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lipids on organ-selective gene expression†
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Ionizable cationic lipids play a critical role in developing new gene therapies for various biomedical appli-

cations, including COVID-19 vaccines. However, it remains unclear whether the formulation of lipid nano-

particles (LNPs) using DLin-MC3-DMA, an optimized ionizable lipid clinically used for small interfering

RNA (siRNA) therapy, also facilitates high liver-selective transfection of other gene therapies such as

plasmid DNA (pDNA). Here we report the first investigation into pDNA transfection efficiency in different

mouse organs after intramuscular and intravenous administration of lipid nanoparticles (LNPs) where

DLin-MC3-DMA, DLin-KC2-DMA or DODAP are used as the ionizable cationic lipid component of the

LNP. We discovered that these three benchmark lipids previously developed for siRNA delivery followed

an unexpected characteristic rank order in gene expression efficiency when utilized for pDNA. In particu-

lar, DLin-KC2-DMA facilitated higher in vivo pDNA transfection than DLin-MC3-DMA and DODAP, poss-

ibly due to its head group pKa and lipid tail structure. Interestingly, LNPs formulated with either DLin-KC2-

DMA or DLin-MC3-DMA exhibited significantly higher in vivo protein production in the spleen than in the

liver. This work sheds light on the importance of the choice of ionizable cationic lipid and nucleic acid

cargo for organ-selective gene expression. The study also provides a new design principle towards the

formulation of more effective LNPs for biomedical applications of pDNA, such as gene editing, vaccines

and immunotherapies.

1. Introduction

The development of lipid nanoparticles (LNPs) has recently
opened a new frontier for in vivo gene delivery and enabled
several new gene therapies for use in humans.1–3 In 2018,
Onpattro became the first FDA-approved small interfering RNA
(siRNA) LNP therapy to treat a peripheral nerve disease (i.e.,
hereditary ATTR amyloidosis).4 In 2020, two messenger RNA
(mRNA) LNP vaccines were authorised for emergency use to
prevent disease caused by SARS-CoV-2 infection (COVID-19).5,6

Both siRNA and mRNA are susceptible to degradation and
unable to cross cell membranes due to their negative
charge.7–10 Therefore, LNPs are key to the successful develop-
ment of both Onpattro and COVID-19 mRNA vaccines.11 LNPs
encapsulate nucleic acids inside the core, protect them from
degradation, carry them to a target organ, facilitate cellular

uptake, trigger endosomal escape, and finally release them
into the cell cytosol where they are activated.11 To achieve high
efficiency in delivering these genetic materials, LNPs are typi-
cally formulated from four components with different func-
tions: an ionizable cationic lipid, a helper lipid, cholesterol,
and a PEGylated lipid.6

Among the components of LNPs, the ionizable cationic
lipid is crucial for achieving high in vivo gene transfection
efficiency and played a decisive role in the development of
Onpattro, the first FDA-approved gene therapy.4 Although
siRNA has received considerable interest and billion-dollar
investments since the 2006 Nobel prize in medicine, its first
translation to the bedside was realized twelve years later.12 The
long journey of ionizable cationic lipid development started
from pioneering work by Michael Hope and coworkers demon-
strating the first use of an ionizable cationic lipid, 1,2-dioleoyl-
3-dimethylammoniumpropane (DODAP), to encapsulate
nucleic acids inside LNPs.13 Subsequently, MacLachlan et al.
reported the use of a member of an analogous series of ioniz-
able cationic lipids, 1,2-dilinoleyloxy-3-dimethylaminopropane
(DLinDMA). DLinDMA with a similar head group to DODAP,
but with two double bonds per alkyl chain instead of one,
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could significantly improve gene transfection efficiency.14

Later, the Hope group further optimized the DLinDMA series
and discovered that 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-
[1,3]-dioxolane (DLin-KC2-DMA) exceeded the gene silencing
capacity of other DLinDMA lipids by a factor of ten.15 The dis-
covery of DLin-KC2-DMA was considered the first break-
through in improving the potency and tolerability of siRNA
LNP therapy for clinical use.4 Two years later, a comprehensive
investigation into the headgroup of more than 300 ionizable
lipids led to the identification of dilinoleylmethyl-4-dimethyl-
aminobutyrate (DLin-MC3-DMA), which exhibited improved
siRNA knockdown efficiency: more than two orders of magni-
tude compared to the previous benchmark DLin-KC2-DMA for-
mulation.16 To date, DLin-MC3-DMA is still one of the best
performing ionizable cationic lipids for liver-selective siRNA
delivery and remains the main component in the Onpattro
lipid formulation.4

While the role of DLin-MC3-DMA in the success of siRNA
therapy is clear, it remains unknown whether this ionizable
cationic lipid also facilitates high liver-specific transfection of
other gene therapies such as plasmid DNA (pDNA). Unlike
short siRNA (typically containing 20 to 27 base pairs), pDNA
sequences are orders of magnitude longer (from 1000 base
pairs to over 100 000 base pairs).17 In addition, pDNA is tran-
scribed into new mRNA molecules in the cell nucleus while
siRNA acts within the cell cytosol to degrade endogenous
mRNA.18,19 Such distinct differences in the delivery require-
ments of siRNA and pDNA suggest that LNPs and ionizable
cationic lipids optimized for the efficient delivery of pDNA
may be quite different to those optimized for siRNA.
Identification of suitable ionizable cationic lipids for achieving
high in vivo pDNA transfection efficiency is highly desirable as
pDNA has diverse applications ranging from research tools to
therapies.20 For instance, pDNA can be used in laboratories for
genome editing,21 or to exploit cells to produce proteins such
as monoclonal or bispecific antibodies.21 With sufficiently
high in vivo transfection efficiency, pDNA can also be used in
prophylactic vaccines against viruses, therapeutic vaccines
against cancers and a variety of other emerging therapeutic
applications.22 In addition, pDNA is relatively more stable,
more accessible to large-scale production, cheaper to produce
and introduces prolonged therapeutic effects in comparison to
other nucleic acids.2,3,20

To this end, we investigated pDNA transfection efficiency in
mice using the three benchmark ionizable cationic lipids
developed for the first FDA-approved gene therapy: DODAP,
DLin-KC2-DMA and DLin-MC3-DMA. We aimed to learn from
the long journey of identifying the optimal ionizable lipid for
siRNA delivery (i.e., DLin-MC3-DMA) and design this study is
to investigate whether the same characteristics apply to pDNA
delivery. Specifically, DODAP, DLin-KC2-DMA and DLin-MC3-
DMA were used to encapsulate pDNA encoding a reporter gene
in LNPs. The products were administered as intramuscular
(IM) or intravenous (IV) injections in mice. Subsequently, gene
expression within different mouse organs and tissues was ana-
lysed. The results suggested that despite its success with

siRNA cargoes DLin-MC3-DMA is not the optimal ionizable
lipid for pDNA delivery, providing new insights into the role of
ionizable lipids and nucleic acids in organ selectivity and
transfection efficiency of LNPs.

2. Materials and methods
2.1 Materials

DLin-MC3-DMA and DLin-KC2-DMA were purchased from DC
Chemicals. 1,2-Dioleoyl-3-dimethylammonium-propane
(DODAP), distearoylphosphatidylcholine (DSPC), 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phospho-ethanolamine (DOPE), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino (polyethylene glycol)-2000]
(PEG2000-DSPE) were sourced from Avanti Polar Lipids.
Cholesterol, L-α-phosphatidylcholine (PC; from egg yolk) and L-
α-phosphatidyl-L-serine (PS; from Glycine max) were purchased
from Sigma Aldrich. All lipids were prepared in 10 mM stocks
in 100% ethanol and stored at −20 °C unless otherwise speci-
fied. DiI dye was purchased from Thermo Fisher Scientific.
Nanoluciferase-CMV1.1 plasmid DNA (NLuc pDNA) was repli-
cated in E. coli and purified by PlasmidFactory (Bielefeld,
Germany) as research grade DNA and stored at −20 °C prior to
use.

2.2 Preparation of LNPs containing NLuc pDNA

NLuc pDNA-LNPs were prepared as previously described.23

Briefly, the lipid mixture was prepared by mixing specified
volumes of ionizable cationic lipids (DODAP, DLin-MC3-DMA,
or DLin-KC2-DMA), helper lipids (DSPC or DOPC), cholesterol
and a PEG-lipid (PEG2000-DSPE) at a molar ratio of 52/8/38.5/
1.5 (mol%), respectively, to form a total final lipid concen-
tration of 10 mM. For the aqueous mixture, pDNA expressing
nanoluciferase (NLuc pDNA) was diluted with nuclease-free
water to the desired concentration of pDNA, and the pH of the
aqueous solution was adjusted to pH 4 using 25 mM sodium
acetate buffer. The concentration of the pDNA in the aqueous
mixture was determined using a NanoDrop (Nd 3300
Fluorospectrometer, Thermo Fisher Scientific) and adjusted to
the desired ionizable cationic lipid to pDNA (N/P) ratio (mol/
mol) of the final solution. The aqueous and lipid phases were
mixed utilizing a microfluidic chip with a staggered herring-
bone mixer (SHM) (Precision NanoSystems). The mixing
process was carried out on a NanoAssemblr Benchtop system
(Precision Nanosystems) at a flow rate ratio of 3 : 1, aqueous :
lipid (v/v; respectively), and a total flow rate of 8 mL min−1.
The resultant mixture was subsequently purified by dialyzing
against phosphate buffered saline (PBS) at pH 7.4 using Pur-
A-Lyzer™ Maxi Dialysis Kit (0.1–3 mL, MWCO 6–8 kDa; Sigma
Aldrich) for 18–20 h at room temperature. The LNP samples
were stored at 4 °C. LNPs used for in vivo studies were further
filtered (Millex 13 mm Durapore PVDF 0.45 μm; Merck) and
concentrated (Amicon Ultra-0.5 mL Centrifugal Filters 50 K;
Merck) to a final pDNA concentration of 200 μg mL−1 before
storing at 4 °C until use.
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2.3 LNP characterization

Hydrodynamic size and zeta potential measurements were
carried out using dynamic light scattering (DLS) (Zetasizer
Nano ZS, Malvern Instruments). Briefly, DLS was used to deter-
mine the average particle hydrodynamic size (average particle
diameter in nm based on light scattering by intensity) with
ZEN0040 disposable cuvettes (Malvern Panalytical) in PBS at a
pH of 7.4. For zeta potential measurements, LNPs were diluted
10-fold with nuclease-free water and analyzed using a DTS107
disposable folded capillary (Malvern Panalytical, Malvern, UK).
LNP encapsulation efficiency (EE%) of pDNA was quantified
using a Quant-iT™ PicoGreen® dsDNA assay kit (Thermo
Fisher Scientific). First, the assay buffer was prepared by dilut-
ing the Tris-EDTA (TE) buffer 20-fold with DNase-free water to
prepare 1× TE working solution. Second, aqueous working
solution of the Quant-iT™ PicoGreen® was prepared by dilut-
ing the reagent 200-fold using 1× TE buffer. To determine the
amount of unencapsulated pDNA (F1), the LNP sample was
diluted 50× in TE buffer, then 100 µL was added to one well of
a 96-well plate (Corning® 96 Well Solid Polystyrene
Microplate). To determine the total pDNA in the LNP sample
(F0), LNPs were lysed using 2 µL of 10% Triton X-100, which
was added to 100 µL of the LNP solution (50-fold diluted with
1× TE buffer) in an Eppendorf tube and incubated at 40 °C for
15 min with continuous mixing at 300 rpm using a
Thermomixer R (Eppendorf). The lysed LNP solution was then
transferred to another well of the same microplate. 100 µL of
Quant-iT™ PicoGreen® aqueous working solution was added
to each well, and the plate was incubated at room temperature
for a further 5 min with continuous shaking. The fluorescence
intensity was measured using an EnVision 2103 Multilabel
Reader (PerkinElmer) at excitation and emission wavelengths
of 480 and 520 nm, respectively. To calculate the EE% of the
NLuc pDNA in the LNP, the following equation was used:

EE% ¼ ðF0� F1Þ=F0� 100

where F0 equals total pDNA in solution (after LNP lysis), and
F1 equals unencapsulated DNA.

Three replicates of each sample were measured to obtain
the average EE% measurement. The mean EE% and SD
recorded in this study were obtained from independent experi-
ments to confirm the reproducibility of the LNP formulations.

2.4 Cryogenic transmission electron microscopy (cryo-TEM)

Sample preparation for cryo-TEM was undertaken using a FEI
Vitrobot Mark IV system. Briefly, systemic humidity was set at
100% and temperature at 4 °C. QuantiFoil® holey carbon or
lacey carbon grids were glow-discharged, then 3.5 µL of LNP
sample (20-fold concentrated) was applied to grids within the
Vitrobot apparatus. One blot step of 3.5 s was carried out with
a blotting force of −3, with sample then immediately plunged
into liquid ethane. Vitrified samples were stored in liquid
nitrogen until use. Samples were imaged on a Tecnai Spirit
200 kV transmission electron microscope utilizing Gatan
Microscopy Suite software.

2.5 In vivo gene expression of NLuc

BALB/c mice aged 6–12 weeks (weight range of 20–30 g) were
allowed to acclimatize for at least one week. Animals were
housed on a 12 h light/dark cycle, at ambient temperatures
(21–22 °C) and maintained on a standard diet with free access
to water. On the day of the experiment, each mouse was anaes-
thetized by 1–4% isoflurane via inhalation prior to receiving a
single dose of 10 µg of NLuc pDNA (50 µL) encapsulated in
LNPs suspended in PBS buffer (pH 7.4), via IV into the tail
vein or IM into the calf muscle. Mice were sacrificed 24 h post-
injection and organs were harvested by dissection and frozen
(−80 °C) until further processing. All experiments were
approved by the Monash Institute of Pharmaceutical Sciences,
Monash University, animal ethics committee and were con-
ducted in accordance with the Australian and New Zealand
Council for the Care of Animals in Research and Teaching
guidelines (The approved code is 2021-20345-54900, 27 May
2019).

2.6 Analysis of NLuc gene expression in vivo using the nano-
luciferase (NLuc) assay

The Nano-Luciferase (NLuc) assay was used to quantify in vivo
nanoluciferase expression mediated by LNP-encapsulated
NLuc pDNA based on the relative luminescence in each tissue,
as previously described.23 Briefly, tissue samples were weighed
and transferred to MACS M tubes (Miltenyi Biotech) and 1 mL
Glo-lysis buffer (Promega) was added to each tube, then hom-
ogenized using a Gentle MACS Octo Dissociator (Miltenyi
Biotech) running a standard program (program Protein 1,
M-tube mode). Tissue samples were then centrifuged at 3000g
for 5 min at 4 °C. The supernatants of tissue samples were col-
lected and centrifuged again at 10 000g for 5 min at 4 °C to
ensure no tissue was present. The supernatants were weight
normalized to the same mass of tissue to validate that any var-
iance in luminescence observed between samples is purely
due to differences in protein expression. A volume of 100 µL of
the tissue lysates and 100 µL of the NLuc reagent (Promega
N1130) were added to a 96 well plate (OptiPlate-96 White
Microplate; PerkinElmer). Samples in the plate were mixed at
ambient temperature, 300 rpm for 15 min. Then, NLuc
expression in tissues was analyzed using an EnVision 2103
Multilabel Reader (PerkinElmer) at 460 nm. Relative lumine-
scence units (RLU) were converted and normalized to the
amount of NLuc enzyme per mg of the tissue.

2.7 Ex vivo bioluminescence imaging

Bioluminescence imaging was performed on isolated organs
using the In Vivo Imaging System Lumina (IVIS) Lumina II
imaging system (PerkinElmer) to measure whole-organ
luminescence, as previously described.23 BALB/c mice aged
6–9 weeks were injected with NLuc pDNA-LNPs IV or IM. After
24 h, tissues were collected and washed with 1× PBS buffer.
The Furimazine reagent (Nano-Glo® Luciferase assay sub-
strate; Promega) was prepared by diluting Nano-Glo substrate
40-fold into 1× PBS buffer. Tissues were soaked in the reagent
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for 5 min and imaged with an open filter and acquisition
times of 1 min. Luminescence data was processed with Living
Image 4.3.1 software and expressed as average radiance units
of photons per second per centimetre squared per steradian (p
s−1 cm−2 sr−1).

2.8 In vivo biodistribution of LNPs

6–9 weeks BALB/c mice were injected IV or IM with NLuc
pDNA-LNPs labelled with DiI (0.2 mol% of total lipid in formu-
lation; Thermo Fisher Scientific). After 24 h, mice were sacri-
ficed and tissues were collected and imaged using the In Vivo
Imaging System Lumina (IVIS) Lumina II imaging system
(PerkinElmer). DiI fluorescence intensity was measured at
551 nm excitation/569 nm emission using Living Image 4.3.1
software with and quantified within the region of interest
(ROI) for each tissue. Fluorescence data were expressed as
average total flux units of photons per second (p s−1).

2.9 In vitro endosome escape model assay

To study the capacity of different ionizable lipids to facilitate
pDNA release from LNPs within an endosomal compartment,
anionic liposomes were utilized to model the endosomal
environment.24–26 PC-DOPE-PS liposomes (6 : 3 : 1 molar ratio)
were prepared by dissolving lipids in a chloroform/methanol
solution (50 : 50) and generating a lipid film under vacuum at
68 °C. The dried lipid film was then resuspended in 1× PBS
(pH 7.4). The anionic liposome mixture was diluted 10-fold by
Quant-iT™ PicoGreen® aqueous solution (200-fold diluted
using 1× TE buffer) with or without (control, pH 7.2) 10 mM
acetate buffer (pH 5.5), then 100 µL was mixed with each LNP
sample (50-fold diluted with TE buffer) and transferred to a 96
well plate (Corning® 96 Well Solid Polystyrene Microplate).
The samples were added in triplicate into wells and incubated
at room temperature for 5 min. Fluorescence intensity of the
PicoGreen® dye was measured using an EnVision 2103
Multilabel Reader (PerkinElmer) at excitation and emission
wavelengths of 480 and 520 nm, respectively. The amount of
pDNA is quantified using a calibration curve (Fig. S1†). DNA
release data are presented in Table S1.†

2.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism,
version 8.0.2(263). Where applicable, t-tests (nonparametric),
one or two-way ANOVAs (with the Bonferroni multiple compari-
sons test) were performed. Data were considered statistically
significant if p < 0.05.

3. Results and discussion
3.1 Synthesis of LNPs

We first prepared LNPs encapsulating pDNA using DODAP,
DLin-KC2-DMA or DLin-MC3-DMA as the ionizable cationic
lipid. Cationic lipid is the main component in any LNPs
encapsulating nucleic acids (e.g., siRNA, mRNA or pDNA).27,28

These genetic materials exhibit negative charges on their phos-

phate backbone and therefore bind to the positively charged
cationic lipids.6 In the first generations of LNPs, permanently
positive-charged lipids such as 1,2-dioleoyl-3-trimethyl-
ammoniumpropane (DOTAP) were often used to bind nucleic
acids and encapsulate them inside LNPs.29,30 However, perma-
nently positive-charged lipids are not well tolerated in vivo and
exhibit low transfection efficiency due to their limited ability
to release nucleic acid cargos into the cell cytosol or
nucleus.31–33 To address this issue, ionizable cationic lipids
such as DODAP were developed (Fig. 1A).13 Most DODAP mole-
cules are protonated and positively charged at low pH (around
4.0) and hence can bind with nucleic acids, but at physiologi-
cal pH 7.4 only a small portion of their amines are proto-
nated.34 As a result, using the ionizable lipid DODAP usually
leads to LNPs with a slightly negative surface at physiological
pH, thus reducing toxicity and enhancing the number of
nucleic acids that can be released into cells.35,36 We therefore
chose DODAP as the first ionizable lipid to investigate in this
work. The second ionizable lipid selected was DLin-KC2-DMA,
another critical benchmark in the development of LNPs for
clinical applications (Fig. 1A).4 DLin-KC2-DMA has two double
bonds per alkyl chain instead of one in DODAP. Thanks to the
increase in the unsaturated level of its lipid tail, DLin-KC2-
DMA exhibited significantly high siRNA gene silencing
efficiency.15 The final lipid studied in this work was DLin-
MC3-DMA, an optimized ionizable lipid used in the FDA-
approved product Onpattro (Fig. 1A). DLin-MC3-DMA has an
identical lipid tail to DLin-KC2-DMA but possesses a
different head group.16 By selecting these benchmark ioniz-
able lipids, we aimed to ask whether the efficiency of these
lipids for delivery of pDNA correlates with what was reported
during the development of the first FDA-appoved siRNA
therapy Onpattro.

Aside from the ionizable lipid, other lipid components and
ratios were kept identical across all formulations to enable
meaningful comparison (Fig. 1B). In particular, cholesterol
was employed to enhance LNP stability and promote endo-
somal escape.37 DSPC was used as a helper lipid to facilitate
the formation of LNPs.38 PEG-conjugated DSPE was employed
to anchor on the surface of LNPs and stabilize them through
steric hindrance.39 The molar ratio of ionizable
lipid : cholesterol : DSPC : PEG-DSPE was kept constant at a pre-
viously optimized ratio of 52 : 38.5 : 8 : 1.5, respectively.23 All
LNP components were dissolved in ethanol and injected into
one inlet of a microfluidic chip (NanoAssemblr), which was
specially designed for scalable, rapid, and reproducible prepa-
ration of LNPs (Fig. 1C).40 pDNA encoding for a reporter gene
nanoluciferase (NLuc) was solubilized in acetate buffer (pH 4)
and injected simultaneously into the second inlet to facilitate
primary LNP formation. We selected NLuc as the reporter gene
because NLuc produces nearly a hundred times brighter
luminescence than luciferase providing good signals for both
imaging and quantification of DNA transfection efficiency.23

The primary LNP mixture was collected from the outlet and
dialyzed against PBS buffer (pH 7.4) to increase the solution
pH and form the finished LNPs.
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3.2 Characterization of LNPs

After synthesis, DODAP, DLin-KC2-DMA and DLin-MC3-DMA
LNPs were comprehensively characterized by dynamic light
scattering (DLS), PicoGreen® pDNA encapsulation efficiency
assay, and cryogenic electron microscopy (cryo-EM). To deter-
mine the optimal amount of ionizable lipids for particle for-
mation and encapsulation of pDNA, we tested three different
N/P ratios (i.e., the ratio between the nitrogen group of the
ionizable lipids and the phosphate group on the backbone of
pDNA). Increasing the N/P ratio from 3 to 6 and 9 led to a sig-
nificantly smaller size, regardless of the ionizable lipids used
(Fig. 2A and Table S2†). It has been reported that most of the
anime groups of all three ionizable lipids exhibited a positive
charge in acetate buffer (pH 4).41 Therefore, the strong
binding between positively charged ionizable lipids and nega-
tively charged pDNA at a high N/P ratio led to the formation of
small compacted LNPs. This result was supported by zeta
potential data shown in Fig. 2B: increasing the N/P ratio led to
the formation of less negatively charged LNPs. It should also

be noted that the zeta potential and size were measured when
the LNPs were fully formed in PBS buffer (pH 7.4). At this
physiological pH, the ionizable lipid nitrogens were mostly
(but not all) deprotonated and neutral while pDNA and
PEGylated surface have negative charges. Thus, the zeta poten-
tial of LNPs exhibited overall negative values from the pDNA
and PEG. Furthermore, polydispersity indices (PDI) of LNPs at
N/P 3 were significantly higher than those at N/P 6 and 9
(Fig. 2C). This data suggests that at N/P 3, there are not
enough positively charged lipids to complex with all nega-
tively-charged pDNA molecules, resulting in a proportion of
the pDNA remaining free in solution.

To confirm this hypothesis, we measured the pDNA encap-
sulation efficiency (i.e., the percentage of plasmid DNA encap-
sulated inside LNP comparative to the total amount of pDNA).
PicoGreen®, a dye that can produce bright fluorescence when
bound specifically to free double-stranded DNA, was added to
the LNP solution to quantify the amount of free pDNA not
encapsulated within LNPs.42 Triton X-100 was then used to
lyse the LNP and release encapsulated pDNA so that the total

Fig. 1 Chemical and representative cartoon structures of (A) the three ionizable lipids utilized in LNP formulations (DODAP, DLin-MC3-DMA and
DLin-KC2-DMA) and (B) other components used for all LNP formulations (DSPC, cholesterol, and PEG2000-DSPE). (C) Preparation of LNPs by a
simple, rapid, reproducible and scalable microfluidic technology. Created with BioRender.com.
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amount of DNA could be determined and the encapsulation
efficiency could be calculated.43 As shown in Fig. 2D, the encap-
sulation efficiency of all LNPs at N/P 3 was around 60% to 70%,
which is lower than that at higher N/P ratios (more than 90%).
The presence of unencapsulated pDNA at N/P 3 was in good
agreement with the highly negative zeta potential and high PDI
at this N/P ratio, confirming the presence of unencapsulated
pDNA. We chose N/P 6 for further experiments due to LNPs
formed at this ratio exhibiting particle sizes suitable for in vivo
gene delivery (∼120 nm), low polydispersity (∼0.1), and high
encapsulation efficiency (>90%). A higher N/P ratio of 9

increases the zeta potential and is expected to reduce the pDNA
release capacity causing low transfection efficiency of LNPs.44,45

We next employed cryo-EM to characterize LNPs direcly in solu-
tion (rather than in a dehydrated state per TEM), and the results
indicate that all LNPs have a comparable spherical morphology
comprised of packed lipid complexes (Fig. 2).46 Taken together,
the characterization results demonstrate that using the three
different ionizable lipids to encapsulate pDNA results in LNPs
with comparable properties, allowing us to directly compare
their in vivo transfection efficiency without the confounding
effect of different physicochemical properties.

Fig. 2 Characterization of LNPs by DLS showing (A) particle size (hydrodynamic diameter), (B) zeta potential, and (C) polydispersity index (PDI). (D)
Encapsulation efficiency (EE%) by PicoGreen® assay. (E) LNP morphology by cryo-TEM. N/P ratio of LNPs in cryo-TEM images is 6. For (A), * p <
0.05; ** p < 0.01; *** p < 0.001 as determined using an unpaired t-test comparing size at various N/P ratios for each formulation.
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3.3 In vivo transfection via IM administration

After synthesis and characterization, we next investigated
in vivo pDNA transfection in different mouse organs via IM
administration, a route widely used for vaccine application.
DODAP, DLin-KC2-DMA and DLin-MC3-DMA LNPs were first
injected into the calf muscle of mice. 24 h after injection,
eight organs were harvested, including the draining lymph
nodes (DLN), non-draining lymph nodes (nDLN), calf muscle
(MC), heart (HT), lung (LG), liver (LV), spleen (SP), and kidneys
(KD). We first employed In Vivo Imaging System (IVIS, Lumina
II) to observe the expression of NLuc proteins in these organs
by incubating them with Furimazine (Fig. 3A). This reagent
can react specifically with NLuc proteins produced in vivo to
emit luminescence across a color spectrum representing the
relative level of protein expression (i.e. red indicates more
NLuc protein produced than yellow, green, and blue).47 The
result in Fig. 3A shows that 24 h post-IM administration,
pDNA from all three LNPs was transfected mainly in the calf
muscle, i.e. the injection site. A small proportion of DLin-KC2-
DMA LNPs was able to transfect both draining and non-drain-
ing lymph nodes as weak luminescence signals were observed
in these tissues. Interestingly, DLin-MC3-DMA LNPs exhibited
low transfection in the DLN, but negligible signal was found
in the nDLN. DODAP LNPs did not effectively deliver pDNA
beyond the injection site, as no luminescence was observed in
all other organs. This data indicates that both the transfection
efficiency and tissue localization of DODAP, DLin-KC2-DMA
and DLin-MC3-DMA LNPs is affected by the type of ionizable
lipid used. However, from the IVIS images, quantification of
proteins produced was unable to be performed and hence, the
performance of different ionizable lipids, especially in the
muscle, cannot be determined.

Therefore, we further quantified the transfection efficiency
of these LNPs by homogenizing these organs and measuring
the luminescence signals as a relative light unit (RLU). It
should be noted that homogenizing the organs allowed better
quantitative measurement of NLuc protein concentration, and
the data presented in Fig. 3B and Table S3† were obtained
from five independent experiments (instead of one in the IVIS
study). We also normalized the data as RLU per mg of tissue to
compare the transfection efficiency in different organs without
the confounding effect of variation in tissue mass (for
example, the muscle is larger by weight than the lymph nodes
and has more cells, so without normalization, a higher RLU
may be observed even with a lower transfection efficiency).
Interestingly, the data in Fig. 3B showed that DLin-KC2-DMA
LNPs exhibited the highest in vivo transfection efficiency even
when compared to the previously known best-performing
ionizable lipid DLin-MC3-DMA. Although there was no statisti-
cally significant difference in pDNA transfection between
DLin-KC2-DMA and DLin-MC3-DMA LNPs in the DLN, more
than two and five times higher transfection efficiency was
found for DLin-KC2-DMA LNPs in the muscle and nDLN,
respectively. On the other hand, DODAP LNPs had the lowest
transfection efficiency among the ionizable lipids used.
Altogether, this study suggests that when compared with
DODAP and DLin-MC3-DMA, DLin-KC2-DMA is a more
effective ionizable lipid for in vivo pDNA transfection via IM
administration, which is a significant finding for specific
applications such as DNA vaccination where IM administration
is a prefered injection route. This finding was surprising but
not necessarily in contrast to the previous work reporting Dlin-
MC3-DMA was the optimum ionizable lipid for siRNA delivery
via IV injection.16 As the injection route may also affect the
delivery efficiency of LNPs, we were also interested in investi-

Fig. 3 NLuc expression 24 h after IM of pDNA LNPs using (A) IVIS imaging and (B) NLuc quantification assay. Results represent mean ± SEM of inde-
pendent experiments (n = 5). The symbols indicate p-values ns (p = 0.12), ** p < 0.01; *** p < 0.001 as determined using an ANOVA analysis with a
Bonferroni multiple comparisons test.
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gating the transfection efficiency of these LNPs via IV adminis-
tration (Fig. S2†).

3.4 In vivo transfection via IV administration

For IV administration, DODAP, DLin-MC3-DMA and DLin-KC2-
DMA LNPs with the NLuc pDNA cargo were injected into the
tail vein of mice. By IV injection, LNPs were expected to enter
the blood circulation and access more organs and tissues than
by IM injection.48 Indeed, IVIS images in Fig. 4A show that all
LNPs were capable of transfecting cells in the majority of the
organs studied, including the heart, lungs, liver, spleen,
kidneys and inguinal lymph nodes (iLN). Surprisingly, we
observed strong (red) signals in the spleen for both DLin-KC2-
DMA and DLin-MC3-DMA LNPs. Further quantification of the
transfection efficiency via organ homogenization confirmed
significant expression of NLuc in the spleen mediated by
DLin-KC2-DMA LNPs. DLin-MC3-DMA LNPs also expressed
more NLuc proteins in the spleen than in any other organ
(Fig. 4B and Table S4†). Interestingly, we observed the same
trend of transfection efficiency as with IM injection: DLin-KC2-
DMA LNPs exhibited the overall highest transfection efficiency
comparative to the other ionizable lipid formulations. For
example, DLin-KC2-DMA LNPs had approximately 3-fold and
13-fold higher transfection efficiency in the spleen than DLin-
MC3-DMA and DODAP LNPs, respectively.

Notably, DLin-KC2-DMA LNPs still transfected much more
efficiently than DODAP and DLin-MC3-DMA LNPs even in the
liver. Compared to DODAP, the higher transfection efficiency
of DLin-KC2-DMA LNPs in the liver is analogous to its siRNA
gene silencing performance. However, the superior perform-
ance in the liver of DLin-KC2-DMA compared to DLin-MC3-
DMA is surprising, given that DLin-MC3-DMA LNPs such as

Onpattro was designed for targeted delivery of siRNA to the
liver after IV administration. That said, this result is in agree-
ment with their in vitro DNA transfection in cancer cell lines
and in vivo DNA transfection in a special chicken embryo
model.49 Interestingly, only DLin-KC2-DMA LNPs could trans-
fect in the iLN and KD, although the efficiency was relatively
low. Furthermore, DLin-MC3-DMA surprisingly expressed
more proteins in the spleen than in the liver. This result
suggests that not only the ionizable lipid but also the nucleic
acid itself contributed to different transfection efficiency in
different organs. In addition, DLin-KC2-DMA and DLin-MC3-
DMA LNPs have higher transfection in the spleen compared to
in the liver.

Notwithstanding these exciting and significant findings
above, it remains unclear whether the high transfection
efficiency of DLin-KC2-DMA and DLin-MC3-DMA LNPs is
related to other contributing factors, such as (a) more LNPs
accumulated in the spleen or (b) the higher transfection
efficiency of LNPs occurred in this organ. This question was
particularly important when in this work we employed PEG
conjugated to a longer lipid tail (PEG-DSPE; 18C chain)
than in the Onpattro formulation (PEG-DMG; 14C chain) as
it has been documented that the short lipid tail of the PEG
can result in high liver accumulation.50,51 In addition, as
DLin-KC2-DMA has an identical lipid tail to DLin-MC3-
DMA, we hypothesized that the difference in the head group
length and pKa might affect the interaction between the
ionizable lipid and endosomal membrane, leading to
different endosome escape outcomes and pDNA release
capacity. To clarify these two remaining unclear points, we
next performed in vivo biodistribution and in vitro endo-
some escape studies.

Fig. 4 NLuc expression of pDNA 24 h after IV of LNP-pDNA using (A) IVIS imaging and (B) NLuc quantification assay. Results represent mean ± SEM
of independent experiments (n = 5). The symbols indicate p-values ns (p = 0.12), * p < 0.05; ** p < 0.01; *** p < 0.001 as determined using an ANOVA
analysis with the Bonferroni multiple comparisons test.
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3.5 In vivo biodistribution and in vitro endosome escape

A hydrophobic fluorescent dye was intercalated into the LNPs
to track their biodistribution in different organs 24 h after the
IV or IM injection, and therefore to probe differences in par-
ticle accumulation between DLin-KC2-DMA and DLin-MC3-
DMA LNPs. DiI was selected as a suitable dye due to bright
fluorescence and the presence of two very long lipid tails,
making it unlikely to detach from LNPs during circulation.51,52

All other components of LNPs remained unchanged. The
results of the in vivo biodistribution study in Fig. 5 reveal that
all LNPs accumulated mainly in the liver, regardless of the
administration route or ionizable lipid used. Aside from the
liver, LNPs also accumulated in the kidneys and lung after IV
administration, while for IM injection, LNPs additionally loca-
lized to the muscle and lung. There was little fluorescent
signal in other organs, such as the spleen. These interesting
data indicated that the high transfection efficiency in the
spleen and muscle for the IV and IM routes was not directly
correlated to the biodistribution of LNPs. High in vivo transfec-
tion in the spleen while accumulation occurred mainly in the
liver has also been shown for other LNP formulations.53,54 The
data indicate that high transfection efficiency in different
organs is related to the expression of nucleic acid and the
endosomal escape driven by the ionizable lipid rather than the
biodistribution of LNPs. This work shows that in the context of
nucleic acid nanoparticles, studying the ultimate gene
expression of the formulated nucleic acids is a better indicator
than nucleic acid fate and biodistribution. Moreover, this work
paves the way for new studies to fully understand this charac-
teristic and explore it for new applications such as immu-
notherapies, whereby high gene expression in the spleen is
hugely beneficial.

Finally, we performed a well-established in vitro endosomal
escape model assay24–26 to examine our hypothesis that differ-
ences in the head and tail between DLin-MC3-DMA and DLin-
KC2-DMA could result in different endosome escape outcomes
and DNA release capacity of LNPs. The interaction between
LNP lipids and the endosomal membrane is one of the most

vital steps in the effective delivery of a pDNA cargo.2 It facili-
tates the escape of the pDNA from the acidic, DNA-degradable
endosomal compartment to the physiological environment of
the cytosol, allowing further translation of the pDNA to occur
once it reaches the nucleus.55 In this widely used assay, a nega-
tively charged liposome is used to mimic the endosome mem-
brane and interact with LNPs.24–26 The ionizable lipids of
LNPs are expected to become protonated only at low endo-
somal pH (5.5) and interact with the anionic charges of the
liposome, allowing the release of the entrapped pDNA.56

PicoGreen® dye was also utilized to quantify the amount of
free pDNA in the LNP solution at physiological pH 7.4 and
endosomal pH 5.5, allowing us to calculate the amount of
pDNA being released from the LNPs when the environmental
pH is changed.

The data presented in Fig. 6 demonstrates that DLin-KC2-
DMA indeed performs significantly better in simulating endo-
somal escape and release of pDNA comparative to DLin-MC3-

Fig. 5 Biodistribution of fluorescently labelled LNPs. LNPs were labelled with DiI dye and administered (A) intravenously or (B) intramuscularly.
Tissues were collected and DiI fluorescence as total flux (p s−1) in each was obtained using IVIS after 24 h. Data are presented as mean with SD (n =
3). LN: lymph node; HT: heart; LG: lung; LV: liver; SP: spleen; KD: kidneys.

Fig. 6 Measurement of pDNA release from LNPs at pH 5.5 by a model
in vitro endosomal escape assay. Data represented as mean ± SD (n = 3).
Statistical significance was determined using a one-way ANOVA; ***
indicates p < 0.001.
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DMA and DODAP. DLin-KC2-DMA and DLin-MC3-DMA both
likely facilitated better endosomal escape than DODAP in this
model system probably due to their two unsaturated bonds per
lipid tail, which favours the formation of an inverted hexag-
onal (HII) phase.57 The intermediate HII phase seems to be
essential for the fusion between the LNP and endosomal mem-
brane.58 The fusion does not only destabilizes the endosomal
membrane but also disassembles the LNPs and releases encap-
sulated pDNA.58 On the other hand, DODAP has only one
unsaturated bond per tail, which does not support the inter-
mediate HII phase formation, likely leading to the low level of
endosomal escape and DNA release observed.2 In addition to
having suitable unsaturated lipid tails for membrane fusion,
the DLin-KC2-DMA head group has a higher pKa (6.7)15 than
DLin-MC3-DMA (6.4).16 It’s conceivable that at pH 5.5, a
higher number of head groups are protonated with DLin-KC2-
DMA. The positively charged head groups are needed to form
ion pairs with the anionic lipids of the endosomal membrane,
triggering the formation of the HII phase and membrane
fusion.58 Taken together, DLin-KC2-DMA may have preferential
endosome escape and release of pDNA, resulting in high
in vivo transfection efficiency. Notably, DLin-MC3-DMA formu-
lations have been reported to have higher gene silencing
efficiency in the liver (i.e., more effective delivery of siRNA)
than DLin-KC2-DMA.15 The difference can be attributed to the
nature of siRNA and pDNA: siRNA has a much shorter nega-
tively-charged backbone, which interacts with fewer positively-
charged head groups of the ionizable lipid than pDNA.17

Therefore, DLin-MC3-DMA, with a lower pKa and fewer
charged head groups, is more suitable for siRNA than DLin-
KC2-DMA. On the other hand, using DLin-KC2-DMA with
more charged head groups for siRNA may increase its inter-
action with not only the endosome membrane but also with
siRNA molecules, thus reducing the amount of siRNA being
released. Interestingly, small differences in pKa and length of
the head group regarding DLin-MC3-DMA and DLin-KC2-DMA
do not appear to affect the biodistribution of LNPs, but
strongly affect the in vivo transfection efficiency of LNPs.
Lastly, the differences in gene expression may be also attribu-
ted to the particle size of DLin-MC3-DMA and DLin-KC2-DMA
LNPs. The size of siRNA LNPs is generally in the average of
50–100 nm, smaller than pDNA LNPs. Previous studies showed
that silencing liver enzymes is predominatly driven at lower
particle sizes, and that silencing is reduced with increasing
particle size.51 Altogether, these data confirm the importance
of ionizable lipid structure in in vivo gene expression.

4. Conclusions

This work reports the first systematic comparison of pDNA
transfection efficiency in mouse organs for three ionizable
lipids including one used in the first FDA-approved siRNA
therapeutic Onpattro. We found that DODAP, DLin-KC2-DMA
and DLin-MC3-DMA ionizable lipids could facilitate the for-
mation of relatively uniform LNPs exhibiting high pDNA

encapsulation efficiency at an N/P ratio of 6. These formulated
LNPs shared similar physicochemical properties but exhibited
very different levels of gene expression depending on the ioniz-
able lipid used and the administration route. Interestingly,
LNPs prepared from DLin-KC2-DMA had overall higher in vivo
DNA transfection efficiency than DLin-MC3-DMA and DODAP
when administered to mice via both IV and IM. Furthermore,
the muscle was the main organ transfected after IM adminis-
tration of all LNPs. However, the spleen rather than the liver
displayed the highest levels of transfection after IV injection.
The transfection efficiency was correlated mainly to the ioniz-
able lipid structure rather than to the biodistribution of the
LNPs. In particular, the unsaturated level of the tail and the
pKa of the head group significantly was shown to significantly
affect endosomal escape and DNA release. This study suggests
that the selection of ionizable lipid for specific nucleic acid
cargo can be critical to maximizing therapeutic outcomes and
that DLin-KC2-DMA is superior to other benchmark ionizable
lipids for the effective delivery of pDNA when particles share
similar physiochemical properties. Our work will guide the
design of novel pDNA LNPs for various fundamental research
and medical applications, such as gene editing, immunothera-
pies vaccines, and protein replacement therapies.
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