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A B S T R A C T   

The development of countermeasures that aid in the prevention and propagation of SARS-CoV-2 infections is 
critical to manage the continuing crisis brought about by COVID-19. Here we present a proof-of-concept study on 
the use of cell-mimetic microparticles (Cytomimetics) for the interference and sequestration of SARS-CoV-2 vi-
rions away from the cellular surfaces required for replication, disease manifestation, and outbreak propagation. 
Recombinant human ACE2 (rhACE2) functionalized onto the surface of cytomimetic particles binds the receptor 
binding domain (RBD) of recombinant SARS-CoV-2 spike protein with high affinity and demonstrated a stoi-
chiometric advantage over the use of soluble rhACE2. Inhalation of rhACE2-Cytomimetic particles by mice prior 
to their exposure to aerosolized spike protein demonstrated the applicability of these cytomimetic particles in 
preventing viral protein binding to respiratory epithelial cells. Our study demonstrates the potential of an easily 
deliverable and highly modular technology for the control of viral infections and to complement other pro-
phylactic countermeasures   

1. Introduction 

Overcoming the health, social, and economic crisis brought about by 
COVID-19 requires a multi-pronged approach to manage the spread of 
the virus. These include novel therapeutics, public education about viral 
transmissibility, and active prophylactic measures. While mass vacci-
nation is the ideal approach, many obstacles still need to be overcome to 
reach this goal including vaccine hesitancy, and the continued emer-
gence of new viral variants, as well as other logistical and social chal-
lenges [1,2]. Development of additional countermeasures is warranted 
to manage the continuing spread of COVID-19, and to deal with the 
emergence of variants which reduce vaccine efficacy, such as the 
dominant delta variant [3]. We know that the progression of COVID-19 
and severity of disease are directly correlated to viral load [4,5] and 
gaining control over viral replication can dramatically reduce the rate of 
complications and shorten the course of disease. Here we propose the 
development and use of a novel technology, cytomimetic particles, in 
the form of inhalable ACE2-functionalized biomaterial particles as a 
prophylactic countermeasure to limit the infectivity and amplification of 
the viral load in people exposed to the SARS-CoV-2 virus. Rather than 
linking the active targeting functionality to the biomaterial particles, the 

cytomimetic particle approach passively leverages the tropism and af-
finity of the virion for specific cell surface markers to elicit the inter-
action in a decoy-style defensive mechanism. The SARS-CoV-2 virus has 
been shown to specifically target the angiotensin I converting enzyme 
(ACE2) carboxypeptidase [6] present in the cell surface of airway 
epithelial cells. Critical to this mechanism, the SARS-CoV-2 spike 
glycoprotein (S protein), and specifically the S1 subunit of this protein 
complex binds to the peptidase domain (PD) of the ACE2 protein with an 
equilibrium dissociation constant (KD) of approximately 15 nM [7]. We 
know that a significant contributing event to the current COVID-19 
pandemic was the emergence of SARS-CoV-2 variants containing the 
D614G mutation, which resulted in an increased density of the spike 
protein presented on the virion surface and enhanced its infectivity [8]. 
Here we present a proof-of-concept study in which the use of recombi-
nant human ACE2 (rhACE2) protein is used to functionalize HisPur 
particles to compete with endogenous cellular targets for the 
SARS-CoV-2 spike for receptor binding domain (RBD), thereby limiting 
its interaction with viable cell surfaces and prophylactically restricting 
its uptake by respiratory cells. 
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2. Materials and methods 

2.1 Animals 

All animal experimentation was approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the University of Miami and 
were performed in compliance with the National Institutes of Health 
(Bethesda, MD, U.S.A.) policies and procedures. Two months old male 
mice were used for the study. 

2.2 Fabrication of rhACE2-Cytomimetic particles 

HisPur. NI-NTA magnetic beads (ThermoFisher Scientific, Cat# 
88,832) were functionalized with an excess molar amount of recombi-
nant human ACE2 (R&D Systems, Cat# 933-ZN-010), by overnight in-
cubation under constant rotation in binding buffer to generate rhACE2- 
cytomimetic particles. Functionalized particles were magnetically 
separated and washed to remove unbound rhACE2 protein. Control 
particles were manufactured in the same manner but replacing the 
rhACE2 protein with bovine serum albumin (BSA) to assess non-specific 
interactions with the particle surface. 

2.3 In vitro validation of cytomimetic particles 

Binding efficacy of the functionalized cytomimetic particles to the 
SARS-CoV2 Spike protein was determined through western blotting and 
immunofluorescence imaging. Briefly, functionalized cytomimetic par-
ticles were combined with SARS-CoV2 recombinant Spike RBD protein 
(R&D Systems, Cat# 10,499-CV-100) at increasing ratios, incubated 
overnight under constant rotation and then the amount of bound spike 
protein to the rhACE2-Cytomimetic particles as well as free-floating 
spike protein was determined through western blotting for the S1 pro-
tein subunit (AbCam, ab272420) (Fig. 1B). The efficacy of the rhACE2- 
Cytomimetic particles to outcompete the ACE2 on cell surfaces for spike 
protein binding was determined using primary ocular surface epithelial 
cell cultures. Cells were pre-incubated with either rhACE2-Cytomimetic 
particles, or an equivalent amount of non-ACE2 functionalized HisPur 
beads (control) for 5 min, followed by supplementation of the culture 
media with 5 µg of recombinant SARS-CoV-2 spike RBD protein for 2 h. 
Cells were then washed 3x in PBS to remove unbound spike protein, 
fixed and probed for immunohistochemical imaging of spike protein 
(AbCam, Cat # ab272420), and ACE-2 (AbCam, Cat# ab153488). To 
compare the inhibitory efficacy of rhACE2 functionalized onto a cyto-
mimetic particle formulation over the use of soluble rhACE2, we 
transduced Human Embryonic Kidney Epithelial Cells (HEK293, ATCC, 
Cat#CRL-1573) with lentiviral preparations carrying a constitutive 

Fig. 1. rhACE2-Cytomimetic particles and in vitro studies, (A) rhACE2-Cytomimetic particles fabrication showing the known SARS-CoV-2 interactions with ACE2 
(A1, PDB: 6M17, [6]), components and functionalization chemistry utilized in this study (A2), and final conceptualized rhACE2-Cytomimetic particles (A3). (B) 
rhACE2-Cytomimetic particles binding capacity experiment (top) and western blot showing loading capacity of SARS-CoV-2 spike protein receptor biding domain 
(RBD) onto rhACE2-Cytomimetic particles (bottom). (C) rhACE2-Cytomimetic particles in vitro testing on primary human epithelial cell cultures (top), and immu-
nohistochemistry images for F-actin, DAPI, ACE2, and Spike RBD (gray with orange arrowheads) present on human epithelial cells pre-incubated with HisPur beads 
(control) or rhACE2-Cytomimetic particles and exposed to SARS-CoV-2 Spike RBD protein for 2 h (bottom). (D) Comparative study between rhACE2-Cytomimetic 
particles and soluble rhACE2 in vitro testing on primary ACE2 overexpressing HEK293 cell cultures, human epithelial cell cultures (top). Western blot images of RBD, 
ACE2, and ACTB in cell lysate and supernatant fractions, and quantification of spike RBD protein in cell lysate fraction (bottom, *p < 0.05). 
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ACE2 expression cassette (Addgene, Cat #154,985-LV) to generate sta-
ble human ACE2 overexpressing cell lines. HEK293 cells were cultured 
in Dulbeccos modified eagle medium (DMEM, Gibco Cat# 11,965) 
supplemented with 10% fetal bovine serum (FBS, Thomas Scientific, 
Cat# C788D86) and 1% antibiotic-antimycotic solution (Gibco, Cat# 
15,240) at 37 ◦C in 5% CO2. For experimentation, the ACE2-HEK293 

cultures were pre-incubated with 2 µg of soluble rhACE2, or an equiv-
alent quantity of rhACE2-Cytomimetic particles to account for 2 µg of 
rhACE2 on their surface for 5 min. Cells were then exposed to 5 µg of 
SARS-CoV-2 spike protein for 4 h. After 4 h of incubation, culture su-
pernatants were collected, the cells washed 3x in PBS, and lysed using 
RIPA cell lysis buffer. Cell lysates and culture supernates were then 

Fig. 2. . In vivo delivery of rhACE2-Cytomimetic particles, (A) Mouse experimentation workflow and immunohistochemical images of dissected nasal passages 
depicting endogenous mouse ACE2 and Spike RBD co-localization (solid white arrowheads), or Spike RBD protein not co-localized to the ACE2 fluorescent signal 
(black arrowheads). (B) Western blot image and quantification of the spike RBD/ACE2 protein ratio isolated from mouse nasal (N) and trachea (T) tissues following 3 
h of exposure to Spike RBD in the control and rhACE2-Cytomimetic particles cohort (** p < 0.01). 
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analyzed using western blots for the presence of rhACE2 or SARS-CoV-2 
spike protein. 

2.4 In vivo delivery of cytomimetic particles 

Mice were anesthetized and made to inhaled rhACE2-Cytomimetic 
particles through a nose mask with the aid of a nebulizer for 5 min, 
then immediately exposed to the Spike SARS-CoV2 recombinant Spike 
RBD protein also through nebulization, and then maintained for 3 h 
under observation following recovery from anesthesia. After euthanasia 
the mice nasal passages and tracheas were dissected and used for either 
western blot or immunohistochemistry analysis. 

2.5 Statistical analyses 

Paired and unpaired t tests were calculated using GraphPad Prism 9, 
with statistical significance denoted at p < 0.05. 

3. Results 

Functionalized cytomimetic particles were fabricated through the 
conjugation of 6x His-tagged rhACE2 onto HisPur magnetic particles 
(Fig. 1A). In vitro validation of the binding efficacy was determined 
using western blot analysis, rhACE2-Cytomimetic particles bind SARS- 
CoV-2 Spike RBD effectively at a ratio of greater than 1:2.5 (Spike 
RBD: rhACE2) (Fig. 1B). The comparative affinity of the SARS-CoV-2 
Spike RBD to rhACE2 on cytomimetic particles over cellular ACE2 was 
determined by pre-incubation of human epithelial cell cultures with 
rhACE2-ytomimetic particles followed by exposure to the spike RBD 
protein as a prophylactic use model in vitro. Immunofluorescence im-
aging showed significantly reduced amounts of SARS-CoV-2 Spike RBD 
protein bound to the cellular ACE2 receptor, indicating the rhACE2- 
Cytomimetic particles out compete the human cellular ACE2 as a 
target for the SARS-CoV-2 Spike RBD binding (Fig. 1C). We further 
compared the inhibition efficiency of rhACE2-Cytomimetic particles to 
that of soluble rhACE2, a modality that has been advanced as a thera-
peutic option [9,10] and demonstrate that an equivalent amount of 
ACE2 immobilized onto a particle surface is significantly more efficient 
at preventing viral spike protein uptake in ACE2 overexpressing cells 
(Fig. 1D). 

The in vivo efficacy of rhACE2-Cytomimetic particles was determined 
via the inhaled delivery of rhACE2-Cytomimetic particles to mice 
immediately prior to their exposure to the SARS-CoV-2 Spike protein. 
Mice were nebulized with either saline (control) or rhACE2- 
Cytomimetic particles for 5 min, followed by nebulization with 2 ug 
total Spike RBD protein per animal. After 3 h of Spike RBD exposure, 
mouse nasal passages and tracheas were dissected for immunofluores-
cence and western blot analysis. Our results show that use of rhACE2- 
Cytomimetic particles limits the binding of the viral protein onto the 
airway epithelial lining (Fig. 2). The amount of viral Spike RBD protein 
bound to the endogenous mouse ACE2 (Spike/ACE2) in the nasal 
epithelium and turbinates was significantly lower in the rhACE2- 
Cytomimetic particles cohort (Fig. 2B) than in the controls. In fact, 
mice that had inhaled the rhACE2-Cytomimetic particles had little 
detectable spike RBD protein bound to the epithelial lining of the airway 
tree beyond the nasal cavity. 

4. Discussion 

With the current worldwide pandemic caused by the novel corona-
virus, the evolution of the virus towards more infectious and pathogenic 
strains, and the mortality rate observed from respiratory complications 
in COVID-19 illness, novel approaches to the management of SARS-CoV- 
2 exposures need to be entertained. Our cell-mimetic approach utilizes a 
powerful and evolutionarily perfected mechanism, that of a decoy 
deployment strategy, which is one of the most ubiquitous defense 

mechanisms found in nature [11]. Moreover, mimetism is not a novel 
concept in medicine and is routinely used in biomedical applications to 
enhance the biocompatibility of medical devices [12], and for the de-
livery of DNA vaccines [13], chemotherapeutic payloads [14], and 
immunomodulatory molecules [15]. We show that a cytomimetic par-
ticle approach can successfully sequester the SARS-CoV-2 spike glyco-
protein off its biological targets in the respiratory tract, potentially 
limiting the pathological effects of viral infections without the need for 
additional specialized protective gear [16], or intricate fabrication 
processes as described in similar studies [17–19]. We further demon-
strate that surface-functionalized rhACE2 presents a stoichiometric 
advantage over soluble rhACE2 in its inhibition of SARS-CoV-2 spike 
glycoprotein binding to cellular ACE2, with the latter already having 
demonstrated encouraging outcomes in clinical trials [10]. 

Countermeasures traditionally employed during a viral outbreak, 
such as increased hygienic practices and social distancing, are all 
focused on restricting the propagation of viral transmission. Gaining 
control over the infectivity of an outbreak is probably the single-most 
important factor in overcoming an outbreak. The technology pre-
sented in this paper, while conceptually novel is relatively easy to adapt 
to other pathogens for which known cellular targets exist, and which are 
known to occur in regional, endemic, or seasonal fashions. If employed 
correctly, cytomimetic technology would add a molecular-level coun-
termeasure to limit the propagation of an infection within a community 
as well as within the tissues of already-infected patients. The latter 
would result in a reduction of the rate of complications from uncon-
trolled viral loads in patients, thus alleviating the strain on the health-
care system, which constitutes an invaluable benefit to the management 
of any outbreak. 
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