled with mouse anti-human-Neuropilin-1 (Nrp- 

1)-PE (clone:12C2) (BioLegend, San Diego, CA, USA). Percentages of 
positive cells were determined according to an isotype control antibody. 
The analyses were performed with a FACS Canto II (Becton Dickinson, 
San Jose, CA, USA). 

2.4. Animal studies 

All animal procedures were performed in compliance with relevant 
laws and institutional guidelines and the appropriate institutional 
committee(s) have approved them. 

2.4.1. In vivo biodistribution - Pancreatic cancer model 
A xenograft tumor model was developed using 6–8 weeks old athy

mic CD1 nude mice to study biodistribution and the antitumoral efficacy 
of the combination treatment: gemcitabine and anti-KRAS siRNA. After 
subcutaneous injection of 1.5 × 107 pancreatic CFPAC1 cells in 100 μL 
PBS with 1 mg/mL Matrigel to the dorsal flank of mice, tumor devel
opment was followed until reaching 0.7 cm diameter. Mice were intra
venously injected with a single dose of fluorescently labelled LNPs at 
dose of 3.33 mg/kg (100 μL of LNPs at 1 mg/mL siRNA concentration). 
The mice were euthanized, and organs were collected 32 h post injection 
and the fluorescence in individual organs was measured using an in vivo 
imaging system (IVIS). The composition of LNPs used in this study are 
presented in Table 3. 

2.4.2. In vivo efficacy studies - Pancreatic cancer model 

2.4.2.1. 
A xenograft tumor model was developed as previously described for 

the biodistribution study (Kobay experimental animals ethical council 

Fig. 6. In vivo biodistribution of siRNA loaded LNPs labelled with a fluorescent dye (DiR). The mean fluorescence intensity (MFI) from DiR measured from different 
organs (A); The MFI normalized to the mass of each organ (B); and IVIS image of the organs (C). *** p < 0.001, **** p < 0.0001, ns – not significant. (Number of mice 
per group, n = 4, Dose: 100 μL of LNPs at 1 mg/mL siRNA concentration). Targeted LNP: LNP-S3-tLyp1-DiR, non-targeted LNP: LNP-S3-DiR. 
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project number 2017/232). Mice were separated into groups randomly 
(7 mice per group). Gemcitabine was injected intraperitoneally (i.p.), 
while controls, and LNPs loaded with anti-KRAS siRNA were injected 
intravenously (i.v.) twice a week. Gemcitabine was administered at a 
dose of 100 mg/kg, while mice were treated with 50 μL of LNPs at 0.8 
mg/mL siRNA concentration (1.33 mg/kg). Two different 

administration routes were chosen to avoid any interaction between the 
drug and the LNP which may affect their pharmacokinetics. Addition
ally, LNPs are generally administered I.V. for many applications [22], 
while intraperitoneal administration of gemcitabine is an emerging and 
effective alternative route of administration for pancreatic cancer [45]. 
Tumor volume, animal weight and health conditions were monitored 

Fig. 7. Therapeutic effect of the combination treatment with gemcitabine and siKRAS. Experimental set-up indicating tumor inoculation, days of treatment and 
endpoint of the study (A); percentage change in tumor volume. The stars indicating the statistical differences between the PBS control verses other groups are 
presented just above each symbol, while other comparisons are indicated with a line and star(s) (B), Survival plot (C); image of the tumors extracted at the end of the 
experiment (D); KRAS expression measured by qPCR, n = 3. Statistical test: unpaired two-tailed t-test (E), and immunofluorescence of pERK in tumors, where pERK 
labelling is presented in Red, while the nucleus stained with DAPI is presented in Blue (F). Dosing: Gemcitabine (100 μL per injection at 25 mg/mL gemcitabine in 
saline, ≈ 100 mg/kg) was administered intraperitonially, while targeted and non-targeted LNPs encapsulating siKRAS-LNA (50 μL per injection at 0.8 mg/mL in PBS 
≈ 1.3 mg/kg) were administered intravenously on Day 0, Day 3, and Day 7 (Number of mice per group, n = 7). Statistical significance with a p ≤ 0.05 is represented 
as *; ** is p ≤ 0.01; *** is p ≤ 0.001; **** is p ≤ 0.0001, p ≥ 0.05, ns – not significant. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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after each injection. 

2.4.3. In vivo toxicity evaluation 
The in vivo study was carried-out in healthy immunocompetent fe

male ICR Swiss mice (7–8 weeks old). All animal procedures were 
approved by University of Santiago de Compostela Bioethics Committee 
in compliance with Principles of Laboratory Animal Care of national 
laws. Mice were split into one untreated control group and two treat
ment groups (n = 4 mice per group). One treatment group received 
LNP2-Low (C12–200: RNA at 6:1, w/w), while the other group received 
LNP2-High (C12–200: RNA at 12:1, w/w), both formulated using the 
same optimized molar lipid composition reported in the literature [27], 
the detailed compositions and characteristics are presented in Table 3. 
This optimized molar composition allowed maximum siRNA encapsu
lation at both the high and low mass ratios tested here, Table 3 and 
supplementary data - Fig. S9. LNPs were administered intravenously 
twice a week, for 4 weeks (8 doses). Both the treatment groups received 
the same dose of siRNA (100 μL per injection at 0.4 mg/mL siRNA 
encapsulated in LNPs corresponding to a dose of about 1.33 mg/kg of 
siRNA for a 30 g mouse) while receiving different doses of ionizable lipid 
(2.4 or 4.8 mg/mL of C12–200, corresponding to a dose of about 8 or 16 
mg/kg of C12–200 for LNP-Low and LNP-High groups respectively). 
This experimental approach was expected to allow unbiased toxicity 
from the lipids, as the siRNA dose in both treatment groups is constant. 
Animals were monitored daily for clinical signs and weighed twice a 
week (before injection). Mice were sacrificed 4 days after the last 
treatment; organs (liver, spleen, and kidneys) and blood samples were 
collected for histochemistry (hematoxylin and eosin staining), hema
tology (BC-5000Vet-Mindray) and biochemistry analysis (Preventive 
Care Profile Plus, Vetscan, Abaxis). 

2.5. Statistical analysis 

The statistical tests were performed with GraphPad Prism 8.0.2. For 
in vitro GFP-silencing assay, the results were analyzed by ordinary Two- 
Way ANOVA. Statistical significance between the groups corresponding 

to the same dose treatment were determined using the Sidak multiple 
comparison method. The multiplicity adjusted P value are reported, 
where alpha (significant difference) was set to 0.05. For in vitro and in 
vivo KRAS expression by qPCR, in vitro pERK expression in the in vivo 
efficacy study, comparison of between the groups were made with or
dinary Two-Way ANOVA using Turkey’s multiple comparison. Of note, 
both Turkey’s and Sidak multiple comparisons produced same signifi
cant differences. For in vivo toxicity study, the exact p values were 
determined using unpaired multiple t-test where each row (biochemical 
or hematological parameter) was analyzed individually without 
assuming a consistent standard deviation (SD). Statistical significance 
between the groups was determined using the Holm-Sidak method to 
calculate the multiplicity adjusted P value. For in vivo efficacy study, the 
evolution of tumor volume was analyzed using a mixed-effect model 
with Tukey’s multiple comparisons test. 

Throughout the manuscript, alpha (significant difference) was set to 
0.05, and the statistical differences are represented as follows, * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns – not significant. 

3. Results and discussion 

The aim of this work is to identify a suitable anti-KRAS siRNA, en
gineer the LNPs to improve siRNA delivery to tumors, evaluation of in 
vivo toxicity of C12–200 based siRNA-LNPs and evaluate the therapeutic 
benefits of KRAS silencing in KRAS-mutant cancer models. To do this, 
we followed a specific work plan consisting of: (i) the development of 
different LNP formulations and the evaluation of their physicochemical 
properties, stability and transfection capacities using model RNA mol
ecules, (ii) the functionalization of selected LNP compositions with the 
targeting peptide tLyp-1, (iii) The chemical modification and evaluation 
of different anti-KRAS siRNA molecules and their encapsulation into 
selected LNP prototypes, (iv) the in vivo evaluation a selected prototype 
containing a selected siRNA anti-KRAS sequence for its biodistribution 
and efficacy in a pancreatic tumor mice model. 

Table 2 
Physicochemical characteristics of siRNA formulations tested by in vitro GFP or KRAS silencing assay. (N = 1).  

Code Components Molar % (CL: RNA, w/ 
w) 

Prep. 
Technique 

[RNA] mg/ 
mL 

Size 
(nm) 

PDI ZP.PBS 
(mV) 

siRNA [N/P 
ratio] 

Cationic DOTAP LNPs  
cLNP 

(2:1) 
DOTAP: DOPE: Cholesterol: 
Tween® 80 

27.1: 12.7: 52: 8.1 
(4.4:1, w/w) Stirring 0.1 153 ± 3 

0.17 ±
0.01 +33 ± 3 

siGFP 
2:1 

cLNP 
(4:1) 

DOTAP: DOPE: Cholesterol: 
Tween® 80 

27.1: 12.7: 52: 8.1 
(8.8:1, w/w) Stirring 0.1 121 ± 3 

0.21 ±
0.02 +34 ± 1 4:1   

cKK-E12 LNPs  

LNP-A cKK-E12: DSPC: Cholesterol: 
DMG-PEG 

50: 10: 38.5: 1.5 (5:1, 
w/w) 

Microfluidics 0.05 84 ± 1 0.16 ±
0.01 

− 0.6 ±
0.9 siGFP 

3.2: 1 

LNP-B cKK-E12: DOPE: Cholesterol: 
DMG-PEG 

35: 16: 46.5: 2.5 (5:1, 
w/w) 

Microfluidics 0.05 56 ± 1 0.08 ±
0.01 

− 0.5 ±
0.6 

3.2: 1   

C12–200 LNPs  

LNP-S3 C12–200: DOPE: Cholesterol: 
Tween® 80 

28: 14: 50: 8 (12:1, w/ 
w) 

Microfluidics 

0.1 59 ± 1 
0.09 ±
0.003 

− 1.6 ±
0.6 siGFP 13.1: 1 

0.1 53 ± 1 0.15 ±
0.02 

− 2.7 ±
0.8 

siKRAS- 
ESC+

13.6: 1 

0.1 56 ± 2 0.13 ±
0.03 

− 0.8 ±
0.7 

siKRAS- 
LNA 

13.6: 1 

0.1 56 ± 1 
0.22 ±
0.01 

− 1.7 ±
0.4 

siKRAS- 
Chol 14.2: 1   

C12–200 LNPs used for the in vitro uptake study  
LNP-S3. 

DiD 
C12–200: DOPE: Chol: Tween® 
80: DiD 

28: 14: 49.8: 8: 0.2 
(12:1, w/w) 

Microfluidics 1.8 59 ± 1 
0.12 ±
0.02 

− 1.5 ±
0.1 

siKRAS- 
LNA 

13.6: 1 

Abbreviations: CL: ionizable cationic lipids. cLNPs: cationic LNP with adsorbed RNA. n.d.: not determined/or no data. Stirring: Magnetic stirring (700 RPM, 10 s); 
Microfluidics: NanoAssemblr BenchTop. 
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3.1. Development and characterization of different LNP compositions 
containing a model siRNA 

Condensing lipids are one of the key components of RNA delivery 
systems and in most cases a key determinant of their delivery efficacy 
[28,46–48]. We developed formulations for siRNA delivery based on 
three different condensing lipids, namely DOTAP, cKK-E12, and 
C12–200. The structure of the lipids used in this study are presented in 
Fig. 1. We also tested different PEG-lipids or surfactants such as Tween® 
80, DMG-PEG2000, and DSPE-PEG-Maleimide. An in vitro GFP silencing 
assay was used for an initial screening of these formulations. We clas
sified the array of formulations produced based on the cationic lipid 
used as described below. 

DOTAP-based LNPs (RNA adsorbed): DOTAP is a cationic lipid with a 
degradable ester linkage between the hydrophobic tails and the polar 
head group [49]. DOTAP is a standard reference lipid whose synthesis 
was first reported in 1988 [50] and has been widely used as a trans
fection reagent [51]. Previous reports have shown that the adequate 
combination of cholesterol and DOTAP in lipid formulations led to an 
improved transfection efficiency in the presence of serum [52]. In 
addition, the inclusion of certain amounts of DOPE and Tween® 80 in 
DOTAP-containing formulations has been shown to reduce toxicity and 
improve in vitro transfection [53]. Based on these promising results and 
the fact that DOTAP-based formulations have been tested for several 
application including cancer gene therapy [54], DNA vaccines [55], and 
mRNA delivery [56], we chose DOTAP as a condensing lipid and added 
DOPE, cholesterol, and Tween® 80 in the formulation of siRNA-loaded 
LNP prototypes. The ratio between the cationic nitrogenous groups (N) 

from the ionizable/cationic lipids of the delivery system to the negative 
charges from the phosphate groups (P) of the RNA cargo is defined as N/ 
P ratio (or charge ratio, +/− ). In our formulation approach, the siRNA 
was mixed with preformed cationic LNPs (cLNPs) either at a lower or 
higher N/P ratios. The results presented in Table 2 indicate that higher 
N/P ratio (4:1, N/P or 8.8:1 w/w, DOTAP: RNA) showed slightly smaller 
size than the lower N/P ratio (2:1, N/P or 4.4:1, w/w). 

The siRNA-loaded DOTAP-based LNPs were prepared in two steps. In 
the first step, a blank cationic nanosystem was prepared with DOTAP, 
and in the second step, the RNA was added to the system with an excess 
of positive charge (achieved for N/P ratio 2:1 and 4:1) which allow the 
adsorption of RNA to LNP surface. Agarose gel electrophoresis 
confirmed that there were no free RNA (data not shown), thus that the 
RNA molecules were associated to the LNP surface. Hence, these for
mulations were indicated as “RNA adsorbed”. 

In other formulations containing ionizable lipids such as cKK-E12 or 
C12–200, the RNA molecules were incorporated inside the LNPs as 
previously described (27) and, hence these formulations were named as 
“Encapsulated RNA or RNA inside”. In this case, the procedure involved 
the dissolution of RNA an acidic medium (pH 4) in order to facilitate the 
interaction with the ionizable lipids C12–200 and cKK-E12, with a pKa 
≤ 7 [27,46,57,58]. Since, no free RNA was seen in the LNP formulations 
after pH neutralization, it is inferred that the RNA was encapsulated 
inside the LNPs (RNA inside). This is in line with the literature on LNPs 
[27,28,46]. 

cKK-E12-based LNPs: (Encapsulated RNA/ RNA inside) cKK-E12 is a 
potent multi-tailed ionizable lipopeptide previously used for both siRNA 
and mRNA delivery [28,59]. Here, we compared two compositions 

Table 3 
Physicochemical characteristics of siRNA formulations tested in various in vitro and in vivo assays.  

Code Components Molar % 
(CL: RNA, w/ 
w) 
[N/P ratio] 

Prep. 
Technique 

[RNA] 
mg/mL 

Size 
(nm) 

PDI ZP.PBS 
(mV) 

% Encap. RNA 
(Ribogreen) 

N siRNA 
cargo 

LNPs used for the in vivo biodistribution study 

LNP-S3- 
DiR 

C12–200: DOPE: Chol: Tween® 80: 
DiR 

28: 14: 49.8: 8: 
0.2 
(12:1, w/w) 
[13.57: 1, N/ 
P] Microfluidics 

1 68 ± 2 
0.12 ±
0.01 

− 0.7 ±
0.6 95 1 

siKRAS- 
ESC+

LNP-S3- 
tLyp-1- 
DiR 

(C12–200: DOPE: Chol: Tween® 80: 
DiR: DPM) + tLyp-1, in-situ 
conjugation 

28: 14: 49.8: 
6.5: 0.2: 1.5 
(12:1, w/w) 
[13.57: 1, N/ 
P] 

1 51 ± 1 0.14 ±
0.01 

+3 ±
0.1 

95 1  

LNPs used for in vitro and in vivo efficacy study (CFPAC-1, pancreatic cancer model) 

LNP2 C12–200: DOPE: Chol: DMG-PEG 

35: 16: 46.5: 
2.5 
(12:1, w/w) 
[13.59: 1, N/ 
P] 

Microfluidics 

0.8 64 ± 2 
0.15 ±
0.03 

− 0.3 ±
1 89 ± 1 2 

siKRAS- 
LNA 

LNP-S3- 
tLyp-1 

C12–200: DOPE: Chol: Tween® 80: 
DPM + (tLyp-1) – in-situ conjugation 

28: 14: 50: 6.5: 
1.5 
(12:1, w/w) 
[13.59: 1, N/ 
P] 

0.8 60 ± 3 
0.16 ±
0.02 +3 ± 1 93 ± 2 2  

LNPs used for the in vivo toxicity study 

LNP2-Low 

C12–200: DOPE: Chol: DMG-PEG 

35: 16: 46.5: 
2.5 
(6:1, w/w) 
[6.76: 1, N/P] 

Microfluidics 0.4 

64 ± 6 
0.15 ±
0.02 

− 0.5 ±
0.5 79 ± 1 2 

siTTR- 
ESC+

LNP2-High 

35: 16: 46.5: 
2.5 
(12:1, w/w) 
[13.52: 1] 

59 ± 5 0.10 ±
0.03 

− 0.3 ±
0.9 

91 ± 1 2 

Abbreviations: CL: permanently- or ionizable cationic lipids. cLNPs: cationic LNP with adsorbed RNA. Microfluidics: NanoAssemblr BenchTop. N/P ratio: Ratio be
tween cationic/ ionizable nitrogen groups from cationic lipids to negatively charged phosphate groups from RNA. 
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reported in the literature [22,27,46]. One of them, referred here as LNP- 
A or classical composition, is the most widely used LNP composition for 
two-tailed lipids, consists of ionizable-lipid, phospholipid, cholesterol, 
and a PEG-lipid with a molar ratio of 50:10:38.5:1.5 [22,46]. The other 
one, referred here as LNP-B, comes from a design of experiment (DoE) 
reported in the literature with a composition consisting of C12–200: 
DOPE:Cholesterol:PEG-lipid at a molar ratio of 35:16:46.5:2.5 [27]. 
These two formulations LNP-A and LNP-B were loaded with siRNA-GFP 
(siGFP). Both showed good physicochemical characteristics with a size 
below 90 nm, low polydispersity index (PDI < 0.2); however, the 
encapsulation efficiency, using either Ribogreen or agarose gel assays, 
was significantly higher for the LNP-2 composition, Table 2-B, and 
supplementary Fig. S1. 

C12–200-based LNPs: (Encapsulated RNA/ RNA inside) C12–200 is a 
potent multi-tailed ionizable lipidoid previously used in the literature 
both for siRNA and mRNA delivery [27,48]. Based on our previous ex
periments (unpublished data), in the present work, Tween® 80, a sur
factant with a branched low molecular weight PEG (predicted log D, pH 
7.4 = 5.45), was explored as an alternative PEG lipid to the classical 
C14-PEG (predicted log D, pH 7.4 = 6.53, ChemSpider version 
2021.0.29.0). This new formulation, named as LNP-S3, was prepared 
with C12–200, DOPE, Cholesterol, and Tween® 80 at a molar ratio of 
28:14:50:8. The results, presented in Table 2, indicate that this formu
lation showed good physicochemical characteristics in terms of size, 
zeta potential, RNA loading and stability. 

The three categories of formulations described above were loaded 
with siRNA-GFP and tested for their in vitro GFP-silencing capacity. The 
results, shown in Fig. 3, indicate that the strongest GFP-silencing effect 
obtained at the lowest concentration tested (10 nM) was observed for 
the LNP-S3 prototype. Hence, this prototype was selected as the lead 
candidate for the next step, which was the functionalization of the 
prototype with a targeting ligand. 

3.2. Development of a targeted nanocarrier based on the conjugation of a 
tLyp-1 to LNPs 

Reaching extrahepatic targets is of great interest for developing the 
next generation of RNA therapeutics. With our aim to improve the intra- 
tumoral accumulation of siRNA-nanoparticles, we chose the truncated- 
Lyp-1 (tLyp-1) as a targeting ligand, due to its ability to interact with 
the neuropilin-1 (NRP-1) receptor. The presence of this receptor in the 
CFPAC-1 pancreatic cancer cell line, used in our in vivo studies, was 
confirmed (supplementary data – Fig. S7). 

Prior to the functionalization of the LNPs with the targeting ligand, it 
was important to select an appropriate PEG-lipid. It is known that C14- 
PEG, the most frequently used PEG-lipid, is easily desorbed from LNP 
surface, which facilitates ApoE binding, thereby increasing liver accu
mulation [22,24,60]. However, as our target was not the liver, we 
selected a slow-desorbing C18-PEG (DSPE-PEG-Maleimide) in order to 
minimize the desorption of the targeting ligand from the LNP surface. 
For the functionalization of the LNPs with the tumor targeting ligand 
(tLyp-1), we used two methodologies: (i) In situ conjugation, a meth
odology that allows the direct conjugation of a thiol containing targeting 
ligand to a preformed nanosystem containing DSPE-PEG-Maleimide 
(DPM) as an anchor lipid. Here, thiol-maleimide click chemistry was 
used for conjugating the ligand to the anchor lipid. (ii) Pre-conjugation, 
a methodology that consists of the conjugation of the targeting ligand to 
one of the components of the LNP, in our case the DSPE-PEG-Maleimide. 
The efficiency of the conjugation process was determined by Proton 
NMR analysis. The reaction conditions were optimized to achieve a 
conjugation efficiency >75% as measured by NMR, supplementary data 
- Fig. S2. 

Initial results showed that, irrespective of the conjugation method 
used, LNPs (C12–200, DOPE, Cholesterol, DPM at 28.2: 14.1: 56.2: 1.5 
mol%) aggregated in the presence of the cationic tLyp-1. Alternatively, a 
pre-conjugated DPM-tLyp-1 was added directly to the organic phase to 

prepare an LNP with a different molar ratio; This formulation containing 
C12–200, DOPE, Cholesterol, DMG-PEG, and DPM-tLyp-1 at a molar 
ratio of 35:16:46.5:1:1.5, also aggregated upon dilution in PBS. The 
rationale for this was that the arginine containing cationic tLyp-1 could 
interact with DOPE on the LNP surface resulting in aggregation 
(CGNKRTR, theoretical pI = 10.86 [61]). Similar aggregations were 
reported when mixing arginine-rich protamine with phosphoethanol
amine (PE) containing phospholipids but not with phosphocholines or 
sphingomyelins [62]. When the pre-formed LNPs containing Tween® 80 
(LNP-S3 with DPM) were mixed with tLyp-1 peptide no aggregation was 
observed. Hence, the presence of Tween® 80 in the LNP composition 
solved this problem. This allowed the in-situ conjugation of the ligand to 
the LNPs. Similarly, when the LNPs were directly prepared with pre- 
conjugated DPM-tLyp-1 in the presence of Tween® 80 in the organic 
phase, no aggregates were formed in these formulations. DOPE has a net 
neutral charge around pH 7.4. This includes one positive charge from 
the ethanolamine, (pKa ≈ 9.5, based on ethanolamine), and one nega
tive charge from the phosphate, (pKa ≈ 1–2.2, [63]). We hypothesize 
that the short PEG chains of Tween80 would allow the electrostatic 
interaction of tLyp-1 and DOPE while preventing the interaction among 
particles through stearic hinderance thus preventing aggregation. The 
final composition of this formulation, we called LNP-S3-tLyp-1, was 
C12–200, DOPE, Cholesterol, Tween® 80, and DPM-tLyp-1 at a molar 
ratio of 28: 14: 50: 6.5: 1.5. 

Since, tLyp-1 was cationic in nature, in order to minimize its inter
action with the RNA molecules during the LNP formation, we decided to 
conjugate the targeting ligand after the formation of LNP using the in- 
situ conjugation technique for both our in vitro and in vivo studies. 

The tLyp-1 attaches to DPM via thiol-maleimide click chemistry 
yielding a thiosuccinimide covalent conjugate. Due to the very small size 
of the tLyp-1 peptide (7 aminoacids) and its low concentration, when 
compared to the rest of the LNP components, the development of an 
analytical technique for the quantitative verification of the ligand 
attachment was challenging. Both, NMR and peptide quantification by 
3-(4carboxybenzoyl)quinoline-2-carboxaldehyde) (CBQCA reagent) 
failed to reliably quantify the amount of tLyp-1 attached to the LNPs 
(data not shown). Hence, as shown in Table 3, the effective attachment 
of cationic tLyp-1 to the neutral LNPs was indirectly inferred from a 
slight change in the zeta potential of the LNPs. 

Taking all this into consideration, here we describe a new composi
tion of LNPs that includes Tween® 80. The desorption rates of Tween® 
80 from the LNP surface are not known and could be of interest to 
investigate them in the future. Inclusion of Tween® 80 in the formula
tion was critical to maintain the stability of tLyp-1 tagged LNPs, and we 
expect that this formulation can be applied to other targeting ligands. 

3.3. In vitro evaluation of siRNA formulations with a model RNA 

In vitro GFP silencing assays could be a valuable tool for the initial 
screening of the siRNA-loaded formulations. We used anti-GFP siRNA 
(siGFP) as a model RNA and HeLa-GFP as a model cancer cell line. Good 
silencing activity was seen for all the formulations (Fig. 3). For cLNPs, 
the higher N/P ratio (4:1, +/− ) showed slightly higher silencing than 
the lower N/P ratio (2:1, +/− ) at lower concentration (10 nM), (Fig. 3- 
A). For cKK-E12-based LNPs, LNP-B formulation was found to be supe
rior to the LNP-A composition in terms of transfection efficiency (Fig. 3- 
B). This might be related to the higher RNA encapsulation efficiency of 
this formulation (supplementary data, Fig. S1). On the other hand, the 
C12–200-based formulation (LNP-S3) showed high, dose-dependent 
GFP silencing (Fig. 3-C). In fact, this formulation showed the strongest 
GFP-silencing, even at the lowest concentration tested (10 nM) and, 
therefore, was selected as the lead candidate. 

To study the in vitro uptake of LNP-S3, the formulation was labelled 
with a C18-modified carbocyanine dye (DiD at 0.2 mol%) as previously 
described [42]. The results obtained in a murine lung cancer cell line, 
Lacun3, showed that the LNP-S3 uptake was high and exhibited a 
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perinuclear localization in the cell. At 4-h post-treatment, a strong 
colocalization of the LNPs with the lysosomes was observed (as a white 
signal by overlay of DiD and lysotracker) (Fig. 4), a result that agrees 
with previous findings reported in the literature [64,65]. Although in- 
depth trafficking studies might be required to probe the mechanism of 
uptake and endosomal escape, the successful in vitro GFP silencing 
(Fig. 3-C) indicated that siRNA-GFP was successfully released into the 
cytoplasm to cause gene-silencing in HeLa-GFP cells after uptake. 
Because of the successful uptake and silencing with siRNA-GFP loaded 
LNP-S3 we observed, this formulation was selected for the encapsulation 
of different versions of chemically modified anti-KRAS siRNAs. 

3.4. Selection of siRNA candidates – In vitro evaluation and validation 

An in vitro assay was performed to identify the most promising siRNA 
constructs and the appropriate chemical modifications that could effi
ciently silence KRAS genes and down-regulate downstream signaling 
(ERK1/2 (p44/p42)-phosphorylation by immunoblotting). Cells were 
transfected with different anti-KRAS siRNAs, using either a commercial 
transfection reagent (INTERFERin) or the LNPs prepared in this work. 
During the initial screening, western blot analysis confirmed that all 
KRAS-specific siRNAs were able to reduce the KRAS expression in 
several cell lines, including human lung cancer cell lines (A549, H441), 
and mouse lung cancer lines (CMT-167, Lacun3) (supplementary data 
– Fig. S3) Interestingly, the negative control siRNAs used in this study 
(siTTR-ESC+ and siTTR-LNA) were also able to reduce KRAS-levels in 
the human cancer cell line (A549) but not in the CMT-167. This behavior 
could be explained by the guide strand mediated microRNA-like seed- 
based base-paring (6–8 nucleotides) (supplementary data - Fig. S4). 
Due to the variation in silencing between the cell lines, we decided to not 
to use the siTTR as the control siRNA for further studies. The down
regulation of phosphoERK provided variable results among the different 
treatment groups and cell lines (supplementary data - Fig. S4). 

Despite the RNAi-mediated downregulation of KRAS, no significant 
effect on cell viability was observed on A549 cells treated with anti- 
KRAS siRNA under the tested conditions (supplementary data - 
Fig. S3, ATP measurement with CellTiter Glo assay). However, siKRAS 
treatment reduced proliferation in the colony forming assay (supple
mentary data - Fig. S4 and S5). A combined reduction of KRAS and 
phosphoERK seemed to correlate well with reduced proliferation and 
vice versa. For example, marked reduction in KRAS expression was seen 
in CMT-167 cells following siKRAS treatment, while phosphoERK levels 
were not affected (supplementary data - Fig. S4). These results indi
cate that phosphoERK might be a determining factor for in vitro cellular 
proliferation. 

To identify the best siRNA candidate for in vivo studies, the knock
down efficacy of different versions of the anti-KRAS siRNAs were 
compared. The general trend in silencing efficacy we observed was 
consistently better for siKRAS-ESC+ (advanced enhanced stabilization 
chemistry plus) followed by siKRAS-LNA (locked nucleic acid modified 
ESC+ siRNA), unmodified siRNA (siKRAS-USC) and frequently a lower 
performance from the cholesterol modified-siRNA (siKRAS-Chol). The 
sequence details of these siRNAs are presented in the Table 1. 

Finally, the selected siRNA and the lead formulation were validated 
in a pancreatic cancer cell line (Fig. 5). Here, LNP2 was used as a control 
formulation whose molar composition is reported in the literature and 
showed equivalent median effective dose (ED50) as the gold standard 
MC3-based Onpattro-like LNPs [24,27,46], CFPAC-1 cells were incu
bated with LNPs for 24 h. A decrease in pERK compared to total ERK was 
seen in a western blot analysis (Fig. 5-A, B). Under similar treatment 
conditions, quantitative PCR showed a marked reduction in KRAS 
expression compared to the house-keeping beta-actin gene (Fig. 5-C). 
Additionally, an MTT assay showed more efficient killing of CFPAC-1 
cells when gemcitabine (10 nM) was used in combination with the 
siRNA treatment (LNP-2 or LNP-S3-tLyp-1 at 137 nM) at 24, 48, and 72 h 
(Fig. 5-D). Also, these formulations were tested in an in vivo setting with 

the aim of developing a treatment strategy for KRAS-mutant cancers. 
The physicochemical characteristics and formulation details of the for
mulations tested in the in vivo studies are presented in Table 3. 

3.5. In vivo biodistribution study: comparison of targeted and non- 
targeted LNPs in a pancreatic cancer model 

As highlighted in the introduction, tLyp-1 is a potent targeting ligand 
for the NRP-1 receptor [38,39,66]. The effect of this targeting ligand on 
in vivo biodistribution was studied in the subcutaneous CFPAC-1 (human 
pancreatic cancer cell line) xenograft tumor model. The high expression 
of NRP-1 in pancreatic cancer cells, such as in the CFPAC-1 cell line, has 
been previously reported in the literature [67] and confirmed in this 
work by flowcytometry analysis (supplementary data - Fig. S7). The 
biodistribution of the selected nanoformulation, LNP-S3 functionalized 
with tLyp-1 and loaded with a fluorescent dye (DiR), was studied at 32 h 
post-injection (LNP-S3-tLyp-1-DiR) and it was compared with DiR- 
labelled LNP-S3 without a targeting ligand (LNP-S3-DiR). The results, 
illustrated in Fig. 6, show that the majority of both, the targeted and 
non-targeted LNPs, accumulated in the liver, a result that is in-line with 
the literature [26]. However, the tLyp1 functionalized LNPs showed 
significantly higher accumulation in the tumor, spleen, and lungs than 
the non-targeted ones. These organs also showed higher fluorescence 
signal per mg of tissue when using targeted LNPs (Fig. 6-B). These results 
highlight the importance of tLyp-1 as a targeting ligand in terms of 
enhancing the accumulation of siRNA-LNP in tumors expressing the 
neuropilin-1 (NRP-1) receptor. 

3.6. In vivo toxicity studies: LNPs maximum tolerated dose in healthy 
mice 

It is clear from the biodistribution study that only a fraction of the 
total injected dose reaches the tumor, while a significant amount of LNPs 
ends up in the liver and other organs. Therefore, it is important to 
determine not only the efficacy of these formulations but also their 
potential toxicity, especially as it relates to their accumulation in the 
liver. Regarding this, it is known that the potential toxicity of LNP could 
be attributed to the LNP components such as ionizable cationic lipid 
(ICL) [68–70]. In this study, two formulations containing two different 
amounts of C12–200 lipid where used, using a reference molar compo
sition already reported (27). The formulations were adapted in the ratio 
of their components in order to keep constant the amount of siRNA dose, 
see Table 3, supplementary data - Fig. S9, and methods section for de
tails. Hence, in this study, we determined the maximum tolerated dose 
for C12–200 based LNPs after 8 intravenous injections administered 
over a period of 4 weeks. Our results showed that one in four animals in 
the high dose group (LNP2-High) died a couple of days after the 8th 
injection, while the remaining mice exhibited poor health, and had to be 
euthanized, then their organs were collected for analysis. We saw 
extensive damage in the liver, spleen, and kidneys, as well as pertur
bations in some of the biochemical and hematological factors in the 
high-dose group (supplementary data - Fig. S10, S11, and S12). How
ever, minimal adverse effects and no apparent change in the behavior of 
the mice were observed in the treatment group receiving the lower dose 
of C12–200 (LNP2-Low) (supplementary data - Fig. S10, S11, and S12). 
According to these results, the cumulative maximum tolerated dose for 
the intravenous administration of C12–200 based siRNA LNPs would be 
around 1.92 mg of total C12–200 per animal corresponding to about 64 
mg/kg dose when calculated with an average body weight of 30 g per 
mouse. It should be noted that the in vivo toxicity assay was performed in 
healthy mouse model and that the toxicity of the LNPs could be aggra
vated in the pancreatic tumor model. 

Previous studies reported no adverse events when intravenously 
administering a single bolus injection of C12–200 LNPs at a dose of 1 
mg/kg of RNA, which would approximately equate to 7 to 10 mg/kg of 
C12–200 [48,71]. In another study, repeated administration of MC3- 
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LNPs have shown to cause minor liver damage when administered 
intravenously, twice a week for 2 weeks at a dose of 0.3 mg/kg of RNA 
cargo [68,72]. These studies did not test higher doses of ionizable lipid, 
since they were targeting liver which is the major organ of LNP accu
mulation. The median effective dose (ED50) for gene silencing in liver, 
with C12–200 or MC3 LNPs, were around 0.03 mg/kg RNA [27,46,48]. 
However, in our case, since only a fraction of the injected dose reaches 
the target tumor, we tested higher concentrations in-line with the dosing 
requirements for an in vivo efficacy study. In other safety studies with 
repeated injection of Stable Nucleic Acid Lipid Particles (SNALPs) which 
has a similar composition as MC3 LNPs, the maximum tolerated dose 
(MTD) in mice was reported to be 3 mg/kg in rats, while 12 mg/kg for 
mice [73]. The no observable adverse effect level (NOAEL) was reported 
to be around 1 mg/kg [73]. In summary, here we have demonstrated the 
safety of repeated dosing of C12–200 LNPs in a healthy mouse model at a 
higher dose than previously described. It appears that the C12–200 
based LNPs could have a better safety profile than MC3-based LNPs. 

3.7. In vivo efficacy study to compare the anti-cancer activity of targeted 
and non-targeted LNPs in combination with gemcitabine on a 
subcutaneous pancreatic cancer model – CFPAC-1 

Once the biodistribution was analyzed and quantified, the next step 
was the evaluation of the in vivo antitumor response of the tLyp-1- 
functionalized LNP (prototype LNP-S3-tLyp-1) in comparison with that 
of the non-functionalized nanoformulation (LNP2), and that of the free 
drug. On the other hand, it is known that switching down specific tar
gets, notably KRAS, might not be sufficient to elicit the adequate ther
apeutic response. Therefore, a combination of the nanoformulation plus 
gemcitabine, typically used to treat pancreatic cancer, was adopted in 
order to assess the value of the combination therapy. To this end, a 
subcutaneous human xenograft pancreatic cancer model was established 
in a nude mouse using a CFPAC-1 cell line. Once the tumor reached 
appropriate size (approximately 5 to 7 mm), mice were treated with 
gemcitabine alone (100 mg/kg) or gemcitabine in combination with 
anti-KRAS siRNA encapsulated in LNPs with or without the targeting 
ligand, Fig. 7-A. The results presented in Fig. 7-B, showing the tumor 
size evolution over the time, indicated that the size of the tumor, in the 
PBS control group grown until the end of the experiment and in the 
gemcitabine group (drug), remained stagnant. In contrast, the combi
nation treatment with anti-KRAS siRNA, delivered with both targeted 
and non-targeted nanosystems, led to a drastic reduction of the tumor 
size. The statistical analysis for change in tumor volume is presented in 
the supplementary data, Fig. S8-A and indicated in the Fig. 7-B. The 
tumors collected from different treatments at the end of the study are 
presented in Fig. 7-D. This reduction was more remarkable when the 
treatment included the tLyp-1-functionalized LNPs. This enhanced 
therapeutic efficacy could be attributed to the enhanced accumulation 
of LNPs in the tumor in the presence of a targeting ligand as shown in 
Fig. 6. The survival plot is presented in Fig. 7-C. Most of the mice from 
the PBS (no treatment group) survived until the end of the experiment 
even though their tumor volume was larger, while some of the mice in 
the gemcitabine and gemcitabine + LNP treatment groups spontane
ously died during the course of the study even though the tumor volume 
was reduced. Gemcitabine treatment group showed the lowest survival 
percentage (29%) compared to LNP-S3-tLyp-1 + Gemcitabine (43%), 
LNP-2 + Gemcitabine (57%), and untreated mice (71%) by the end of 
the treatment. Although the body weight of those mice that survived did 
not vary >20% of the initial body weight, supplementary data – 
Fig. S8-B, the experiment was stopped on day 10 as many mice died in 
the treatment groups. The rest of mice were sacrificed, and tumors 
collected for analysis on day 10. The low survival of the mice in the 
treatment groups could be attributed to the toxicity of gemcitabine. No 
additive effect of toxicity was seen in the groups receiving both gemci
tabine and LNPs. More studies are needed to define a safe dose and 
dosing regimen for gemcitabine and the combination therapy with LNPs 

in our pancreatic cancer mouse model. Previous studies have shown the 
safety of gemcitabine administration between 60 and 120 mg/kg every 
three days for up to four I.P. injections in breast or pancreatic cancer 
mouse models [74,75]. Hence, the observed toxicity from gemcitabine 
was unexpected. 

As a proof of in vivo siRNA delivery, tumors collected after the 
treatment showed significantly reduced KRAS expression in qPCR 
(Fig. 7-E), along with reduction in activation of pERK in an immuno
fluorescence assay (Fig. 7-F). Taken together these results, we concluded 
that silencing KRAS with siRNA-LNPs and in vivo downregulation of 
KRAS and pERK seems to enhance the therapeutic benefits of gemcita
bine in a CFPAC-1 subcutaneous mouse model. 

As of 2023, there are three LNP-based RNA drugs and vaccines 
approved in the clinic, and many more are being tested in clinical trials 
for various indications [22,24,76]. LNPs have proven to be one of the 
most efficient and clinically advanced delivery system for nucleic acids 
[22,24,76]. Currently, the applications are mainly limited to liver 
associated diseases, vaccines, and immunotherapy [22,24,76]. Efficient 
delivery to solid tumors and other extra-hepatic tissues is a major 
challenge that is yet to be concurred [22,24,76]. Years of previous 
research and an explosion of interest in LNPs following its success as a 
COVID-19 vaccine, will spark more discoveries making this delivery 
technology much safer, widen its application and improve its accessi
bility. Cancer is a challenging target, however deeper understanding of 
its biology, combining appropriate immune-modulating therapies along 
with other modalities could bring promising therapies for people in 
need. In this direction, ligand targeted LNPs could be leading a way to 
reach extra-hepatic targets, which makes this work highly relevant to 
current scenario. 

4. Conclusions 

This work highlights the importance of a rational design of both, the 
siRNA cargo and the carrier (LNPs) in the development of new siRNA- 
based therapies. It also highlights that, when targeting specific organs, 
other than the liver, the functionalization of the nanocarrier may be 
critical. Here, we found that small changes to the chemical modification 
of siRNA anti-KRAS drastically affect their functional efficacy. Through 
in-vitro screening, we identified promising siKRAS candidates (siKRAS- 
ESC+ and siKRAS-LNA) and loaded one of them (siKRAS-LNA) into a 
new composition of LNPs containing Tween® 80 and functionalized 
with the tumor-homing peptide (tLyp-1). This new targeted nano
therapy candidate exhibited a significant tumor accumulation and led to 
a significant reduction in the tumor size when combined with gemci
tabine. These results clearly indicate that the application of siRNA based 
KRAS inhibition is a viable and promising strategy for developing a 
cancer treatment. 
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