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Peptide-based supramolecular filaments were designed to specifically bind and

immobilize decoy ACE2 on their surface through enzyme-substrate interactions,

which facilitated delivery of the protein in respirable aerosols. This docking

strategy afforded structural and functional preservation of ACE2, leading to

prolonged inhibition of SARS coronavirus infection in vivo. These protein-docking

supramolecular filaments represent a new platform to deliver therapeutic proteins

in inhalable aerosols for treatment of infectious and other human diseases.
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PROGRESS AND POTENTIAL

The structural and functional

instability of therapeutic proteins

represents a big challenge for

their effective delivery and

eventual use in the clinic. This

work evidences enhanced

deposition and retention of

therapeutic proteins in the lungs

through their complexation with

high-affinity supramolecular

filaments. Our results suggest that

supramolecular filaments not only

allow facile incorporation of

peptide-based substrates on their

surfaces for binding and

delivering therapeutic proteins
SUMMARY

Coronaviruses have historically precipitated global pandemics of se-
vere acute respiratory syndrome (SARS) into devastating public
health crises. Despite the virus’s rapid rate of mutation, all SARS
coronavirus 2 (SARS-CoV-2) variants are known to gain entry into
host cells primarily through complexation with angiotensin-convert-
ing enzyme 2 (ACE2). Although ACE2 has potential as a druggable
decoy to block viral entry, its clinical use is complicated by its essen-
tial biological role as a carboxypeptidase and hindered by its struc-
tural and chemical instability. Here we designed supramolecular
filaments, called fACE2, that can silence ACE2’s enzymatic activity
and immobilize ACE2 to their surface through enzyme-substrate
complexation. This docking strategy enables ACE2 to be effectively
delivered in inhalable aerosols and improves its structural stability
and functional preservation. fACE2 exhibits enhanced and pro-
longed inhibition of viral entry compared with ACE2 alone while
mitigating lung injury in vivo.
through enzyme-substrate

interactions but also provide a

means of preserving the proteins’

structure and function as the

filament and cargo endure harsh

interfacial forces during aerosol

formation. This eventually led to

prolonged inhibition of

coronavirus infection in vitro and

in vivo. The materials showcased

here possess high translational

potential to curb coronavirus

infections and establish a new

platform for inhalable delivery of

protein therapeutic agents for

other human diseases.
INTRODUCTION

Numerous infectious diseases are contracted primarily via deposition of bacteria

and/or viruses into the respiratory tract, including tuberculosis, influenza, and,

recently, coronavirus disease 2019 (COVID-19). The global COVID-19 pandemic,

caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2; also known as 2019-nCoV), has progressed into a grievous public health crisis

with over 460 million confirmed cases of the disease and 6 million deaths worldwide

as of March 15, 2022.1,2 Therefore, it continues to be of paramount importance to

rapidly develop effective vaccine or therapeutic strategies to address the ongoing

COVID-19 pandemic and potential future epidemics.3 Although the US Food and

Drug Administration (FDA) has granted full approval and emergency use authoriza-

tion for some vaccine formulations and disease treatments,4,5 the virus continues

to spread rapidly and subsequently mutate, leading to emergence of variants of

concern (VOCs) of SARS-CoV-2; exactly how these prophylactic and therapeutic

agents will handle these and future mutations alongside new viruses is subject of

an evolving investigation.6–9 Although SARS-CoVs may mutate, these viruses pre-

dominantly function by their S protein binding to the cognate receptor angio-

tensin-converting enzyme 2 (ACE2), which is the first step for viral entry, replication,

and transmission; therefore, ACE2 is a logical druggable target for combating current

and future CoVs.10–13 ACE2 exists in membrane-bound and soluble forms, where
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both share the same enzymatic and viral binding functionalities, but only membrane-

boundACE2 is believed to facilitate viral entry and consequent infectivity.14,15 There-

fore, soluble ACE2 can serve as a decoy receptor by binding to the S protein on the

virus surface and block the mechanism of viral entry into host cells, making soluble

ACE2 an attractive candidate for preventing CoV infection.16–18

Clinical translation of soluble ACE2 remains challenging in the context of SARS-

related CoV infections because the enzyme is unstable and can quickly degrade,

especially in an inflammatory setting.19 An additional hurdle exists in delivery of

therapeutic ACE2 to its target site (in the case of COVID-19, the airway and the

lungs), where efficacy suffers from its short half-life and lack of active transport mech-

anisms from the circulation into the epithelial lining fluid of the lungs when delivered

by intravenous injection.20–22 Recent advances in nanomaterials have yielded car-

riers of decoy ACE2 that help address these challenges; for instance, development

of cell membrane-derived nanoparticles that curb SARS-CoV-2 infectivity in lung tis-

sue.23–25 However, given the essential roles of ACE2, as a carboxypeptidase, in

regulating cardiovascular function, hypertension, and innate immune systems, it re-

mains unclear whether delivery of enzymatically active ACE2 would lead to unknown

mid- to long-term complications to the host.20 In this context, we harness the multi-

valent nature of ACE2, where the enzyme’s proteolytic activity and viral receptor

properties are independent and non-interfering (sites highlighted in the ACE2 struc-

ture in Figure 1A),20 to silence ACE2’s enzymatic function and display the decoy re-

ceptors on the surface of peptide-based supramolecular filamentous nanostructures

via enzyme-substrate complexation. We designed peptide amphiphiles (PAs), a

class of molecular building units capable of spontaneously associating in aqueous

solution to form one-dimensional supramolecular biomaterials,26–29 to present a

peptide ligand/inhibitor capable of binding to the active proteolytic site of ACE2

on the filament surface. Peptide-based supramolecular materials have been de-

signed to facilitate various supramolecular interactions to immobilize proteins on

structure surfaces to enhance protein stability and delivery30–34 and could be highly

advantageous as carriers for decoy ACE2. In addition to being deliverable in aero-

sols,35,36 the charged surface and high aspect ratio likely aid deposition and reten-

tion atop the mucus layer coating the lung epithelium while mitigating cellular inter-

nalization, extending the availability of ACE2 at its target site while also mitigating

potential hazardous contact of captured virus with host cells.37–42 In this work, we

developed ACE2-docking supramolecular filaments that effectively bind ACE2

through enzyme-substrate complexation to inhibit its enzymatic activity and demon-

strate the decoy function of ACE2 to effectively capture SARS-CoVs and attenuate

viral infectivity in vivo.
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RESULTS AND DISCUSSION

Design and assembly of ACE2-docking supramolecular filaments

When designing our supramolecular filaments, we aimed to leverage the carboxy-

peptidase activity of ACE2 to allow enzyme docking and presentation of the

SARS-CoV-2 S protein receptor-binding domain (RBD) binding site of ACE2 at the

filament surface. These two sites on ACE2 are distinct and non-interfering (the

ACE2 structure with these sites highlighted is shown in Figure 1A).11,13,43 With this

rationale, we selected a known potent peptide inhibitor of ACE2 enzymatic activity

to incorporate into the design of an ACE2-binding PA, called Ligand (the molecular

design is highlighted in Figures 1B and S1), and paired this PA with another self-

assembling constituent of the filaments, a filler PA, called Filler (themolecular design

is shown in Figures 1B and S2), which serves to modulate the distribution density of
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Figure 1. Design of ACE2-docking and silencing supramolecular filaments and their assembly in aqueous solution

(A) Cartoon representation of soluble ACE2 alongside its protein structure, with the SARS-CoV-2 S protein RBD-binding site on ACE2 highlighted in

yellow (PDB: 6M17) and the cleft of the carboxypeptidase active site of ACE2 highlighted in cyan (PDB: 1R42). The protein structure was generated using

ChimeraX software.

(B) Chemical structure of the investigated ACE2-binding Ligand (top) and Filler (bottom) PA molecules; both contain the same aliphatic region (black)

and the same intermolecular hydrogen bond-contributing sequence (blue). The Filler PA contains negatively charged glutamic acid residues (cyan) to

pair with the positively charged lysine residues (red) of the Ligand PA. The flexible, hydrophilic spacer (green) of the Ligand PA distances the ACE2-

binding peptide DX600 (pink, with amino acid sequence GDYSHCSPLRYYPWWKCTYPDPEGGG) from the surface of assembled supramolecular

structures.

(C) The two PAs can be dissolved together in aqueous solution to spontaneously associate and co-assemble into supramolecular filaments that display

the ACE2-binding ligand on their surfaces. Subsequently, soluble ACE2 can be added to filament solutions to allow binding via inhibition of the ACE2

proteolytic active site to yield decoy ACE2-docking filaments, called fACE2.
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Figure 1. Continued

(D) fACE2 can be delivered to nasal passageways and lung tissue, where it can bind to and capture SARS-CoVs to block viral entry into host cells.

(E) Representative low-magnification transmission electron microscopy (TEM) images of ACE2-docking supramolecular filaments (20:1 molar ratio of

Filler to Ligand) after dissolving at 1 mM in PBS at pH 7.4 and aging for 24 h, revealing ribbon-like filaments several microns in length. Scale bar

represents 200 nm.

(F) High-magnification TEM image of the boxed area in (E). Filament diameter is represented as mean G SD (n = 35). Scale bar represents 50 nm.

(G–J) Representative cryo-TEM micrographs of ACE2-docking supramolecular filaments formed from co-assembly of varying molar ratios of Filler to

Ligand (fixed 50 mM Ligand concentration: G, 1:0; H, 10:1; I, 20:1; and J, 50:1) after dissolving in PBS at pH 7.4 and aging for 24 h, confirming a ribbon-like

morphology with slight twisting. Scale bar represents 100 nm (G) or 200 nm (H–J).
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the Ligand to optimize ACE2 docking and regulate surface charge.44 On the C ter-

minus of the Ligand, we present the non-cleavable peptidic ACE2 inhibitor DX600

(Ki = 2.8 nM, KD = 10.1 nM), through which ACE2 can reversibly bind at its active

site,45 allowing effective immobilization and release of soluble ACE2 from filament

surfaces. The DX600 peptide ligand is extended away from the filament surface

with a short, flexible, hydrophilic oligoethylene glycol (OEG4) chain and a double

glycine segment (GG) as a spacer for better accessibility and to mitigate undesired

interactions between ACE2 and the charged filament surface. The Ligand and Filler

were molecularly crafted to have matching but oppositely charged intermolecular

interaction-regulating peptide segments (VVVGKK and VVVGEE, respectively) to

facilitate formation of a hydrogen bonding network within the filaments (VVV) and

to enhance supramolecular cohesion through electrostatic complexation (KK/EE),

promoting co-assembly of the two components into filamentous structures.27,46

Both PAs contain a dodecyl chain (C12 alkyl group) at their respective N termini to

enable hydrophobic collapse for self-assembly in aqueous environments. Both

molecules were synthesized following standard solid-phase peptide synthesis tech-

niques and subsequently purified and characterized with reverse-phase high-perfor-

mance liquid chromatography (RP-HPLC) and MALDI-TOF mass spectroscopy,

respectively (Figures S1 and S2). Together, Ligand and Filler monomers can be

mixed at varying ratios in aqueous solutions to spontaneously associate and form su-

pramolecular filaments, and, subsequently, soluble ACE2 can be added to solutions

of these filaments to bind to the presented ligand at the surface, yielding ACE2-

docking filaments bearing decoy ACE2, called fACE2 (Figure 1C). Solutions of

fACE2 can be delivered to nasal passageways and lung tissue, where the presented

decoy ACE2 can bind to SARS-CoV spike proteins and block viral entry into host

cells, curbing viral infectivity (Figure 1D).

After successful synthesis and purification, the self-assembly behavior of eachmolecule

was studied. After aging for 24 h in water, the Ligand PA alone was observed, using

transmission electronmicroscopy (TEM), to form spherical and other irregularly shaped

aggregates, and this shape was corroborated by similar size measurements with dy-

namic light scattering (DLS) and disordered random-coil circular dichroism (CD)

spectra (Figure S3), which is likely due to a combination of a relatively large hydrophilic

segment with steric hinderance from neighboring DX600 ligands that hinders the for-

mation of ordered hydrogen bonds between monomers that typically yield one-

dimensional structures.27 Using TEM, the Filler PA was observed to form ribbon-like

filaments over several microns in length (Figure S4); thus, the Filler likely not only serves

a purpose as a diluting agent to regulate ligand density but is also key for providing

dimensionality to the co-assembly of the supramolecular structure components.

When mixed together in PBS at pH 7.4, the Ligand and Filler PAs co-assemble into rib-

bon-like filaments over several microns in length, with diameters measuring around

�11.3 nm under TEM (Figures 1E, 1F, and S4), which is corroborated by the observed

increasing b-sheet character of the hydrogen bonding within the filaments as Ligand

content is increased (Figure S5).
586 Matter 6, 583–604, February 1, 2023
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The ratio of Filler to Ligand PAs in the co-assembled structures is expected to be a

key parameter in maximizing ACE2 binding because it determines DX600 density on

the filament surface44 and affects the supramolecular stability of the structures,

which is critical for maintaining structural integrity during aerosol formation for inhal-

able delivery.36 Because the assembled state represents a dynamic equilibrium be-

tween the filaments and monomers, the thermodynamic stability of each PA and

their mixture was evaluated by assessing the critical micelle concentration (CMC)

for each system via Nile Red assay, revealing CMC values of around 2.9, 1.3, and

0.63 mM for the Filler and Ligand and a 1:1 molar ratio mixture, respectively (Fig-

ure S6). By preparing filaments well above the CMC of the Ligand, we can ensure

that the majority of the Ligand monomers are incorporated in the supramolecular

structure and increase the likelihood of ACE2 docking to the filament surface. The

reduction in CMC for the mixed system corroborates the enhanced stability

conferred by the additional electrostatic interactions incorporated through opposite

charges in our molecular designs and provides additional evidence of co-assembly

of the two PAs into supramolecular structures. We varied the molar ratios of Filler to

Ligand (10:1, 20:1, and 50:1, with set 50 mM Ligand to be higher than CMC) and

observed the resulting supramolecular structures under cryogenic TEM (cryo-TEM)

and conventional TEM (Figures 1G–1J and S4). Our cryo-TEM imaging confirms

the ribbon-like morphology, with evidence of slight, intermittent twisting for all

tested ratios in PBS, suggesting incorporation of the Ligand into filamentous struc-

tures with minimal effect on morphology. Our analysis of structure, hydrogen

bonding characteristics, and CMC supports supramolecular copolymerization of

Filler and Ligand PAs into filaments.

Docking decoy ACE2 to supramolecular filament surfaces

With confirmation of successful incorporation of Ligand PA into supramolecular fil-

aments, we next aimed to assess whether ACE2 can successfully bind to the Ligand

PA and dock to filament surfaces. We assessed the specificity of the binding inter-

action between Ligand and ACE2. We designed a scrambled analog to Ligand,

sLigand, in which the order of the amino acids of DX600 are shuffled, to serve

as a negative control. Like the ACE2-specific Ligand, sLigand also forms spherical

aggregates in water and PBS (Figure S7). Binding of Ligand and sLigand to immo-

bilized ACE2 was analyzed via biolayer interferometry (BLI). We observed a distinct

binding response between ACE2 and Ligand compared with sLigand, which dem-

onstrates specificity of the Ligand and ACE2 binding interaction (Figure 2A). For

high concentrations above the CMC value, we observe a higher background

signal, indicative of nonspecific interactions occurring between the spherical ag-

gregates and ACE2 (Figures 2B and 2C). Because of these solubility limitations

of Ligand and sLigand, a binding saturation point was not reached, and an accu-

rate binding affinity constant could not be determined (for the free DX600 pep-

tide, the binding affinity has been reported as KD = 10.1 nM, where our Ligand

likely performs at or below this level).45 Although we do observe a relatively fast

off-rate of ACE2 from Ligand, this rate is likely unimportant in the context of inhib-

iting viral entry because bound and unbound ACE2 can capture SARS CoVs.

Nevertheless, these results support the hypothesis that a specific interaction be-

tween Ligand and ACE2 does occur.

We next aimed to verify that the observed binding interaction was occurring at the

proteolytic active site of ACE2 and at the surface of the supramolecular structures.

Using a fluorogenic peptide substrate for ACE2 (7-methoxycoumarin-4-yl)acetyl-

YVADAPK(2,4-dinitrophenyl)-OH (Mca-YVADAPK(Dnp)-OH) where active ACE2

will cleave the quencher moiety from the peptide and yield a detectable
Matter 6, 583–604, February 1, 2023 587



Figure 2. Docking ACE2 to supramolecular filament surfaces via enzyme-substrate complexation

Shown is BLI-based analysis of the interaction kinetics of Ligand and sLigand with immobilized ACE2 by 3-fold dilution (33.3–0.137 mM).

(A) Equilibrium response signal of Ligand and sLigand evaluated a moment before the dissociation step (299 s). Response signals are normalized to their

respective maximum values.

(B and C) BLI kinetics traces of (B) Ligand and (C) sLigand association with immobilized ACE2, with the dissociation step occurring at 300 s.

(D) Kinetics measurement of evolved fluorescence of the activity probe by ACE2 cleavage in the presence of various ACE2-docking filament

components (ACE2, free rhACE2; 20:1 Fil, 20:1 molar ratio of Filler to Ligand). Data are presented as mean G SD (n = 3).

(E) Initial velocity calculated from kinetics measurements of ACE2 activity in the presence of ACE2-docking filament components. Data are presented as

mean G SD (*p < 0.05; **p < 0.01; ns, p > 0.05; ****p < 0.0001 for ACE2, Filler, and sLigand versus every other group; one-way ANOVA with Tukey’s post

hoc test, n = 3).

(F) Zeta potential measurements of Ligand and sLigand before and after incubation with ACE2. Data are presented as mean G SD (***p < 0.001; ns, p >

0.05 otherwise; one-way ANOVA with Tukey’s post hoc test, n = 3).

(G) Effect of Filler:Ligand molar ratio on docking efficiency, holding Ligand (50 mM) and ACE2 (50 nM) concentrations fixed while varying Filler

concentration, highlighting optimization of spacing between Ligand PAs within filaments. Data are presented as mean G SD (**p < 0.01; ns p > 0.05;

****p < 0.0001 otherwise; one-way ANOVA with Tukey’s post hoc test, n = 3).

(H) Effect of Ligand:ACE2 molar ratio on docking efficiency, holding Ligand concentration (50 mM) and Filler:Ligand molar ratio (20:1) fixed while varying

Ligand:enzyme ratio by adjusting ACE2 concentration. Data represent mean G SD (*p < 0.05; ns, p > 0.05; ****p < 0.0001 otherwise; one-way ANOVA

with Tukey’s post hoc test, n = 3).

(I) Effect of Ligand concentration on docking efficiency, holding Filler concentration (1 mM) and Ligand:ACE2 molar ratio (1,000:1) fixed while varying

Ligand concentration, reflecting optimization of minimal Ligand concentration to ensure that ACE2 binding occurs with filaments. Data are presented

as mean G SD (ns, p > 0.05; ****p < 0.0001 otherwise; one-way ANOVA with Tukey’s post hoc test, n = 3). Shown is Optimization of co-assembly and

loading parameters to maximize ACE2 docking to supramolecular filaments, determined by the extent of enzymatic inhibition relative to free ACE2

control (G–I).
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fluorescence signal, we assessed the effect of various components of the ACE2-

docking filaments on ACE2 activity (evolved fluorescence for different conditions

is shown in Figure 2D). Assuming Michaelis-Menten enzyme kinetics, we also

approximated the initial velocity of the reaction (50 nM ACE2) for each condition

based on the observed signal (Figure 2E).45 We observed a slight effect on ACE2 ac-

tivity in the presence of Filler PA alone, where the small reduction in velocity may

likely be attributed to nonspecific interactions between ACE2 and the filaments

and also to diffusion limitations presented by a dense filament network (1 mM Filler);

however, this activity is much higher compared with the Ligand alone (50 mM), high-

lighting that DX600 peptide design is key for the ACE2 interaction/inhibition.

Compared with the sLigand (50 mM), the Ligand drastically reduces ACE2 initial ve-

locity, confirming that the ACE2-Ligand interaction is occurring at the ACE2 proteo-

lytic site. Although slightly higher, there is no appreciable difference in the initial ve-

locity of ACE2 cleavage in the presence of the Ligand in comparison with the free

DX600 peptide alone. For the co-assembled system (20:1 molar ratio of Filler to

Ligand), we observed a higher initial velocity compared with the Ligand alone

despite equal Ligand concentrations. This could likely be due to a more confined

orientation of the DX600 peptide presented on the filament surface, limiting acces-

sibility to ACE2 to some extent, in combination with slower diffusion of ACE2

through the filament network. This reduction relative to the initial velocity of free

ACE2 shows around 93% inhibition of added ACE2, suggesting binding to pre-

sented inhibitor ligands on the docking filaments.

Next, we aimed to validate that the binding interaction with ACE2 occurs at

the surface of the supramolecular structures and not predominately and/or exclu-

sively with monomers in solution. We first conducted zeta potential measurements

of ACE2 alone (pI z 5.36) and in the presence of Ligand and sLigand spherical ag-

gregates at physiological pH (7.4) in PBS (Figure 2F) because, if the two entities are

not interacting, then we expect the measured zeta potential to be equivalent to

the intensity-averaged zeta potential of the mixture. We measured a large drop

in zeta potential for the Ligand micelles mixed with ACE2 and relatively no change

with the sLigand system, suggesting ACE2 complexation at the particle surface

and emphasizing the key role of Ligand binding in facilitating this interaction as

opposed to other nonspecific interactions. The lower zeta potential is expected

with ACE2 binding because the exposed spike RBD-binding site on ACE2 has a

negative electrostatic potential.47 The same phenomenon is also observed with

the co-assembled supramolecular system, where the zeta potential decreases after

ACE2 binding, suggesting ACE2 docking at the filament surface (Figure S8).

Optimizing ACE2 presentation on the supramolecular filament surface

To maximize the docking efficiency of added ACE2 and optimize presentation of

ACE2 on the surface of the ACE2-docking supramolecular filaments, we investigated

the effects of different co-assembly variables in facilitating ACE2 docking, such as

molar ratios of the two filament components and relative ACE2 content. First we

examined the influence of the Filler:Ligand molar ratio on ACE2 docking efficiency,

which we represent as the extent of observed inhibition of ACE2 enzymatic activity

for each tested group (initial velocity using a fluorogenic peptide substrate assay) in

comparison with free ACE2 activity under the same conditions. For fixed concentra-

tions of Ligand and ACE2 (50 mM and 50 nM, respectively), we observe that, with

increasing Filler content relative to Ligand, we achieve greater ACE2 docking

(Figures 2G and S9). This is likely reflective of enlarged spacing between neigh-

boring ligands, which facilitates effective ACE2 binding by mitigating steric hin-

derance that may result from crowding of ligands and/or ACE2 (�85 kDa). With at
Matter 6, 583–604, February 1, 2023 589
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least a 20:1 molar ratio of Filler:Ligand, we achieve around 96% of the added ACE2

bound at the filament surface, and higher ratios from this point achieve minimal in-

creases in ACE2 incorporation. We therefore selected the 20:1 ratio as the optimal

spacing because this also minimizes Filler demand, which, in turn, decreases the to-

tal number of filaments and likelihood of physical crosslinks that can increase solu-

tion viscosity and potentially impede ACE2 diffusion, which could have negative ef-

fects on the occurrence of binding events between ACE2 and Ligand at filament

surfaces.32,48

Considering the binding equilibrium that exists between our Ligand, ACE2, and

the Ligand-ACE2 complex, we next investigated the effects of the molar Ligan-

d:enzyme ratio, a key parameter in enhancing docking efficiency. Holding the

Filler:Ligand ratio (20:1) and Ligand concentration (50 mM) constant, we varied

the Ligand:enzyme ratio by adjusting the added ACE2 concentration (10–

250 nM) and determined its effect on ACE2 activity inhibition. As expected, we

find that, with increasing the Ligand:enzyme ratio, the docking efficiency increases

(greater observed enzymatic inhibition) as binding equilibrium is shifted toward

formation of the Ligand-ACE2 complex (Figures 2H and S10). With a 1,000:1 molar

ratio of Ligand:ACE2 at our optimal ligand spacing, we successfully dock around

95% of the added ACE2 to the filament surface, where further increases show

negligible changes in docking efficiency. At higher ACE2 concentrations, docking

may be limited by the accessibility of ligands at the filament surface or other steric

effects. We selected the 1,000:1 molar ratio of Ligand:ACE2 as optimal for future

preparations of fACE2 because this ratio ensures that almost all added ACE2 will

bind to the filament surface.

After examining the role of Filler concentration and the ratio of Ligand to ACE2, we

next studied the effect of Ligand concentration on maximizing docking efficiency.

Although holding the Filler concentration constant (1 mM) and varying added

ACE2 tomaintain a 1,000:1molar ratio of Ligand:ACE2, we adjusted the Ligand con-

tent in the filaments (5–50 mM) and determined its effect on ACE2 activity (Figures 2I

and S11). We observe that increasing the ligand concentration yields greater dock-

ing of ACE2, as expected. We also see a drastic drop in ACE2 docking with the lower

concentrations of Ligand tested (10 mM), suggesting the existence of a critical point

in Ligand concentration where, despite being at the optimal ratio relative to ACE2,

the density of Ligand is too low, and the equilibrium is likely not shifted in favor of

formation of the Ligand-ACE2 complex. At these lower concentrations of Ligand,

the probability of ACE2 binding to a presented Ligandmolecule is too low (whereas,

for the study detailed in Figure 2G, the Ligand concentration held at a constant re-

flects an equal probability of a binding event between conditions). These results vali-

date that, without presentation of the enzymatic inhibitory ligand at their surface,

there is negligible interaction of ACE2 with the filaments. Last, we determined the

minimal incubation time sufficient to achieve the maximum docking efficiency of

added ACE2. At the previously determined optimal conditions for ACE2 docking

(20:1 Filler:Ligand and 1,000:1 Ligand:ACE2), we pre-incubated filaments with

ACE2 (25 nM) for a range of times (0–120 min) before assessing ACE2 activity (Fig-

ure S12). We observed an almost instantaneous capture of ACE2 to the filament sur-

face (0 min incubation, �83% inhibition), which is likely due to the strong binding af-

finity of the DX600 ligand for ACE2.Within 15min, we achieve themaximumdocking

efficiency of around 95%, with longer incubation times showing negligible increases

in ACE2 inhibition. This is promising with respect to translation of the system to a

clinical setting because ACE2 will dock to filament surfaces within a few minutes,

yielding fACE2 ready for administration.
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Figure 3. Delivery of fACE2 in respirable aerosols via jet nebulization

(A) Kinetics measurement of evolved fluorescence intensity of the proteolytic activity probe by ACE2 after nebulization and after separation of ACE2

from filaments via dialysis, highlighting the increased ACE2 activity afforded by fACE2 compared with free ACE2. Data represent mean G SD (n = 3).

(B) Estimated initial velocities of ACE2 proteolytic activity, determined from kinetics measurements (relative to free ACE2 control), emphasizing the

preservation effect afforded by the docking strategy. Data are presented as mean G SD (**p < 0.01, ***p < 0.001, ****p < 0.0001 for ACE2 versus NEB

ACE2, one-way ANOVA with Tukey’s post hoc test, n = 3).

(C) Schematic of the hypothesized mechanism of ACE2 structural preservation afforded by fACE2, where binding affinity interactions of ACE2 at the

filament surface and enrichment of the air-liquid interface (ALI) by filament PA monomers mitigate the interaction strength of ALI on ACE2 together

prevent protein unfolding and aggregation, preserving ACE2 activity.

(D) Representative TEM images of fACE2 at 1 mM in PBS at pH 7.4 before (left) and after (right) jet nebulization, showing retention of filament shape but

reduction in length. Diameter measurements are represented as mean G SD (n = 35). Scale bar represents 200 nm.

(E) Population size distribution of observed filament contour lengths after jet nebulization of fACE2 (20 bins, 50 nm each) from TEM images, where

average contour length (m) is given as mean G SD alongside median (M) length (n = 398 analyzed filaments).
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Delivery of fACE2 in respirable aerosols

Having validated successful docking of ACE2 to the supramolecular filament surface,

we next evaluated the ability of the filaments to carry ACE2 in respirable aerosols as a

means of delivering ACE2 directly to lung tissues via jet nebulization. Because of the

noncovalent nature of filament assembly and binding of ACE2, we expect structural

integrity and activity to be affected by air-liquid interface (ALI) enrichment and shear

stress during aerosol droplet formation.36,49,50 This is of particular importance with

respect to the decoy function of ACE2 because potential ACE2 unfolding and aggre-

gation from aerosolization may negatively influence the ability of the viral S protein

to effectively bind to decoy ACE2. We therefore investigated the stability of docked

ACE2, reflected by its proteolytic activity (because unfolded and/or aggregated

ACE2 will likely exhibit inhibited activity), by collecting and analyzing the emitted

mist from a jet nebulizer, after which ACE2 was unbound and separated from fila-

ment surfaces by dialysis. Although reduced compared with pre-nebulization, we

find that ACE2 delivered on filaments exhibits much higher enzymatic activity

(around 67% relative initial velocity relative to the ACE2 control) compared with

free ACE2 (around 14% relative to the control) after jet nebulization (Figures 3A

and 3B). These results suggest that our docking strategy not only facilitates delivery
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of decoy ACE2 in respirable aerosols but also provides protection against protein

denaturization by harsh aerosolization forces, ensuring greater fractions of delivered

ACE2 in the correct conformation. We speculate that two factors contribute to the

structural preservation of ACE2 in this system (shown in Figure 3C). First, the strong

binding affinity of ACE2 to the Ligand molecule likely aids in mitigating adsorption

of ACE2 to the highly hydrophobic ALI, which can result in protein unfolding and ag-

gregation, by shifting the equilibrium toward the docked state and reducing ACE2

content in the bulk solution. Second, the PA monomers of the supramolecular fila-

ments exchange frequently between their assembled state and the ALI, where the

hydrophobic influence of the ALI shifts the assembly-disassembly equilibrium from

the supramolecular structure to the monomeric form.36,51 Subsequent enrichment

of the ALI by PA monomers likely impedes ACE2 adsorption and potential unfolding

and/or aggregation, preserving its structure and activity. Therefore, using supramo-

lecular filaments as inhalable carriers appears to be highly advantageous for protein

delivery within respirable aerosols, particularly because of the surface activity of PAs.

Based on this proposed mechanism, improvements to ACE2 activity and structure

preservation could be afforded by increasing the strength of the binding interaction

between ACE2 and the filament surface (such as using a tighter binder to the proteo-

lytic active site in the Ligand design) and/or optimizing the extent of interface enrich-

ment of the PAs to aerosol droplet surfaces (by modulating their CMCs).

To further elucidate the behavior of fACE2 during aerosol delivery, we next assessed

its structural stability during jet nebulization. This is of concern because filaments

measure over several microns in length and form from noncovalent interactions,

and the resulting size distribution after nebulization will be critical for achieving ideal

distribution and retention of fACE2 in lung tissue.39,52 As observed with TEM, fACE2

maintains its ribbon-like morphology after addition of ACE2 (50 nM), and after jet

nebulization, fACE2 maintains its filamentous shape with an observed reduction in

contour length, which is expected because of ALI enrichment and shear during aero-

sol droplet formation (Figure 3D).36,53 The influence of these factors is corroborated

by CD measurements, where the observed reduction in signal intensity is reflective

of weakened hydrogen bonding because of dissociation into smaller structures and/

or PA monomers (Figure S13). The average contour length of fACE2 after nebuliza-

tion measured around 343 G 196 nm, although nebulization does induce polydis-

persity with respect to filament length (Figure 3E). However, this distribution of

size could be advantageous with respect to diffusion through the mucus layer

atop airway epithelia because some fACE2 may penetrate the mucus and some re-

mains on top of or closer to the mucus layer surface.39 Integration of fACE2

throughout the mucus layer may potentially increase the likelihood of successful vi-

rus capture before viral entry into host cells. The degree of filament fragmentation is

consistent regardless of formulation concentration (0.2–1 mM filament concentra-

tion range), where the average contour length is around 330 nm, with similar distri-

butions for each tested concentration (Figure S14). Jet nebulizer emission of fACE2

is linear over the course of a nebulization event, with release of around 6.3%/min (by

mass) of the loaded dose (Figure S15). These data suggest that fACE2 exhibits

steady release from a jet nebulizer with consistent size distribution, which is imper-

ative for achieving more uniform distributions in lung tissue for inhalation-based

delivery.

Inhibition of pseudotyped CoV entry in vitro by fACE2

Having shown that ACE2-docking filaments bind ACE2 to their surface and carry

ACE2 in respirable aerosols, we next evaluated the ability of fACE2 to capture

SARS-CoV-1 and -2 spike protein pseudotyped feline immunodeficiency virus (FIV)
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and prevent viral entry in vitro. First we assessed the cytotoxicity of ACE2-docking

filaments against relevant human cell lines (NL20, bronchial epithelial cells; A549,

alveolar basal epithelial adenocarcinoma cells; and 293/ACE2/TMPRSS2, stable-

producing human ACE2 and co-receptor, TMPRSS2,12 HEK293 cells, used in

following antiviral studies). For all tested concentrations of filaments (0.1–100 mM),

cells maintained high viability after treatment (>90%), which is promising for use

of this system as a safe delivery vehicle of soluble ACE2 (Figure S16). The negligible

cytotoxicity likely does not interfere with evaluation of antiviral efficacy in the

following in vitro assessments.

To evaluate the antiviral effect of fACE2, pseudotyped viruses (PsVs) were generated

for SARS-CoV-2 and SARS-CoV (with vesicular stomatitis virus G protein [VSV-G] as

a negative control) to yield virus particles decorated with their respective spike

protein and containing an expression cassette for luciferase to assess viral entry

into 293/ACE2/TMPRSS2 cells. We first assessed the decoy effect of fACE2 and rele-

vant controls (free recombinant human [rhACE2] and empty ACE2-docking filaments

[20:1molar ratio Filler:Ligand filaments without ACE2 docked to their surface, Fil]) by

pre-incubating varying doses with each PsV and subsequently challenging 293/

ACE2/TMPRSS2 cells with the mixture (Figure 4A). We found that SARS-CoV-2

and SARS-CoV PsV infection is strongly inhibited by fACE2 and ACE2 in a dose-

dependent manner, suggesting that ACE2 displayed on the surface of fACE2 hijacks

S protein-mediated viral infection and that docking of ACE2 does not impede viral

capture (Figures 4B and 4C). This trend is not observed for the VSV-G PsV, as ex-

pected, and the empty filaments alone show little to no viral capture for all PsVs

tested, emphasizing the key role of ACE2 in inhibiting S protein-mediated viral entry.

An increase in inhibition is observed at higher concentrations of filaments (�18%

at the highest dose against SARS-CoV-2 PsV), which may be due to nonspecific in-

teractions between virus particles and filaments; this may explain the higher PsV

infection inhibition observed for fACE2 (�88%) compared with free ACE2 (�66%).

Against SARS-CoV-2 and SARS-CoV, fACE2 exhibited potent inhibitory activity,

which shows promise in providing broad-spectrum antiviral efficacy for current

and future SARS-CoVs.

Because ACE2 degrades quickly, extending its availability as a decoy is highly desir-

able for blocking SARS CoV infections.19 Therefore, we next aimed to assess the pre-

ventative effect of fACE2 and whether our docking strategy serves to extend the

decoy function. To achieve this, we pre-treated 293/ACE2/TMPRSS2 cells with

fACE2 and relevant controls (0.5 nM ACE2 dose) and allowed them to incubate

for a set time before challenge with SARS-CoV-2 PsV (Figure 4E). We observed

that, for all tested incubation times, fACE2 exhibited a greater inhibitory effect

compared with free ACE2; the extent of inhibition by free ACE2 began to steadily

decrease around 2 h and became almost identical to empty filaments by 6 h (Fig-

ure 4F). In stark contrast, fACE2 inhibitory potential declined at a much slower

rate, maintaining around �60% inhibition of PsV infection at 6 h. The preventative

effect was assessed for longer incubation times for fACE2 and empty filaments

(excluding ACE2 because the inhibitory effect became equivalent to that of the

empty filament control). After 12 h, fACE2 preventative efficacy begins to wane

and becomes indistinguishable from that of empty filaments around 36–48 h (Fig-

ure 4G). These results highlight a key advantage of fACE2 in preventing viral entry,

where it exhibits more potent and sustained inhibitory efficacy compared with free

ACE2, likely because of docking to the filament surface. Binding of ACE2 to the fila-

ment likely impedes premature degradation and/or cellular uptake of ACE2,

enhancing and prolonging its antiviral efficacy.
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Figure 4. fACE2 inhibits PsV infection and docking of ACE2 extends its decoy function

(A) Schematic of the study design for assessing the decoy effect of fACE2.

(B–D) Shown is inhibitory activity of fACE2 and controls (rhACE2 and empty filaments [20:1molar ratio Filler:Ligand filaments without ACE2docked to their surface];

Fil) against PsV. SARS-CoV-2 (B), SARS-CoV (C), and VSV (D) viral entry. Data are presented as meanG SD (for the highest tested dose: ns, p > 0.05; ***p < 0.001;

****p < 0.0001 for fACE2 and ACE2 versus Fil for SARS-CoV-2 and SARS-CoV PsV; one-way ANOVA with Tukey’s post-hoc test, n = 3 independent experiments).

(E) Schematic of the study design for assessing the preventative effect of fACE2 against SARS-CoV-2 PsV challenge.

(F) Inhibitory activity of fACE2 and controls after set incubation times against SARS-CoV-2 PsV viral entry evaluated at 0.5 nM ACE2 or the equivalent

dose. Data are presented as mean G SD (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001, with fACE2 versus ACE2 represented above the fACE2 line and

ACE2 versus Fil above the ACE2 line; ****p < 0.0001 for fACE2 and ACE2 versus Fil otherwise; one-way ANOVA with Tukey’s post hoc test, n = 3

independent experiments).

(G) Inhibitory activity of fACE2 and Fil after set incubation times (continuing from F) against SARS-CoV-2 PsV viral entry. Data are presented as

mean G SD (for each time point: ns, p > 0.05; *p < 0.05; ***p < 0.001, unpaired two-tailed t test with Welch’s correction, n = 3 independent experiments).
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Attenuation of SARS-CoV-2 viral loads in vivo by inhalation of fACE2

After demonstrating the enhanced and extended antiviral efficacy afforded by our

docking strategy against pseudotyped FIV, we next assessed the efficiency of

fACE2 delivery into the lungs and its ability to subsequently capture SARS-CoV-2

in vivo. For delivery to mice, we used an intranasal mucosal atomizer to subject

fACE2 to shear forces necessary to generate respirable aerosols before administra-

tion, which also yielded filaments of reduced contour length (Figure S17). By loading

ACE2-docking filaments with a near-infrared fluorescent dye (Cyanine 5.5) to allow

in vivo visualization, we evaluated the distribution and retention of the ACE2-dock-

ing filaments administered via intranasal inhalation and intratracheal instillation into

K18-hACE2 transgenic mice. 3 h after administration, the fluorescence signal is still

detectable in nasal passageways of treated mice, evidencing the presence of

filaments. After 24 h, excised lungs show a strong fluorescence signal throughout

the distal lungs, suggesting migration and long-term retention of filaments, which

may likely be afforded by their filamentous shape (Figure S18).54,55 Histology of

lung tissue sections taken at the 24-h time point indicates no obvious signs of struc-

tural damage, apoptosis, inflammation, or neutrophil infiltration induced by treat-

ment with ACE2-docking filaments compared with the PBS control (Figure S19).

These results suggest that ACE2-docking filaments exhibit long-term retention

within lung tissues after inhalation and are safe, biocompatible delivery vehicles

for ACE2.

Having achieved successful inhalation delivery of ACE2-docking filaments in vivo, we

next assessed the clinical potential of fACE2 as a preventative therapeutic agent

against CoV infection. As shown in Figure 5A, we administered atomized fACE2

(20 nM dose of ACE2), rhACE2 (20 nM), or empty filaments (equivalent to the

20 nM ACE2 dose) to K18-hACE2 mice via intranasal inhalation 1 h before inocu-

lating mice with prototype SARS-CoV-2 virus (USA-WA1/2020, 105 plaque-forming

units [PFUs]/mouse). 2 days after inoculation, the mice were euthanized, and their

lung tissue was harvested. As evidenced by increased cycle threshold (Ct) values

for N protein gene expression and reduced N protein detection in lung tissue, treat-

ment with fACE2 greatly reduces viral load in SARS-CoV-2-infected lungs compared

with empty filaments and rhACE2 alone (Figures 5B and 5H), although the body

weight loss in each group was similar (Figure 5C). The similar negligible effect on

viral load by empty filaments and free rhACE2 suggests that the observed enhanced

efficacy of fACE2 can likely be attributed to structural and functional preservation of

ACE2 by our docking strategy as opposed to nonspecific interactions between fila-

ments and virus particles. In parallel with the reduced viral load, mice that received

treatment with fACE2 also exhibited decreased expression of the pro-inflammatory

cytokine interleukin-6 (IL-6; Figure 5D), a hallmark of the hyperinflammatory

response and cytokine storm in human and animal models of SARS-CoV-2 infec-

tion.56–58 Enhanced expression of the antiviral cytokine interferon gamma (IFN-g;

Figure 5E) was observed, suggesting restored antiviral immune responses and

balanced inflammatory responses, which are typically lacking in patients with

progressing COVID-19 and animal models and are indicative of severe COVID-

19.59–62 fACE2-treated mice displayed alleviated lung inflammation and related pa-

thology, as evidenced by mitigated inflammatory cell infiltration into lung tissue

(neutrophils and monocytes; Figures 5F, 5G, and S20).63 These results highlight

the prophylactic and therapeutic potential afforded by our docking strategy of

decoy ACE2 to filament surfaces to improve antiviral efficacy, clearly illustrating

the preventative potential of fACE2 in clinical practice. Although preventative effi-

cacy is directly investigated here, these results also highlight the potential of

fACE2 as a treatment tool for those already infected with SARS-CoV-2 by reducing
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Figure 5. fACE2 attenuates viral load and lung injury after SARS-CoV-2 inoculation in vivo

(A) Experimental timeline to assess the effectiveness of fACE2 and controls delivered via inhalation in mitigating the viral infectivity of subsequent

SARS-CoV-2 inoculation (USA-WA1/2020, 1.5 3 105 TCID50 dose) in K18-hACE2 transgenic mice.

(B) Ct values of SARS-CoV-2 in harvested lungs of K18-hACE2 mice after treatment with atomized fACE2 (20 nM ACE2 dose in PBS) and controls (Ctrls,

PBS; Fil, atomized equivalent empty filament dose in PBS (20:1 molar ratio Filler:Ligand filaments without ACE2 docked to their surface); rhACE2,

recombinant human ACE2, 20 nM dose in PBS). Data are presented as mean G SD (*p < 0.05; ns, p > 0.05 otherwise; one-way ANOVA with Tukey’s post

hoc test, n = 8 mice per group).

(C) Change in mouse body weight as a percentage of initial weight 2 days after treatment and SARS-CoV-2 inoculation. Data are presented as

mean G SD (ns, p > 0.05, one-way ANOVA with Tukey’s post-hoc test, n = 8).

(D) Pro-inflammatory cytokine interleukin-6 (IL-6) mRNA expression from harvested mouse lungs by qRT-PCR after treatment and SARS-CoV-2

inoculation (the ‘‘naive’’ group represents expression levels in healthy, untreated, and unchallenged mice). Data are presented as mean G SD (**p <

0.01; ns, p > 0.05 otherwise; one-way ANOVA with Tukey’s post hoc test, n = 8).

(E) Antiviral cytokine interferon gamma (IFN-g) mRNA expression from harvested mouse lungs by qRT-PCR after treatment and SARS-CoV-2 inoculation

(the ‘‘naive’’ group represents expression levels in healthy, untreated, and unchallenged mice). Data are presented as mean G SD (*p < 0.05; ns, p > 0.05

otherwise; one-way ANOVA with Tukey’s post hoc test, n = 8).
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Figure 5. Continued

(F) Hematoxylin and eosin (H&E) staining of harvested mouse lung tissue sections after treatment and SARS-CoV-2 inoculation. Scale bars represent 50 mm.

(G) Summary of pathology scoring of analyzed mouse lung tissue sections as described in the Supplemental experimental procedures. Data are

presented as mean G SD (*p < 0.05; **p < 0.01; ns, p > 0.05 otherwise; one-way ANOVA with Tukey’s post hoc test, n = 8).

(H) IF staining of harvested mouse lung tissue sections after treatment and SARS-CoV-2 inoculation, showing SARS-CoV-2 N protein (anti-SCV2 N

protein antibody, green) and nucleus (DAPI, blue) signals. Scale bars represent 50 mm.
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the viral load in the airways and distal lungs through trapping newly replicated and

released viral particles at the sites of infection.

Conclusions

In this work, we demonstrate the development of peptide-based supramolecular

filaments for delivery of ACE2 in inhalable aerosols to capture SARS-CoVs and pre-

vent infection for a prolonged period of time. Through incorporation of a peptide

that inhibits the carboxypeptidase activity of ACE2 into our design, we are able to

dock ACE2 to the surface of supramolecular filaments through enzyme-substrate

complexation while leaving the spike protein RBD-binding site exposed. This

docking strategy enables us to silence ACE2’s enzymatic activity, while stabilizing

ACE2 for nebulization and inhalable delivery and increasing its retention in lung

tissue when inhaled as a respirable aerosol. We demonstrate that fACE2 can act

as a decoy for viral binding, as evidenced by enhanced and prolonged reduction

of SARS-CoV-2 viral load in vitro and in vivo, and this reduction in viral load is able

to prevent lung damage. Future work will investigate the therapeutic potential of

fACE2 for treating COVID-19. This study establishes that our novel fACE2 system

has high translational potential to prevent current and future CoV infections,

affording a new platform for inhalable delivery of protein therapeutic agents to

treat other human diseases.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, H.C. (hcui@jhu.edu).

Materials availability

The materials generated in this study are available from the lead contact upon

request. This study did not generate new unique reagents.

Data and code availability

The data used to support the findings of this study are available from the lead con-

tact upon request. This paper does not report original code.

Materials and reagents

All fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids and resins were pur-

chased from Advanced Automated Peptide Protein Technologies (Louisville, KY).

The OEG4 spacer (Fmoc-N-amido-PEG4-acid) was purchased from BroadPharm

(San Diego, CA). rhACE2 protein (carrier free) was purchased from R&D Systems,

Bio-Techne (Minneapolis, MN). Biotinylated human recombinant (His tag) ACE2 pro-

tein was purchased from Sino Biological (Wayne, PA). Free DX600 peptide used as a

control was purchased from Cayman Chemical (Ann Arbor, MI). The near-infrared

fluorescent dye Cyanine 5.5 carboxylic acid was purchased from Lumiprobe (Hunt

Valley, MD). All other reagents and solvents were sourced from VWR, Avantor (Rad-

nor, PA) or Sigma-Aldrich, Millipore Sigma (St. Louis, MO) without any further puri-

fication unless otherwise indicated.
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Molecular self-assembly and co-assembly of PAs to form supramolecular

structures

For self-assembly of PAs, lyophilized powders of PA were dissolved in 200 mL of hex-

afluoro-2-propanol (HFIP) to disrupt any preassembled structures. Samples were

vortexed and sonicated for 5 min to aid dissolution and mixing. For co-assembled

systems, appropriate volumes of Ligand solutions were added to solutions of Filler

to achieve the specific molar ratios used in this study (Filler:Ligand ranging from 1:1–

200:1 molar ratio), and tubes of the mixtures were vortexed and sonicated for 5 min

to aid dissolution and mixing of the 2 components. Next, HFIP was evaporated and

dried under a vacuum overnight to remove all traces of HFIP. After drying, Milli-Q

water or PBS was added to yield the appropriate final concentrations (1 mM for Filler

alone and 1 mM Filler for all co-assembly systems; 200 mM Ligand and sLigand alone

and varied concentrations of Ligand relative to Filler for all co-assembly systems) of

PAs and then vortexed to aid dissolution. The pH of the solutions was then adjusted

with addition of 0.1 M HCl(aq) and 0.1 M NaOH(aq) to yield a final pH of 7.4. The

solutions were then heated at 80�C in a water bath for 1 h to aid dissolution and facil-

itate the annealing process and then cooled at room temperature overnight. For

docking of ACE2 to filament surfaces, solutions of ACE2 in PBS were mixed with fila-

ment solutions at an equal volume and allowed to incubate at room temperature for

a set time until use, yielding fACE2.

For encapsulation of the near-infrared dye Cy5.5 (Cyanine 5.5 carboxylic acid, Lu-

miprobe, Hunt Valley, MD) into hydrophobic filament cores, the same procedure

was followed as described above; Cy5.5 was dissolved with filament components

in HFIP at 2:1 molar excess relative to the Filler. After removal of HFIP, dissolution

in PBS, annealing, and aging overnight, unencapsulated Cy5.5 (precipitated) was

removed by centrifugation (13,400 rpm, 3min), and filament-containing supernatant

was removed for analysis and in vivo lung distribution studies.
TEM and cryo-TEM

Solutions of PAs were added (10-mL drop) onto a carbon film copper grid

(400-square mesh, Electron Microscopy Sciences, Hatfield, PA) and allowed to sit

for 1 min. Then the excess solution was wicked away with filter paper to leave a

thin film of the sample on top of the grid. To achieve negative staining, a 7-mL

droplet of uranyl acetate solution (2 wt % in Milli-Q water) was added on top of

the grid and blotted away after 30 s. Grids were left to dry for at least 3 h before

imaging on an FEI Tecnai 12 Twin transmission electron microscope (100-kV accel-

eration voltage). All images were recorded using an SIS Megaview III wide-angle

charge-coupled device (CCD) camera. Filament diameters and contour lengths

were measured using ImageJ software (NIH, Bethesda, MD); a minimum of 35

individual structures were analyzed for diameter length measurements, and a mini-

mum of 350 separate filamentous structures were analyzed for contour length

measurements.

For cryo-TEM, lacey carbon-coated copper grids (Electron Microscopy Sciences,

Hatfield, PA) were treated with plasma air for 30 s before sample preparation to

render the lacey carbon film hydrophilic. Sample addition to the grids was achieved

with a Vitrobot with a controlled humidity chamber (FEI, Hillsboro, OR) maintained at

95% humidity. Droplets of sample solutions (in PBS at pH 7.4, 6 mL) were added to

suspended grids in the Vitrobot and allowed to sit for 1 min before the grid was

blotted with filter paper using Vitrobot preset parameters and then immediately

plunged into a liquid ethane reservoir precooled by liquid nitrogen to produce a

thick vitreous ice film on the surface of the grid. The grids were then transferred to
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a cryo-holder and cryo-transfer stage that were also cooled by liquid nitrogen. All

imaging was performed on an FEI Tecnai 12 Twin transmission electron microscope,

operating at a 100-kV acceleration voltage. The cryo-holder temperature was main-

tained below�170�C with liquid nitrogen to prevent sublimination of vitreous water

during imaging. All images were acquired with a 16-bit 2K 3 2K FEI Eagle bottom-

mount camera.

ACE2 activity assays

The fluorogenic peptide substrate Mca-YVADAPK(Dnp)-OH (R&D Systems, Bio-

Techne, Minneapolis, MN), was diluted from stock (4 mM) to a final concentration

of 1 mM in dimethyl sulfoxide (DMSO). All monitored reactions with ACE2 were con-

ducted in black, 96-well, flat-bottom, tissue culture-treated microplates (Falcon,

Corning, NY) in 100 mL of PBS (pH 7.4) at room temperature with substrate

(1–5 mL, 10–50 mM final concentration, DMSO concentration maintained at %5%

[v/v]) added immediately before measurement. An equal volume of ACE2 was

added to solutions of the supramolecular structure and incubated for 1 h for all ex-

periments unless stated otherwise. ACE2 activity was monitored continuously (every

5 min for 2 h total) by measuring fluorescence intensity (lex = 320 nm, lem = 405 nm)

upon substrate hydrolysis using a SpectraMax M3 microplate reader (Molecular De-

vices, San Jose, CA). The initial velocity for each reaction was determined from the

rate of fluorescence evolved over the 5- to 20-min time course (the slope from linear

regression analysis of this region). The extent of enzymatic inhibition (used as a

reflection of the docking efficiency of ACE2 to the filament surface) was determined

as the measured initial velocity of a tested condition relative to free ACE2 at the

same ACE2 and substrate concentration.

Aerosolization of ACE2-docking filaments and fACE2

For studies involving jet nebulization of ACE2-docking filaments and fACE2, solu-

tions of these (3 mL) were added to a disposable jet nebulizer (Neb Kit 500, Drive

Medical, Port Washington, NY) and connected to a nebulizer compressor (Rite-

Neb 4, ProBasics, Marlboro, NJ) for constant air flow supply (�6–10 L/min). The

emitted mist was collected by fitting the outlet of the nebulizer with a 50-mL conical

tube, where liquid aerosol droplets condense on the walls of the tube. Then the

conical tubes were centrifuged at 4,000 rpm for 3 min, and the collected solution

was removed for analysis.

For quantification of ACE2 activity after nebulization, emitted mist solutions of

fACE2 were dialyzed against PBS for 48 h using a Spectra/Por Float-A-Lyzer G2 dial-

ysis device (MWCO, 20 kDa; Spectrum Labs, Rancho Dominquez, CA) to facilitate

ACE2 separation from filaments before analysis.

For the release rate of ACE2-docking filaments from the nebulizer, the device was

weighed before and after addition of filament solutions (3 mL). For the course of a

10-min nebulization event, solution in the reservoir (50 mL) was collected at 2-min in-

tervals, and the nebulizer with the remaining solution was weighed, and mass was

recorded. Using analytical HPLC, the collected reservoir samples were assessed to

determine the concentration of filaments left over at each time point. Using gravi-

metric data and the analyzed concentrations, release profiles were determined for

the filaments via mass balance analysis.

For in vivo studies involving inhalation delivery of ACE2-docking filaments to mice, fila-

ment solutions were loaded into a BD Luer-Lok 1-mL syringe equipped with a, MAD

Nasal intranasal mucosal atomization device (Teleflex Medical, Morrisville, NC) to emit
Matter 6, 583–604, February 1, 2023 599



ll
Article
liquid droplets by pushing solution through the syringe. Collected solutions were used

for administration to mice (inhalation or intratracheal instillation).

Inhibition of pseudotyped virus (PsV) infection in vitro

SARS-CoV and SARS-CoV-2 S protein cDNA (a gift fromDr. Marc Johnson, University

of Missouri School of Medicine) was used to pseudotype FIV expressing luciferase

using methods described previously.64 A VSV-G protein pseudotyped FIV express-

ing luciferase was used as a positive control for viral transduction.

For the dose-response decoy effect studies (Figures 4A–4D), prior to infection, 2 mL

of PsV (PsV titers: SARS-CoV-2, 1.7 3 1014 virus particles [VP]/mL; SARS-CoV,

1.7 3 1014 VP/mL; VSV, 4.0 3 1014 VP/mL) was added to 100 mL of Opti-MEM me-

dium (Gibco, Invitrogen) supplemented with 2% (v/v) fetal bovine serum (FBS);

10 mL of fACE2, free ACE2, or empty ACE2-docking filaments (in 13 PBS at pH

7.4) was then added to achieve the desired final concentration of ACE2 (or the equiv-

alent dose for empty filaments). The mixture was incubated at 37�C for 45 min. Then

100 mL of the mixture was transferred to the target cells (293/ACE2/TMPRSS2, >90%

confluency) in 24-well flat-bottom, tissue culture-treated plates (Falcon). Cells were

incubated for an additional hour, and then the culture medium was changed to fresh

medium. After an additional 48-h incubation, the Luciferase Assay System Kit (Prom-

ega) was used to analyze luciferase activity following the manufacturer’s protocol.

Experiments were performed with 6 technical repeats for each condition with a total

of 3 biological repeats.

For assessment of the preventative effect of fACE2 (Figures 4E–4G), 293/ACE2/

TMPRSS2 cells (>90% confluency) in a 24-well flat-bottom, tissue culture-treated

plates were treated with 100 mL of Opti-MEM medium supplemented with 2% (v/

v) FBS containing fACE2, ACE2, or empty ACE2-docking filaments (at 0.5 nM

ACE2 dose or its equivalent in 13 PBS at pH 7.4). The treated cells were incubated

at 37�C for set time points (ranging from 0 min to 8 h for all 3 groups and an addi-

tional 12–48 h for fACE2 and empty filament groups) before being challenged by

addition of SARS-CoV-2 PsV (2 mL; titer, 1.73 1014 VP/mL). With the added PsV, cells

were incubated for an additional hour, and then the culture medium was replaced

with fresh medium. After an additional 48 h of incubation, luciferase activity was as-

sessed with the Luciferase Assay System Kit (Promega) following the manufacturer’s

protocols. Experiments were performed with 6 technical repeats for each condition

with a total of 3 biological repeats.

Animal studies

K18-hACE2 mice (male and female, 8–16 weeks old; The Jackson Laboratory Lab)

were utilized for all animal experiments, which were approved by the Johns

Hopkins University Animal Care and Use Committee. The animals were housed

individually with access to food, water, and cage enrichment. After 1 week of accli-

matization in the animal biosafety level 3 (ABSL-3) facility, the animals were anes-

thetized with ketamine and xylazine for intranasal inhalation of 20 mL of PBS, fila-

ment, rhACE2 (20 nM), or fACE2 (20 nM). Details regarding the methodology for

preparing fACE2 and empty filaments before administration to mice are detailed

in the above section ‘‘Aerosolization of ACE2-docking filaments and fACE2.’’ 1 h

after reagent administration, mice were inoculated with 1.5 3 105 50% tissue cul-

ture infectious dose (TCID50) of SARS-CoV-2 (USA-WA1/2020), delivered in 30 mL

of DMEM. Mice were monitored daily for signs of sepsis or casualties. All mice

were sacrificed 2 days after SARS-CoV-2 infection, and lung tissue was collected

for analysis.
600 Matter 6, 583–604, February 1, 2023
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Histopathology and immunofluorescence

Formalin-fixed and paraffin-embedded tissue sections were stained with hematoxy-

lin and eosin (H&E) or anti-SARS-CoV-2 N protein antibody (Novus Biologicals,

NB100-56576; at a dilution of 1:200). Morphometric analyses were performed on

affected lung tissues using ImageJ software (NIH, USA). At a minimum, three fields

of view were obtained from each animal (n = 8 animals, 4 male and 4 female). Heat-

induced epitope retrieval was conducted by heating slides to 95�C for 20 min in

sodium citrate-based ER1 buffer (Leica Biosystems, Richmond, IL) before immuno-

staining. Immunostaining was performed using the Bond RX automated system

(Leica Biosystems, Richmond, IL). Positive immunostaining was visualized using

immunofluorescence (IF). Lung pathology score was calculated according to Zheng

et al.63 in brief as follows:

Neutrophil infiltration was evaluated by severity-based ordinal scoring:

0, within normal limits;

1, scattered PMNs sequestered in septa;

2, 1 plus solitary PMNs extravasated in airspaces;

3, plus small aggregates in vessel and airspaces.

Mononuclear infiltrates were evaluated by distribution-based ordinal scoring of

2003 lung fields on a Nikon Eclipse 55i light microscope:

0, none;

1, uncommon detection in less than 5% of 2003 lung fields;

2, detectable in up to 33% of 2003 lung fields;

3, detectable in up to 33%–66% of 2003 lung fields;

4, detectable in more than 66% of 2003 lung fields.

Edema, hyalinemembranes, necrotic cell debris, necrosis, and hemorrhage were not

identified and not scored. Specimens were also assessed for inflammatory change,

epithelial change, vascular change, edema, and hemorrhage.
qRT-PCR

Total mouse lung RNA was isolated using TRIzol reagent (Life Technologies)

following the manufacturer’s protocols. RNA was reverse transcribed using the iS-

cript cDNA Synthesis Kit (Bio-Rad). SARS-CoV-2 N gene expression was determined

by quantitative TaqMan PCR (Integrated DNA Technologies) following the protocols

set by the manufacturer. The Ct values were normalized by the Ct value of a house-

keeping gene, GAPDH (Bio-Rad). All other genes expression was determined by

SyBr Green qRT-PCR as described in our previous publication.65
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Andrews, C., Tau, S., Luke, B.T., Cachau, R.E.,
and Schneider, J.P. (2019). Electrostatically
driven guanidinium interaction domains that
control hydrogel-mediated protein delivery
in vivo. ACS Cent. Sci. 5, 1750–1759. https://
doi.org/10.1021/acscentsci.9b00501.

33. Li, Y., Lock, L.L., Wang, Y., Ou, S.-H., Stern, D.,
Schön, A., Freire, E., Xu, X., Ghose, S., Li, Z.J.,
and Cui, H. (2018). Bioinspired supramolecular
engineering of self-assembling immunofibers
for high affinity binding of immunoglobulin G.
Biomaterials 178, 448–457. https://doi.org/10.
1016/j.biomaterials.2018.04.032.

34. Krishnamurthy, S., Wohlford-Lenane, C.,
Kandimalla, S., Sartre, G., Meyerholz, D.K.,
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