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Despite the various vaccines that have been developed to combat the coronavirus disease 2019 (COVID-19)
pandemic, the persistent and unpredictable mutations of the severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) require innovative and unremitting solutions to cope with the resultant immune
evasion and establish a sustainable immune barrier. Here we introduce a vaccine-delivery system with a
combination of a needle-free injection (NFI) device and a SARS-CoV-2-Spike-specific mRNA-Lipid
Nanoparticle (LNP) vaccine. The benefits are duller pain and a significant increase of immunogenicity
compared to the canonical needle injection (NI). From physicochemical and bioactivity analyses, the
structure of the mRNA-LNP maintains stability upon NFI, contradictory to the belief that LNPs are inclined
towards destruction under the high-pressure conditions of NFI. Moreover, mRNA-LNP vaccine delivered by
NFI induces significantly more binding and neutralizing antibodies against SARS-CoV-2 variants than the
same vaccine delivered by NI. Heterogeneous vaccination of BA.5-LNP vaccine with NFI enhanced the
generation of neutralizing antibodies against Omicron BA.5 variants in rabbits previously vaccinated with
non-BA.5-specific mRNA-LNP or other COVID-19 vaccines. NFI parameters can be adjusted to deliver mRNA-
LNP subcutaneously or intramuscularly. Taken together, our results suggest that NFI-based mRNA-LNP

vaccination is an effective substitute for the traditional NI-based mRNA-LNP vaccination.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:

SARS-CoV-2

Needle-free injection (NFI)
Needle injection (NI)

Lipid Nanoparticle (LNP)
mRNA vaccine

Introduction

Inducing herd immunity through mRNA vaccines has been de-
monstrated to be a highly effective strategy for preventing the
spread of SARS-CoV-2 [1]. However, the mutations in the spike (S)
protein of SARS-CoV-2 that confer immune escape from neutralizing
antibodies have weakened the immune barrier established by cur-
rent available vaccines, including mRNA, inactivated, and
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recombinant protein vaccines [2-7]. Researchers expect that het-
erologous-booster injections of existing vaccines will become a
strategy to provide human beings a high antibody level to combat
the variants of concern (VOCs) [8-10]. Among these vaccines, the
mRNA type was used for large scale vaccinations due to its proven
safety, strong immunogenicity, and short research-development-
production cycle [11]. The US Food and Drug Administration (FDA)
and the European Medicines Agency (EMA) granted emergency use
authorization of Moderna and Pfizer/BioNTech bivalent COVID-19
mRNA vaccine boosters targeting Omicron BA.4/BA.5, which were
approved to enhance protection for vulnerable population groups,
such as elders, children, and immunodeficient or im-
munocompromised individuals [12-14]. To date, the administration
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of mRNA vaccine boosters can only be done via trained professionals
using conventional syringes. Vaccine hesitancy caused by needle
phobia and the scarcity of trained professionals are two major issues
facing high-risk populations when receiving vaccinations [15]. To
make the vaccination program more efficient and accessible, alter-
native vaccine delivery methods are needed.

Needle-free injection (NFI) technology uses a high-pressure
source to promote formation of high-speed liquid jets that penetrate
the epidermal and dermal layers and deliver drugs into the sub-
cutaneous or intramuscular layer [16]. Compared to the traditional
injection method (NI) that uses a needle to penetrate skin layers and
deliver a bulk of liquid that is gradually absorbed, NFI delivers
medicines in a more dispersed form with a significant increase of
contact area between injected liquid and capillaries, thus facilitating
drug absorption and reducing the pain of inoculation [17]. As for
vaccine delivery and utilization, the skin and subcutis have a com-
plex immune system that is histologically represented by skin-as-
sociated lymphoid tissue (SALT), which is composed of dendritic
cells (DCs), mast cells, B and T lymphocytes, and keratinocytes [18].
This immunologically complex organ has the ability to respond to
infectious and noninfectious aggressive agents through innate and
adaptive immunity mechanisms, which are called barrier epithelium
immune responses [19]. In recent years, the application of NFI
technology has been explored for use in many medical functions,
such as vaccination, insulin injections, and medical cosmetology
[20-22]. NFI-deliveries via both intradermal and intramuscular in-
jections have been used for different types of vaccines, including
inactivated polio vaccine (IPV) [23], influenza vaccine [24], hepatitis
B vaccine [25], human papillomavirus vaccine (HPV) [26], and
diphtheria pertussis tetanus (DPT) vaccine [27]. Yet, exploration of
the utilization of NFI with Covid-19 vaccines, especially mRNA type
vaccines, remains to be conducted.

In this study, we develop a novel integrated system of LNP-based
COVID-19 mRNA vaccines with NFI devices, and study the stability of
mRNA-LNP particles under the high-pressure conditions imposed by
the NFI system. Furthermore, using both rat and rabbit animal
models, we elucidate the system’s unique capability of generating a
high level of antibodies and its high effectiveness against Omicron
sublineages. We also provide insight into the future application of
NFI technology on mRNA type therapies.

Materials and methods
NFI-based dispersive depth-exploration of contents in animal models

Rats (5-7 weeks) and rabbits (4-6 months) were injected in the
lateral thigh area with an mRNA-LNP vaccine containing methylene
blue as indicator, using QS-P NFI-devices (Quinovare, China). The NFI
spring forces adopted in this test were 200 N, 220 N, 240 N, 260 N,
280 N for rats and 280 N, 300 N, 320 N, 340 N, 365 N for rabbits,
respectively. Each panel of spring force tests contained at least 4
animals. The injection site was dissected immediately after NFI-de-
livery to observe the coverage, depth, and diffusion of the methylene
blue. All use of study animals was approved by the Institutional
Animal Care and Use Committee.

Determination of flow velocity

The velocity of the liquid jet was examined by measurement and
confirmed using a theoretical formula. First, the measured motor
position (the control variable) was used to calculate piston speed,
which is related to the volumetric average jet speed by

VpAp

vj= 22
J
Ao
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where v; is the jet speed, v, is the speed of the piston, Ay is the area
of the piston and A, is the area of the nozzle orifice. This measure-
ment assumed that the piston speed and volume flow rate were
proportionally related, which was true for the vast majority of in-
jections.

The calculated velocities were verified by comparison with
Bernoulli’s equation and fluid dynamics equations relating pressure
to volumetric flow through the orifice. The theoretical maximum
velocity of the flow for a given driving pressure in the nozzle is
calculated using Bernoulli’s equation. Utilization of this equation
assumed that there were no frictional or turbulent energy losses in
the orifice and nozzle. The resulting equation was obtained by

N

p.v.
T2

L

P

where P is the pressure in the nozzle measured by the transducer, v;
is the theoretical maximum jet velocity, and p is the liquid density.
This method could also be used to determine the maximum in-
stantaneous velocity of the jet.

Cryo-electron microscopy assay

For cryo-EM, frozen-hydrated specimens were prepared with a
Thermo Fisher Vitrobot Mark IV plunger. The sample was placed on a
glow discharge holey carbon grid (Quantifoil Au R1.2/1.3). The excess
of solution from the grid was blotted for 3.0 s at 100% humidity at
8 °C before the grid was flash frozen in liquid ethane slush cooled at
liquid-nitrogen temperature. Cryo-EM data were collected on a
Thermo Fisher Titan Krios G3i electron microscope equipped with a
Gatan K3 direct electron counting camera. The microscope was op-
erated at 300 kV, and images of the specimen were recorded with a
defocus range of - 1.4 to - 2.4 um at a calibrated magnification of 64
k in the super-resolution mode of the K3 camera, thus yielding a
pixel size of 0.54 A on the object scale. A total of 2311 movie stacks,
each containing 32 sub-frames, were recorded with the semi-auto-
mated low-dose acquisition program EPU, with a total accumulated
dose of 50 electrons/A2. The raw super-resolution dose-fractionated
image stacks were 2 x Fourier binned, aligned, dose-weighted and
summed using MotionCor2, resulting in summed micrographs in a
pixel size of 1.08 A. Contrast transfer function (CTF) parameters were
estimated using CTFFIND4.1. Reconstruction resolutions were de-
termined based on the gold-standard Fourier shell correlation (FSC)
0.143 criterion with the high-resolution noise.

Plasmid construction and preparation of mRNA

The full length spike with the KEN445 mutants (K417N-E484K-
N501Y, KEN445) or the spike with the Omicron BA.5 mutants were
synthesized respectively (Genscript, China). Both plasmids con-
tained HBB 5'UTR, a CDS region encoding amino acid residues 1
through 1205 of the SARS-CoV-2 spike protein with the following
mutations: a "GSAS" substitutions at the Furin cleavage site (re-
sidues 682-685), 6 proline substitutions at residues 817, 892, 899,
942, 986 and 987, and a C-terminal T4 fibritin trimerization motif,
two tandem HBA2 3'UTR, 120 polyA tail. The sequences were cloned
into a pUC57-kan vector. The mRNA encoding KEN445 mutants or
BA.5 specific spike antigens were manufactured via in vitro tran-
scription (IVT) with T7 RNA polymerase (Vazyme, China).
Unmodified 5-triphosphate was completely replaced with N-1-me-
thylpseudouridine-5-triphosphate (Synthgene, China). After IVT, the
Cap-1 structure was added to the 5' terminus using vaccinia capping
system and 2'-O- methyltransferase (Vazyme). The mRNA was pur-
ified with LiCl precipitation, resuspended in 1 mM sterile-filtered
sodium acetate (pH 6.5), and kept frozen at - 80 °C until use.



S. Mao, S. Li, Y. Zhang et al.

LNP preparation, mRNA encapsulation and lyophilization

LNPs were prepared using the microfluidic technique. lonizable
cationic lipid (tricisionbio Biological Technology Co., Ltd. China), 1,2-
distearoyl-sn-glycero-3-phosphocholine DSPC (AVT, China), choles-
terol (AVT), polyethylene glycol lipid PEG (AVT, China) in ethanol
were briefly combined with mRNA in pH 5.8 citrate buffer using a
microfluidic mixer INano P (MicroNano, China). Formulations were
then diluted and exchanged with 10 mM Tris (pH 7.0) containing
series concentrations of sucrose. Formulations were concentrated
using Amicon ultra-centrifugal filters EMD (Millipore, USA), and
passed through a 0.22-um filter, then transferred into vials. The vials
were transported to the shelves of the freeze-dryer for lyophilization
treatment. The size and zeta potential of mRNA-LNPs were mon-
itored by dynamic light scattering (DLS) measurements using a
Zetasizer Nano ZS (Malvern, USA). The encapsulation and con-
centration of mRNA were determined using the RiboGreen assay kit
(Thermo Fisher).

Physicochemical analysis of mRNA-LNP particles upon NFI delivery

The lyophilized mRNA-LNP powder was reconstituted in nu-
clease-free water. The reconstituted samples were subsequently
drawn into the NFI device. Then, the samples were injected (towards
the bottom or at a 45° angle to the sidewall) into an eppendorf tube
using the needle-free device with spring forces of 240N, 320N,
420N, and 490 N. The untreated sample and the sample injected by
traditional needle syringe were used as the blank and NI control
samples, respectively. Finally, the size, PDI, and zeta potential of
mRNA-LNP were analyzed with DLS. The encapsulation efficiency
was measured using the RiboGreen assay.

Vaccination procedure

To assess the immunogenicity of the KEN445-mutant-mRNA-LNP
vaccine (KEN445-LNP), BALB/c mice (4-6 weeks) were randomly
allocated to groups and two intramuscular (IM) vaccinated using NI
with a series of mRNA-LNP doses (0.02, 0.08, 0.3, 1.25, 5, 20 ug per
mouse, n=4), separated by a 4-week interval.

To compare effectiveness of different delivery methods, rats (5-7
weeks) were vaccinated intramuscularly with mRNA-LNP (5 or 10 pg
per rat, n=8) using either NFI or NI. For the multiple injection ex-
periment, rats were vaccinated intramuscularly with 5 pg of mRNA-
LNP at each injection site using NFI (one vaccination, two injections).

To compare effectiveness of different delivery methods, rabbits
(4-6 months) were vaccinated intramuscularly or subcutaneously
with 20 pg of mRNA-LNP per rabbit (n = 6), or 2 pg of BIBP inactivated
vaccine (Sinopharm, China), or 10 pg of recombinant protein vaccine
(SinoCellTech, China). Vaccinations were performed on day 0 and
day 28. Unvaccinated control animals were administered an
equivalent volume of 1 x PBS buffer. The sera were collected 7 and 14
days after each vaccination for all groups.

To assess the effectiveness of using BA5-LNP as a booster against
Omicron BA.5 variants in heterogeneous vaccination, rabbits that
have been primed with two doses of KEN445-LNP mRNA vaccine
(tricisionbio, China), BIBP inactivated vaccine (Sinopharm, China),
and recombinant protein vaccine (SinoCellTech, China) were vacci-
nated intramuscularly with a third dose of BA.5-LNP vaccine (trici-
sionbio, China) 2 months after the second immunization (20 pug per
rabbit, n=4).

Analyses of antigen-specific binding antibody
The antigen-specific binding antibody in serum was measured

via ELISA. 5 pg/mL of full-length spike protein was coated into an
ELISA plate overnight at 4 °C. After blocking with 2% BSA-TBST buffer,

Nano Today 48 (2023) 101730

100 pl of gradient-diluted serum were transferred to the 96-well
plates and incubated for 2 h. Anti-Rat IgG F(ab)2-HRP secondary
antibody (Sino Biological, China) or anti-Rabbit IgG Fc-HRP sec-
ondary antibody (Jackson ImmunoResearch, USA), both at a final
concentration of 80 ng/mL, were added and incubated at 37 °C for
30 min. Plates were washed 5 times for subsequent color develop-
ment reaction, which was carried out by adding tetra-
methylbenzidine substrates and terminated by 2 M H,SO,4. Optical
absorbance at 450 nm (OD4s0 nm) was recorded on a microplate
reader (BioTek, USA). The concentration of binding antibody was
calculated by a standard curve drawn based on the OD4so nm value
of standard substance.

Angiotensin converting enzyme 2 (ACE2) inhibition assay

The antigen-specific neutralizing antibody in serum was mea-
sured with an ELISA-based ACE2 inhibition assay. Procedures were
carried out according to the protocol provided by the Anti-SARS-
CoV-2 Neutralizing Antibody Titer Serologic Assay Kit (ACRO
Biosystems, China). 50 ul of gradient-diluted serum and 50pul of
SARS-CoV-2 spike RBD/protein were simultaneously transferred to
the 96-well plate that was pre-coated with human ACE2 protein,
incubating at 37 °C in a 5% CO, incubator for 1 h. After being washed
three times, the microplate was patted dry. Then 100 pul of substrate
and 50 pl of termination solution were added sequentially for the
color development reaction. OD450 nm was subsequently recorded
using a microplate reader (BioTek, USA). Antibody level was calcu-
lated using the following equation: ACE2 inhibition (%) = (1- sample
0D450 nm/Negative Control OD4so nm) x 100%.

SARS-CoV-2 pseudovirus neutralization assay

The SARS-CoV-2 pseudovirus was manufactured by Sino
Biological (Beijing, China). Huh-7 cell was obtained from the Chinese
Culture Tissue Collection Center (CCTCC, China). The Luciferase
Assay System and Passive Lysis 5x Buffer were purchased from
Promega (Madison, USA). For the quantitative measurement of
neutralization antibodies, the SARS-CoV-2 pseudovirus PsV-Luc-
Spike carrying the firefly luciferase gene was tested. Briefly, vaccine-
immunized serum samples (deactivated at 56 °C for 30 min) were
serially diluted, incubated with 200 TCIDso/well pseudovirus (1 h at
37°C, in a 5% CO, incubator), and co-cultured with 2 x 10* cells for
20 h. Relative light unit (RLU) was measured to evaluate luciferase
activity (CentroXS> LB 960 Microplate Luminometer). Inhibition rate
of the pseudovirus entry was calculated as: Inhibition (%) = (Positive
RLU - Sample RLU) / (Positive RLU - Negative RLU) x 100%. The
pseudovirus neutralization titer (50% inhibitory dilution, psVNTs) is
defined as the serum dilution at which the RLUs were reduced by
50% when compared with the positive control wells. Positive neu-
tralizing antibody (NAb) was determined to have greater than 50%
inhibition, and the dose required to achieve this effect in 50% of the
animals (EDsq) was calculated.

SARS-CoV-2 live-virus neutralization assay

The titers of neutralizing antibodies against SARS-CoV-2 were
determined via the microplate cytopathic effect method in P3 lab
(CDC, China). Serum samples were diluted in 96-well microtiter
plates (Thermo) to appropriate concentrations, and then 100 CCIDsq
(50% cell culture infectious doses) of SARS-CoV-2 were transferred to
each pore, neutralizing at 37 °C in a 5% CO, incubator for 2 h. Next,
applicable concentrations of Vero cells (Procell) were introduced and
cultured at 37°C in a 5% CO, incubator for 4 d, which further ex-
perienced cytopathic observation. Karber arithmetic was subse-
quently adopted for calculating the terminus of neutralization,
namely the highest dilution of serum that could protect 50% of cells
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against 100 CCIDsq challenge was the 50% plaque reduction neu-
tralization titre (PRNTsp). The formula was summarized as LogCCIDsq
=Xm +1/2d - d Y pi/100, among which Xm =logarithm of the dilu-
tion of highest concentration of virus, d =logarithm of dilute coef-
ficient, and Y pi =sum of the percentage of cytopathy per dilution.
Live viruses of SARS-CoV-2 variants used in this study were Omicron
BA.1 isolated from HongKong, Omicron BA.2 isolated from NingXia
province, and Omicron BA.5 isolated from TianJin City of China, re-
spectively.

Stability test

The lyophilized mRNA-LNP powder samples were stored at 4 °C
and - 80 °C for 1 month, 2 months, 3 months and 6 months. The size,
PDI, and zeta potential of the mRNA-LNP samples were analyzed
with DLS. The encapsulation efficiency was measured using the
RiboGreen assay.

Spike expression in vitro

2x10% A549 cells (CCTCC, China) were seeded in 96-well plates
overnight. Then 0.3 pg of mRNA-LNPs with different storage time
and storage temperatures were added into the plate. Post transfec-
tion 48 h, cell supernatants were harvested for Spike expression with
ELISA Kkits (Sino Biological, China).

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 8.3.0
Software. Two-way analysis of variance (ANOVA) and two-tailed
unpaired t-test were used to test for statistical significance. Subject
number and p values are marked in the figures. Quantitative image
analysis of tissue distribution was conducted using Image] software.

Results
Study of fluid delivery via NFI in mammalian models

Since NI syringes rely on a closed tubular tunnel and human
finger force to deliver liquid medicines, the resultant slow velocity
renders formation of liquid aggregation at the injection site [28]. In
contrast, the NFI system relies on instantaneously imposed spring-
force and therefore is capable of creating high-velocity liquid jets at
the outlet of the device, allowing diffusion of liquid medicines into
the body through skin micro-pores [16]. Fig. 1 shows the models of
intramuscular and subcutaneous delivery of mRNA-LNP particles via
NFI. When an ultra-speed liquid jet stream passes through a skin
micro-pore, a hierarchical resistance gradually slows down and
disperses the liquid jet until it reaches the subcutis or muscle layer.
The mRNA-LNP particles with dispersoid distribution in the delivery
path are adequately exposed to immune cells that either existed
locally or were recruited via blood or lymphatic circulation, in-
cluding invading dermal DCs, Langerhans cells (LCs), and innate and
effector immune cells [29]. With this in mind, we put forward a
hypothesis that a finely-tuned NFI vaccine-delivery system could
significantly boost immunogenicity compared to traditional NI-de-
livered vaccines.

As an initial proof of concept, we conducted an exploration in
mammalian models. mRNA-LNPs containing methylene blue as an
indicator were injected into the legs of rats and rabbits through NFI
with gradient spring forces. After dissection, it was revealed that
200N of spring-force was sufficient to deliver the liquid contents
into the subcutaneous layer in rats, while 240N allowed for in-
tramuscular administration. NFI with 320 N spring force on rabbits
achieved the same effect (Fig. 1c). Via NFI delivery, the diffusion
areas of methylene blue in pork samples were measured to be
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179 mm?, 147 mm?, 156 mm? and 131 mm? cross-sections upon the
forces of 240N, 360N, 420N and 490N, respectively, that were
significantly higher than NI groups (Fig. 1d). NFI provided better
drug dispersion and distribution than NI in both the intramuscular
and subcutaneous administrations. These findings confirm the fea-
sibility of using NFI technology in mammals and have laid the
foundation for the in vivo preclinical study of NFI-COVID-19 vaccine
delivery systems.

Design and characterization of the mRNA-LNP vaccines

Among the SARS-CoV-2 spike mutation sites, K417N, E484A and
N501Y (hereafter KEN445) in RBD are proven to be critical for vac-
cine escape, which are also shared by B.1.351 (8) and Omicron sub-
lineages BA.1, BA.2, BA.5, BQ.1.1 and XBB [30-33]. In the present
study, we adopted perfused conformation of the extracellular do-
main (ECD) of S protein as a skeleton, combined with additional
furin and 6 P mutations and insertion of T4-fibritin (FT) trimeriza-
tion motif at C-terminus to construct KEN445 mutants or BA.5-
mRNA sequence (Fig. 2a). This strategy enabled and guaranteed the
successful translation of S protein and its stabilization [34-36]. Next,
the LNP comprised of ionizable lipid-C2, DSPC, Cholesterol and PEG-
lipid [37,38] was synthesized for encapsulating mRNA. The resultant
mRNA-LNP was further surrounded by sucrose to form intact sys-
tems, namely the two mRNA vaccines, KEN445-LNP and BA.5-LNP
covered in the present study (Fig. 2b).

Using ELISA, we discovered that the serum from KEN445-LNP
vaccinated mice could bind the receptor-binding domain (RBD) or
inhibit binding to ACE2. Indeed, KEN445-LNP vaccinated mice in-
duced potent RBD-specific antibodies (Fig. 2c) and blocked ACE2
binding (Fig. 2d). Binding to the full length spike was assessed in
Fig. 2d, because a potential benefit of targeting the full length spike
instead of RBD is the induction of a polyclonal antibody response
that recognizes multiple epitopes, thus avoiding immune escape by
antigenic drift. Neutralizing activity was measured using a pseudo-
virus neutralization assay and a live virus plaque reduction neu-
tralization assay. Reciprocal 50% pseudovirus neutralization
geometric mean titers (psVNTso GMTs) increased significantly with a
dose-dependent trend, from 286 to 23,660 (Fig. 2e). Mice vaccinated
with 20 ug of KEN445-LNP had GMTs of 308 for Omicron BA.1 and
800 for Omicron BA.2 respectively in live virus neutralization test
(Fig. 2f).

Taken together, KEN445-LNP, delivered via NI, induced robust S-
specific antibody responses with potent neutralizing capacity
against SARS-CoV-2 Omicron variants.

Stability of mRNA-LNP particles subjected to NFI

LNP nanospheres have been widely used in mRNA vaccines and
medicines to protect and transport mRNA species into cells. Stability
of LNP nanospheres has been a limiting factor on commercialization
of mRNA-type vaccines [39]. Therefore, it is of great interest to study
whether LNP nanospheres can survive the severe NFI operation
conditions. Herein, after optimization of NFI parameters, we used an
NFI device to deliver normal saline-dissolved mRNA-LNP, which has
been determined to possess long-term stability for 6 months at
2-8°C (Fig. 3d), and described three possible outcomes for the
mRNA-LNP particles: distribution, aggregation, or destruction
(Fig. 3a). Firstly, we monitored the flow velocity of mRNA-LNP at the
positions of 8 mm, 2 mm, and 0.02 mm relative to the outlet of the
NFI device. Unexpectedly, a high speed of 140 m/s was observed near
the outlet even at 240N spring force, whereas the force of 490 N
increased the speed to 202 m/s (Fig. 3b). To elucidate whether the
structure of the KEN445-LNP particle would be disrupted after NFI,
we conducted physicochemical analyses. Under the established in-
jection conditions for humans, the diameter of the NFI-based
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Fig. 1. Schematic diagram and applied exploration of NFI-mRNA-LNP in mammalian models. (a) Comparison of NFI and NI in intramuscular administration. The dispersoid
distribution of mRNA-LNP injected by NFI facilitates better absorption and entry into cells compared to that injected by NI (b) A model illustrates the process of subcutaneous
injection of mRNA-LNP with NFL. With the canonical NI system, delivery microparticles were believed to frequently form aggregations. In contrast, NFI is capable of dispersing
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mRNA-LNP containing methylene blue was delivered to explore the optimum spring force for intramuscular or subcutaneous delivery (n = 4). Pictures were taken focusing on the
injection site of legs. (d) Quantification analysis of mRNA-LNP dispersion areas after NI/NFI deliveries. mRNA-LNPs containing methylene blue were delivered to the muscle layer
of the skin. The areas containing methylene blue were quantitatively analyzed by Image] Software. *: P < 0.05; **: P < 0.01; ***: P < 0.001. Statistical analyses were performed

using GraphPad Prism 8.3.0 software.

KEN445-LNP was observed to have no differences in comparison to
the re-dissolved one. When the vaccine was injected directly with
maximum pressure, the mean values of the particle size of each
panel invariably stayed at a range of 160-220 nm (Fig. 3c). On the
same experimental subjects, polydispersity index, zeta potential and
encapsulation efficiencies kept at ranges of below 0.3, 30-45mV,
and over 80%, respectively, indicating that the KEN445-LNP particles
maintained stability in the face of strong Eppendorf tube interac-
tions created by the high flow velocity. In addition, using a 45° in-
jection angle relative to the tube wall, simulating in vivo
physiological conditions of mRNA-LNP into the tissue, achieved the
same stability (Fig. 3c).

To further study the status of KEN445-LNP particles after NFI
delivery, we used cryo-electron microscopy (cryo-EM) to visualize
the appearance of particles. Compared to NI-delivered particles,
320N NFI-delivered particles retained similar aspects, clear LNP
structures, and equal embedded mRNAs. These results were con-
sistent with the aforementioned physicochemical analyses. Although
the imposition of high pressure via NFI slightly promoted the se-
paration of LNP and mRNA molecules, intact KEN445-LNP particles
still dominated the population (Fig. 3d and c), indicating the con-
stitution of KEN445-LNP was practically resistant to the forces in-
troduced by NFI devices.

Humoral immune responses induced by NFI- and NI-delivered KEN445-
LNP in rats

Given the decent immunogenicity of KEN445-LNP in mice, we
further asked whether NFI-based administration of this vaccine
could elicit equivalent or better protective efficacy against SARS-
CoV-2 compared to the NI approach. Omicron mutants were picked
to test the cross-protection generated by KEN445-LNP. As expected,
NFI- and NI-delivered 5 pg vaccines, after two times of vaccination,
induced similar levels of spike-specific binding antibody, with no
statistically significant differences. The results with 10 pg vaccine
doses suggested similar outcomes. It is noteworthy that both do-
sages reached a LOD (limit of detection) at concentrations over 10°
ng/mL, regardless of whether delivered via NI or NFI (Fig. 4a and b).
Moreover, 1 week after the 2" vaccination, both NFI- and NI-deliv-
ered 10 pg dosages acquired results with lower standard deviations
than the 5 pg dosages, and the binding antibody 2 weeks after the
2" vaccination presented a similar phenomenon.

Generation of psVNTsq serum titers against Omicron-BA.1, 7 days
and 14 days after the 2" vaccination with KEN445-LNP, were
measured using the pseudovirus neutralization assay. A similar re-
sult to the binding antibody assay was obtained in the test using the
Omicron BA.1-pseudovirus (Fig. 4c and d), indicating that NFI- and
NI-delivered KEN445-LNP harbored equivalent immunogenicity and
cross-protection in rats. Again, 10 ug vaccine injections induced
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Fig. 2. Humoral immune response induced by NI-KEN445-mRNA-LNP in mice. (a) Schematic diagram of KEN445-mRNA and BA5-mRNA sequence. The coding region was
designed according to the DNA sequence of SARS-CoV-2 spike protein, including the critical mutations of K417N, E484A and N501Y or Omicron BA5 specific mutations. The specific
positions of mutations were described relative to the sequence of the wild type S protein. (b) Molecular diagram of mRNA-LNP system. Sucrose was employed as a protective agent
against oxidation of LNP particles. (c - f) SARS-CoV-2 Spike specific binding antibodies (c) and neutralizing activity (d), cross protection against the Omicron-BA.1 variant (e), and
neutralization of Omicron-BA.1 and BA.2 live viruses (f) induced by KEN445-LNP doses were determined using ELISA and ACE2 inhibition assays, a pseudovirus-based neu-
tralization assay (50% pseudovirus neutralization titer , psVNTso) and a live-virus neutralization assay (50% plaque reduction neutralization titer, PRNTsg). Serum samples were
collected 14 days after the second vaccination. Statistical analyses were performed using GraphPad Prism 8.3.0 software (n =4). The mean value of each individual on the X axis is
shown above the column in figure c. A reciprocal 50% neutralization titer (NTsp) geometric mean titer (GMT) is shown above the column in Fig. e and f.

higher levels of psVNTsq and lower standard deviations than the 5 ug
vaccine injections. In addition, production of RBD-specific binding
antibodies at 7 days and 14 days after the 2"¢ vaccination with
KEN445-LNP through NFI administration using a series of a 5 pg dose
at a single position, a 10 ug dose at a single position, and two 5 ug
doses simultaneously at two different skin positions (total 10 pg)
were also examined. At 1 week or 2 weeks after the 2"¢ vaccination,
all three dosing methods reached maximum level of antibody (LOD).
Again, measured with standard deviation, the single 10 pg dose in-
jection significantly reduced the variation of the immune response
results compared to the single 5pg dose. When a 10 ug dose was
divided into two 5 ug doses and injected into two separate positions
simultaneously, a further reduction of standard deviation was ob-
served (Fig. 4e and f). Dividing a single dose into multiple smaller
doses followed by the simultaneous delivery to different positions is
a unique design that the NFI system could easily achieve, and could
be a more favorable vaccination method for people with low im-
mune responses. Further study on this topic is ongoing.

Omicron BA.5-specific neutralizing antibody induced by NFI-delivered
mRNA-LNP vaccines in rabbits

Considering that Omicron sublineages has become the promi-
nent variant at present [40], we subsequently probed whether an
additional dose of NFI-delivered BA.5-LNP following two doses of NI-
or NFI-delivered KEN445-LNP was capable of providing cross-pro-
tection against the Omicron BA.5 variant in rabbits. Neutralizing
activities were measured through a live-virus neutralization assay.
Serum samples were collected 7 days after the 2" vaccination and
14 days after the 3™ vaccination in rabbits. NFI-delivered KEN445-
LNP induced generation of 5.3-times more BA.5-specific neutralizing
antibody than the NI-delivered KEN445-LNP, and this enhancement
of immunogenicity was statistically significant (Fig. 5a). Similarly,
NFI-mediated booster vaccinations of either inactivated or re-
combinant protein vaccines strongly increased the BA.5-neutralizing
antibodies compared to NI operation (Fig. 6b). Using the highly ef-
ficient BA.5-LNP as the third dose on mismatched samples (to even
the starting level of neutralizing antibody) quickly induced the
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Fig. 3. Dynamics of physicochemical characteristics of KEN445-LNP upon NFI delivery. (

a) Abridged general views of the NFI process. mRNA-LNP particles are distributed,

aggregated, or destroyed through NFI delivery. (b) Flow velocity of KEN445-LNP generated by a gradient of increasing pressure in the NFI system. The origin represents the outlet
of the NFI device. Position represents the testing point of flow velocity. (c) Physicochemical parameters of mRNA-LNP particles after NFI delivery within 240 N, 320 N, 420 N, 490 N.

Polydispersity, diameter, zeta potential, and encapsulation efficiency of mRNA-LNP upon

augmentation of pressure, with and without a 45° angle to the sidewall. Statistical

analyses were performed using GraphPad Prism 8.3.0 software (n=5). (d) Cryo-electron micrographs of mRNA-LNP particles treated by NFI and NI. The representative pictures
were selected at a view size of 81 K. Scale bar: 50 nm. (e) Long-term stability of KEN445-LNP. Intensity, PDI, encapsulation efficiency, zeta potential and spike expression in vitro of

KEN445-LNP particles were measured after storage at —80 + 10 °C or 2-8 °C for 0 days
ware (n=3).

maximum amount of BA.5-specific neutralizing antibodies, regard-
less of if given via NI- or NFI-delivery. Both NI- and NFI- panels
achieved a plateau for induing antibodies against Omicron BA.5 and
showed no significant difference statistically (Fig. 5a). The neu-
tralizing antibodies were also confirmed via an ACE2 inhibition assay
using 50 times diluted-serum samples since ACE2 is the major re-
ceptor of SARS-CoV-2 S protein [41-43]. A third dose of BA.5-LNP via
NFI-delivery induced 3.70 times higher level inhibition of Omicron
BA.5-ACE2 binding (Fig. 5b). Again, this immune enhancement was
statistically significant. Altogether, the NFI delivery system in rabbits
displayed superior vaccination responses than the NI delivery
system. In addition, BA.5-LNP exhibited a strong boosting capability
in reinforcing the immune responses of mammals against the
Omicron BA.5 variant.

Beyond that, we further queried whether the routes of admin-
istration would be responsible for some distinct consequences.
pSVNTs, titers against Omicron-BA.5, 14 days after both the 3™ NFI-
vaccination of BA.5-LNP (Fig. 5¢) and the 3™ Nl-vaccination of
KEN445-LNP (Fig. 5d) through both subcutaneous and intramuscular
injections, were determined in rats, which revealed that sub-
cutaneous injections induced a higher level of vaccination response
than intramuscular injections. It was also interesting to note that
NFI-delivery produced results with higher variability.

Interactions between BA.5-LNP and other types of vaccines for induing
Omicron BA.5-specific neutralizing antibodies

To further confirm the capability of BA.5-LNP in protecting
against the Omicron BA.5 variant, we next conducted an ACE2 in-
hibition assay (Fig. 5b) in rabbits that had previously received two
vaccinations with inactivated or recombinant protein vaccines. After
the third vaccination of BA.5-LNP, PRNTsy GMT all reached upper

to 6 months. Statistical analyses were performed using GraphPad Prism 8.3.0 soft-

LOD (Fig. 5a), which demonstrated the superior immunity-boosting
capability of BA.5-LNP. In order to detect the differences of immune
responses among subjects previously administered various types of
vaccines, the serum samples were diluted 50 times to reach the
lower-level detection limit. After a conversion, heterogeneously NFI-
mediated BA.5-LNP was observed to increase the Omicron BA.5-
specific neutralizing activity in inactivated vaccine-based rabbits by
about 3.95 times, in recombinant protein vaccine-based rabbits by
2.75 times (Fig. 6), and in mRNA vaccine-based rabbits by 3.70 times
(Fig. 5b). These results have together shown an apparent immunity-
boosting effect thus emphasizing the application of BA.5-LNP in the
real world for promoting the cross-protection against Omicron BA.5
in those who have received various combinations of COVID-19 vac-
cines. Cross protection results and discussions will be detailed in a
separate paper for future submission.

Discussion

Nearly three years of havoc caused by the COVID-19 pandemic
has brought about incalculable damage to human society [44-46]. To
some extent, the emergence of various vaccines has curbed the
spread of SARS-CoV-2 and established a primary immune barrier
[47,48], but this fragile balance is being constantly disrupted by the
rapid evolution of various novel variants [49,50]. The development
of effective vaccines has always lagged behind the rate of virus
mutation. Therefore, two strategies, heterologous and booster vac-
cinations, have been proposed to maintain an effective level of an-
tibodies and provide cross-protection against VOCs on the basis of
available vaccines [51-54]. In both strategies, COVID-19 vaccination
must become a routine practice. In this study, we took inspiration
from the commercial usage of NFI devices among diabetics [55] to
introduce the NFI system to COVID-19 vaccines, with addressing



S. Mao, S. Li, Y. Zhang et al.

a C

Binding antibody
1 Wk after 2" vaccination

ns ns
[ )
ns 104 . ns
107—
3
106 Lob =
3 105 é < 103
E d
g 1044 g
H 34
g 10 §- 102
S 102 ]
1074 =
1004+—pvieoo-r— 101
NFI NI NFI

b d

Binding antibody
2 Wk after 2" vaccination
ns
ns

ns

105
107+
1064 LOD L
-~ g 10
g 101 T 2
B 1044 oy
£ g 10°
o 1034 o
[ Q.
3 1077 S 102
10" ©
100 -+———-7— 101

NFI NI NFI NI

Pseudovirus-neutralization against BA.1
1 Wk after 2" vaccination

Pseudovirus-neutralization against BA.1
2 Wk after 2" vaccination

Nano Today 48 (2023) 101730

e

Binding antibody
1 Wk after 2" vaccination

ns
ns
106_
g 105_ T L]
g) =3 1site:5ug
e =3 1site: 10 ug
g 1044 =3 2ssites: 5 ug + 5 ug
o

108 —
NFI

f
Binding antibody
2 Wk after 2" vaccination
ns
= S5y
10 ug

ns

105-

105+
B3 1site:5pg
=3 1site: 10 ug

B3 2sites:5ug+5pug
1044

Conc. (ng/mL)
L
— |
—H
l:

10—
NFI

Fig. 4. Humoral immune response induced by KEN445-LNP vaccines after NFI and NI administrations in rats. (a, b) Binding antibodies against S RBD at 7 days (a) and at 14 days (b)
after the 2" vaccination were measured using ELISA method. (c, d) psVNTs, serum titers against Omicron-BA.1 at 7 days (c) and 14 days (d) after the 2"¢ vaccination were
determined by a pseudovirus neutralization assay. (e, f) RBD-specific binding antibody at 7 days (e) and 14 days (f) after the 2" vaccination with a strategy of 2 injections totaling
a 10 ug dose (5 pg + 5pg) during one vaccination. (a - f) Statistical analyses were performed using GraphPad Prism 8.3.0 software (n=8; ns means: not significant).

needle phobia as the original purpose. We selected a type of QS-P
NFI-device manufactured by Quinovare as a tool, after optimization,
to test the effectiveness of two designed LNP-based mRNA vaccines
against SARS-CoV-2. We proposed that the dispersion of high-flow
velocity particles within the tissue after NFI-delivery would enhance
immunogenicity of mRNA-LNP via increased interaction with im-
mune cells (Fig. 1a and b). We first deciphered the optimal pressure
required for NFI-delivery through different routes in rat and rabbit
models (Fig. 1c and d). Next, we described the strategy for con-
structing the SARS-CoV-2-specific mRNA vaccines covered in this
study (Fig. 2a and b), of which KEN445-LNP was suggested to gen-
erate high immunogenicity and effective cross-protection (Fig. 2c-f).

An essential prerequisite for effective mRNA vaccines is to ensure
abundant mRNA entering the cells efficiently [56]. The poor re-
sistance of LNP to the physical stresses imposed by the freeze-drying
process [57,58] has suggested that even a minimum flow velocity of
NFI might be sufficient to cause collision of mRNA-LNP particles and
destruction by breaking or aggregation. To our surprise, all the
physicochemical parameters and cryo-EM images have revealed that
an optimized NFI system keeps the conformation of KEN445-LNP
stable, even at the highest force of 490 N for human NFI injections
(Fig. 3c and d). In addition to our NFI system optimization, a possible
reason for this favorable stability was that the sucrose, which was
utilized as antioxidant, further protected the mRNA-LNP system
from high-speed and high-pressure impact. The refined selection
and ratio of raw materials within our LNPs could also be an

explanation. Further research will be conducted to investigate this
stability.

With the confirmation of stability of the designed mRNA-LNP
particle upon NFI delivery, we next conducted a comparison of im-
munogenicity generated by NFI- and NI-delivery in mammalian
models. In contrast to the equivalent immune responses yielded by
NFI and NI in rats, NFI-delivered KEN445-LNP in rabbits, a species
that is 10-15 times larger than rats, exhibited a higher immune re-
sponse compared to NI-based delivery (Fig. 4a-d; Fig. 5a). A similar
immunogenic result of the comparison between NFI and NI was also
obtained when using inactivated and recombinant protein vaccines
in rabbits (Fig. 6a). We conjecture that the size difference between
the model animals is the origin of this different immune response.
Specifically, the dispersing effect from NFI delivery, which promotes
more contact of mRNA-LNP particles to immune cells, is likely lim-
ited in small mammals. In relatively larger mammals, the more
ample spatial distribution of immune cells allows the dispersed
mRNA-LNP particles to play a more prominent role in antibody
production. Conduction of primate tests are necessary to verify this
hypothesis and lead to further human clinical studies. Additionally,
subcutaneous administration of mRNAs-LNP at the third vaccination
created a higher level of cross-protection than intramuscular ad-
ministration against Omicron BA.5-live virus in rats, for both NFI-
based BA.5-LNP and NI-based KEN445-LNP deliveries (Fig. 4e and f).
The results suggest that mRNA-LNP vaccines are better delivered by
subcutaneous injection because of the increased interaction with
immune cells [18,29]. On the topic of strengthening cross-protection
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Fig. 5. Omicron BA.5-specific neutralizing antibodies induced by mRNA-LNP vaccines with NFIL. (a) PRNTso serum titers against Omicron-BA.5 after two vaccinations with
KEN445-LNP and heterogeneous enhancement by BA.5-LNP in rabbits. A live-virus neutralization assay was adopted. (b) Comparison of ACE2-Omicron BA.5 inhibition rate
between twice-vaccinated and heterogeneously enhanced NFI panels. Serum samples were the same batch as (a) with further dilution process. Inhibition rate increase was
calculated using the value of the 2™ vaccination as a standard (Fold changes). (a, b) Serum samples were collected at 7 days after the 2™ vaccination and at 14 days after the 3™
vaccination in rabbits. (c, d) psVNTsq serum titers against Omicron-BA.5 at 14 days after the 3™ NFI-vaccination of 10 pg BA.5-LNP (c) and 3" NI-vaccination of 10 pg KEN445-LNP
(d) through subcutaneous and intramuscular injections were determined by pseudovirus neutralization assay in rats. The subjects were previously vaccinated twice with 10 pg
KEN445-mRNA. (a - d) Statistical analyses were performed using GraphPad Prism 8.3.0 software (n=4; **: P < 0.01). A reciprocal 50% neutralization titer (NTso) geometric mean

titer (GMT) is shown above the column in figure a, c and d.

against the Omicron BA.5 variants by heterogeneous vaccination of
BA.5-LNP, we observed that the value of PRNTsq GMT plateaued after
two vaccinations of NFI-based KEN445-LNP in rabbits. Furthermore,
the 50 times-diluted serum samples from the same batch displayed
significant suppression of Omicron BA.5-ACE2 binding after using
NFI-delivered BA.5-LNP at the third vaccination (Fig. 5a and b), in-
dicating that the BA.5-mRNA, which was constructed by employing
the S protein sequence of Omicron BA.5 as a skeleton, was indeed
able to reinforce the cross-protection against Omicron BA.5 hetero-
geneously. Moreover, we have also made an effort to decrease in-
dividual variations in immune responses to mRNA-LNP drugs when
using NFI delivery, and put forward a protocol of split injections of a
single dose at different sites during one vaccination (Fig. 4g and h).

The decreased variability was the result of increasing antibody levels
in subjects with lower immune responses to the upper LOD. We
suggest that this increased consistency is due to the greater mRNA-
LNP dispersion.

Finally, since the highly effective mRNA COVID-19 vaccines were
only partially used world-wide, heterogeneous vaccination across
different types of vaccines using distinct delivery methods would be
an ideal solution for combating the rapidly mutating SARS-CoV-2
virus. Our results suggest that NFI-delivered BA.5-LNP could be
chosen as an effective booster for people who were previously
vaccinated with inactivated, recombinant protein, or mRNA vaccines
(Fig. 6), broadening our knowledge of the consequences of interac-
tions between different COVID-19 vaccines.
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5. Conclusions Data Availability
With this study, we have discovered and explained some im- Data will be made available on request.
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