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mRNA is a novel class of therapeutic modality that holds great promise in vaccination, protein replacement
therapy, cancer immunotherapy, immune cell engineering etc. However, optimization of mRNA molecules and
eﬃcient in vivo delivery are quite important but challenging for its broad application. Here we present an
ionizable lipid nanoparticle (iLNP) based on iBL0713 lipid for in vitro and in vivo expression of desired proteins
using codon-optimized mRNAs. mRNAs encoding luciferase or erythropoietin (EPO) were prepared by in vitro
transcription and formulated with proposed iLNP, to form iLP171/mRNA formulations. It was revealed that both
luciferase and EPO proteins were successfully expressed by human hepatocellular carcinoma cells and hepatocytes. The maximum amount of protein expression was found at 6 h post-administration. The expression eﬃciency of EPO with codon-optimized mRNA was signiﬁcantly higher than that of unoptimized mRNA. Moreover,
no toxicity or immunogenicity was observed for these mRNA formulations. Therefore, our study provides a
useful and promising platform for mRNA therapeutic development.

1. Introduction
mRNA is the bridge of the central dogma of molecular biology,
which means mRNA is neither the permanent genetic information nor a
functional end product, but a transient transition [1]. This transient
nature gives mRNA great ﬂexibility, thereby expanding its therapeutic
area over most of other known drugs. Although instability and immunogenicity hindered the development of mRNA drugs in previous
years, these key problems are gradually overcome with the progresses
of chemical modiﬁcation technologies. Compared with small molecules
and antibody drugs, the production of mRNA is faster, cost-eﬀective

and more ﬂexible, because mRNA can be easily produced by in vitro
transcription (IVT) in large-scale [2]. Compared with plasmid DNA,
mRNA also has some advantages, such as: (1) mRNA does not need to
enter the nucleus but functions in the cytoplasm; (2) mRNA will not
insert into the host genome because it is delivered by non-viral carriers
instead of virus vectors; (3) mRNA is biocompatible, non-toxic and
immunologically inert. Besides, mRNA theoretically is able to express
any protein, so it possesses wide application prospect in vaccination,
protein replacement therapy, cancer immunotherapy, immune cell engineering and so on [2,3]. Currently, plenty of mRNA therapeutic pipelines have been established for curing various cancers, infectious
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diseases, heart disease, ﬁbrosis, etc. [3,4].
Recently, a mRNA vaccine (mRNA-1273) against coronavirus disease 2019 (COVID-19) had advanced into clinical trials
(NCT04283461). It took only 25 days and 63 days respectively, from
sequence selection to vaccine manufacture for the ﬁrst clinical batch
and the ﬁrst human dosing. The bright prospect of mRNA is attracting
the attentions of scientists, investors, patients and even common
people. However, mRNA therapeutic is still facing the challenges of
lacking safe and eﬀective delivery system, and requirement of optimizing the sequences and nucleotide compositions [5,6]. Due to its
large size (300–5000 kDa, 1–15 kb), negative charge, and degradability, native mRNA cannot readily pass through the cell membrane
and eﬃciently accumulate in the cytoplasm. Therefore, the development of appropriate delivery systems, e.g., lipid nanoparticle (LNP),
liposome, lipoplex or polyplex, is urgently required. Among them, lipids
are the most frequently used nucleic acid delivery materials [3,7].
Lipids or lipid-like materials (lipidoids) are able to form various
vesicles, e.g., LNP, liposome, lipid emulsion, lipid implant, with nuclei
acids [3,7–11]. A series of cationic lipids and ionizable lipids such as
1,2-dioleoyloxy-3-trimethylammonium propane chloride (DOTAP), N[1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammo- nium chloride
(DOTMA), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
dilinoleylmethyl-4-dimethylaminobutyrate (Dlin-MC3-DMA) have been
investigated for siRNA or mRNA delivery [5,10,12–17]. Ionizable LNP
(iLNP) is more clinically advanced than other deliver systems in the
context of RNA delivery. For example, the ﬁrst siRNA drug Onpattro
approved by U.S. Food and Drug Administration's (FDA), and the ﬁrst
COVID-19 mRNA vaccine under clinical investigation, are both iLNP
formulations. Because of the core component of ionizable lipid, iLNP is
neutral in the physiological condition but builds charges in acidic endosomes, which enable potent intracellular mRNA delivery [10,18].
iLNP has been validated across a variety of cell types, including hepatocytes, immune cells, cancer cells, and so on [19–22]. It is reported
that iLNP delivered mRNA into lymphocytes more eﬀectively than
commercially available Lipofectamine reagents [19]. In addition, iLNP
is easy to be modiﬁed and very ﬂexible. By adjusting diﬀerent components, their ratio and iLNP preparation process, the type of loaded
RNA can be changed and encapsulation eﬃciency can be improved
[23,24]. These characteristics make iLNP a powerful platform for nucleic acid delivery. In addition, nucleotide modiﬁcations and codon
optimization by using pseudouridine (ψ) and synonymous codons, respectively, are of importance for eﬃcient and durable mRNA expression
[3].
In this study, we developed an iLNP formulation (iLP171) based on
iBL0713 to thoroughly evaluated the mRNA delivery eﬃciency and
protein expression both in vitro and in vivo. Two mRNAs expressing
luciferase and erythropoietin (EPO) were prepared by in vitro transcription with decorations of anti-reverse cap analog (ARCA) and poly
(A) tail. The codon of EPO mRNA was optimized with synonymous
codons to enhance mRNA's expression eﬃciency and reduce their immunogenicity. The physicochemical properties of mRNA-encapsulated
iLNP (iLP171/mRNA) were characterized. The cellular uptake eﬃciency, subcellular localization and in vivo biodistribution were analyzed with FACS, Confocal microscopy and in vivo imaging, respectively. More importantly, proﬁles of protein expression and safety of
iLP171/mRNA were carefully investigated both in cell line and in animals. As a result, an eﬀective platform potentially can be used to develop mRNA-based therapeutics was established.

Dulbecco's modiﬁed Eagle's medium (DMEM), Opti-MEM, fetal bovine
serum, penicillin-streptomycin, trypsin and Lipofectamine 2000 were
purchased from Thermo Fisher. ApoB-against siRNA (siApoB) and Cy5labeled siRNA were provided by Suzhou Ribo Life Science Co. Ltd.
(Jiangsu, China). pcDNA3.0-Luc (luciferase) and pcDNA3.0-EPO (erythropoietin) plasmids used as the transcription templates were constructed in-house. BstZ17I–HF, HiScribe T7 ARCA mRNA Kit (with
tailing) were provided by New England Biolabs Inc. All of the primers
were provided by BioSune Co. (Shanghai, China). 16:0 PEG2000 PE was
purchased by Avanti Polar Lipids, Inc (USA, Alabama). Cholesterol and
iBL0713 are provided by Suzhou Ribo Life Science (Kunshan, China).
iBL0713 is a proprietary ionizable lipid that has been studied for siRNA
delivery previously [8].
2.2. Cell culture
Huh7, a human hepatocellular carcinoma cell line, was cultured in
Dulbecco's modiﬁed Eagle's medium (DMEM) with 10% fetal bovine
serum, 100 unit/mL penicillin, 100 μg/mL streptomycin and were
cultured in an incubator at 37 °C with 5% CO2.
2.3. In vitro transcription (IVT) of mRNA
In order to generate mRNA with improved expression of recombinant proteins, we ﬁrstly performed codon optimization of the
erythropoietin (EPO) encoding mRNA sequence. We replaced rare codons with synonymous codons according to the principles of codon
usage preference and frequency in diﬀerent species, the requirement of
avoiding speciﬁc restriction enzyme cutting site, the computationally
predicted secondary structure properties, the GC content, etc. Detailed
sequences of EPO coding region before optimization and after optimization were provided in supporting information. The optimized codons
were highlighted in bold. Then the codon-optimized coding sequence
were cloned into pcDNA3.0 vector (Beijing Aoke Life Science Co. Ltd).
The vectors were linearized with BstZ17I digestion and were used as an
IVT template. IVT was conducted under the manufacturer's protocol.
During the IVT, mRNA products were ARCA capped and enzymatically
polyadenylated (New England Biolabs Inc). The ﬁnal transcribed
mRNAs were puriﬁed using LiCl Solution (New England Biolabs Inc),
and mRNA concentrations were determined by Nanodrop.
2.4. Preparation and characterization of iLP171/mRNA
LP171/mRNA formulation was prepared according to a modiﬁed
protocol of reference [8]. Brieﬂy, total lipids with compositions of
iBL0713, cholesterol and C16-PEG (16:0 PEG2000 PE) in an optimized
molar ratio were dissolved in ethanol to prepare a stock solution. The
lipid solution was added into sodium acetate solution (200 nM, pH 5.2)
under stirring for 2–3 min to form iLNPs preliposome. The volume of
aqueous sodium acetate solution is three times over organic lipid solution. Then, the aqueous mRNA solution (mRNA dissolved in sodium
acetate solution that containing 25% (v/v) ethanol) was mixed with
iLNPs solution at a 1:1 vol ratio. After gently stirring for 2–3 min, the
mixture was incubated at 50 °C for 10–20 min, and then dialyzed with a
dialysis tube (molecular weight cut-oﬀ of 100 kDs, Millipore) for 2 h in
PBS buﬀer at room temperature, to remove the ethanol and saline ions,
and adjust the pH of the solution to a neutral pH. The volume ratio of
PBS buﬀer to mRNA solution are higher than 200. The ﬁnal iLP171/
mRNA formulation was used freshly or kept at 4 °C for less than one
month.
The size, polydispersity index (PDI) and zeta potential of iLP171/
mRNA were measured by dynamic light scattering (DLS) (Malvern,
Zetasizer Nano ZS). The morphology was identiﬁed by transmission
electron microscopy (TEM) (Hitachi, HT7700). The encapsulation eﬃciency was analyzed with RiboGreen assay. Brieﬂy, the iLP171/mRNA
was ﬁrstly treated with 2% Triton X-100 to release mRNA. Then, both

2. Materials and methods
2.1. Materials
Luciferase Assay System was purchased from Promega Co. Ltd.
(Madison, USA). TRIzol Reagent, cholesterol, and RNAlater were
bought from Sigma-Aldrich (St Louis, MO). Lipofectamine 2000,
1054

Bioactive Materials 5 (2020) 1053–1061

T. Yang, et al.

Triton X-100 treated and untreated iLP171/mRNA were incubated with
RiboGreen reagent (Thermo Fisher Scientiﬁc, Cat No. R11491). The
ﬂuorescence intensity was recorded by a microplate reader to reﬂect
the amount of total mRNA and free mRNA. The encapsulation eﬃciency
is calculated according to the following formula:
Encapsulation eﬃciency (%) = [(total mRNA - free mRNA)/total
mRNA] × 100%

carrying siRNA, or mixture of mRNA and siRNA at a weight ratio of 9:1,
were used as controls. After transfection for 4 h, cell nuclei and lysosomes were stained with Hoechst 33342 and Lysotracker Green, respectively. Then the cells were observed using confocal laser scanning
microscope. For cellular uptake quantiﬁcation, the transfected cells
were digested with 0.25% trypsin, washed with PBS three times, and
then were analyzed with ﬂow cytometry (FACS).

2.5. pKa determination

2.9. mRNA-mediated protein expression in vitro

The pKa value of iLNPs was determined using the ﬂuorescent probe
2-(p-toluidino)-6-napthalene sulfonic acid (TNS). First, prepare a
10 mM iLNP liquid in PBS solution. Then, prepare a series of iLNP solution with pH ranged from 3.00 to 10.00 containing 1 μM TNS, 10 mM
HEPES, 10 mM 4-morpholineethanesulfonic acid, 10 mM ammonium
acetate and 130 mM NaCl. The ﬂuorescence intensity of each solution
was recorded by a spectrophotometer with an excitation and emission
wavelengths of 321 nm and 445 nm, respectively. The ﬂuorescence data
was analyzed using the sigmoidal best ﬁt analysis. The pKa value was
deﬁned as the pH giving rise to the half-maximal ﬂuorescence intensity
[18].

To evaluate the luciferase expression in vitro, Huh7 cells were ﬁrstly
seeded in 24-well plate for 24 h, then were transfected with iLP171/
mLuc at a concentration of 200 ng mRNA per well. At indicated time
points, cells were lysed with lysis buﬀer (Promega Co., Madison) and
the lysate was collected. After centrifuging at 12, 000 rpm for 1 min, the
supernatant was collected for luminescence measurement with a multimode microplate reader (Synergy HT, BioTek).
For quantiﬁcation of EPO protein expression in vitro, the eﬀect of
codon optimization of mEPO was ﬁrstly investigated. The Huh7 cells
were transfected with iLNP containing unoptimized mEPO (iLP171/
mEPO) or codon-optimized mEPO (iLP171/omEPO) for 4 h at a concentration of 400 ng mRNA per well. Then the cell culture supernatant
was collected and the EPO concentration was determined with EPO
detection ELISA Kit (R&D, DEP00). In addition, iLP171/omEPO was
transfected at increasing concentrations of 200 ng, 400 ng, and 600 ng
mRNA per well, respectively. At desired transfection time, EPO protein
concentration was measured accordingly.

2.6. Animals
All animals were maintained in Peking University Laboratory
Animal Center (an AAALAC accredited experimental animal facility).
All animal experiments were performed in accordance with the principles of care and use of laboratory animals of Peking University (approval number, IMM-LiangZC-4).

2.10. Biodistribution of iLP171/mRNA in mice
For in vivo biodistribution study, iLP171/siRNA and iLP171/mRNA
were prepared according to aforementioned protocols and were intravenously injected into the C57BL/6 mice at the dose of 10 μg Cy5labeled nucleic acid per mouse. Whole-body imaging was performed at
1 h, 4 h, 6 h, 10 h, and 24 h after injection by using in vivo imaging
system (Kodak In-Vivo Imaging System FX Pro, Carestream Health,
USA). Meanwhile, one animal was sacriﬁced at 1 h and 6 h after injection, and the main tissues were collected and re-examined by in vivo
imaging. The observations was terminated at 24 h after administration.
Two mice were sacriﬁced, and the main tissues were also isolated and
re-analyzed. Finally, the mean ﬂuorescence intensities of the livers from
the whole-body images and the isolated tissues of the sacriﬁced animals
at given time points were quantitatively analyzed using a molecular
imaging software package (Carestream Health, USA).

2.7. Validation of nucleic acid delivery eﬃciency of iLP171 with siRNA
Female C57BL/6 mice, 5–7 weeks old, weighting 18–22 g, and
ApoB-against siRNA (siApoB) were used to validate the in vivo nucleic
acid delivery eﬃciency of iLP171. The iLP171/siApoB was prepared
according to the same protocol of iLP171/mRNA. Then it was diluted to
appropriate concentrations in sterile PBS and intravenously injected to
the mice through the lateral tail vein at increasing doses ranging from
0.001 mg/kg to 1 mg/kg. After 24 h, mice were sacriﬁced and their
livers were collected. The mRNA expression levels of ApoB in the livers
were determined using the quantitative real-time PCR (qRT-PCR) assay.
Brieﬂy, total mRNA was extracted using the Trizol method and transcribed into cDNA. qRT-PCR was performed by using SYBR Green PCR
Mix. The β-actin primer was used as the internal control. All the primers
used in this study are listed in Table S1. ED50 value was calculated with
GraphPad Prism 8.0 software.

2.11. Luciferase and EPO expression in vivo
To examine the delivery and expression eﬃciency of iLP171/mRNA,
both iLP171/mLuc and iLP171/omEPO were employed. For evaluating
in vivo luciferase expression, either PBS or iLP171/mLuc was injected
into mice intravenously at a dose of 2 mg/kg (milligrams per kilograms,
mpk). At given time points, bioluminescence in vivo imaging was performed by treating with D-luciferin potassium salt (SynChem OHG,
Kalles, Germany) at the dose of 150 mg/kg (10 μL/g of body weight,
15 mg/mL stock solution, i.p.). One animal in each group was sacriﬁced
at 1.5 h, 6 h, and 24 h post injection, and the main tissues were collected. Fifty micrograms of each tissue were weighed and homogenated. The luciferase expression in the supernatant of the homogenate was further examined. Meanwhile, the signal intensities from
the liver position of the whole-body images were also analyzed with a
molecular imaging software package (Carestream Health, USA).
Fluorescence imaging by recoding the Cy5 signal in iLP171/mLuc
complexes was also performed in parallel with the bioluminescence
imaging.
In addition, the iLP171/omEPO was intravenously injected into the
mice at a dose of 1 mpk for three animals per group. PBS and iLP171/

2.8. Cellular uptake and intracellular distribution of iLNP171/mRNA
In order to investigate the cellular uptake and intracellular distribution of iLP171/mRNA in cells, a hepatoma carcinoma cell line,
Huh7, was seeded in 6-well (2 × 105 per well) plate and cultured at
37 °C for 24 h. Then, the cells were transfected with iLP171/siRNA or
iLP171/mRNA. iLP171/siRNA was prepared by formulating Cy5-labeled siRNA according to the same protocol with mRNA. iLP171/mRNA
used for ﬂuorescent detection was prepared by encapsulating a nucleic
acid mixture that containing mRNA and Cy5-labeled siRNA at a weight
ratio of 9:1. Because completely identical lipid compositions and protocol are employed to load siRNA and mRNA, it is impossible for iLP171
nanoparticle exhibiting the capability to recognize and select siRNA or
mRNA in a mixture, both siRNA and mRNA molecules will be loaded
into the same LNP at the same time. Recording the ﬂuorescence signal
of LNP containing a mixture of mRNA and siRNA will reﬂect the behavior of iLP171/mRNA, because 90% of the nucleic acids in the particle is mRNA. The iLP171/siRNA and iLP171/mRNA were transfected
at the same siRNA concentration (125 ng per well). Lipofectamine 2000
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charge at physiological pH environment was near neutral
(−0.9 ± 0.7 mV). The iLP71/mRNA showed spherical shape, and
higher than 80% mRNA encapsulation eﬃciency could be achieved.
Many factors need to be considered in rational design of lipids or
lipidoids for mRNA delivery, such as the pKa value, lipid saturation, the
distance and ﬂexibility of the charged group relative to the lipid caliper
interface, the length of hydrophobic chain, etc. [3,18]. Among them,
pKa value is of great importance for eﬃcient nucleic acid delivery
[9,25]. Ionizable lipid nanoparticle (iLNP) is signiﬁcantly superior to
cationic lipid nanoparticle (cLNP) in delivering nucleic acid. Firstly,
iLNP with proper pKa value (normally between 6.0 and 6.5) can entrap
nucleic acid at acidic pH, and exhibit neutral zeta potential at physiological pH (pH 7.4), which may dramatically enhance the safety performance by reducing nonspeciﬁc protein binding in circulation. cLNP
may interact with various proteins, which potentially will trigger immune response, or accumulate in the capillaries of the lung and thereby
inﬂuence the blood ﬂow. Secondly, it is reported that iLNP can deliver
nucleic acid to hepatocytes by binding with Apolipoprotein E (ApoE)
and thereby interacting with LDLR (low-density lipoprotein receptor),
which is highly expressed by hepatocytes. This is an active liver-targeting delivery mechanism. In contrast, cLNP delivers nucleic acid to
hepatocytes in an ApoE and LDLR dually-independent manner, which
reduces its transportation eﬃciency. Thirdly, ionizable lipids will be
protonated and positive-charged in acidic environment, e.g., in endosome and lysosome, which may signiﬁcantly enhance the endosomal
escape eﬃciency of nucleic acids, and facilitate their accumulation in
cytoplasm. Therefore, we determined the pKa value of iLP171 formulation by titrating with 2-(p-toluidino)-6-napthalene sulfonic acid
(TNS). It was revealed that the pKa value is 6.28 (Fig. 1d), which
perfectly matched with the best pKa range for nucleic acid delivery
(between 6.0 and 6.5) [9,10,26].
To validate the capability of iLP171 in delivering nucleic acid to
hepatocytes, siRNA targeting Apolipoprotein B (ApoB) is ﬁrstly employed to evaluate the gene silencing eﬃciency and determine the ED50
of iLP171. iLP171/siRNA nanoparticles were prepared according to the
same protocol with mRNA, and intravenously injected into mice. Data
manifested that the expression of ApoB mRNA was dose-dependently
inhibited by this formulation. The ED50 is as low as 0.018 mg/kg (Fig.
S1a and S1b), which is comparable to Dlin-MC3-DMA-formulated iLNP,

mLuc were included as negative controls. The liver tissues were harvested at 6 h and 24 h after injection, and the EPO concentrations were
determined by using ELISA Kit.
2.12. In vivo toxicity evaluation
To evaluate the in vivo toxicity of iLNPs, the PBS, iLP171/mLuc and
iLP171/omEPO were intravenously injected into the C57BL/6 mice at
the doses of 2 mpk (for iLP171/mLuc) or 1 mpk (for iLP171/omEPO).
Blood was drawn retro-orbitally and serum was isolated after 6 h and
24 h injection. Cytokines in serum were measured with immunoassays
based on Luminex xMAP (multi-analyte proﬁling) technology (Beijing
4A Biotech Co., Ltd) according to the manufacturer's protocol. For
histological examination, the main organs including the liver, the heart,
the spleen, the lung and the kidneys were collected 48 h after administration. Organs were ﬁxed with 4% paraformaldehyde and embedded
in paraﬃn, followed by sectioning and staining with H&E, analyzing
with an inverted microscope (Olympus X71, Olympus, Tokyo, Japan).
2.13. Statistical analysis
All data are shown as the mean ± SD, diﬀerences with p < 0.05
were considered signiﬁcant. Student's t-test and One-way ANOVA
(GraphPad Software, La Jolla, CA, USA) were used to perform the
statistical analysis for comparison between two groups and comparison
between multiple groups, respectively. Statistical diﬀerences were deﬁned as *p < 0.05, **p < 0.01, ***p < 0.001.
3. Results and discussion
3.1. Characterization of iLP171/mRNA
The iLNP formulation (iLP171) studied here is composed of three
lipids, iBL0713, cholesterol and C16-PEG (16:0 PEG2000 PE) (Fig. 1a).
The molar ratio of three lipids and weight ratio of total lipids to mRNA
were optimized based on the formulation employing the same lipid
components but used for siRNA delivery [8]. According to the DLS and
TEM data, the size of iLP71/mRNA was approximate 84 nm with a
polydispersity index (PDI) of 0.18. (Fig. 1b and c). The average surface

Fig. 1. Characterization of the physicochemical properties of iLP171/mRNA formulation. (a) Schematic diagram and (b) physicochemical parameters of iLP171/
mRNA. PDI, polydispersity index. (c) TEM image of iLP171/mRNA nanoparticle. (d) Determination of pKa value of iLP171 by in situ TNS ﬂuorescence titration. The
pKa value was calculated with GraphPad Prism 8.0 software. Data are presented as mean ± SD. n = 6.
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Fig. 2. Cellular uptake and intracellular distribution of iLP171/mRNA in Huh7 cells. (a) Confocal images of Huh7 cells after transfected with Lipofectamine2000/
siRNA, Lipofectamine2000/mRNA, iLP171/siRNA or iLP171/mRNA for 4 h. (b and c) The cellular uptake of nucleic acid recorded by FACS. (c) Quantitative analysis
of (b). Data were shown as the mean ± SD. ns: no signiﬁcant diﬀerence. Scale bar: 20 μm.

(omEPO) and another was not (mEPO) (Supporting Materials). Current
approaches to codon optimization are based on sequence characteristics
considered to inﬂuence protein expression eﬃciency. The coding sequences of many endogenous genes contain frequent codons and rare
codons. Frequent codons usually show higher protein expression eﬃciency than the rare codons, thus increasing the codon frequency is
considered to improve the desired protein expression. Besides, mRNA
may has many complicated secondary structures, which will inhibit its
translation. Introducing of synonymous substitution codons is also
considered to change the mRNA's secondary structure, which may improve translation eﬃciency. In addition, avoiding speciﬁc restriction
enzyme cutting site, regulating the GC content, adding anti-reverse-cap
analog (ARCA) and poly A tail are also common methods to improve
translation and stability. By comprehensively considering these issues,
the codons of EPO coding region was optimized, as shown in supporting
materials. As a result, the codon-optimized EPO mRNA was generated
by an IVT process with codon optimization, ARCA capping and enzymatically polyadenylation.
Twenty-four hours after transfection, codon-optimized EPO mRNA
showed signiﬁcantly higher protein expression level (345 mIU/mL)
than codon-unoptimized EPO mRNA (61 mIU/mL) at the same mRNA
transfection concentration (Fig. 3b). Therefore, codon-optimized EPO
mRNA was employed in following tests. Moreover, omEPO was transfected with iLP171 at three diﬀerent concentrations, 200 ng, 400 ng
and 600 ng per well, respectively. Because EPO can be secreted from
cells, the culture medium was collected at indicated time points, and
the expression of EPO was determined using ELISA Kit. Data revealed
that EPO was eﬀectively expressed by Huh7 cells in a dose-dependent
and time-dependent manner (Fig. 3c).

whose ED50 is 0.03 mg/kg before optimizing the compositions when
using Factor VII-against siRNA [10]. After composition optimization,
the ED50 of Dlin-MC3-DMA-based siRNA liposome in mice is 0.005 mg/
kg [10]. The ED50 determined with Factor VII-against siRNA normally is
lower than that determined with ApoB-against siRNA. This assay demonstrated that the proposed iL171 could eﬀectively entrap nucleic
acids and deliver them to hepatocytes.
3.2. Internalization and protein expression of iLP171/mRNA in vitro
Confocal laser scanning microscopy (CLSM) and ﬂuorescence-activated cell sorting (FACS) were employed to examine the delivery eﬃciency and subcellular localization of iLP171/mRNA in Huh7 cell, a
hepatocellular carcinoma cell line. iLP171/siRNA and lipofectamine
2000 were included as controls. Fluorescence imaging illustrated that
nucleic acid was successfully delivered into the cells. The Cy5 signal
from iLP171/siRNA and iLP171/mRNA was dispersedly distributed in
cytoplasm, around the nuclei (Fig. 2a). While many granular Cy5 signal
was observed in lipofectamine 2000-treated cells, although dispersed
signal was also recorded. Usually, it is the dispersedly-distributed nucleic acids ﬁnally accomplish their mission in the cell [27]. As we all
know, lipofectamine 2000 is a representative and widely-used cationic
LNP. These data revealed some detailed diﬀerence between lipofectamine 2000 and iLP171, and iLP171 exhibited more eﬃcient endosomal
escape than lipofectamine 2000. In addition, FACS data showed that
nucleic acid was eﬀectively transfected into the cells, no signiﬁcant
diﬀerence in percentage of ﬂuorescent cells and mean ﬂuorescence
intensity was observed between lipofectamine 2000 and iLP171 (Fig. 2b
and c).
In addition, to explore the in vitro mRNA delivery eﬃciency of iLNP,
we examined the protein expression of two diﬀerent iLP171/mRNAs in
Huh7. Firstly, mRNA-encoding ﬁreﬂy luciferase (mLuc) was loaded by
iLP171 and transfected into Huh7. The cells were harvested at indicated
time points and luciferase expression was determined by adding enzyme substrate. It is clearly suggested that luciferase was successfully
and eﬀectively expressed in Huh7. The cumulative expression increased
along with the extension of expression time (Fig. 3a). Secondly, erythropoietin (EPO) expressing mRNA was also encapsulated by iLP171
and tested in Huh7. Two EPO mRNA sequences were in vitro transcribed
from two diﬀerent plasmids, one of which was codon-optimized

3.3. In vivo biodistribution
Given the superior mRNA delivery eﬃciency of iLP171 in vitro, we
next evaluated the biodistribution of iLP171/mRNA in mice by intravenous injection. It was observed that iLP171/mRNA accumulated
predominantly in the liver (as the red circles indicated) and the kidneys
(Fig. 4a and b, and Fig. S2). Kidney is the dominant elimination tissue
for most of nucleic acid modalities [28,29]. It is speculated that both
passive and active liver-targeting behaviors happened for iLP171/
mRNA accumulation in the liver. Most kinds of nanoparticles will be
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Fig. 3. In vitro protein expression mediated
by iLP171/mRNA. (a) Cumulative luciferase
expression in Huh7 cells after being transfected with iLP171/mLuc. (b) EPO protein
expression in Huh7 receiving the transfection of iLP171/mEPO (mRNA without
codon optimization) or iLP171/omEPO
(mRNA with codon optimization). (c) The
EPO protein expression of iLP171/omEPO
in Huh7 cells was recorded at various time
points after cells were transfected at three
diﬀerent concentrations.

images (Fig. 4c) and isolated organs (Fig. 4d–f) further conﬁrmed these
observations. No signiﬁcant diﬀerence was displayed between iLP171/
siRNA and iLP171/mRNA.

entrapped by the reticuloendothelial system (RES), only the percentages of injection dose of nanoparticles in the RES vary from each other,
and 90% of the RES are located in the liver. The size (~80 nm) and
morphology (spherical shape) of iLP171/mRNA may also contribute to
the accumulation in the liver. More importantly, because iLP171 is an
iLNP, ApoE may bind on the surface of iLP171/mRNA and promote its
accumulation in the liver and internalization of hepatocytes via LDLRmediated endocytosis [30]. Quantitative analyses of the whole-body

3.4. Protein expression mediated by iLP171/mRNA in vivo
The excellent performances of iLP171/mRNA in in vitro transfection
and protein expression, as well as in vivo biodistribution encouraged us

Fig. 4. In vivo biodistribution of iLP171/mRNA. The animals were treated with PBS, or iLP171/siRNA, or iLP171/mRNA by intravenous injection. At indicated time
points, whole-bodies of the mice (a) or the main organs (b) were ﬂuorescently examined using an in vivo imaging system. Red circles indicate the liver positions in
living mice. The mean ﬂuorescence intensities of the liver in living mice (c) and the main organs from sacriﬁced animals (d–f) were quantitatively analyzed. SmG,
submandibular gland; T, thymus; H, heart; L, lung; P, pancreas; Sp, spleen.
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Fig. 5. In vivo protein expression of iLP171/
mRNA in mice. (a) Bioluminescence imaging of the mice receiving intravenous injection of PBS or iL171/mLuc (2 mg/kg).
n = 2 or 3. (b) Luciferase expression recorded with the homogenates of 50 μg of
tissues collected at 1.5 h, 6 h and 24 h after
administration. (c) Quantitative analysis of
the livers in (a). (d) iLP171/omEPO was
injected into mice at a dose of 1 mg/kg, and
EPO protein level in circulation was determined at 6 h and 24 h post injection with
ELISA Kit.

positively charged in acidic endosomes, leading to destabilization of
both the liposome and the membrane of endosome. As a result, mRNA
can quickly escape from the endosome and release from the liposome,
which is crucial for following protein expression.
In addition, Dlin-MC3-DMA, a clinically-approved ionizable lipid,
also showed ideal mRNA (e.g, mRNA encoding luciferase or Factor IX)
delivery eﬃciency in the liver [3,31]. The transportation eﬃciencies of
iBL0713 and Dlin-MC3-DMA-based formulations are comparable.
However, iBL0713 is a proprietary lipid that can potentially be used to
develop nucleic acid therapeutics with freedom to operate, which is an
important starting point for this research.

to further evaluate the mRNA delivery eﬃciency and protein expression
in mice. Firstly, luciferase-expressing mRNA (mLuc) was loaded with
iLP171 and dosed at 2 mg/kg via intravenous injection.
Bioluminescence images were acquired at diﬀerent time points using an
in vivo imaging system, which proved that luciferase was robustly expressed in the liver, and the maximum expression reached at 6 h post
administration (Fig. 5a). This bioluminescence observations were in
line with the Cy5-ﬂuorescence imaging data that were acquired simultaneously (Fig. S2), which proved that iLP171/mRNA dominantly
accumulated in the liver. Moreover, one animal was sacriﬁced at 1.5 h,
6 h, and 24 h after injection, respectively. The luciferase expression
analyzed with the homogenates of the major organs manifested that
mRNA was mainly delivered to and expressed in the liver, followed by
the spleen. Luciferase was barely expressed in other organs. This was in
line with the in vivo biodistribution proﬁles of the iLNP. The highest
expression of luciferase in the liver was also observed at 6 h after injection, which is also consistent with the whole-body imaging data
(Fig. 5b). Quantitative analysis of the whole-body images further conﬁrmed above observations (Fig. 5c).
Secondly, iLP171/omEPO was administrated into mice at the dose
of 1 mg/kg. Because EPO can be secreted into the circulation from the
hepatocytes, the serum samples were collected at given time points. It is
suggested that EPO concentration was signiﬁcantly enhanced in circulation, and the highest concentration also reached at 6 h after administration (Fig. 5d), revealing that the process of mRNA delivery and
translation, and protein secretion was extremely eﬀective and rapid. In
contrast, iLP171/mLuc, a negative control for analyzing EPO expression, showed no EPO expression at all testing time points. Therefore,
these results proved that iLP171 is able to deliver mRNA to hepatocytes
eﬀectively, achieve therapeutic protein expression in the liver, and can
be used for mRNA therapeutic development.
The pKa value (6.28) of iLP171 formulation is considered to play an
essential role in determining the eﬃciency of mRNA delivery to hepatocytes. As an ionizable lipid nanoparticle, it may bind with ApoE, interact with LDLR, and achieve an active liver-targeting transportation.
Meanwhile, the surface charge of iLP171 is near neutral at physiological pH, which reduces the nonspeciﬁc disruption of plasma membranes in circulation. More importantly, it can become protonated and

3.5. Safety evaluation of iLP171/mRNA in vivo
Finally, we evaluated whether iLP171/mRNA formulation is safe in
mice. The major organs, including the heart, the liver, the spleen, the
lung and the kidneys, were collected from the animals treated with PBS,
or iLP171/mLuc, or iLP171/omEPO, and the histopathological sections
were prepared. Dara revealed that no pathological change was observed
(Fig. 6a). More importantly, serum specimens were also collected at 6 h
and 24 h post administration. The levels of several cytokines, including
TNF-α (tumor necrosis factor alpha), IL-5 (interleukin 5), GM-CSF
(granulocyte-macrophage colony-stimulating factor (GM-CSF), or CSF2,
colony stimulating factor 2), IFN-γ (interferon gamma), IL-6 (interleukin 6), KC (keratinocyte-derived cytokine, or CXCL1, chemokine (CX-C motif) ligand 1), IL-1 (interleukin 1) and CCL2 (chemokine (C–C
motif) ligand 2, or monocyte chemoattractant protein-1 (MCP-1)) were
measured with Luminex technology. As a result, no signiﬁcant immune
response was observed in iLP171/mRNA-treated mice because no difference was observed in these animals compared to PBS-treated animals
(Fig. 6b and 6c). These data further proved that the iLP171/mRNA has
no immune stimulation eﬀect and can be used for safe and eﬀective
nucleic acid delivery in vivo.
4. Conclusion
In this study, we developed an ionizable lipid-based mRNA delivery
system termed iLP171. mRNA can be eﬃciently encapsulated by iLP171
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Fig. 6. In vivo safety evaluation of iLP171/
mRNA. The PBS, iLP171/mLuc or iLP171/
omEPO were intravenously injected into the
mice at the dose of 2 mg/kg (for iLP171/
mLuc) or 1 mg/kg (for iLP171/omEPO). (a)
H&E staining of the major organ sections
were performed 48 h after injection. (b and
c) Cytokine stimulation of these formulations recorded at 6 h (b) and 24 h (c) post
injection. Scale bar: 200 μm.
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