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Abstract: SARS-CoV-2, the causal agent of COVID-19, is a contagious respiratory virus that frequently
mutates, giving rise to variant strains and leading to reduced vaccine efficacy against the variants.
Frequent vaccination against the emerging variants may be necessary; thus, an efficient vaccination
system is needed. A microneedle (MN) vaccine delivery system is non-invasive, patient-friendly,
and can be self-administered. Here, we tested the immune response produced by an adjuvanted
inactivated SARS-CoV-2 microparticulate vaccine administered via the transdermal route using a
dissolving MN. The inactivated SARS-CoV-2 vaccine antigen and adjuvants (Alhydrogel® and Ad-
daVax™) were encapsulated in poly(lactic-co-glycolic acid) (PLGA) polymer matrices. The resulting
MP were approximately 910 nm in size, with a high percentage yield and percent encapsulation
efficiency of 90.4%. In vitro, the vaccine MP was non-cytotoxic and increased the immunostimulatory
activity measured as nitric oxide release from dendritic cells. The adjuvant MP potentiated the im-
mune response of the vaccine MP in vitro. In vivo, the adjuvanted SARS-CoV-2 MP vaccine induced
high levels of IgM, IgG, IgA, IgG1, and IgG2a antibodies and CD4+ and CD8+ T-cell responses in
immunized mice. In conclusion, the adjuvanted inactivated SARS-CoV-2 MP vaccine delivered using
MN induced a robust immune response in vaccinated mice.

Keywords: microneedles; microparticles; SARS-CoV-2; immunogenicity; cytotoxicity; antibody
response; T-cell response

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection causes COVID-19
in humans and has globally affected the health of individuals with over 1,083,2791 deaths in
the United States alone (as of 20 December 2022) [1]. Vaccination against SARS-CoV-2 is the
most effective tool used to protect against lower respiratory tract infection or severe disease
caused by the virus [2]. Currently, several vaccines for COVID-19 have been approved for
use in humans [3]. However, through mutations and immune evasion, SARS-CoV-2 and its
variants remain a significant global threat [4]. Therefore, much like the flu shot, frequent
vaccination against SARS-CoV-2 may be necessary. With routine immunizations, there
is a lack of efficiency during mass vaccination, not to mention the burden on healthcare
professionals to administer the vaccines. From a patient’s perspective, individuals face
several challenges while vaccinating. Individuals suffering from needle phobia refuse to
vaccinate; needle injections are often painful and are not desired by older patients, young
children, and toddlers. Therefore, an improvised and patient-friendly vaccination system
that can maintain vaccine efficacy while being pain-free and efficient for mass vaccination
and frequent immunization is highly desirable.
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Recently, the microneedle (MN) system for vaccine delivery has gained much at-
tention, as it is a non-invasive approach with the possibility of self-administration [5–7].
Such a versatile system for vaccine delivery is suitable for mass vaccination and frequent
immunization and will positively influence the global vaccination rate. From an immuno-
logical standpoint, MN administration is advantageous, as the epidermal and dermal layers
of the skin are enriched with Langerhans’s cells and circulating dendritic cells that can
readily recognize the vaccine antigen, thus activating an immune response [8–10]. Here,
we explore the use of dissolving MN for administering an inactivated microparticulate
SARS-CoV-2 vaccine. These dissolving MN are composed of biodegradable polymers,
which are very safe for human use and dissolve within 5 min upon application to deliver
the vaccine antigen.

When an inactivated virus vaccine is administered to an individual, the virus is pre-
sented as a whole to the immune system, resulting in a broader immune response [11].
SARS-CoV-2 consists of several structural proteins, including the spike (S) protein, mem-
brane (M) protein, nucleoprotein (N), and envelope (E) protein [12,13]. Heat inactivation
of the virus destroys the viral RNA, thus preventing the virus from replicating in the host
cell while conserving the other structural proteins [14,15]. With relevance to SARS-CoV-2,
when an inactivated vaccine is administered, the immune system may generate antibodies
and cellular responses against the N protein, M protein, and E protein, in addition to the
S protein [11,15,16]. Recent studies have shown that the SARS-CoV-2 variants predom-
inantly harbor spike RBD mutations, resulting in reduced vaccine efficacy against the
variants [17–19]. Therefore, a vaccine targeting different structural proteins may be more
efficacious against the emerging variants [20–23]. However, to generate responses against
the other structural proteins, all the proteins must be presented to the immune system
without being degraded or destroyed by the tissue fluids upon vaccine administration [24].
Here, we propose a microparticulate vaccine delivery system encapsulating the inactivated
SARS-CoV-2 virus in a polymer matrix.

Encapsulating the vaccine antigen in a biodegradable polymer matrix protects it by
providing sustained release, thereby preventing antigen degradation by enzymes in the
tissue fluids [25–27]. Microparticulate vaccines have also been reported to be better taken
up by the circulating dendritic cells (DCs), resulting in more significant translocation to
immune organs (draining lymph nodes and spleen) and allowing for increased antigen
presentation to the T-cells [28–31]. In contrast to microparticulate antigens, antigens in the
suspension form are smaller in size and are less immunogenic. Therefore, they are poorly
recognized and are rapidly cleared by the host’ immune system [32]. In the past, we have
demonstrated that encapsulating the vaccine antigen in a polymer matrix can enhance the
immunostimulatory activity of the antigen [26,33–35]. In the present study, the vaccine
antigen and adjuvants are encapsulated in polymer matrices using poly(lactic-co-glycolic
acid) (PLGA) to form an effective carrier system. Microparticulate vaccines have previously
been reported to be stable at room temperature and thus may be favorable during vaccine
storage and distribution for mass vaccinations and global immunization [36–40].

Adjuvants have long been used in vaccines to boost the immune response produced
by the vaccine antigen [41]. The adjuvants Alhydrogel® and AddaVax™ are approved for
use in licensed vaccines and have been documented to enhance the vaccine response [42].
Alhydrogel® forms a depot when injected and recruits APCs to the site of administration,
increasing cellular uptake and antigen presentation to T-cells [43–45]. AddaVax™ (MF59-like)
is a squalene-based nano-emulsion that induces cytokines and chemokines involved in the
recruitment, activation, and maturation of APCs [46–48]. Previously, we have tested the
adjuvants Alhydrogel® and AddaVax™, encapsulated in polymer matrices in a model mi-
croparticulate vaccine formulation [35]. We observed that adjuvants and an inactivated model
antigen yielded increased antibody levels in vaccinated mice [35]. Therefore, Alhydrogel®

and AddaVax™ were used in this study as adjuvants to enhance the immunogenicity of the
inactivated SARS-CoV-2 antigen.
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Previously, as a proof of concept, we demonstrated that MN administration of an
inactivated microparticulate vaccine utilizing canine coronavirus (CCoV) as a model antigen
increased antibody levels in vaccinated mice [35]. In this current follow-up study, we have
summarized the results of testing an adjuvanted inactivated SARS-CoV-2 MP vaccine
administered to mice using quick-dissolving MNs. First, the vaccine and adjuvant MP
were formulated, characterized, and assessed in vitro for immunogenicity and cytotoxicity.
The vaccine-loaded MN was then prepared and administered to mice via the skin. The MN
quickly dissolves to release the vaccine MP, which may then be taken up by the dendritic
cells or macrophages in the skin, subsequently activating the host immune responses
against the vaccine antigen. The SARS-CoV-2 specific antibody levels and T-cell responses
following MN vaccination were evaluated and are reported in this article.

2. Materials and Methods
2.1. Materials

Sodium hyaluronate (100 kDa) was obtained from Lifecore Biomedical (Chaska, MN,
USA). Poly(lactic-co-glycolic acid) (75:25) was procured from Evonik Industries (Essen, Ger-
many). Polyvinyl alcohol (PVA) (Avg Mol Wt. 30,000–70,000), dichloromethane (DCM),
trehalose dihydrate, and lipopolysaccharides (LPSs) from Escherichia coli O111:B4 were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The heat-inactivated SARS-CoV-2
antigen was obtained from BEI Resources (NIAID, NIH: Heat Inactivated, SARS-Related
Coronavirus 2, Isolate USA-WA1/2020, NR-52286). Alhydrogel® and AddaVax™ were pur-
chased from InvivoGen (San Diego, CA, USA). Pierce Micro BCA™ Assay Kit was obtained
from Thermo Fisher Scientific (Waltham, MA, USA). The 8 × 8 array poly dimethyl silox-
ane (PDMS) MN templates were obtained from Micropoint Technologies (Singapore). Fetal
bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM), non-essential amino
acids, and penicillin/streptomycin were procured from American Type Culture Collection
(ATCC) (Manassas, VA, USA). Murine dendritic cells (DCs) were a gift from Kenneth L.
Rock at the Dana-Farber Cancer Institute, Inc. (Boston, MA, USA). Six- to eight-week-old
Swiss Webster mice were procured from Charles River Laboratories (Wilmington, MA, USA).
HRP-tagged secondary goat anti-mouse antibodies IgG, IgM, IgA, IgG1, and IgG2a, were
procured from Invitrogen (Rockford, IL, USA). Allophycocyanin (APC)-labeled anti-mouse
CD4 and fluorescein isothiocyanate (FITC)-labeled anti-mouse CD8 antibodies were obtained
from Invitrogen™, Thermofisher Scientific (Waltham, MA, USA).

2.2. Methods
2.2.1. Preparation and Characterization of Microparticles (MP)

The heat-inactivated SARS-CoV-2 (iSARS-CoV-2) vaccine MP and adjuvant MP (Alhydrogel®

and AddaVax™) were prepared using a double emulsion method with solvent evaporation
as described previously [9,33–35]. First, the inactivated SARS-CoV-2 antigen (1% loading)
in a pH 7.4 phosphate buffer was added to PLGA in DCM solution (2% w/v) and probe-
homogenized at 17,000 RPM using a 30 s on/30 s off cycle for 2 min (primary emulsion).
Next, the primary emulsion was probe-homogenized with the PVA solution in deionized
water (0.1% w/v) for 2 min at 17,000 RPM (double emulsion). The final emulsion was stirred
at 500 RPM for 5 h to remove the residual DCM via solvent evaporation. The excess PVA
was removed by washing with deionized water followed by centrifugation at 17,000 RPM
for 10 min. The MP was resuspended with 1 mL of trehalose solution (2% w/v) to serve as a
cryoprotectant. The Alhydrogel® MP (10% loading) and AddaVax™ (5% loading) MP were
prepared similarly by substituting the antigen with the adjuvant in the primary emulsion.
The final vaccine MP and adjuvant MP formulations were freeze-dried to obtain the dry
product. The percent recovery yield of the lyophilized product was calculated using the
following formula as described previously [35,49,50].

Percent Recovery yield =
Weight of lyophilized MP ∗ 100

Weight of all ingredients in the formulation
(1)
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The MP were observed under the scanning electron microscope and characterized for
size and shape. The MP size and the surface charge were measured using a Malvern Zeta-
sizer Nano ZS (Malvern Panalytical Ltd., Worcestershire, UK), as described previously [35].
The encapsulation efficiency (EE) of the inactivated SARS-CoV-2 antigen in the MP was
assessed as described previously [33–35,51]. Briefly, DCM was added to 5 mg of the vaccine
MP to dissolve the PLGA matrix. The solution was centrifuged to concentrate the antigen
into a pellet. The supernatant was discarded, and the concentrated antigen pellet was
placed in a vacuum chamber for 30 min to remove the residual DCM by evaporation. The
antigen was resuspended using 1 mL PBS and analyzed using a micro-Bicinchoninic acid
(BCA) assay per the manufacturer’s instructions. The concentration per ml (conc/mL) was
determined by plotting a standard curve. The percentage encapsulation efficiency (% EE)
was calculated using the following formula, as described previously [34,35,51].

%EE =
Practical concentration of antigen in 5mg of MP× 100

Theoretical concentration of antigen in 5mg of MP
(2)

2.2.2. Evaluating the In Vitro Immunostimulatory Activity of the Vaccine MP

The in vitro immunogenicity of the MP was assessed by measuring the nitrite released
by the DCs exposed to the different MP groups. As described previously, the nitrite accu-
mulated consequent to nitric oxide production by the DCs was quantified using Griess’
nitrite assay [26,33–35]. Briefly, in a 96-well plate, murine DCs were plated at a density
of 1 × 104 cells/well. The cells were then pulsed with a calculated amount of antigen MP
and adjuvant MP and were incubated for 24 h at 37 ◦C. The groups tested and their corre-
sponding dose/wells are listed as follows: lipopolysaccharide (LPS) from Escherichia coli
(positive control) (2 µg), no treatment (negative control), blank MP, Alhydrogel® MP (3 µg),
AddaVax™ MP (0.5 µg), inactivated SARS-CoV-2 (iSARS-CoV-2) suspension (2 µg), iSARS-
CoV-2 MP vaccine (2 µg), adjuvanted iSARS-CoV-2 MP vaccine (iSARS-CoV-2 (2 µg) +
Alhydrogel® (3 µg) + AddaVax™ (0.5 µg)). After the 24 h incubation, the supernatants
(50 µL/well) were transferred to a fresh 96-well plate. To each well, 50 µL of sulfanilamide
(1%) in phosphoric acid (5%) was added and incubated for 5–10 min, protected from light
at room temperature. Next, 50 µL of NED (0.1%) (N-1-naphthyl ethylenediamine dihy-
drochloride) solution in deionized water was added and kept at room temperature for
5–10 min, protected from light. The appearance of a purple/magenta color indicated nitrite
release. The absorbance (540 nm) was read using a plate reader (Bio Tek Synergy, BIO-TEK
Instruments, Winooski, VT, USA). A sodium nitrite standard curve was plotted from which
the nitrite content was quantified.

2.2.3. Determining the In Vitro Cytotoxicity of the Vaccine MP

The cytotoxicity of the inactivated SARS-CoV-2 MP to DCs was assessed in vitro using
an MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) described
previously [33–35]. The cytotoxicity of the adjuvant MP (Alhydrogel® MP and AddaVax™
MP) has been previously tested and was found to be non-cytotoxic in varying concentra-
tions [35]. To assess the cytotoxicity of the inactivated SARS-CoV-2 MP, DCs were plated
at a cell density of 1 × 104 cells/well in a 96-well plate. Then, two-fold serial dilutions of
the inactivated SARS-CoV-2 MP (31.25 ug/mL to 500 µg/mL) were prepared in cDMEM
(DMEM high glucose medium with 2 mM L-glut, 1% penicillin–streptomycin, sodium
pyruvate, 10% FBS). The diluted MP suspensions were added in triplicate to each well
and incubated for 24 h at 37 ◦C. Cells that received no treatment were used as the positive
control, and cells treated with 50 µL of DMSO were used as the negative control. After the
incubation period, the media containing the suspended MP were removed gently using a
pipette. Next, 10 µL MTT reagent (5 mg/mL) was added to every well, and the volume
was made up to 100 µL/well with cDMEM. The plate was kept for incubation at 37 ◦C for
4 h, protected from light. Following incubation, 100 µL/well of DMSO was added, and the
absorbance (570 nm) was measured using a plate reader.
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2.2.4. Preparation of Vaccine-Loaded MNs

As described previously, a spin casting method was used to prepare the vaccine-loaded
quick-dissolving MN [9,35]. Then, 10% w/v sodium hyaluronate and 5% w/v trehalose in
deionized water constituted the MN gel base. Then, the vaccine MP and the adjuvants MP
required for each patch were weighed and dispersed into the MN gel base. Then, 25 mg
of gel was added to each pre-weighed PDMS MN mold and centrifuged at 4000 rpm for
15 min at 15 ◦C to form the MN. The MN molds were kept overnight for drying, and 10%
HA gel was added as backing the following day. The dried MN were removed from the
molds and observed under the scanning electron microscope for its physical appearance.

2.2.5. In Vivo Immunization Procedure and Dosing Regimen

The vaccine efficacy of the adjuvanted inactivated SARS-CoV-2 MP vaccine adminis-
tered using dissolving MN was tested in vivo in 6–8-week-old male Swiss Webster (CFW)
mice, n = 4. The mice were immunized via the skin with the vaccine-loaded MN patches.
The testing was performed as per the approved Mercer University IACUC protocol (ani-
mal protocol #A2004006). The antigen dose was 20 µg/mouse of inactivated SARS-CoV-2,
the Alhydrogel® dose was 30 µg/mouse, and the AddaVax™ dose was 5 µg/mouse. The
animals were divided into two groups: a no treatment control group and the adjuvanted
inactivated SARS-CoV-2 vaccine MP group. The vaccine group received the adjuvanted
MP vaccine using the dissolving MNs via the transdermal route. Before immunization, a
2 × 2 cm patch of the fur was removed from the back of the anesthetized mice (inhalational
Isoflurane) using a depilatory cream for ease of MN application. The animals received three
doses of the vaccine at weeks 0, 3, and 5. The mice were bled bi-weekly, and the serum was
collected for determining the antibody levels. The animals were sacrificed at week 10, and
their immune organs, including the spleen and lymph node, were isolated and processed
into single-cell suspensions to analyze T-cell responses (Figure 1).
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Figure 1. Schematics of methodology used in this study. The vaccine MP and adjuvant MP were
formulated and characterized. The vaccine-loaded quick-dissolving MN were prepared using a
spin casting method. The MP were assessed in vitro for their immunogenicity and cytotoxicity. The
vaccine-loaded MN were administered to mice following which both antibody levels and cellular
responses were assessed and reported. The mice received three doses of the adjuvanted inactivated
SARS-CoV-2 MP MN vaccine at weeks 0, 3, and 5. The mice were sacrificed at week 10, and the
immune organs (spleen and lymph node) were isolated and processed into single-cell suspensions to
analyze T-cell responses. The image was created using BioRender.com (accessed on 7 March 2023).

BioRender.com
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2.2.6. Determining the Serum Antibody Levels in Immunized Mice

The mice were bled bi-weekly, and the serum was isolated to evaluate the SARS-
CoV-2-specific antibody responses. An enzyme-linked immunosorbent assay was used
to determine the serum IgM, IgG, IgA, IgG1, and IgG2a levels described previously [35].
For this purpose, high-binding 96-well plates (MICROLON®, 96-well plate, High binding,
Greiner bio one) were coated with 50 µL/well of the inactivated SARS-CoV-2 antigen
(0.2 µg/well) in a pH 9.6 carbonate buffer solution. The coated plates were kept overnight
at 4 ◦C to facilitate attachment of the antigen. Following incubation, plates were washed
with 200 µL of 0.01% Tween-20 PBS (T-PBS) solution and blocked with 50 µL/well of 3%
Bovine Serum Albumin (BSA) in T-PBS (blocking solution) for 3 h at 37 ◦C. The plates
were rewashed, and the diluted serum sample (50 µL/well) was added to the wells and
incubated overnight at 4 ◦C. The plates were washed again, and 50 µL/well of the HRP-
tagged secondary goat anti-mouse IgM, IgG, IgA, IgG1, and IgG2a antibodies (1:2000 to
1:4000) were added and incubated at 37 ◦C for 90 min. Next, the plates were washed, and
50 µL/well of the TMB (3,3′,5,5′ ′-tetramethyl benzidine) substrate reagent (BD OptEIA™,
BD Biosciences, San Jose, CA, USA) was added to each well and kept at room temperature
for 10 min. The reaction was stopped by adding 50 µL of 0.3 M H2SO4 to each well. The
absorbance was read at 450 nm using a plate reader.

2.2.7. Evaluating the T-Cell Responses in Immunized Mice

The mice were sacrificed during week 10, and spleen and lymph nodes (inguinal
and brachial) were isolated and processed into single-cell suspensions as described previ-
ously [26,52]. The red blood cells (RBCs) in the spleen were lysed by adding ammonium
chloride potassium (ACK) lysis buffer. The cells were centrifuged to remove the lysed RBCs
at 1200 rpm for 10 min, and the splenocytes were resuspended in DMEM containing 70%
fetal bovine serum (FBS). Then, 5% v/v DMSO was added to the cells as a cryoprotectant,
frozen at −80 ◦C. The percentage (%) expression of CD4+ and CD8+ T-cells in the lymph
nodes and spleen cells was evaluated using a flow cytometer. First, the cell suspensions
were quickly thawed and centrifuged at 1200 rpm to remove the media and DMSO. The
cells were resuspended using fresh DMEM and stimulated with 5 ng/mL IL-2 overnight.
The following day, the cells were centrifuged at 1200 rpm to remove the IL-2, and the cells
were resuspended using fresh DMEM. The cells were then stimulated with 5 µg/mL of
the inactivated SARS-CoV-2 antigen overnight. As the mice were not challenged with the
live SARS-CoV-2 virus, the splenocytes and lymphocytes were stimulated in vitro with the
vaccine antigen to test the specificity of the CD4+ and CD8+ T-cells toward SARS-CoV-2.
Following incubation with the antigen, the cells were centrifuged at 1200 rpm to form a
pellet. The cells were resuspended in 100 µL of the marker solution containing APC-labeled
anti-mouse CD4 and FITC-labeled anti-mouse CD8 antibodies in PBS. The cells were in-
cubated for 1 h on ice, protected from light, and gently vortexed every 15 min. Following
incubation, the cells were washed 3 times and analyzed using flow cytometry.

2.2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.2.0 software (GraphPad
Software, San Diego, CA, USA). One-way ANOVA was used for normally distributed data
with independent groups. Two-way ANOVA was used for dependent groups. A post hoc
Sidak’s test was used for multiple comparisons between the two groups. For multiple
comparisons between three or more groups, a post hoc Tukey test (to compare between
means) or post hoc Dunnett test (to compare means to control) was used. The following
p values were used, p > 0.05 (ns—non-significant), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001
(***), and p ≤ 0.001 (****). A p value < 0.05 is considered statistically significant. Data are
expressed as mean ± standard error mean (SEM).
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3. Results
3.1. Characterization of Vaccine MP and MN

The percentage yield of the inactivated SARS-CoV-2 MP was 83%, with an encapsula-
tion efficiency of 90.4%, size of approximately 910 nm, and surface charge of −23.11 mV.
The percentage yield of the Alhydrogel® MP was 93%, with a size of roughly 1.3 µm and a
surface charge of 12 mV. The percentage yield of the AddaVax™ MP was 90.5%, with an
approximate size of 1.2 µm and a surface charge of−12.5 mV. Scanning electron microscope
images show that the inactivated SARS-CoV-2 MP were spherical with smooth surfaces
(Figure 2A). The dissolving MNs were also observed under the scanning electron micro-
scope. The images show the formation of sharp needles with a length of approximately
482 µm (Figure 2B). A detailed characterization analysis of dissolving MNs was previously
published by our group [9].
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Figure 2. Characterization of vaccine MP and vaccine-loaded MN. (A) Scanning electron microscope
image of the vaccine MP (magnification—8100×). The vaccine MP was spherical with smooth
surfaces. (B) Scanning electron microscope image of an MN patch (magnification—195×). The MN
was approximately 482 µm in length. (C,D) Indocyanine green (ICG)-loaded MN band-aid patch.
ICG was used for better visualization of MN.

3.2. Vaccine MP Show Enhanced Immunostimulatory Activity In Vitro

The immune recognition or biologic activity of the formulated iSARS-CoV2 MP by
DC was assessed using an in vitro assay. The nitric oxide (NO) released by the DCs pulsed
with vaccine MP was measured and quantified. The blank MP and the AddaVax™ MP did
not release significant levels of NO compared to the cells that received no treatment or LPS-
treated DC (Figure 3). Alhydrogel® MP produced significant levels of NO compared to the
no treatment group. The cells that received the inactivated SARS-CoV-2 antigen suspension
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had negligible NO. However, the cells that received the inactivated SARS-CoV-2 MP vaccine
produced significantly high levels of NO compared to the antigen in the suspension form.
Further, adding adjuvants Alhydrogel® and AddaVax™ significantly increased the NO
release and resulted in a significant difference compared to the unadjuvanted MP group
(Figure 3).
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The cell density was adjusted to 1 × 104 cells/well and treated with the following groups for 24 h:
lipopolysaccharide (LPS) (2 µg) (+ve control), no treatment (−ve control), blank MP, Alhydrogel®

MP (3 µg), AddaVax™ (0.5 µg), iSARS-CoV-2 suspension (2 µg), iSARS-CoV-2 MP vaccine (2 µg), ad-
juvanted iSARS-CoV-2 MP vaccine (iSARS-CoV-2 (2 µg) + Alhydrogel® (3 µg) + AddaVax™ (0.5 µg)).
The nitrite released in the supernatant was assessed using the Griess’ nitrite assay method. Data
expressed as mean ± SEM, n = 3, one-way ANOVA test, post hoc Dunnett’s multiple comparisons
test, ns: non-significant, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

3.3. Vaccine MP Are Non-Cytotoxic to DCs

The cytotoxicity of the inactivated SARS-CoV-2 MP was tested in vitro using the MTT
assay. The cytotoxicity of the adjuvant MP was previously assessed and reported to be
non-toxic to cells in specific concentrations [35]. Consistent with our previously published
data, the inactivated SARS-CoV-2 MP vaccine was also found to be non-cytotoxic and
resulted in no significant cell death up to a concentration of 500 µg/mL. Dimethyl sulfoxide
(DMSO) was used as a positive control and resulted in a significant decrease in the percent
cell viability compared to the cells only control (Figure 4).
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Figure 4. Percent cell viability of DCs pulsed with iSARS-CoV-2 MP. The cell density was adjusted
to 1 × 104 cells/well. Two-fold serial dilutions of the iSARS-CoV-2 MP in cDMEM (concentration
range: 31.25 to 500 ug/mL) were added to every well at a volume of 100 µL/well and incubated for
24 h. Cell only and cells treated with DMSO (50 µL) were used as positive and negative controls,
respectively. Data expressed as mean ± SEM, n = 3, one-way ANOVA test, post hoc Dunnett’s
multiple comparison test, ns: non-significant, **** p ≤ 0.0001.
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3.4. Adjuvanted Vaccine Increased Antibody Levels in Immunized Mice

Following immunization of mice with the vaccine MN, the antibody levels in the mice
sera were assessed using ELISA. The SARS-CoV-2-specific IgM, IgG, IgA, IgG1, and IgG2a
antibody levels were detected and quantified. The serum IgM levels peaked during week 2
following the prime dose and subsequently decreased during the later weeks (Figure 5).
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The serum IgG levels increased following the prime dose and remained significantly
high until week 8 (Figure 6A). The serum IgA levels increased considerably following the
prime dose and remained high until week 8 (Figure 6B).
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Figure 6. Serum IgG and serum IgA antibody levels in vaccinated mice. (A) Total IgG in vaccinated
mice. (B) Total IgA in vaccinated mice. Responses obtained are compared to the no treatment (control).
Data expressed as mean ± SEM, n = 4, two-way ANOVA, post hoc Sidak’s multiple comparisons test.
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

IgG subtyping revealed that the serum IgG1 levels increased significantly during
weeks 6 and 8 following the second booster dose, administered at week 5 (Figure 7A).
Serum IgG2a levels increased significantly at week 8 (Figure 7B). The data show that the
adjuvanted iSARS-CoV2 MP delivered by microneedles induced a robust antibody response
against the vaccine antigen.

3.5. Adjuvanted Vaccine Produced T-Cell Responses in Immunized Mice

The expression of CD4 and CD8 molecules on the surface of the activated T-cells in the
splenocytes and lymphocytes of the vaccinated mice was assessed using flow cytometry
analysis. The percentages of CD4+ (30.09%) and CD8+ (9.3%) T-cells in the splenocytes
of the vaccinated mice were higher compared to the percentage of CD4+ (13.92%) and
CD8+ (9.3%) T-cells of the no treatment control group (Figure 8A,C). The percentage of
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T-cells expressing CD4 molecules (30.09%) was higher than that of T-cells expressing CD8
molecules (9.3%) in the splenocytes of the vaccinated mice (Figure 8A). The percentage
of CD4+ (54%) and CD8+ (18.3%) T-cells in the lymph nodes of the vaccinated mice were
higher compared to the percentage of CD4+ (39.5%) and CD8+ (10.4%) T-cells of the no
treatment control group (Figure 8B,D). Similar to the results obtained from the splenocytes,
the percentage of T-cells expressing CD4 molecules (54%) was higher than that of T-cells
expressing CD8 molecules (18.3%) (Figure 8B).
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4. Discussion

Here, we formulated and characterized an adjuvanted inactivated SARS-CoV-2 mi-
croparticulate vaccine and evaluated the immune response generated when administered
to mice using MNs. The vaccine was evaluated in vitro for its immunogenicity and cyto-
toxicity to DC. It was tested in vivo for its ability to induce SARS-CoV-2-specific antibodies
and T-cell responses in vaccinated mice.

The inactivated SARS-CoV-2 MP vaccine, Alhydrogel® MP, and AddaVax™ MP were
formulated using PLGA as the polymer matrix for encapsulating the antigen or adjuvant.
Encapsulating the antigen in a polymer matrix protects the antigen [24]. It has been previ-
ously shown to reduce antigen degradation by enzymes present in the tissue fluids while
also increasing cellular uptake of the antigen due to its increased size [28,31,40]. The MP
product yield using the double emulsion method was greater than 80% with minimal loss
during processing. The particles were spherical, with an optimum size ranging from 900
to 1300 nm. MP of 1 to 3 µm size are reported to be efficiently recognized and engulfed by
circulating APCs [27]. The charges of the vaccine and adjuvant MP were positive or negative
depending on the encapsulated material and were consistent with previously published
results [35]. Typically, colloidal suspensions are stable when MP have a high positive or neg-
ative charge that prevent agglomeration when the particles are suspended [53]. The %EE of
the inactivated SARS-CoV-2 antigen in the PLGA MP was 90.4%, indicating that the double
emulsion method’s formulation process results in an effectively loaded carrier system.

Particulate vaccines are more immunogenic than antigens in suspension and are thus
capable of producing a more robust immune response [32]. Previously, we have shown
that the double emulsion method of encapsulating vaccine antigens in a polymer matrix
increases the immunogenicity, cellular uptake, and antigen presentation compared to the
antigen suspension [26,33–35]. We tested the in vitro immunogenicity of the MP using a
Griess’ nitrite assay. APCs such as DCs and macrophages release NO, a non-specific innate
immune marker when encountered with an invading pathogen [54,55]. NO is crucial in
recruiting APCs and releasing cytokines upon infection, triggering the host cells to produce
a robust immune response against the invading pathogen [56,57]. Consistent with our
previously published results, we observed that the particulate vaccine was better able to
stimulate DCs than the inactivated SARS-CoV-2 antigen suspension [35].

The adjuvant MP was evaluated individually to assess for NO release in pulsed DCs.
Alhydrogel® MP (3 µg) induced higher NO levels than the AddaVax™ MP (0.5 µg) due
to the differences in the adjuvant concentrations tested. Previously, we tested the in vitro
cytotoxicity of varying concentrations of the adjuvant MP (Alhydrogel® and AddaVax™) in
DCs [35]. The metabolically active cells (live cells) can reduce MTT salts to purple formazan
crystals, which were used to assess the cytotoxicity of the vaccine MP. We observed that
increased concentrations of AddaVax™ MP (>0.625 µg) resulted in significant cytotoxicity,
whereas Alhydrogel® MP was non-cytotoxic even at higher concentrations [35]. Since it is
essential for the vaccine MP and adjuvant MP to be non-cytotoxic to the target cells, we
evaluated a lower dose of the AddaVax™ MP for its in vitro immunogenicity, which explains
the negligible NO release from the DCs pulsed with just the AddaVax™ MP. However, the
Alhydrogel® MP and AddaVax™ MP, when combined with the SARS-CoV-2 vaccine MP,
significantly increased the immunogenicity of the vaccine MP. We further tested the percent
viability of the cells exposed to the SARS-CoV-2 vaccine MP. The cytotoxicity study suggested
that the vaccine MP was non-cytotoxic at a wide range of concentrations (31.25 to 500 µg/mL).
The in vitro studies indicated that the MP vaccine was immunogenic and non-cytotoxic at
various doses.

We then evaluated the in vivo immune response produced by the adjuvanted inacti-
vated SARS-CoV-2 MP vaccine administered to mice using quick-dissolving MN. Vaccine
administration via the skin is promising, as the immune-rich layers of the skin contain
several APCs, such as Langerhans cells and DCs, that can promptly recognize and engulf
the microparticulate vaccine, thereby triggering robust immune response activation [5,6,58].
After vaccine administration, the mice were bled biweekly, and the serum was evaluated
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for antigen-specific antibody levels. A functional vaccine needs to generate antibodies
specific to the vaccine antigen, as it can recognize and bind to the invading pathogen,
thereby preventing it from infecting the host.

It has been reported that IgM appears during the early weeks of vaccination and under-
goes isotype class switching to IgG and IgA antibodies [59]. Consistent with the published
literature, our vaccine produced high IgM levels during week 2, which decreased signifi-
cantly in the following weeks. The serum IgG and the serum IgA antibody levels increased
following the prime dose and remained significantly high up to week 10. Serum IgA and IgG
have been reported to play a critical role in SARS-CoV-2 binding and neutralization [60,61].
MN administration of the adjuvanted iSARS-CoV-2 MP vaccine increased IgG and IgA
antibody levels. Here, the antibodies were evaluated in terms of their capacity to bind to the
inactivated virus efficiently, as IgG and IgA are the primary humoral antibodies conferenc-
ing protection in tissues and at mucosal surfaces. The vaccine’s efficacy will be established
by assessing the neutralization capacity of the IgG and IgA antibodies as a follow-up in our
future studies. IgG subtyping was performed to characterize and understand the type of
Th-mediated (Th1 and Th2) responses produced upon vaccination. Typically, a Th2-type
response is associated with increased IgG1 levels [62,63]. Th2-type responses signal the
helper T-cells, which play a vital role in activating host immune responses against the
invading pathogen [62]. The IgG2a levels are often associated with Th-1 type response [64].
Such a response will trigger cellular responses, predominantly signaling the cytotoxic T-cells
and APCs, causing their migration to the invading pathogen [65]. We observed that MN
vaccination increased serum IgG1 levels during weeks 6 and 8 following the second booster
dose administration at week 5. The serum IgG2a levels increased only during week 8.
The IgG1 antibody levels were higher than the IgG2a antibody levels, suggesting that the
immune responses produced by the vaccine may be predominantly of Th-2 type.

To further corroborate the results obtained from the antibody assessment, we charac-
terized the cell-mediated immune responses produced upon vaccination. The percentage
of CD4+ and CD8+ T-cells in the splenocytes and lymphocytes was assessed using flow
cytometry analysis. The Results section shows that the vaccine induced significant levels
of SARS-CoV-2-specific CD4+ and CD8+ T-cells. Similar to the results obtained from the
antibody analysis, the percentage of CD4+ T-cells was higher than that of CD8+ T-cells.
The increased percentage of CD4+ T-cells confirms that the Th-2 type responses are higher
than the Th-1 type responses.

Further, CD4+ helper T-cells play a crucial role in the activation and maturation of
plasma B-cells responsible for antibody production [63]. Our results suggest that the in-
creased antibody levels may be attributed to the increased CD4+ T-cells. Although the CD4+
T-cells are higher in number, the vaccine is not devoid of CD8+ T-cells. MN vaccine adminis-
tration produced significant CD4+ and CD8+ T-cells, and both responses are necessary for
an efficacious vaccine.

In future work and follow-up studies, we will evaluate the vaccine’s efficacy by assess-
ing the neutralizing antibody titers using a pseudovirus neutralization assay (PVNA). We
will further test the durability of the antibody responses generated by the microparticulate
method of vaccine formulation. The microparticulate vaccine will also be evaluated for
memory responses by assessing the memory markers in the isolated B-cells and T-cells.

5. Conclusions

In summary, the adjuvanted inactivated SARS-CoV-2 MP vaccine was formulated and
characterized. The microparticulate vaccine was non-cytotoxic and more immunogenic
than the soluble antigen suspension in vitro. The vaccine MP delivered via microneedles
effectively induced humoral and cell-mediated immune responses in vaccinated mice.
When combined with MN administration, the microparticulate method for vaccine delivery
can be an effective tool for frequent immunization and mass vaccination. However, like
every vaccine, these novel strategies require significant groundwork and validation to be
utilized in the marketed formulations.
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