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Aninhaled bioadhesive hydrogel to shield
non-human primates fromSARS-CoV-2

infection
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The surge of fast-spreading SARS-CoV-2 mutated variants highlights the
need for fast, broad-spectrum strategies to counteract viral infections. In
this work, we report a physical barrier against SARS-CoV-2 infection based
onaninhalable bioadhesive hydrogel, named spherical hydrogel inhalation
for enhanced lung defence (SHIELD). Conveniently delivered viaadry
powder inhaler, SHIELD particles form a dense hydrogel network that coats
the airway, enhancing the diffusional barrier properties and restricting
virus penetration. SHIELD’s protective effect is first demonstrated in mice
against two SARS-CoV-2 pseudo-viruses with different mutated spike
proteins. Strikingly, in African green monkeys, a single SHIELD inhalation
provides protection for up to 8 hours, efficiently reducing infection by the
SARS-CoV-2 WAl and B.1.617.2 (Delta) variants. Notably, SHIELD is made
with food-grade materials and does not affect normal respiratory functions.
This approach could offer additional protection to the population against
SARS-CoV-2 and other respiratory pathogens.

Sinceitsemergenceinlate 2019, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has caused more than 600 million infections and
more than 6.59 million deaths resulting from coronavirus disease 2019
(COVID-19) worldwide (as of 2November 2022)". Since viruses constantly
change through mutation, several variants of the virus are currently
variants of concern”. The emergence of new variants, especially B.1.617.2
(Delta) and B.1.1.529 (Omicron), has driven new waves of sharp increases
in COVID-19 cases all over the world®. Vaccines, one of the effective strate-
giestoprotect people againstinfectious diseases by reducing morbidity
and mortality, work primarily by producing neutralizing antibodies spe-
cificfor the surfaceS protein*°. However, mutation of the S protein may
possibly limit the efficiency of these vaccines®’. Thus, novel strategies
that could effectively preventinfection by SARS-CoV-2, ideally before it
evenreaches the target lung cells, are desperately needed.

Spread through airborne transmission, SARS-CoV-2 mustinitially
penetrate the mucus and enter the cells lining the respiratory tract®.

Possible reasons for the high transmissibility of SARS-CoV-2 include
anactive viral replication in airway epithelia at an early stage of infec-
tion”'°. As the first and top layer of the immune system, physical barri-
ers such as the mucus lining the airways play a key role in the defence
againstinfections™ The mucus barrier offers protectionin two steps:
first by trapping foreign pathogens and then by eliminating them
through mucociliary clearance™". Human airway mucus has played an
important role in preventing many respiratory viruses from reaching
target cells™; however, impaired mucociliary clearance was found for
SARS-CoV-2, which promotes viral spread in the respiratory tree and
increases the risk of infections''®,

Theinteractions between mucus and bioadhesive polymers (suchas
chitosan) have beenstudied, opening possibilities for mucus engineering
to block SARS-CoV-2infection”. Inspired by the protective mechanism
of the mucus barrier and recent advances in high-performance bioad-
hesives?’, we designed and developed the SHIELD method to protect a
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subjectagainst SARS-CoV-2. SHIELD particles areinhalable microspheres
made from poly(acrylicacid) grafted with N-hydroxysuccinimide ester
(PAAc-NHS ester) and gelatin. SHIELD particles interact with mucus to
enhance its diffusional barrier properties, to reduce virus penetration.

Fabrication and characterization of SHIELD
particles

SHIELD takes effect in three steps (Fig. 1a), including inhalation (i),
swelling (ii) and adhesion (iii). Preparation of the SHIELD particles was
carried out using the water-in-oil emulsion technique. The resultant
microparticles are composed of crosslinked networks of PAAc-NHS
ester and gelatin (Supplementary Fig.1), which provides amucoadhe-
sive with robust mechanical properties”. During the emulsion process,
the physical crosslinking facilitates the transformation of the loose
hydrogel structure to a dense spherical structure. Scanning electron
microscopy (SEM) imaging revealed that SHIELD particles were well
dispersed as a powder with a size below 5 um (Fig. 1b). The aerody-
namic diameter of the SHIELD particles was in the range of 0.5-5 pm
(Fig. 1c), favouring deep lung deposition through inertial impaction
and sedimentation. SHIELD particles formed a hydrogel-like structure
after swelling in water (Fig. 1d). The swelling kinetics were recorded
as the volume change (Fig. 1e). The volume of the SHIELD particles
increased >10 times within ten minutes. A similar swelling behaviour
was found in bronchoalveolar lavage fluid (Supplementary Fig. 2a,b).
Toenable tracking, SHIELD particles were labelled with Cyanine7 (Cy7)
dye. Thislabelling did not affect the swelling behaviour (Supplementary
Fig.3a,b). The stability of labelled SHIELD particles was evaluated. The
fluorescence signal was stable during a 72 h period (Supplementary
Fig.4). After swelling, SHIELD particles crosslinked with each other to
formahydrogel network structure (Fig. 1f). The Fourier-transforminfra-
red spectroscopy spectrum displayed the presence of PAAc-NHS ester
within the SHIELD articles (Fig. 1g). The carboxylic acid C=0 stretch
at1,700 cm™ and typical C-H stretching vibrations at 2,940 cm™ are
associated with PAAc in the SHIELD particles. The symmetric C-N-C
stretch at 1,210 cm™ and asymmetric C-N-C stretch at 1,295 cm™ are
associated with NHS ester in the SHIELD particles. The adsorption of
mucinto SHIELD particles was quantified at aweight ratio of 1.14 (each
milligram of SHIELD particles binds 1.14 mg of mucins; Supplementary
Fig. 5). This result suggested that the mucoadhesion happens when
SHIELD particles contact the wet surfaces of mucus. The hydration
and swelling of SHIELD particles starts at the beginning of mucoad-
hesion, during which the negatively charged carboxylic acid groups
in the PAAc-NHS ester can facilitate the process***. Simultaneously,
these carboxylic acid groups formintermolecular bonds (for example,
hydrogen bonds and electrostatic interactions) with the tissue sur-
faces?’. Moreover, the NHS ester groups grafted on the PAAc can also
covalently couple with the primary amine groups on tissues for further
adhesion®, which was confirmed by incubating SHIELD particles with
amine-coupled fluorescent beads (Fig. 1h).

SHIELD hydrogel network reinforces the mucus
barrier

We hypothesized that the SHIELD network could reinforce the mucus
barrier by its swelling and adhesion behaviour. Due to the limited

Fig.1|Fabrication and characterization of SHIELD. a, Schematic showing

the concept of the SHIELD method. Dry SHIELD particles (grey spheres) are
inhaled and they become swollen (blue spheres) once they are in contact with
the mucus layer (pink layer). Finally, it forms a layer of hydrogel (blue layer)

and adheres to the mucus layer. The process includes inhalation (i), swelling

(ii) and adhesion (iii). b, A representative SEM image showing the morphology

of SHIELD particles before swelling. The inset shows azoomed-in view of one
particle. ¢, Aerodynamic diameter of SHIELD particles. Dataaremean +s.d.;n=4
independent experiments. d-f, Swelling behaviour study. d, Representative
optical microscopy images showing the morphological changes of SHIELD

volume of airway mucus in porcine tracheal tubes, we collected por-
cine stomach mucus for the test. Gastric mucins are encoded by mucin
5AC (MUCS5AC) and mucin 6 (MUC6) genes, while airway mucins are
encoded by MUCSAC and mucin 5B (MUCSB) genes®. MUCSAC, MUCSB
and MUC6 share sequence similarities and common macromolecular
characteristics, and all of them have regions rich in cysteine residues
(Cys domains). Compared to mucus alone, mucus + SHIELD exhibited a
denser morphology with smaller porous size (Fig. 2a), which may result
fromtheinteraction of SHIELD particles with mucus. Theinteraction of
SHIELD particles and mucinwas further observed through microscopic
examination with wheat germ agglutinin staining (green; Supplemen-
tary Fig. 6) and in a three-dimensional airway model (Supplementary
Fig. 7). A'H nuclear magnetic resonance (NMR) spectrum confirmed
enhanced chemical shiftsbetween 5.5and 8 ppm (characteristic proton
inamide ~-CONH group)* inmucus + SHIELD (Fig. 2b), suggesting the
interaction between the carboxyl groups (on SHIELD particles) and the
primary amine groups (on mucus). With a higher intensity compared
to SHIELD itself, more amide bonds could potentially form between
SHIELD particles and mucus. Rheology studies (Fig. 2c,d) revealed that
both the elastic (G’) and viscous (G”) moduli of mucus were increased
with SHIELD particles. To simulate the penetration of virus through the
mucus barrier, we used polystyrene particles of the same size as virus.
By tracking the trajectories of particles, we found that the addition
of SHIELD particles in the mucus substantially reduced the Brownian
motion of the polystyrene particles (Fig. 2e). The restricted diffusion
was evaluated via the quantification of the mean square displacement
(Fig. 2f). SHIELD particles reinforced the mucus barrier to decrease
particle penetration (Supplementary Fig. 8). Since the transmission
of SARS-CoV-2 is by inhalation of a respiratory aerosol, we used a
nebulizer to generate an aerosol containing the polystyrene beads
(Supplementary Fig. 9a), which are similar in size to airborne viral parti-
cles. Thetrajectories of the particlesin the control and SHIELD groups
were analysed (Supplementary Fig. 9b,c). Asshownin Supplementary
Fig. 9d, the motion of particles in the SHIELD group was restricted,
with the mean square displacement reduced by fivefold. In addi-
tion, the morphological change of the mucus layer with SHIELD
particles was observed on the surface of a porcine tracheal tube
(Fig. 2g and Extended Data Fig. 1). Compared to the original
mucus layer, the interaction of SHIELD particles with the mucin
layer after spraying results in a denser network morphology
after 10 min.

SHIELD inhalation blocks SARS-CoV-2
pseudo-viruses inamouse model

Before testing in a live SARS-CoV-2 model, the protective effects
of SHIELD were first tested in a mouse model with a SARS-CoV-2
pseudo-virus challenge (Fig. 3a). Inhalation in mice was performed
with a modified ‘nose only’ apparatus at a dose of 3 mg SHIELD parti-
cles per kilogram of body weight (Supplementary Fig. 10). As shown
inFig.3b, the signal of the SHIELD particles remained high in the lungs
8 hafter asingle inhalation but decreased from 8 h to 24 h, with mini-
malsignal after 48 h, indicating the clearance of the SHIELD particles.
A control study showed that Cy7-labelled SHIELD particles did not
interfere with the luminescent/fluorescent signal in in vivo imaging

particles during a period of ten minutes in water. Scale, 50 pm. e, Volume change
of spherical hydrogel in contact with water. The volume was calculated from the
measured diameters during the swelling process. Dataare mean + s.d.;
n=>5independent experiments. f, A representative SEM image showing the
hydrogel network after SHIELD particle swelling. g, Fourier-transform infrared
spectrum showing the presence of PAAc-NHS ester within SHIELD particles.

h, Mucoadhesive study using NH,-labelled beads. Fluorescence images showing
theinteraction between microbeads (blue) and swollen SHIELD particles (red).
Inband h, independent experiments were performed (n = 5) with similar results.



system (IVIS) (Supplementary Fig.11). As for the fluorescence signal that
appeared in the liver, we speculate that the clearance is also through
liver metabolization after air-to-blood translocation. In addition, mucus
turnover can contribute to the clearance of SHIELD particles through
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the mucociliary clearance mechanism. Hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC) indicated that inhaled
SHIELD particles coated the surfaces of both the bronchi (Fig. 3¢)
and small bronchioles (Fig. 3d). To study the protection offered by
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SHIELD particles against variants, SARS-CoV-2 pseudo-type
viruses with both D614G mutations and D614G, E484K, N501Y and
K417N muta-tions were intranasally instilled in mice 4 h, 8hor 24 h

Mucus + SHIELD

b

L L L B B B
8 7 6 5

8 7 6 5

1

il
M\.mJIMH"\MMNMW W WMW
U

L s B s B B s
6 5

Mucus

SHIELD

Mucus + SHIELD

8 7 6 5 4 2 1 0
f1 (ppm)
o ® Storage modulus (G') B Loss modulus (G”) 10° d P <0.0001 P < 0.0001
P <0.0001
(i) Mucus (ii) Mucus + SHIELD (i) Mucus + SHIELD 200 F<o000 07 L om
B 1 - ' i U ucus
(10 mg ml ) (20 mg ml' ) é - (i) Mucus+SH|IELD
e e— 150 4  P=000%0 ] (10mgml) | §
10" A L . T | = (iii) Mucus + SHIELD
k—/ (20 mgmt)
Q P 1
| L P T &
s < 100 7 S P=0.0007
10" | 107 © o A
50 i
0 ° I I oo ...
1073 T T T T T I 1073 © - r T 1T
10° 10’ 10° 10° 10' 10°  10° 10’ 10° (i) @iy (i) (i) (ii) (iii)
Frequency (rad s™)
e f
90 Il Control
Ng B SHIELD
Mucus Mucus + SHIELD =
[}
£ 60
§\ o
S
o
c c n
S 2 ]
z z 2
o Q % g 30
> > o
2]
- <
2 um 9]
== s
0 L L L I
X position X position 5 10 15 20
Time scale (s)
10 min

9 Before

after SHIELD

inhalation. IVIS imaging revealed that pre-inhalation of SHIELD par-
ticles blocked viral retention (baculovirus pseudotyped with D614G
mutations) in the lung, with ablocking efficiency of 75.8% at 4 h, 57.7%



Fig.2|Interaction between SHIELD and mucus. a, Optical images and SEM
images showing control mucus and mucus + SHIELD after cryodesiccation.

b, The'H NMR spectra for mucus, SHIELD and mucus + SHIELD. The insets show
avertically stretched view of the region on the left side. f1, frequency dimension
one. ¢, Frequency sweep of the elastic modulus (G’) and viscous modulus (G”)

of mucus (i), mucus + SHIELD (10 mg ml%; ii) and mucus + SHIELD (20 mg ml™;
iii). Data are mean + s.d.; n =3 independent experiments. d, Summary of average
G’ (left) and G” (right) at a frequency of 1.0 Hz for mucus (i), mucus + SHIELD

(10 mg ml ™% ii) and mucus + SHIELD (20 mg ml™; iii). Data are mean +s.d.; P < 0.05
was considered statistical significance. Statistical analysis was performed

at8 hand 17.7% at 24 h (Fig. 3e). Confocal microscopy (Fig. 3f) and S
protein IHC (Fig. 3g) confirmed that inhalation of SHIELD particles
reduced the amount of SARS-CoV-2 pseudo-virus in the lung tissue.
Similar protection efficiency was observed in mice challenged with
baculovirus pseudotyped with part of the B.1.1.7 spike protein (D614G,
E484K,N501Y and K417N mutations), showing ablocking efficiency of
71.8%at4 h,60.6% at 8 hand 15.1% at 24 h (Fig. 3h). This was confirmed
by immunofluorescence staining (Fig. 3i) and S protein IHC (Fig. 3j).
To study the broad-spectrum protection effects of SHIELD, we tested
those particles against mouse pneumonia virus and HIN1 flu virus in
mice. The HIN1 virus was labelled with 1,1'-Dioctadecyl-3,3,3',3"-Te
tramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD)
before challenging, which was confirmed by Férster resonant energy
transfer assay and the co-staining of lung sections (Supplementary
Figs.12and 13). Our results indicated that SHIELD protection was also
effective for those two pathogens (Supplementary Figs. 14 and 15).

The protection of SHIELD in post-infection situations was also
investigated using pneumonia virus, where mice were challenged
before SHIELD inhalation. Virus shedding from the upper respiratory
tract, which is regarded as a marker of infectiousness to predict the
efficiency of viral transmission, were collected by nasal swab at differ-
enttime points after SHIELD inhalation (4 h, 8 hand 24 h). There was no
difference between the control group and the SHIELD inhalation group
(Supplementary Fig. 16) in the quantification through polymerase
chain reaction (PCR), indicating the minimal efficacy of SHIELD on
post-infection individuals.

To study the biocompatibility of SHIELD, cells were cultured with
SHIELD particles at different concentrations for three days. Even ata
high concentration (10 mg ml™), cell viability was maintained at 95%
(Supplementary Fig. 17a,b). To study the toxicity of repeated SHIELD
dosing, mice were treated with SHIELD particles daily for two weeks.
All pulmonary function tests returned withanormal reading (80-120%
of baseline), including inspiratory capacity, respiratory elastance,
hysteresis area and ratio of forced expiratory volume to forced vital
capacity (Supplementary Fig.18a-d). Thisindicated that the inhalation

Fig.3|SHIELD inhalation blocks the entry of SARS-CoV-2 pseudo-viruses in
amouse model. a, A schematic showing the animal study design. Created with
BioRender.com. dpi, days post-infection. b, Representative ex vivo IVIS imaging
ofthe main organs from mice at different time points. Dataaremean +s.d.;n=3
animals per group. Theimages show lung (1), heart (2), liver (3), spleen (4) and
kidney (5). Corresponding quantification of fluorescence from lung is shown
ontheright. p, photons. ¢,d, H&E staining (left) and fluorescence image (right)
showing the lining of a SHIELD-formed hydrogel on the airway: bronchi (c) and
small bronchioles (d). Blue, 4,6-diamidino-2-phenylindole (DAPI)-stained nuclei;
red, Cy7-labelled SHIELD. Scale bars, 100 um. Lungs were harvested from mice 4 h
after inhalation. Pseudo-virus did not replicate but only delivered a genetically
encoded fluorescent reporter, of which the fluorescence signal can be detected
by IVIS. e, h, Representative ex vivo IVIS imaging of lungs from mice challenged
with SARS-CoV-2 pseudo-virus with D614G mutation (e) and D614G, E484K,
N501Y and K417N mutations (h). SHIELD particles wereinhaled at4 h,8 hor24 h
before the challenge. The bottom graphs show the quantitative infection rates of
the pseudo-virus (left) and the anti-pseudo-virus efficiency of SHIELD (right) at

with ordinary one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons, n =3 independent experiments. e, Representative trajectories

of particles within mucus and mucus + SHIELD at the same timescale. The
trajectories were shifted according to their mean position. f, Ensemble-averaged
geometric mean square displacements as a function of timescale; n = 48 for
control group; n =67 for SHIELD group. g, The surface morphology of a pig
tracheal tube before and after a direct spray of SHIELD particles. The swelling
reaction of the SHIELD particles was stopped by dipping the samples into 100%
ethanol (30 s) for dehydration after 10 s or 10 min. Scalebar,10 um.Inaand g,
independent experiments were performed (n = 3) with similar results.

of SHIELD particles did not affect normal lung functions. After two
weeks of dosing, major organs were harvested for H&E staining. There
was no histological evidence of injury observed compared to control
animals (Supplementary Fig. 18e). Tracheas and bronchi harvested
from these mice had normal morphologies (Supplementary Fig. 19),
suggesting the safety of repeated administration of SHIELD particles.
To determine if the inhalation of SHIELD particles affects the normal
function of mucociliary clearance, mice were treated with SHIELD
either acutely (2 h) or long term (daily inhalation for two weeks). The
results suggested that inhalation of SHIELD particles had minimal
effects on pulmonary mucociliary clearance (Supplementary Fig. 20)
and did not cause long-term crosslinking of mucus. Like other reported
biopolymers?, SHIELD particles only induced a temporary modifica-
tion of mucus. Since the mucus layer acts not only as a physical barrier
butalsoabiochemical barrier, the level of secretory immunoglobulin
A (slgA) antibody in the bronchoalveolar lavage fluid was evaluated
before and after interaction with SHIELD particles. Enzyme-linked
immunoassay (ELISA) indicated unchanged sIgA levels after a daily
SHIELD inhalation for two weeks (Supplementary Fig. 21), suggest-
ing that mucosal immunity was not harmed by administration of the
SHIELD method.

SHIELD inhalation protects Africangreen
monkeys from SARS-CoV-2 infection

To evaluate the protection efficacy of the SHIELD method, a pilot
non-human primate study was performed using both the original
SARS-CoV-2 WAl and the B.1.617.2 (Delta) variant. SHIELD inhalation
was performed 8 hbefore the virus challenge, using either SARS-CoV-2
WAI1 or the B.1.617.2 (Delta) variant, by intranasal and intratracheal
routes (Fig.4a). Nasal swabs and bronchoalveolar lavage were collected
ondays1,2,4and7. Aviralload assay was performed by real-time PCR
withreverse transcription specific for viral subgenomic RNA (sgRNA;
indicative of virus replication; Fig. 4b). Overall, animals protected with
SHIELD had viral loads from 50-fold to 300-fold less than the control
animals (Fig. 4c). The chemicals in SHIELD did not affect the integrity

different time points after inhalation. The infection rate of the pseudo-virus was
calculated as the radiant efficiency ((p s™ cm™?sr™)/(uW cm™)) from the infected
areadivided by that from the whole lung. The protective efficiency of each
group was calculated as follows: ((Infection rate o, — Infection rate,, g, 4n)/
Infection ratec,,o) * 100. Data are shown as mean + s.d.; n =3 animals per group.
f,i, Representative confocal images of pseudo-virus in lung tissue from mice
challenged with SARS-CoV-2 pseudo-virus with D614G mutation (f) and D614G,
E484K, N501Y and K417N mutations (i), 8 hafter SHIELD particle inhalation.
proSPC, anti-Prosurfactant Protein C. Scale bars, 50 um. g,j, Representative
images of SARS spike protein IHC staining in lung tissue from mice challenged
with SARS-CoV-2 pseudo-virus with D614G mutation (g) and D614G, E484K,
N501Y and K417N mutations (j), 8 h after SHIELD particle inhalation. Hscore,
histochemical scoring. Scale bars, 50 pum. The graphs show the quantitative
analysis. Data are shown as mean + s.d.; n =3 animals per group. Statistical
analysis was performed by two-tailed unpaired t-test.In ¢, d, fand i, independent
experiments were performed (n = 3) with similar results.



of the PCR experiment (Supplementary Fig. 22). The protection was
seenwith both SARS-CoV-2 WAland the B.1.617.2 (Delta) variant. Tem-
perature and body weight fluctuations were not remarkable in both
the control and SHIELD-protected animals (Supplementary Figs. 23
and 24). Accordingto theliterature, transient fever may be a feature of
disease in non-human primate models of COVID-19, but temperature
changes were not consistently observed in many cases. Viralload is the

SHIELD inhalation

-24 h -8h -4 h
| | | |

SARS-Cov-2 pseudo-virus
challenge

directevidence of virus infection”. Although non-human primates are
not able to develop all aspects of overt debilitating COVID-19 clinical
illness as seenin humans, such as respiratory symptomes, they are still
considered a gold standard model for developing new vaccines and
therapeutics® %

H&E staining revealed more-severe inflammation and viral
pneumonia in the control animals (Fig. 4d). For the non-human
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Fig.4 | SHIELD inhalation protects African green monkeys from SARS-CoV-2
infection. a, Schematic depicting the non-human primate study design. Created
with BioRender.com. BAL, bronchoalveolar lavage; NS, nasal swab. b, Viral sgRNA
copies per swab in nasal swabs and per millilitre in bronchoalveolar lavage at
various time points following challenge. Each dot represents data from one
animal; n=3animals per group; *P < 0.05. Statistical analysis was performed

by two-way ANOVA. ¢, Viral loads calculated based on the area under the curve
(AUC) from the control or SHIELD-protected animals. Dataare mean +s.d.;n=3
per group. d, Representative H&E images of fixed lung tissues from SARS-CoV-
2-infected African green monkeys. At least seven images were taken per animal.
Scale bar, 500 pm. The right side shows the quantification of lung fibrosis of
theinfected monkeys by Ashcroft scoring; seven tissue slices were analysed for
eachanimal. Dataare shown as mean + s.d.; n = 21 per group; *P < 0.05. Statistical
analysis was performed by two-tailed Mann-Whitney test. Ashcroft scoring was
performed blindly. e, Representative images of SARS-N IHC staining in fixed

lung tissues from SARS-CoV-2-infected monkeys 7 d post viral challenging; n =3

primate model, the formation of fibrosis can be observed five days
postinfection®?*, and the pulmonary pathological change of fibro-
sis is a marker for lung injury by interstitial pneumonia®?°. The
Ashcroft score was applied here to measure the fibrosis, which
revealed that SHIELD protection decreased lung fibrosis. In addition,
SARS nucleocapsid protein (SARS-N) was decreased substantially
by SHIELD protection (Fig. 4e,f). To visualize SARS-CoV-2 viral RNA
(VRNA) in the lung tissue, in situ RNA hybridization (RNAscope)
was performed (Fig. 4g). Positive-sense VRNA was largely reduced
in the SHIELD group compared to the control group, indicating
limited viral replication. Furthermore, less SARS-N protein and
fewer CD206" macrophages were observed in the SHIELD group
(Fig. 4h,i). Asamacrophage marker, CD206 has been suggested to
inhibit effector T cell function in SARS-CoV-2 (ref.*’). The decrease
of CD206" macrophages with SHIELD protectionindicated areduced
virusinfection. Lastly, haematology analysis assured us that SHIELD
particle inhalation did not cause toxicity in the animals (Supple-
mentary Fig. 25).

Outlook

In the present study, we demonstrated the SHIELD method offering
protection against infection from SARS-CoV-2 WAl and the B.1.617.2
(Delta) variant. Fabricated from food-grade materials, SHIELD particles
are both effective and safe, and work without affecting normal lung
functions or causing toxicity. Unlike vaccines, the SHIELD method
enhances the diffusional barrier properties of mucus to provide phys-
ical protection against virus infection. Acting as an innate defence
mechanism, the airway mucus layer plays a key role in trapping and
keeping pathogens away from the host epithelial cell surface®. The
main component of mucus is mucins (0.2-5% w/w), which are gly-
coproteins with a protein core and carbohydrate side chains®**° To
penetrate the mucus barrier, viruses have developed various strate-
gies, such as secreting mucolytic enzymes or altering the virus’s sur-
face properties*. Studies have reported that the SARS-CoV-2 virus
infects both ciliated cells and secretory cells in the human airway,
resulting in its efficient upper airway transmission® . The presence
of angiotensin-converting enzyme 2 (ACE2) was confirmed in the motile
cilia, and ~-80% of the human respiratory epithelium (from the nasal
cavity down to the lower bronchus) is densely covered with cilia*?. This
also provides alarge surface areafor SARS-CoV-2 tobind and enter host
cells. Hence, it would be ideal to design a strategy to strengthen the
mucosal barrier without affecting the normal mucociliary clearance
properties.

There are some studies demonstrating the mucus reinforcement
properties of complexing polymer molecules**. Low molar mass
mucoadhesive polymers, such as chitosan, have shown potential in
mucosal barrier enhancement and have been used to develop various

animals per group. The arrows indicate SARS-N positive sites. Seven images

were taken for each animal. Scale bar, 100 um. f, Quantitation of positive SARS-N
numbers in lung tissues of infected monkeys. Data are shown asmean + s.d.;
n=21pergroup; *P < 0.05. Statistical analysis was performed by two-tailed
Mann-Whitney test. g, Representative images of RNAscope in situ hybridization
detection of VRNA in infected monkeys; n =3 animals per group. Seven images
were taken for each animal. Scale bar, 100 um. Corresponding quantifications are
shownontheright; n = 21biologically independent samples. Dataare mean +s.d.;
*P < 0.05. Statistical analysis was performed by two-tailed Mann-Whitney test.
h,i, Representative immunofluorescence images of SARS-N (greyscale), CD206
(green) and DAPI (blue) for WA1-challenged (h) or B.1.617.2 (Delta)-challenged (i)
animals. HPF, high-power field. Scale bars, 100 pm; n = 3 animals per group. Seven
images were taken for each animal. Corresponding quantifications are shown on
the right; n =21 biologically independent samples. Data are mean + s.d.; *P < 0.05.
Statistical analysis was performed by two-tailed Mann-Whitney test.

vaginal and intestinal dosage formulations**. Previous studies have
demonstrated that various dietary compounds also alter mucus barrier
properties, such as green tea polyphenol epigallocatechin gallate®.
Orally administered gelatin tannate protected the gastric mucus layer
from breakdown to modulate the gut microbiota composition*®*.
These studies opened up the possibilities for mucus engineering;
however, targeted in vivo delivery remains challenging, especially in
the pulmonary system. As shown in our study, SHIELD particles were
fabricated in the form of a dry powder, with a particle size of 1-5 pm.
Such asize facilitated the efficient deposition by inertial impaction and
sedimentationdeepinto the airways and lung tissues. Taking advantage
of dry powder inhalation, the SHIELD method is easy to manage for
daily administration and requires only low-cost inhaler devices. The
SHIELD method canserve as a supplement to face masks and/or as an
alternative when face masks are not used (for example, during eating
and drinking, swimming or heavy exercising, or for small childrenwho
arereluctant to wear masks).

Some limitations of our study are worth noting. One limita-
tion is that we used only three animals in each group for each vari-
ant in the non-human primate study. This sample size is common for
COVID-19 studies involving non-human primates and is enough for
analysis, but a larger sample size would be needed for future studies.
Our experiment results suggest a lack of efficacy when the SHIELD
method is applied post infection. Since the protection mechanism of
SHIELD is to reinforce the mucus structure and restrict the penetra-
tion of foreign pathogens, this result is predictable, since SHIELD’s
biggest effect is blocking the entrance of the virus, not reducing the
amount of virus in those already infected. As the first generation of
the SHIELD method, the current method is designed only for pre-
ventative purposes, not therapeutic purposes for post-infection
patients. We are now trying to optimize the formula of the SHIELD
method, such as by combining it with anti-viral therapeutics. The
next-generation SHIELD method will be effective after infection,
which will make the method be functionally closer to the use of masks,
slowing the virus spread from an infected individual to uninfected
contacts.

The continued mutation of the SARS-CoV-2 virusleads to the emer-
genceofaseries of viral variants, causing newrisesin reported COVID-19
cases***’, A mutation in the S protein may impair the neutralizing
epitopes, reduce vaccination efficiency and increase virus transmis-
sion*’. New vaccines may be needed to combat the different variants.
By contrast, the SHIELD strategy will not be limited by viral mutation.
Physical protection, such as masks or other facial covering methods,
hasshown great effectivenessin reducing virus transmission during the
pandemic. Our study takes advantage of mucus as a natural mechani-
cal barrier against foreign pathogens. SHIELD particles reinforce the
mucus structure and restrict the penetration of foreign pathogens.
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The broad-spectrum protection of SHIELD towards other respiratory  facial covering and vaccination, SHIELD can offer effective and addi-
pathogens was confirmed in our studies with inactivated HIN1 virus  tional protection to the general population against COVID-19 and other
and pneumonia virus. We reason that when used in combination respiratory pathogens.
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Methods

All experiments were performed in accordance with relevant guide-
lines and ethical regulations approved by the North Carolina State
University.

Fabrication of SHIELD particles

To prepare SHIELD particles, acrylic acid (147230, Sigma-Aldrich),
acrylic acid NHS ester (AAc-NHS ester; A8060, Sigma-Aldrich) and
gelatin (G1890, Sigma-Aldrich) were used. SHIELD particles were pre-
pared using a water-in-oil emulsion method. One gram gelatin was
dissolved in 20 mlultrapure water with3 mlacrylicacid. This solution
was warmed to 45 °C, followed by the addition of 100 mg AAc-NHS
ester. The mixture was stirred at 45 °C for 20 min and sonicated for
30 stomake sure all the AAc-NHS ester was dissolved. Due to the elec-
trostatic interaction, acrylic acid monomer and AAc-NHS ester are
bound to the gelatin chain, which provides favourable conditions for
the polymerization of PAAc-NHS ester during the emulsion process.
This prepared solution was added dropwise to 500 ml corn oil with
0.1wt% Tween 80. After stirring at 3,000 r.p.m. at 55 °C for 20 min, the
mixture was stirred in an ice-water bath for another 2 h. To obtain the
SHIELD particles, the mixture was filtered and washed with acetone.
SHIELD particles were driedinachemical hood thoroughly and stored
inadesiccator for further use.

Fluorescent labelling of SHIELD particles

Briefly, Cy7 NHS ester (Lumiprobe) was dissolved in acetone at a con-
centration of 0.1 mg ml™, and SHIELD particles (1g) wereadded to10 ml
dye-acetone solution. The solution was stirred at room temperature
overnight,and SHIELD particles were collected through centrifugation.
The collected SHIELD material was further washed three times with
acetone and dried inahood before use.

Fourier-transforminfrared and 'H NMR spectroscopy

The interaction between the SHIELD particles and amino groups was
revealed by Fourier-transforminfrared spectroscopy (Alpha, Bruker).
The 'H NMR spectroscopy was performed with a Bruker Avance NEO
600 MHz NMR instrument, equipped with a room temperature BBO
Smart probe, TXI1H-13C/15N-2H probe, variable temperature (VT)
and SampleXpress automatic sample changer.

Adsorption of mucin to microspheres

Some 5 ml of mucin solution (0.5 mg ml™) was prepared, and SHIELD
particles (0.5 mg) were added. After vortexing and incubationat 37 °C
for 2 h, the mixture was centrifuged at 1,375g for 5 min. To determine
the concentration of mucin, periodic acid reagent was added to the
supernatant (1:10). Afterincubation at 37 °C for 2 h, Schiff reagent was
added in the same volume as the periodic acid. The optical density
was measured at 555 nm using a microplate reader 30 min later. The
concentration of mucin was determined using a calibration curve.

SEM imaging of SHIELD particles

Conductive tape was placed on specimen stubs. SHIELD powder was
dispersed on the conductive tape to form a loose layer, and unat-
tached powder was blown away using a bulb syringe. Samples were
sputter-coated with 10 nm Au plasma (30 s) before imaging. SEM
images were taken using a JEOL (JCM-7000) under acceleration volt-
age15.0 and in high-voltage vacuum mode.

Rheology test

We used a Molecular Compact Rheometer (MCR302, Anton Paar)
equipped with acone plate geometry of 50 mm diameter and1 degree
(CP50-1/TG, Anton Paar). The truncation gap was set at 0.1 mm. Before
the measurement, the instrument inertia was checked and the sys-
tem was calibrated, as is routine. Some 2 ml of sample was placed
on the temperature-controlled Peltier plate at room temperture.

The geometry cone was set at the measuring position, and excess
sample was trimmed. The following tests were performed in triplicate:
Strain sweeps were performed at an oscillatory frequency of 1 Hz and
shear strain (y) ranging from 0.1% to 100%. Sixty data points were
collected over the log-scale range of shear strain values. Frequency
sweeps were performed between 0.1-50 Hz at 1% shear strain. Thirty
data points were collected for each measurement.

Particle tracking
Confocal laser scanning microscopy (FluoView, Olympus) was used
for particle tracking under three-dimensional visualization mode. A
p-Slide well (no. 81506, Ibidi) was filled with twenty microliters freshly
collected porcine stomach mucus. Some 5 pl of latex beads (L9904,
0.1 pm mean particle size, Sigma) were then loaded gently on top. The
deposition of latex beads was continuously monitored for 20 min.
For the Brownianmotionanalysis, 500 plmucus or mucus + SHIELD
(1 mg ml™) wasadded in12-well plates and gently stirred before being
incubated for1h. Latex beads were diluted to x100, and 10 pl of diluted
beadswere added to each well without mixing. The motion of the beads
was observed and recorded for 20 s using a fluorescence microscope
(Revolve, ECHO). Single particle tracking was performed with the
Image]J plugin (TrackMate). Mean square displacement was quantified
using MATLAB with a per-value class (@msdanalyzer).

Cell culture

Human bronchial epithelial cells were purchased from the American
Type Culture Collection (PCS-300-010) and cultured in precoated
flasks with a Complete Human Epithelial Cell Medium /w kit (H6621,
Cell Biologics). The three-dimensional airway model (502-3D-24, Cell
Applications) was cultured according to the manufacturer’s instruc-
tions and sliced (5 pm) before staining.

Mouse studies

All studies and protocols were approved by the Institutional Animal
Care and Use Committee of North Carolina State University (protocol
no.19-806-B). Male CD1 mice (aged seven weeks) were obtained from
Charles River Laboratory. Cy7-labelled SHIELD particles (3 mg per
kilogram of body weight) were delivered to the CD1 mice viainhalation
treatment using a customized dry powder inhaler. Biodistribution
of SHIELD particles in mice was studied first. Mice were euthanized
at4, 8,24, 28,32 and 48 hours. All major organs were collected and
imaged by IVIS. Then, the organs were cryo-sectioned for histology
and immunofluorescence analysis. Mice inhaled SHIELD particles
4 h, 8 h or 24 h before a challenge with SARS-CoV-2 pseudo-virus
with aD614G mutated spike protein (C1120G, Montana Molecular) or
SARS-CoV-2 pseudo-virus with part of a B.1.1.7 spike protein (D614G,
E484K,N501Y and K417N mutations; C1122G, Montana Molecular). The
dose of pseudo-virus was 100 pl per mouse. Virus was labelled with
green fluorescent protein: mouse pneumonia virus (20 pl per mouse,
OTV-011, Creative Biogene) or HIN1 virus (100 pl per mouse, gamma
radiation inactived A/New Caledonia/20/99 strain, labelled with DiD,
23-047-299, Microbiologics). One day after challenge, all major organs
were collected and evaluated by IVIS imaging. After that, organs were
kept in 10% neutral buffered formalin (NBF) followed by dehydration
in10%,20% and 30% sucrose; 5 um lung sections were prepared.

Characterization of HIN1 virus labelled with DiD

Forster resonant energy transfer assay was applied using PE-Alexa
610 (Q610) (donor; excitation wavelength, 570 nm) to label
anti-hemagglutinin (anti-HA) antibody (influenza AHIN1 (A/New Cal-
edonia/20/1999) HA antibody, rabbit PAb, 1:200, 11683-RP01, SinoBio-
logical) onthe virus surface, and DiD (acceptor; excitation wavelength,
630 nm) as a Forster resonant energy transfer pair. Férster resonant
energy transfer occurs when two molecules are close enough that
the emission of the donor can be partly used as the excitation for the



acceptor’®, The fluorescence emission of DiD was observed when
virus particles were co-labelled with Q610 and DiD, while there was no
fluorescence signal observed when DiD was excited at 570 nm (Sup-
plementary Fig.12), indicating that the DiD is on the surface of the virus
particles close to the HA antigen.

Tofurtheridentity the fluorescence-labelled virus particles, mouse
lungs were harvested after challenging with DiD-labelled virus particles
and stained with an antibody specific to HIN1 HA (Supplementary
Fig.13). The colocalization of DiD and viral antigen was observed using
confocal microscopy, revealing DiD-labelled virus particles entering
into cells.

Pulmonary function and sigA measurements

Pulmonary function measurements were performed with the FlexiVent
(SCIREQ). Prior to measurements, animals were anaesthetized with
an intraperitoneal injection of ketamine and xylazine solution (2:1
ratio). The animals were intubated with a cannula. Pulmonary function
baseline data were recorded before inhalation on day 0. Mice inhaled
SHIELD particles (3 mg kg™ weight) daily for two weeks. For bronchoal-
veolar lavage fluid collection, a catheter was inserted in the trachea of
the anaesthetized mouse. Then 1 ml saline solution was instilled into
thebronchioles through the catheter and retracted several times. The
slgA level was evaluated with an ELISA kit (ab157717, abcam) according
to theinstructions.

Pulmonary mucociliary clearance testin vivo

Mucociliary clearance was determined by the elimination of micro-
spheres from the lungs and nose. Mice were anaesthetized and
intratracheally instilled with 5 x 10® carboxylate-modified yellow-green
fluorescent microspheres (2 um, F8827, Invitrogen). Mice were eutha-
nized immediately (for the baseline measurement) or 45 min after
treatment with microspheres (for control and SHIELD groups). For
the SHIELD group, mice were treated with SHIELD particles daily for
twoweeks or 2 hbefore the mucociliary clearance test. Lungs with tra-
cheaswere harvested and placed in 0.1% Tween 20 phosphate-buffered
saline (PBS) solution. Tissues were homogenized by a dissociator
(gentleMACS) using a preset programme. Homogenized tissue solution
(10 pl) was read with an automated cell counter (Countess, Thermo
Fisher). The remaining fraction of microspheres was calculated by
subtracting the quantity from the baseline. Pulmonary mucociliary
clearance was then calculated by subtracting the remaining fraction
from100%.

Histological analysis

For H&E staining, sections were fixed in formalin (Sigma-Aldrich) for
2 min and rinsed with running water. After staining in hematoxylin
(Sigma-Aldrich) for 5 min, the sections were rinsed again. Afterward,
sections were dipped in pre-prepared acid alcohol for 2 s and rinsed
with sodium bicarbonate. Sections were then stained with eosin
(Sigma-Aldrich) for 2 min and washed with dehydrant until excess
colour was washed out.

Mucus collection and preparation

A stomach was harvested from an eight-week-old male Yorkshire pig
afterkilling (ordered from Unit Il Palmetto). The procedure complied
with the ethical regulations approved by the Institute Animal Care and
Use Committee of North Carolina State University. The mucus was
gently scraped off the stomach epithelium and diluted 1:5 in water sup-
plemented with200 mM NacCl, as well as 5 mM benzamidine HCI,1 mM
2,4’-dibromoacetophenone,1 mM phenylmethylsulfonyl fluoride and
5mMethylenediaminetetraaceticacid. The pH was adjusted to 7.4 with
NaOH, and the mixture was gently stirred overnight at 4 °C. The solu-
tion was then centrifuged to remove cellular and food debris, and the
supernatant was used for further study. For staining, mucus + SHIELD
(2:1) was dissolved in PBS and gently spread on a slide. The slide was

baked at 60 °C overnight to dehydrate the liquid, fixed for 10 minutes
in 3.7% buffered formalin solution and then decontaminated using
70% ethanol and 1-5% phenol solutions. After washing in water, the
slides were dried in air. Wheat germ agglutinin (Alexa Fluor 488 con-
jugated) was used for staining. After 3 h, slides were washed with PBS
for further analysis.

SEM imaging of tracheas

Porcine tracheas were harvested and cutinto pieces. SHIELD particles
were spread evenly onthe surface of the tracheas. The swelling reaction
was stopped by dipping the samplesinto 100% ethanol (30 s) for dehy-
dration after10 sor10 min. Then, tissues were fixed in 2% buffered glu-
taraldehyde overnight, and thenrinsed with 0.1 M HEPES buffer three
times (5 minutes each). A series of concentrations of alcohol was used
for dehydration as listed: 50% ethanol, two times for 10 minutes each
with agitation; 70% ethanol, two times for 10 minutes each with agita-
tion; 95% ethanol, two times for 10 minutes each with agitation; and
100% ethanol, three times for 15 minutes each with agitation. Finally,
tissues were dried through chemical drying with hexamethyiltiisilizane
(HMDS):100% EtOH/HMDS (2:1) for 15 minutes; 100% EtOH/HMDS
(1:1) for 15 minutes; 100% EtOH/HMDS (1:2) for 15 minutes; and HMDS
alone for 15 minutes, three times. Samples stayed in a chemical hood
overnight to evaporate the HMDS thoroughly. Samples were mounted
on specimen stubs and sputter-coated with 10 nm Au plasma before
imaging. SEM images were taken using a JEOL (JCM-7000) under an
acceleration voltage of 15.0 and high-voltage vacuum mode.

IHC analysis inmouse studies

For immunofluorescence, lung cryosections were placed at room
temperature for 30 minand then washed with PBS for 40 min. Primary
antibodies were diluted with 0.01% saponin (Sigma-Aldrich) Dako solu-
tion. The antibodies were rabbit anti-firefly luciferase antibody (1:100;
ab185924, Abcam), rabbit anti-Prosurfactant Protein C antibody (1:100;
ab211326, Abcam) and mouse anti-SARS-CoV/SARS-CoV-2 spike anti-
body (1:100; 40150-D003, SinoBiological). All cryosections were incu-
bated with primary antibodies overnight at 4 °C. Secondary antibodies
including goat anti-mouse IgG H&L (Alexa Fluor 647, Abca) and goat
anti-rabbit IgG H&L (AlexaFluor 488, Abcam)were diluted inaratio of
1:200. After washing with PBS, samples treated with primary antibodies
wereincubated with those secondary antibodies at room temperature
for1.5 h. Afterward, cryosections were mounted by using Prolong Gold
Mounting Media with DAPI (Life Technologies). A confocal fl