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1. Introduction

Enhanced immunogenicity induced by mRNA
vaccines with various lipid nanoparticles as
carriers for SARS-CoV-2 infectiony

Yanhao Zhang, Ji Wang, Hanlei Xing, Chao Liu, Wenhui Zha, Shuo Dong,
Yuhao Jiang and Xinsong Li{2*

mMRNA vaccines have emerged as a highly promising approach for preventing cancer and infectious
diseases, attributed to their superior immunogenicity, rapid development speed, and quality-controlled
scale production. While homologous mRNA vaccine administration is currently the most prevalent
method employed in clinical settings, heterologous administration is a promising avenue worth
exploring. In this report, two types of mRNA vaccine formulations for SARS-CoV-2 infection were
developed based on different lipid nanoparticle (LNP) delivery systems, and heterologous and homo-
logous mRNA vaccinations were administered to explore the levels of immune responses comparatively.
First, five novel H-series ionizable lipids were synthesized and confirmed by NMR and MS. Subsequently,
six SARS-CoV-2 receptor-binding domain (RBD) mRNA-encapsulated LNP formulations were prepared
using a microfluidic mixer based on H-series and MC3 lipids. These formulations exhibited spherical
structures with an average diameter ranging from 90-140 nm, as characterized by dynamic light scatter-
ing (DLS) and transmission electron microscopy (TEM). The safety of these formulations was confirmed
in vitro by the cytotoxicity assay. Moreover, transfection assay, lysosomal escape test, and western blot,
and in vivo biodistribution analyses collectively demonstrated that lipids HO3 and MC3 exhibited superior
in vitro and in vivo delivery efficacy in comparison to other H-series lipids. Notably, HO3-Fluc mRNA
exhibited an approximately 2.2-fold higher in vivo bioluminescence signal intensity than MC3-Fluc
mMRNA. Additionally, evaluation of humoral immunity demonstrated that homologous HO3-mRNA
vaccination elicited an immune response that was approximately 3-fold higher than that of homologous
MC3-mRNA vaccination. More significantly, the heterologous HO3-mRNA/MC3-mRNA vaccination
elicited an immune response that was approximately 2-3-fold higher than that of homologous
HO3-mRNA vaccination and 6—-9-fold higher than that of homologous MC3-mRNA vaccination, without
any observable adverse effects. These results suggest that heterologous mRNA vaccination is superior
to homologous mRNA vaccination and may be attributed to differences in LNP carriers. Therefore,
our research may inspire further exploration of different delivery systems to enhance mRNA-based
therapeutics.

mRNA vaccines entails the translation of mRNA into antigens by
the cytoplasmic ribosomal translation machinery. This, in turn,

Since coronavirus disease 2019 (COVID-19) swept across the
globe, mRNA-based vaccines such as Pfizer-BioNTech BNT162b2
and Moderna COVID-19 mRNA-1273 have gained widespread
usage in clinical settings due to their rapid manufacturing speed
and high protection efficiency.'™ The mechanism underlying
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elicits adaptive immunity against the virus.® However, the primary
challenges to effective systemic in vivo delivery of mRNA include
instability, immune activation, and limited cell uptake.”*°

Over the past few decades, various delivery systems have
been developed to facilitate the delivery of mRNA into cells
including protamine,'"'* liposomes,"*'* polymer micelles'>"®
and lipid nanoparticles (LNPs).'”'® Among them, LNPs exhibit
tremendous potential for clinical applications due to the sim-
ple molecular structure of lipids,'® high mRNA encapsulation
efficiency’®" and low toxicity in vivo.® LNPs are typically
composed of cholesterol, phospholipids, and lipid modified

This journal is © The Royal Society of Chemistry 2023
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polyethyleneglycol and an ionizable lipid, the latter playing a
key role in complexation of mRNA and subsequent release into
the cytosol. At physiological pH, ionizable lipids with neutral
charge reduce non-specific lipid—protein interactions, while in
the acidic environment of endosomes following cellular uptake,
protonated lipids promote endosomal destabilization and
mRNA release into the cytosol.**>* Dlin-MC3-DMA (MC3) was
the first ionizable lipid applied in a marketed siRNA drug
(Onpattro™)."” Notably, the recent approval of mRNA-1273
and BNT162b2 vaccines, and other mRNA vaccines against
SARS-CoV-2 infections in clinical settings all employed ioniz-
able lipids to prepare LNPs as mRNA delivery systems.>* >’ The
chemical structures of ionizable lipids in various mRNA vac-
cines are different, which can affect the immunogenicity in vivo
and storage methods in vitro.>$ >

Usually, two doses of homologous vaccines are recom-
mended to evaluate the levels of immune response in animal
or human vaccination practice. However, recent reports have
suggested that two doses of heterologous SARS-CoV-2 vaccines
may elicit a stronger immune response compared to that
induced by two doses of homologous vaccines. For instance,
heterologous mRNA-1273/BNT162b2 vaccinations are superior
to the homologous BNT162b2/BNT162b2 administration and
heterologous vaccination with ChAdOx1-S vaccine (Vaxzevria,
AstraZeneca) and BNT162b2 vaccine was superior to BNT162b2/
BNT162b2 vaccines.>*** It is noteworthy that the three types of
vaccines employ distinct delivery systems, with mRNA-1273 and
BNT162b2 vaccines utilizing various ionizable lipids to prepare
LNPs as delivery systems, which may account for the superior
efficacy of heterologous vaccination compared to homologous use.
However, it is regrettable that the aforementioned studies did not
unequivocally establish whether the enhanced effect was solely
attributable to the difference in ionizable lipids, as the amount of
mRNA encapsulated in LNPs varied between the studies.

In this study, two types of mRNA vaccine formulations for
SARS-CoV-2 infection were developed based on different lipid
nanoparticle (LNP) delivery systems, and heterologous and
homologous mRNA vaccinations were administered to explore
the levels of immune responses comparatively. Importantly, the
only difference in the vaccines is the lipid components in LNP
systems. First, six LNP-mRNA formulations were prepared by
mixing ethanol solution containing ionizable lipid, DSPC,
cholesterol and DMG-PEG2000 with citrate buffer containing
mRNA. After that, the physicochemical properties of LNP-
mRNA formulations were thoroughly studied. Next, a transfec-
tion assay, lysosomal escape assay, and western blot analysis
were performed to investigate the in vitro delivery effect of LNP-
mRNA formulations. The intramuscular injection of LNP-Fluc
mRNA was carried out to evaluate the in vivo delivery effect.
Finally, following in vitro and in vivo screening, H03-mRNA and
MC3-mRNA formulations were selected as candidate vaccines
to assess their immunogenicity in mice administered with
heterologous or homologous mRNA vaccines. The toxicity of
these vaccines was also evaluated in a mouse model. The storage
stability was assessed under different physical conditions for
various periods.
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2. Materials and methods
2.1. Materials

All reagents and solvents used for compound synthesis were
provided by Macklin Biochemical Co., Ltd and Aladdin
Biochemical Technology (Shanghai, China) without further
purification. 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene-
glycol-2000 (DMG-PEG2000), cholesterol, 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and Dlin-MC3-DMA were obtained
from A.V.T.Pharmaceutical Tech Co., Ltd (Shanghai, China).
In addition, HEK293T and DC2.4 cells were supplied by Amer-
ican Type Culture Collection (ATCC). Gel DNA Extraction Mini
Kit (Cat: DC301-01) and FastPure EndoFree Plasmid Maxi Kit
(Cat: DC202-01) were bought from Vazyme Biotech Co. Ltd
(Nanjing, China). Six- to eight-week-old female BALB/c mice
(15-20 g) were supplied by Qinglongshan Experimental Animal
Center (Nanjing, China). All animal studies were approved by
the Experiment Animal Ethic Committee of Southeast Univer-
sity and were performed according to institutional ethics
standards and regulations.

2.2. Synthesis of H-series ionizable lipids

The synthesis of H-series ionizable lipids is shown in the ESL

2.3. Synthesis of mRNA

The pVAX1 (GENEWIZ) plasmid containing a 5" UTR sequence,
signal peptide sequence, SARS-CoV-2 (B.1.617.2) receptor-binding
domain (RBD) mRNA sequence, 3’ UTR sequence, and poly-A tail
sequence was prepared according to the literature.’>>® The
linearized plasmid DNA as templates for in vitro transcription
was obtained by treating pVAX1 plasmid with Xho I (Absin,
Shanghai) at 37 °C for 30 min. The linearized plasmid DNA
templates were used to synthesize linear mRNA precursors using
a T7 High Yield RNA Synthesis Kit (Novoprotein, Cat No. E131).
The modified linear RNA was prepared by replacing all uridine
with N1-methylpseudouridine, and was capped and purified using
the Vaccinia Capping System (Novoprotein, Cat No. MO082).
The enhanced green fluorescent protein-encoding mRNA (eGFP
mRNA) and the firefly luciferase-encoding mRNA (Fluc mRNA)
were prepared using the same procedure as above.

2.4. Preparation and characterization of lipid nanoparticles
(LNP-mRNA)

Six formulations were prepared according to the literature.?
In brief, a volume of 200 pL SARS-CoV-2 (B.1.617.2) RBD-mRNA
solution (concentration: 0.5 pg pL~ ") was dissolved in 700 uL
of 20 mM citrate buffer with pH = 4. MC3 (1.194 mg), DSPC
(0.294 mg), cholesterol (0.553 mg) and DMG-PEG2000
(0.141 mg) at molar ratios of 50:10:38.5:1.5 were dissolved
in 300 pL of ethanol. The LNP-mRNA formulation was prepared
by mixing the above aqueous and organic phases through a
microfluidic mixer (N/P = 6:1, Nano S, Unigen Biotech Co. Ltd,
Suzhou, China). The prepared LNP-mRNA solution was quickly
added into the ultrafiltration tube with 10 times volume of PBS
(pH = 7.4), and centrifuged at 5000 rpm for 30 min to remove
the ethanol and citrate buffer. The desired concentration was
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obtained using Amicon Ultra centrifugal filters. The other five
LNP-mRNA formulations were prepared in the same way as
above, with the exception that MC3 was replaced by HO1, H02,
HO03, HO4 and HO5. Six LNP-RBD mRNA formulations were
named MC3M, HO1M, H02M, HO3M, H04M and HO5M, respec-
tively. Moreover, RBD-mRNA was used instead of eGFP mRNA
and Fluc mRNA to prepare LNP-eGFP mRNA and LNP-Fluc
mRNA formulations, which were used to evaluate the in vitro
and in vivo delivery efficacy. Finally, all formulations were passed
on a 220 nm filter and stored at —20 °C in PBS containing 5%
sucrose.

The size and zeta-potential of nanoparticles were analyzed
by dynamic light scattering (DLS) using a NanoBrook Omni
Particle Size Analyzer (Brookhaven, Holtsville, NY). The mor-
phology of nanoparticles was observed by transmission elec-
tron microscopy (TEM) (JEOL Inc., Tokyo, Japan). The mRNA
encapsulation efficiency (EE) was detected with a RiboGreen
reagent (Thermo Fisher Scientific, Cat No. R11491). First, the
TE buffer and 2% Te-Triton buffer solution were prepared.
To determine free mRNA in the LNP-mRNA formulations, the
LNP-mRNA formulation solution was diluted with 1 x TE buffer
and 100 pL of the diluted solution was added into the 96-well
plate. For the total mRNA assay, the LNP-mRNA formulation
solution was diluted with 2% TE-Triton buffer and 100 pL of
diluted solution was added to the 96-well plate. Next, 100 pL of
RiboGreen dye was added into the plate well and incubated for
5 min. The optical density (OD) of each well was measured
using a spectrophotometer (Thermo Fisher Scientific, USA)
with an excitation wavelength of 485 nm and an emission
wavelength of 528 nm. The corresponding mRNA concentra-
tions were calculated using the standard curve method. The
values of EE (%) were calculated based on the following
formula: EE (%) = (total mRNA concentration — free mRNA
concentration)/the total mRNA concentration x 100%.

2.5. pK, of LNP-mRNA measurement

Apparent pK, was measured using the 2-(ptoluidino)-6-naphtha-
lene sulfonic acid (TNS) according to the literature.>*”° Briefly, to
a 96-well plate was added 4 mM LNP-mRNA formulation, 2 uM
TNS (Sigma) and buffers containing 20 mM HEPES, 20 mM
4-morpholineethanesulfonic acid, 20 mM ammonium acetate,
and 260 mM NaCl at pH values ranging from 3 to 11 and each
pH experiment was carried out in triplicate. The fluorescence
intensity was recorded using a spectrophotometer (RF-6000,
SHIMADZU) with an excitation wavelength of 321 nm and an
emission wavelength of 445 nm. The relative fluorescence inten-
sity was plotted as a function of Log pH. When the relative
fluorescence intensity reaches 0.5, the corresponding pH value
is the apparent pK,.

2.6. Cytotoxicity of LNP-mRNA formulations

The cytotoxicity of LNP-mRNA formulations against cell lines
including HEK293T and DC 2.4 cells was evaluated by the Cell
Counting Kit-8 (CCK-8, APEXBIO, USA). Cells were seeded into
96-well plates at a density of 2 x 10> cells per well and were
exposed to medium containing free mRNA and LNP-mRNA

7456 | J Mater. Chem. B, 2023, 11, 7454-7465

View Article Online

Paper

(1 pg mRNA/well) at 37 °C for 24 h. Cells incubated with
medium culture group was used as the control. Next, the CCK-8
reagent was added into the medium for 2 h. The ultraviolet
absorbance of each well was measured using a spectrophotometer
(Thermo Fisher Scientific, USA) with a test wavelength of 450 nm.

2.7. Invitro transfection assay

The in vitro delivery effect of LNP-mRNA formulations was
evaluated by transfection assay of eGFP mRNA against HEK293T
and DC 2.4 cells. Cells (1 x 10* cells/dish) were seeded into a
confocal dish and incubated with Opti-MEM I Reduced Serum
Medium containing naked eGFP mRNA and LNP-eGFP mRNA
formulations, respectively. Cells incubated with medium culture
and medium culture containing naked eGFP mRNA groups were
used as controls. The eGFP expression was detected using an
inverted fluorescence microscope (Olympus, Japan). Furthermore,
the eGFP positive cells were measured by flow cytometry (FACS
Aria II, BD Biosciences). Briefly, HEK293T cells were seeded into
6-well plates. After attachment to the wall, the cells were incubated
in culture medium containing naked eGFP mRNA and LNPs-eGFP
mRNA formulations for 24 h. After that, cells of each well were
collected and analyzed via flow cytometry.

2.8. Lysosome escape assay

To verify that LNP-mRNA formulations can successfully deliver
mRNA into cells and release mRNA into the cytoplasm, a
lysosome escape assay was performed using DC2.4 cells. Cells
were seeded into confocal dishes at a density of 1 x 10* cells per
well and incubated with culture medium containing formula-
tions (mRNA labeled by FITC) for 4 h. After the mixed medium
culture was discarded, cells were washed by cold PBS 2 times
and treated by Lyso-Tracker Red (KeyGEN BioTECH, China)
for 15 min. Finally, the cells were washed with PBS 3 times
and observed by confocal laser scanning microscopy (CLSM)
(Olympus,Tokyo, Japan). In the meantime, naked mRNA was
used as the control.

2.9. Western blot analysis

The expression levels of SARS-Cov-2 (B.1.617.2) RBD in cells
treated by HO3M and MC3M formulations were evaluated by
Western Blot Assay against cell lines (HEK293T, DC 2.4 cells).
The in vitro transfection assays were carried out as in section
2.7. The eGFP mRNA was replaced by RBD mRNA. After 24 h of
transfection, cells were collected and lysed with RIPA lysis
buffer. The total protein concentration was measured using a
BCA kit. The concentration of SDS-PAGE gel should be deter-
mined according to the size of the protein band, and the
preparation method followed the instructions of the kit. After
the SDS-PAGE gel was prepared, the same amount of protein
was added into each well of SDS-PAGE gel, running at 90 V for
40 min, and then 120 V for another 1 h. After that, the gel was
transferred to a PVDF membrane, cleaned with TBST buffer
3 times, and sealed with skim milk for 1 h. Following cleaning
with TBST buffer 3 times again, the primary antibody of
the SARS-CoV-2 (B.1.617.2) was added, and incubated at 4 °C
overnight. On the second day, the PVDF membrane was added

This journal is © The Royal Society of Chemistry 2023
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to the secondary antibody and incubated at room temperature
for 1 h. Finally, the ECL substrate was added and the protein
blots were visualized on the BioSpectrum Gel Imaging System
(Tanon-5200, China).

2.10. In vivo delivery profiles of LNP-Fluc mRNA

To investigate the in vivo mRNA delivery profiles of these LNPs
upon intramuscular injection, firefly luciferase mRNA (Fluc
mRNA) encoding firefly luciferase was encapsulated in LNP
systems and determined in female BALB/c mice (n = 3). The
mice were injected intramuscularly with 100 pL of buffer
solution containing LNP-Fluc mRNA with 20 pg of Fluc mRNA
encapsulated. At 12 h post injection, mice were injected intra-
peritoneally with luciferase substrate and reacted for 5 min.
Their bioluminescence signal images were obtained using an
IVIS Lumina Series III(PerkinElmer).

2.11. In vivo humoral immunity response

The female BALB/c mice were randomly divided into six groups
(n = 6/group) that were intramuscularly vaccinated with two
doses of saline/saline, empty LNPs/empty LNPs (placebo, H03/
MC3), HO3M/H03M, HO3M/MC3M (a second dose of MC3M
formulations after a first dose of HO3M formulations), MC3M/
MC3M and MC3M/HO03M (a second dose of HO3M formulations
after a first dose of MC3M formulations) (SARS-CoV-2 (B.1.617)
RBD mRNA, 10 pg per dose). At day 14 after the first injection,
the booster injection was finished. At days 14, 21, and 28 after
vaccination, sera samples were collected from the orbital vein
of mice to detect IgG antibody and neutralizing antibody titers.
The specific IgG antibody was evaluated using an ELISA kit
(Sino Biological Inc, Beijing, China). Briefly, SARS-CoV-2 RBD
antigen and diluted serum were added in 96-well microtiter
plates and co-incubated for 2 h at 37 °C. Next, microtiter plates
were washed with PBS twice and were added with HRP-
conjugated goat anti-mouse IgG for 1 h co-incubation. The
plates were washed again, and TMB solution was added and
co-incubated at 37 °C for 20 min. Finally, the absorbance was
measured using a spectrophotometer (Thermo Fisher Scienti-
fic, Waltham, Massachusetts) with a test wavelength of 450 nm.
The specific neutralizing antibody of serum samples was mea-
sured according to the literature.®® In brief, HEK293T cells were
seeded in 96-well plates at a density of 2 x 10* cells per well.
The SARSCoV-2 (B.1.617.2) pseudovirus was diluted to 500-
1000 TCID;, with medium and incubated with the serum
samples in 96-well plates at 37 °C for 1 h. Finally, after
removing the supernatant, the luciferase substrate was added
to each well and the luciferase intensity was analyzed using a
Microplate Luminometer (Promega, USA).

2.12. In vivo effector memory T cell immune response

Fluorochrome-conjugated antibodies in mice: for effector memory
T cell detection, CD3 (PE/Cyanine7), CD4 (FITC), CD8 (FITC),
CD44 (PE) and CD62L (APC) were bought from BioLegend. Firstly,
the splenocytes of the vaccinated mouse were incubated with a
protein transport inhibitor (Brefeldin A, MCE) at 37 °C for 4 h.
Next, the splenocytes were washed with PBS twice and stained

This journal is © The Royal Society of Chemistry 2023
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with fluorescent antibodies. Finally, the effector memory T cells’
proliferation was analyzed by flow cytometry (FACS Aria II, BD
Biosciences).

2.13. Safety analysis

To evaluate the in vivo safety of vaccines, the weights, hepator-
enal function, pathology and immune activated cytokines of
mice administered with heterologous or homologous vaccines
were tested. The weights of mice were recorded every four days
in the above section of the in vivo humoral immunity response
study. Another batch of female BALB/c mice (n = 6/group) was
treated with heterologous or homologous vaccines (SARS-CoV-2
(B.1.617) RBD mRNA, 10 pg per dose). After booster vaccination
for 24 h, serum was collected for measuring blood biochemical
parameters and immune activated cytokines. The immune
activated cytokines were checked using an IL-6 ELISA kit and
TNF-o. ELISA kit (Thermo Fisher Scientific). Then, all the mice
were sacrificed following institutional guidelines and the
hearts, livers, spleens, lungs and kidneys were separated
and stained with hematoxylin and eosin (H&E) to assess the
systemic toxicity.

2.14. Storage stability of H03-mRNA and MC3-mRNA
formulations

HO03-Fluc mRNA and MC3-Fluc mRNA formulation solutions
containing 5% sucrose were stored at 25 °C, 4 °C and —20 °C
under nitrogen in triplicate. In vivo bioluminescence signals
were measured at specific intervals. The experiment procedures
were the same as in the Section 2.10. Moreover, to further verify
the storage stability of H0O3-mRNA and MC3-mRNA formula-
tions, the stability of the H03-RBD mRNA and MC3-RBD mRNA
formulations containing 5% sucrose stored at —20 °C for
90 days was assessed by humoral immune response. The
experiment procedures were the same as in Section 2.11.

2.15. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.01
software. The statistical analysis was performed by using one-
way ANOVA. P < 0.05 was considered significant.

3. Results and discussion
3.1. Design and synthesis of ionizable lipids

The chemical structure of lipid components directly affects the
delivery effect of LNPs in vitro and in vivo. The ideal ionizable
lipids usually contain three parts: (i) tertiary amine headgroups
for condensing mRNA to form complexes, (ii) hydrophobic
hydrocarbon chains generally between 8 to 18 carbon units in
length with various branching degrees capable of promoting
self-assembly, adjusting lipophilicity and delivering mRNA into
cytoplasm, and (iii) linker groups including esters, ethers,
amides etc. with properties of circulation stability within a
biological environment and safe clearance after mRNA delivery.
Additionally, the incorporation of a hydroxyl group in the
neighboring headgroup is beneficial for the encapsulation of
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nucleic acids via hydrogen bonding interactions with lipids.®
The cone-shaped structure of the lipid contributes to the
destruction of the lysosomal membrane and improves the
ability of LNPs to escape from the lysosome, in accordance
with the molecular shape hypothesis.**!

Based on the understanding of the chemical structure of
ionizable lipids on the influence of mRNA delivery effect,®*>*>
we designed and synthesized a series of novel ionizable lipids,
named HO1, H02, H03, HO4 and HO5. As shown in Fig. 1b, all
lipids had a cone-shaped structure, with differences in the
aspect of tail length, degree of branching, linker group and
the number of hydroxyl groups. Compared with H01, H02
increased a branching chain using an ether bond as the linker.
HO03, HO04 and HO5 had a more symmetrical cone-shaped
structure than HO1 and H02. One branching chain of H03 used
an ester bond as the linker and another one was linked via an
ether bond. H04 increased a butyl hydroxy group based on the
HO03 structure and HO5 further modified HO3 by using two ester
bonds as linkers.

The HO1 and HO02 were synthesized using a two-step process
as follows: dodecan-1-amine reacted with 2-methyloxirane or
2-(((2-ethylhexyl)oxy)methyl)oxirane by ring opening reaction of
epoxy; the above products were reacted with 2-hexylundecyl
6-bromohexanoate by bromine substitution reaction. The H03
was obtained by a three-step process as follows: 2-hexyldecan-1-
ol was reacted with epichlorohydrin through an epoxy open-
loop and closed-loop process; the product of the first step was
reacted with ethanamine by ring opening reaction of epoxy; the
product of the second step was reacted with 2-hexylundecyl
6-bromohexanoate by bromine substitution reaction. The H04
was obtained by a two-step process as follows: 3-(methylamino)-
propane-1,2-diol was reacted with 2-hexylundecyl 6-bromo-
hexanoate by bromine substitution reaction; the above product
was reacted with 2-hexyl-1-decanol by esterification reaction.
The HO5 was obtained by a two-step process as follows: 2-(((2-
hexyldecyl)oxy)methyl)oxirane was reacted with 4-aminobutan-
1-ol by ring opening reaction of epoxy; the above product was

a : b

¢
® lonizable lipid

R DSPC

/i DMG-PEG2000

o Cholesterol
NS/ mRNA

LNPs-mRNA
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reacted with 2-hexylundecyl 6-bromohexanoate by bromine
substitution reaction. The detailed procedures are given in the
ESLt The resultant products were characterized by "H NMR and
MS (Fig. S1 and S2, ESIt). In order to evaluate the immunogenicity
in mice administered with heterologous mRNA vaccines, the
commercial MC3 was used as lipid components of another type
of LNP system due to the large structural difference between MC3
and H-series lipids.

3.2. Preparation and characterization of mRNA-encapsulated
lipid nanoparticle (LNP-mRNA) formulations

The SARS-CoV-2 (B.1.617.2) receptor-binding domain (RBD)
mRNA sequence is shown in Fig. 1a and Fig. S6 (ESIf). Six
LNP-RBD mRNA formulations (Fig. 1c) were prepared based on
H-series lipids and MC3. In brief, MC3, DSPC, cholesterol and
DMG-PEG2000 at molar ratios of 50:10:38.5:1.5 were dis-
solved in ethanol. The LNP-RBD mRNA formulations were
prepared by mixing the above lipid mixture with 20 mM citrate
buffer (pH 4.0) containing mRNA at a ratio of 1:3 (ethanol:
aqueous) using a microfluidic mixer. The ethanol and citrate
buffer were removed by dialysis method in PBS (pH 7.4).
Another five LNP-RBD mRNA formulations were prepared using
the same procedures, with the exception that MC3 was replaced
by H-series lipids. Six LNP-RBD mRNA formulations were
named HO01M, H02M, HO3M, H04M, HO5M, and MC3M, respec-
tively. The size, distribution and zeta-potential of six formulations
were analyzed by DLS. The morphology of HO3M formulation was
observed by TEM. The pK, values of six formulations were
measured using TNS and the mRNA encapsulation efficiency
(EE) was detected with RiboGreen reagent. As shown in Fig. 2a
and Table 1, the DLS results exhibited that HO1M, HO02M,
HO03M, H04M, HO05M, and MC3M formulations have average
particle sizes of 97.13 £ 2.78, 122.74 £ 3.26, 103.44 £ 3.95,
138.52 £ 4.65, and 107.85 + 3.53 nm, respectively, with narrow
distributions and negative surface charge within a physiologi-
cal environment. It was found that the diameter of formula-
tions increased with the increment of tail length and branching

HO3 MC3

Fig. 1 The construction diagrams: (a) RBD-mRNA construction, (b) ionizable lipids structures, and (c) LNP-mRNA construction and components.
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Fig. 2 Physicochemical characteristics of LNP-mRNA formulations: (a) particle size of formulations by DLS. (b) Morphology of HO3M by TEM. (c) pK,

value of HO3M

by TNS assay.

Table 1 Characterization of LNP-mRNA formulations

LNP-mRNA Zeta

formulations Size/nm PDI potential/mV EE/% pK,
HO01M 97.13 £2.78 0.165 £ 0.021 —4.43 £0.34 76 £2 5.9
H02M 122.74 + 3.26 0.154 + 0.028 —5.23 = 0.26 88 +2 5.3
HO3M 103.44 + 3.95 0.167 £+ 0.032 —3.58 = 0.31 94 £ 3 6.3
H04M 138.52 + 4.65 0.186 + 0.026 —4.40 = 0.29 97 £ 2 5.7
HO5M 107.85 + 3.53 0.183 £ 0.031 —4.14 £0.25 91 £ 2 6.5
MC3M 115.15 + 2.84 0.175 &£ 0.029 —3.23 £ 0.27 96 £ 3 6.4

degree of lipid components. Notably, the diameter of H04M
reached a maximum value of 138.52 nm, which might be
attributed to the increased hydrophilicity caused by its double
hydroxyl chemical structure of lipid HO4. However, the large
particle size of formulations is not conducive to LNP delivery.*®

This journal is © The Royal Society of Chemistry 2023

The TEM image confirmed the spherical structure of HO3M
with a diameter of approximately 100 nm (Fig. 2b).

The mRNA encapsulation efficiency (EE) under physiological
conditions showed a remarkable difference among six formula-
tions. HO4M showed the maximum EE value of 97% and HO1M
showed the minimum EE value of 76%. We concluded that the
EE value increases with increasing tail length, branching
degree and the amounts of hydroxyl group. The pK, value has
a drastic influence on the potency of LNP-mRNA formulations
in vivo and the most appropriate pK, value of LNP-mRNA
formulations is between 6.0 and 6.5.**® Table 1 and Fig. 2c
showed the pK, values of the H-series formulations and MC3M
are 5.9, 5.3, 6.3, 5.7, 6.5 and 6.4. Among them, the pK, values
of HO3M, HO5M and MC3M are between 6.2 and 6.5, which
should contribute to the protein expression in vitro and in vivo.
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Fig. 3 Cytotoxicity and protein expression of LNP-mRNA: (a) and (b) viabilities of HEK293T and DC 2.4 cells inoculated with LNP-mRNA formulations
after 24 h. (c) Confocal laser scanning microscopy (CLSM) images of the eGFP protein expression after transfection. Scale bar = 100 pm. (d) Percentages
of eGFP positive cells after transfection analyzed by flow cytometry. (e) Percentages of eGFP positive cells of six groups according to Fig. S3 (ESIT).
(f) Representative images of lysosomal escape analysis. (g) Pearson’s correlation coefficient was calculated using Imaged software according to (f) and
Fig. S4 (ESI). (h) Western blotting analysis of the SARS-CoV-2 RBD protein expression.

Taken together, these data suggested that the monodisperse
and stable LNP-mRNA formulations can be formed based on
H-series lipids and MC3.

3.3. Cytotoxicity, transfection assay, western blot analysis and
lysosome escape assay

The cytotoxicity, transfection assay, western blot analysis and
lysosome escape assay of LNP-mRNA formulations were eval-
uated against HEK-293T and DC 2.4 cells. The cytotoxicity was
checked by CCK-8 assay using the naked mRNA as a control.
As shown in Fig. 3a and b, cells treated with naked mRNA and
LNP-mRNA formulations exhibited minimal decrease in viabi-
lity and remained comparable to non-treated cells, indicating
the safety of the six formulations in vitro. Next, the in vitro
delivery effect of LNP-mRNA was evaluated by transfection
assay of LNP-eGFP mRNA formulations using naked eGFP
mRNA as the control. As shown in Fig. 3c, cells treated by
LNP-eGFP mRNA formulations displayed varying degrees of
green fluorescence signal intensity while the non-treated and
naked mRNA-eGFP treated cells showed no green fluorescence
signal whatsoever. Importantly, the H03-eGFP mRNA and MC3-
eGFP mRNA group exhibited a stronger signal intensity than
other groups. To quantify the transfection efficiency, the eGFP
positive cells were measured by flow cytometry. As shown in
Fig. 3d, e and Fig. S3 (ESIt), the percentage of eGFP positive
cells in the H01-eGFP mRNA, HO02-eGFP mRNA, H03-eGFP
mRNA, H04-eGFP mRNA, H05-eGFP mRNA and MC3-eGFP
mRNA groups were 21.3%, 64.3%, 98.1%, 43.2%, 74.6% and

7460 | J Mater. Chem. B, 2023, 11, 7454-7465

84.6%, respectively, further demonstrating the HO3-mRNA and
MC3-mRNA formulations could efficiently deliver mRNA into
cells and achieve protein expression.

It was reported that LNP-mRNA formulations must escape
from lysosomes and release mRNA into the cytoplasm to
translate antigen protein. Therefore, the delivery efficacy of
LNPs has a strong correlation with lysosome escape capability.*®
To further explore the reason for the difference in transfection
effect of six formulations, a lysosome escape assay was executed
by observing the distribution of FITC-labeled mRNA in cells
incubated with LNP-FITC mRNA formulations for 4 h. Cells
treated with naked FITC-mRNA was used as the control.
As shown in Fig. 3f and Fig. S4 (ESIt), all formulation treated
groups appeared with a green fluorescence signal (FITC mRNA)
in the cytoplasm. In contrast, the naked mRNA group showed
no green signal intensity in cells. In order to further analyze
the endosomal release capability of LNP-mRNA formulations,
Pearson’s correlation coefficient was calculated using Image]
software to study the correlation between FITC-mRNA (Green)
and Lysotracker (Red). The results showed all formulations
have a moderate correlation at 4 h (Fig. 3g). Importantly, the
HO03-FITC mRNA and MC3-FITC mRNA groups had a lower
Pearson’s coefficient than other groups, suggesting their super-
ior endosomal escape capability. This result confirmed that the
transfection efficiency of LNP-mRNA formulations is depen-
dent on their lysosome escape capability.

Obviously, HO3-mRNA, HO5-mRNA and MC3-mRNA formula-
tions with appropriate pK, values and particle size exhibited better

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 In vivo delivery profiles of LNP-Fluc mRNA. (a) The bioluminescence images of mice inoculated with LNP-Fluc mRNA formulations after 12 h. (b)

Quantification analysis of bioluminescence signal intensity.

escape capability than other formulations. When the particle size
and pK, value are similar, HO3-mRNA formulation showed a better
escape ability than HO5-mRNA and MC3-mRNA formulations. The
superiority of HO3 over HO5 implied that the introduction of an
ether bond in one branching chain can enhance the mRNA
delivery effect. We speculated that in the low pH environment of
lysosomes, the hydrolysis rate of the ester bond was accelerated,
resulting in HO5 being less stable than HO3 in lysosomes. Conse-
quently, HO5-based formulations were less effective in protecting
mRNA from degradation by lysosomes and lysosomal membrane
destruction than H03-based formulations. Compared to MC3, HO3
possesses a better cone-shaped structure due to the two branching
chains, resulting in more lysosomal membrane disruption.
Furthermore, the hydroxyl group incorporated in the neighboring
headgroup of H03 facilitates the encapsulation of mRNA through
hydrogen bonding interactions with lipids. Based on the afore-
mentioned research findings, HO3-RBD mRNA and MC3-RBD
mRNA formulations were selected for the detection of the RBD
expression levels in vitro, and both formulations successfully
expressed the RBD proteins (Fig. 3h).

3.4. Invivo delivery profiles of LNP-Fluc mRNA

Vaccines are typically administered via intramuscular injection. To
investigate the in vivo delivery profiles of these LNPs upon
intramuscular injection, Fluc mRNA was encapsulated in LNPs
systems. BALB/c mice (n = 3) were intramuscularly injected with
100 pL of buffer solution containing LNP-Fluc mRNA with encap-
sulated 20 pg of Fluc-mRNA. Normal saline was used as a control.
The results in Fig. 4a indicated that HO3-mRNA and MC3-mRNA
formulations exhibited stronger bioluminescence signals than
other lipids. The quantification analysis of signal intensity con-
firmed the above conclusion (Fig. 4b). Significantly, the HO3-Fluc
mRNA formulation exhibited approximately 2.2-fold higher in vivo
signal intensity than the MC3-Fluc mRNA formulation. Therefore,
HO03-mRNA and MC3-mRNA formulations were selected as candi-
date vaccines to evaluate immunogenicity in mice administered
with heterologous or homologous mRNA vaccines.

3.5. Humoral immune response of heterologous or
homologous vaccinations

To evaluate immunogenicity in mice induced by heterologous
or homologous H03M and MC3M vaccines, BALB/c mice of four

This journal is © The Royal Society of Chemistry 2023

groups (n = 6/group) were intramuscularly vaccinated with
HO03M/H03M, HO3M/MC3M (a second dose of MC3M formula-
tion after a first dose of HO3M formulation), MC3M/MC3M and
MC3M/HO03M (a second dose of HO3M formulation after a first
dose of MC3M formulation). The BALB/c mice of two groups
administered with two doses of saline/saline and empty LNPs/
empty LNPs (placebo) were used as controls. At day 14 after the
first injection, the booster injection was provided (Fig. 5a). No
inflammatory response or other adverse effects appeared dur-
ing all injections. At 14, 21, and 28 days after vaccination, sera
samples were collected from the orbital vein of mice to detect
IgG antibody and neutralizing antibody titers. The specific IgG
antibody was evaluated using an ELISA kit (Sino Biological Inc,
Beijing) and neutralizing antibody titers (NTs,) were tested
according to luciferase intensity analyzed using a Microplate
Luminometer (Promega, USA).

As shown in Fig. 5b and c, IgG and NTs, antibody levels
obviously increased in vaccination groups at day 14 post
vaccination, and reached the maximum values at day 21.
However, the control groups consistently showed no increase
in specific IgG tilter and NT;, antibody levels. Importantly, we
found that IgG and NT;, antibody levels showed a significant
difference in vaccination groups. The maximum values of IgG
antibody titer and NT50 in the HO3M/H03M group approached
approximately 1/397 000 and 1/26 800 respectively, which were
higher than the values in the MC3M/MC3M group (1/125 000
and 1/9100). The result indicated that lipid H03 had a better
in vivo delivery effect than MC3. More importantly, the maximum
values of IgG antibody titer and NTs, in the HO3M/MC3M group
approached approximately 1/903200 and 1/81 600, which were
approximately 2-3-fold higher than the values in the HO3M/H03M
group and 6-9-fold higher than the values in the MC3M/MC3M
group. Meanwhile, the maximum values of IgG antibody titer and
NTs, in the HO3M/MC3M group were also higher than the values
in MC3M/MC3M and HO3M/H03M groups. These data confirmed
that heterologous HO3M and MC3M vaccination can induce a
higher level of immune response than homologous HO3M and
MC3M vaccination. Therefore, heterologous vaccination could
stimulate a stronger immunogenicity with the right combination
of different lipid nanoparticles. mRNA vaccination can lead to
transfection of various cells including muscle cells, epidermal
cells, tissue-resident immune cells at the injection sites and
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(b) The SARS-CoV-2 (B.1.617.2) RBD-specific IgG antibody titer was determined by ELISA. (c) The serum neutralization antibody titer (NT50) was tested
against SARS-CoV-2 (B.1.617.2) pseudovirus. SARS-CoV-2 (B.1.617.2) RBD-specific CD4+ (d) and CD8+ (e) Tem cells in splenocytes of mice inoculated
with heterologous or homologous HO3M and MC3M vaccines were detected by flow cytometry (Fig. S5, ESIf) (** p < 0.01, * p < 0.05; ns: p > 0.05).

immune cells in the secondary lymphoid tissues.***** H03M and
MC3M formulations based on different LNP carriers have various
physicochemical properties such as particle size, zeta potential
and pK, value, which can affect the efficiency and cell selectivity of
the delivery vector.® Therefore, we speculate that the two type of
mRNA vaccination could deliver the antigen into more different
antigen-presenting cells, thereby leading to enhanced immune
responses.

3.6. T-cell immune response of heterologous or homologous
vaccinations

T-cell immunity induced by heterologous or homologous HO3M
and MC3M vaccines was evaluated using a flow cytometer.
To explore T-cell immunity, the SARS-CoV-2 RBD-specific
CD4+ and CD8+ effector memory T cells (Tem) in splenocytes
were checked. As shown in Fig. 5d and e, upon stimulation with
peptide pools (Fig. S8, ESIt), CD4+ and CD8+ Tem cells in
vaccination groups displayed a noteworthy increase compared
with control groups and especially, effector memory T cells
induced by heterologous HO3M and MC3M vaccination were

7462 | J Mater. Chem. B, 2023, 11, 7454-7465

more abundant than those induced by homologous HO3M and
MC3M vaccination. These results confirmed that T-cell immu-
nity was successfully induced by heterologous and homologous
vaccination, and heterologous vaccines can stimulate higher
levels of T-cell immunity.

3.7. Safety of heterologous or homologous vaccination

To evaluate the safety of heterologous or homologous vaccina-
tion in vivo, the changes in body weight of the mice in the above
section of the in vivo humoral immune response study were
recorded every four days. Moreover, another batch of female
BALB/c mice (n = 6/group) treated with heterologous or homo-
logous vaccines (SARS-CoV-2 (B.1.617) RBD mRNA, 10 pg per
dose) were used to analyze blood biochemical parameters,
immune activated cytokines and the pathology of mice.
After booster vaccination for 24 h, the serum of the mice was
collected to measure blood biochemical parameters and
immune activated cytokines. The pathology of the mice was
analyzed by observing the organ tissue sections stained with
H&E. As shown in Fig. 6b-d, the blood biochemical parameters

This journal is © The Royal Society of Chemistry 2023
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Table 2 Storage stability of HO3-Fluc mRNA and MC3-Fluc mRNA
formulations

Stability at —20 °C Stability at 4 °C Stability at 25 °C

HO03-Fluc mRNA over 90 days
MC3-Fluc mRNA over 90 days

30 days 18 h
20 days 12 h

and the immune activated cytokines in mice treated with hetero-
logous or homologous vaccines had no remarkable change
compared with the saline group. Moreover, the H&E staining
results of organ tissues from the six groups of mice after
vaccination indicated no apparent injury, and the weights of
the mice continued to slightly increase, as shown in Fig. 6a and
e. These outcomes demonstrate that both heterologous and
homologous vaccinations are safe in vivo.

a SARS-CoV-2 (B.1.617)

3.8. Storage stability of HO3-mRNA and MC3-mRNA
vaccines

The storage stability of HO3-mRNA and MC3-mRNA formula-
tions was measured at 25 °C, 4 °C and —20 °C using Fluc mRNA
as a reporter gene. In Table 2 and Fig. S6 (ESIt), H03-Fluc
mRNA and MC3-Fluc mRNA formulations remained stable for
over 90 days at —20 °C and for 20 -30 days at 4 °C. However, the
formulations displayed limited short-term stability at 25 °C.
Additionally, the stability of HO3-RBD mRNA and MC3-RBD
mRNA formulations stored at —20 °C for 90 days was assessed
by analyzing the humoral immune response. As shown in
Fig. 7a and b, IgG antibody in the storage groups had no
significant difference with the fresh groups, indicating that
the HO3-RBD mRNA and MC3-RBD mRNA formulations were
stable for over 90 days at —20 °C.
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Fig. 7 Storage stability of HO3-mRNA and MC3-mRNA vaccines. (a) and (b) The SARS-CoV-2 (B.1.617.2) RBD-specific IgG antibody titer was determined

by ELISA.
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4. Conclusions

In summary, we successfully developed six LNP-mRNA formu-
lations based on synthetic lipids and MC3. Among them, HO3M
and MC3M formulations had more appropriate particle size
and pK, values and better in vitro or vivo delivery effects than
other formulations. Notably, HO3 displayed approximately 2.2-
fold higher in vivo delivery efficacy than MC3. Therefore, HO3M
and MC3M formulations were used as candidate vaccines for
heterologous and homologous administration in mice. Finally,
the humoral and T-cell immunity results demonstrated that
homologous HO3M vaccines induced a higher level of immune
response than homologous MC3M vaccines. Importantly, the
heterologous HO3M and MC3M vaccinations were significantly
superior to their homologous counterparts. Furthermore, the
safety evaluation indicated that both homologous and hetero-
logous vaccinations were safe in vivo. Together, our research
might inspire more combinations of different delivery systems
to augment mRNA-based therapeutics.
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