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Recently, a novel coronavirus, known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has raised global concerns, being the etiological agent of the current pandemic infectious coronavirus
disease 2019 (COVID-19). Specific prophylactic treatments like vaccines, have been authorized for use by
regulatory bodies in multiple countries, however there is an urgent need to identify new, safe, and
targeted therapeutics as post-exposure therapy for COVID-19. Among a plethora of potential pharma-
cological targets, the angiotensin-converting enzyme 2 (ACE2) membrane receptor, which plays a crucial
role in viral entry, is representing an attractive intervention opportunity for SARS-CoV-2 antiviral dis-
covery process.

In this scenario, we envisioned that binding to ACE2 by multivalent attachment of ligands to nano-
carriers incorporating antiviral therapeutics, it would increase receptor avidity and impart specificity to
these nanovectors for host cells, particularly in the pulmonary tract, which is the primary entry route for
SARS-CoV-2.

Herein, we report the design and development of novel polymeric nanoparticles (NP), densely grafted
with various ligands to selectively bind to ACE2, as innovative nanovectors for targeted drug delivery. We
first evaluated the impact of these biocompatible targeted NP (TNP) on ligand binding toward ACE2 and
measured their competition ability vs a model of spike protein (Lipo-S1). Next, we tested the effec-
tiveness of the most performing nanoprotopype, TNP-1, loaded with a model anti-SARS-CoV-2 drug such
as remdesivir (RDV), on antiviral activity against SARS-CoV-2 infected Vero E6 cells. The RDV-TNP-1
exhibited a significantly improved antiviral effect compared to RDV at the same concentration. Inter-
estingly, unloaded TNP (TNP-1E) also exhibited a basal antiviral activity, potentially due to a direct
competitive mechanism with viral particles for the ACE2 binding site. We also measured the anti-
exopeptidase activity of TNP-1E against ACE2 protein. Collectively, these insights warrant in-depth
preclinical development for our nanoprototypes, for example as potential inhalable drug carriers, with
the perspective of a clinical translation.

© 2022 Elsevier Masson SAS. All rights reserved.
1. Introduction

Novel beta-coronavirus SARS-CoV-2 is the pathogenic agent
responsible for coronavirus disease 2019 (COVID-19) and for the
current global pandemic [1e4]. This emergency highlights the ur-
gent need to expand and focus current research tools on “neglected
Surgical, and Experimental
assari, Italy.

served.
infectious diseases” to prevent future potential epidemics [5e8].
Impressive efforts have been done at elucidating the viral structure,
life cycle and to identify the potential targets in SARS-CoV-2 [9e14].
Although some promising drug candidates are expected soon [15],
to date not novel approved antiviral pharmaceutical drugs exist.
Only one drug, the RNA-dependent RNA polymerase (RdRp) in-
hibitor remdesivir (RDV [15,16], brand name Veklury, developed by
Gilead Sciences), with broad-spectrum activity against RNA viruses,
has been issued by the U.S. Food and Drug Administration (FDA) for
emergency use authorization (EUA) as a treatment for hospitalized
patients with severe COVID-19 symptoms [17e21]. Recent data
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Abbreviations used

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
COVID-19 coronavirus disease 19
ACE2 human angiotensin converting enzyme 2
TMRPSS Transmembrane Serine Proteases (TACE/ADAM-17)

Tumor necrosis factor-alpha-converting enzyme
RAS renin-angiotensin- system
Ang II angiotensine II
Ang (1e7) angiotensin-(1e7)
AT1R angiotensine II type 1 receptor
NP nanoparticles
TNP targeted nanoparticles
PLGA poly-(D,L-lactide-co-glycolide)
PLGA-PEG poly(D,L-lactic-co-glycolic acid)-block-poly(ethylene

glycol)
PCL poly(epsilon-caprolactone)
RDV remdesivir
Boc2O di-tert-butyl dicarbonate
DIPEA dihysopropylethylamine
TEA triethylamine
CH2Cl2 dichloromethane
CHCl3 chloroform
DCE dichloroethane

THF tetrahydrofuran
NaB(OAc)3H sodium triacethoxyborohydride
DMF dimethylformamide
DMSO dimethysulphoxyde
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
h hours
NMR nuclear magnetic resonance
NOESY Nuclear Overhauser Effect Spectroscopy
COSY 1He1H Correlation Spectroscopy (COSY)
HSQC Heteronuclear Single Quantum Correlation
MS mass spectrometry
HRMS high-resolution mass spectrometry
HPLC high performance liquid chromatography
Rho rhodamine
C6 Coumarin-6
RFU relative fluorescence units
Lipo-S1 Rho-loaded liposome-derived SP
ELISA enzyme-linked immunosorbent assay
CPE cytopatic effect
MOI multeplicity od infection
DMEM Dulbecco's modified eagle medium
FBS Fetal Bovine Serum
qRT-PCR quantitative real-time polymerase chain reaction
DAPI 4',6-diamidino-2-phenylindole
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showed that RDV can enhance clinical outcomes [22], but its effi-
cacy is limited by its poor physicochemical and pharmacokinetic
properties that also prevent the feasibility of alternative routes
such oral and intramuscular administration [23]. For this reason,
the pulmonary delivery route by the inhalation may maximize
direct delivery of RDV to the target site. This would avoid gastro-
intestinal proteolysis and hepatic first-pass metabolism, boosting
local antiviral activity in the lungs, and limiting systemic off-target
effects, thus improving its therapeutic profile [24,25] as well as that
of other antiviral agents currently involved in the development
process. For example, since systemic adverse effects such as hep-
atotoxicity preclude escalation of the Remdesivir dose tomore than
200 mg/day, (e.g. 100e200 mg of RDV is the current intravenous
dose regimen in humans to achieve effective levels of drug against
SARS-CoV-2), other therapeutic strategies which combine tools and
different administration routes are needed [25,26].

Drug loaded polymer nanoparticles (NP) are the most recent
advanced technology of drug formulations towards pulmonary
delivery of various therapeutics due to their abilities to overcome
drug resistance and to improve pharmacokinetics and bio-
distribution profiles of the administered drugs, therebymaximizing
direct delivery and retention at the sites of infection while mini-
mizing systemic exposure, which might provide pharmacological
benefits [27e30]. In the face of drug development, a promising
anti-SARS-CoV-2 prototype must reach its site of action (e.g., lung
cells and tissues) in sufficient quantity to block the virus replication
and limit toxicological issues.

In this work, we have developed a novel nanotechnology plat-
form by engineered NP as a powerful strategy to selectively deliver
payload antiviral therapeutics to cellular targets primarily involved
in the route of SARS-CoV-2 infection process, with the potential to
improve treatment of COVID-19 to overcome intrinsic limitations of
drugs in the context of a clinical translation [31e33].

Among the potential pharmacological targets in SARS-CoV-2,
the angiotensin-converting enzyme 2 (ACE2) membrane receptor
is still relatively unexplored [34,35]. SARS-CoV-2 enters cells
through the interaction of its surface “spike” protein (SP) receptor
2

binding domain (RBD) with the host receptor ACE2 (Chart 1A)
[36e38], in which high expression and cell surface localization are
particularly observed in lung alveolar epithelial cells, but also
present in the heart, kidney, and in other different cells and tissue
[34]. Subsequent activation/proteolytic cleavage of the SP into S1
and S2 domains by the host cell membrane-associated serine
proteases such as transmembrane protease serine 2 (TMPRSS2)
[39], allows definitive cell entry by endocytosis into the host cells,
where the viral nucleocapsid with its genome payload is released
into the cytoplasm (Chart 1A). We envisioned that the biological
process pursued by the virus to recognize and infect the human
host cells could be reproduced and translated into a therapeutic
strategy.

This enzyme-related carboxypeptidase (i.e. ACE2) has high ho-
mology with the other ACE isoform, with approximately 40%
sequence identity between ACE2 and ACE, and 60% similarity in the
zinc binding on the catalytic domains [40e42]. It plays a key role in
balancing the physiological levels of vasopressor octapeptide
angiotensin II (Ang II), a component of the classical renin-
angiotensin system (RAS), and the angiotensin (1e7) (Ang (1e7)
[43]. In particular, by catalyzing the conversion of Ang II to Ang (1e7),
ACE2 constitutes a regulator pathway of cardiovascular homeostasis
[43]. Specifically, Ang (1e7) acts on Mas receptors producing car-
diovascular protective functions and counter-regulating the detri-
mental effects of ACE/Ang II axis [44,45]. Thus, the
physiophatological role of ACE2 in the homeostatic regulation of
cardiovascular system, as well as the vascular complications associ-
ated with COVID-19 disease, should be taken into consideration in
studying its potential as a pharmacological target. For example, the
implication of antihypertensive drugs targeting the cognate ACE, as
well as Ang II-type 1 receptor (AT1R) blockers, to modulate the
expression/function of ACE2, in order to putatively interfere with
SARS-CoV-2 infection, have been disclosed recently [46]. The inter-
action of SP of SARS-CoV with ACE2 receptors can affect the RAS,
inducing a cellular “protective” ACE2 shedding feedback response
that initially attenuates viral entry [47]. Again, tumor necrosis factor-
alpha-converting enzyme (TACE/ADAM17)-mediated ACE2



Fig. 1. Schematic representation of the design and development of (a) targeted nanoparticles (TNP). (b) Encapsulated model drug (remdesivir, RDV). To perform binding/upkate
studies fluorescent dye (C6 or Rho) is loaded rather than the drug. (c) The PCL and PLGA-PEG blended polymeric matrix. (d) The targeting ligands (ACL, 1; DCL, 2; CPL, 3, and TACE-2,
4). The conjugation terminus site (amino or thiol functionality) for each ligand is also indicated (pale grey).

Fig. 2. 3D interaction images of the ligands 1e3 (top) and their PEGylated models (bottom) in the ACE2 active site. The inhibitor MLN-4760 (yellow) is used for comparison. (A)
Binding modes of ACL (1, orange), (B) DCL (2, green), and (C) CPL (3, blue), superimposed with MLN-4760 onto the ACE2 receptor. (D, E, and F) Respective alkylated-ligands
(Fig. S1A): PEG-ACL (orange), PEG-DCL (green), and PEG-CPL (blue), simulating the polymeric termini of NP within the ACE2 tunnel. Zinc ion cofactor is represented as red sphere.
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shedding, in combination with ACE2 enzymatic activity, have been
shown to correlate positively with viral infection and related disease
complications [48e50]. Collectively, these and other reports [51e53]
indicate that, to date, it is not clear what is the downstream effect of
3

the ACE2, and no clinical and consistent studies were reported for
ACE2 inhibition, particularly in the interface with SARS-CoV-2
infection. However, the possibility to target ACE2 as an antiviral
strategy appears to be attractive, and ACE2 targeted SARS-CoV-2 SP



Fig. 3. Elisa-based comparative binding analysis of C6-loaded targeted and non tar-
geted NP (C6-TNP-1-4, and C6-NP-0) with ACE2. Histograms represent the best fitting
of the association processes. Affinity results are expressed as difference in response of
relative fluorescent units (RFU). Data shown are representative of three independent
experiments. (*) and (**) significantly (**p < 0.01 and *p < 0.05 vs. C6-NP-0, n ¼ 4) by
one-way ANOVA and post-hoc Dunnett's test.

Fig. 4. A) Rho-incorporated Lipo-S1 vs C6-NP in 1:1 ratio in the ELISA ACE2 experi-
ments. Fluorescent red signal (Ex 544 nm, Em 668 nm) was read for Rho and indicates
the binding of Lipo-S1. Conversely, the competition/inhibition by C6-NP (C6-TNP-1-4
and C6-NP-0) was detected from the green fluorescence (Ex 488 nm, Em 510 nm). (*)
and (**) significantly (**p < 0.01 and *p < 0.05 vs Lipo-S1, n ¼ 4) by one-way ANOVA
and post-hoc Dunnett's test. Statistical analysis was also performed among the can-
didates, C6TNP-1 showed statistical significance against C6-NP-0 (***p < 0.001 vs C6-
NP-0 one-way ANOVA and post-hoc Dunnett's test).
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blockers hold greater promise. A significant example is represented
by the lipoglycopeptide antibiotic dalbavancin, which directly binds
to ACE2with high affinity, thereby blocking the SARS-CoV-2 SP/ACE2
interaction, effectively inhibiting SARS-CoV-2 replication in vitro,
and preventing viral infection and histopathological injuries in
in vivo models [54]. Although other authors argue that it can be
conceivable that targeting ACE2 provides an effective means for
4

COVID-19 prevention and treatment [55], this approach objectively
requires careful consideration of the pros and cons of the availability
of specific ACE2 modulators/targeting in the therapeutical arma-
mentarium, as well as the clinical contexts inwhich they are likely to
be effective.

Among various small molecules capable of targeting ACE2 [13],
to date, one of themost effective compounds is the His-Leumimetic
MLN-4760 (Chart 1B) [56], which is reported to inhibit the catalytic
activity of human ACE2 with an IC50 of 440 pM [56] (or low
nanomolar concentration in other assays) [57], and it has excellent
selectivity versus related carboxypeptidase enzymes [43,44].
Structurally, the S,S diastereoisomer demonstrated the highest
potency, compared to the other isomers [56,57]. However, no
antiviral SARS-CoV-2 data for MLN-4760 are available.

We thus hypothesized that ACE2 could be used as a key struc-
ture for targeted drug delivery by polymeric nanoparticles (NP), to
improve the efficient transport of bioactive molecules/drugs and
their specific and strong release in the ACE2 expressing cells, the
primary target by SARS-CoV-2, which are expected to be infected
by the virus. In fact, in our previous studies [58,59], inspired by Paul
Ehrlich's concept of “magic bullet” [60], we shifted the targeting
paradigm in nanomedicine to enable enhanced selectivity of
nanosystems for cells and tissues by a triple (tissue, cellular, mo-
lecular) targeting approach [31,61,62].

On this idea, we recognised that a ligand capable of targeting
ACE2 can be used to engineer nanosystems to obtain targeted NP
(TNP). A suitable ligand chemotype should contain crucial features
such as an appropriate pharmacophoric motif involved in chelation
with the zinc metal ion on the active site, and a tail bearing a
nucleophilic function (NF) to link with activated group (AG) of
polymers used for nanoformulation (Chart 1C).

Herein, we report the design and development of novel
biocompatible TNP covered by small organic molecules as targeting
ligands in their polymeric shell surface, to selectively bind to ACE2
highly expressed in a model cell line (Fig. 1). We used pseudo-tri-
block-copolymer PLGA-PEG-ligands as well as the parent di-block-
copolymer PLGA-PEG-COOH to generate viral size comparable NP,
which were characterized for their technological parameters, and
evaluated for their biological profile by ACE2 binding affinity,
competition assays (TNP vs SP model), ACE2 inhibition, antiviral
activity for the most performing nanosystem loaded (and non-
loaded) with RDV, and uptake and internalization into host cells.

2. Results and discussion

2.1. Design of targeted nanoparticles

We designed the NP to target the ACE2 enzyme for site-directed
antiviral drug delivery to cells potentially and primarily infected by
SARS-CoV-2, with the aim of optimizing and validating their
binding affinity against ACE2, and the antiviral impact of the most
effective prototype. As a first step, we incorporated a fluorescent
dye (Coumarin-6, C6) into polymeric NP conjugated to targeting
ligands (Fig. 1), which allowed easy tracking.

According to the aforementioned plan (Chart 1C), we structur-
ally modified the ACE2 inhibitor MLN-4760 to generate the (S)-2-
(((S)-2-(1-(4-aminobenzyl)-1H-imidazole-5-yl)-1-carboxyethyl)
amino)-4-methylpentanoic acid (ACL, 1), on which the 3,5-
dichlorobenzyl moiety of MLN-4760 was replaced by a nucleo-
philic 4-amino-benzyl funtionality. To ascertain the set of putative
ACE2 ligands, we also selected two other structures: a) the pseu-
domimetic dipeptide N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-
(S)-lysine (DCL, 2) [59,63,64], previously used as a prostate-specific
membrane antigen (PSMA) targeting agent (PSMA is a glutamate
carboxypeptidase which is highly expressed in prostate cancer cells



Fig. 5. SEM image of RDV-loaded TNP-1 (A) and its hydrodynamic size distribution (B), chosen as examples. The scale bar is 200 nm.

Fig. 6. Protection against SARS-CoV-2 induced cytopatogenic effect by TNP-1 treatment. (A-C) Cells were evaluated at different concentrations (5, 1, 0.1 mM) of RDV-loaded and
nonloaded NP, using SARS-CoV-2 and RDV as controls. Empty (E) NP were tested at the same NP w/v concentration (mg/mL) of the parent RDV-loaded nanosample (300, 60, 6 mg/mL,
for TNP-1E, which correspond to 5, 1, 0.1 mM, for RDV-TNP-1, respectively). Vero E6 cells were treated with samples and infected with SARS-CoV-2 at 0.05MOI. At 72 h post infection,
inhibition of SARS-CoV-2-induced CPE was determined as survival of infected or not infected cells, and measured by using AB assay. The results were evaluated setting the un-
infected control cells as 100% viability and the remaining values represented as a relative value. Data are mean ± SD, n ¼ 6 replicates. (D) Representative microscopic images
showing inhibition of virus-induced CPE in Vero E6 cells. From left to right: not infected Vero E6 cell monolayer (complete absence of CPE) as a control (CTRL), SARS-CoV-2 infected
cells at MOI of 0.05, after 72 h post infection, and SARS-CoV-2 infected Vero E6 after RDV-TNP-1 exposure at different concentrations (5, 1, 0.1 mM). (*), (**) and (***) significantly
(***p < 0.001, **p < 0.01 and *p < 0.05vs. C6-NP-0, n ¼ 4) by one-way ANOVA and post-hoc Dunnett's test.
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and in nonprostatic tumor neovasculature) [65], and b) the ACE1
inhibitor captopril (CPL, 3), which binds to the ACE active site [66].
Finally, since TACE/ADAM17 system take part in viral shedding [50],
we additionally tested a specific TACE inhibitor, i.e. the pseudo-
peptide N-(R)-(2-(hydroxyaminocarbonyl)methyl)-4-
methylpentanoyl-L-t-butyl-glycine-L-alanine 2-aminoethyl amide
5

(TAPI-2, 4) [13,67], as a ligand to bind to this putative additional
target cell membrane (Fig. 1), which was also used as a negative
control for ACE2 binding.

Based on the structural X-ray information of the ACE2 binding
site with the inhibitor bound MLN-4760 [68] (for details see
Experimental Section) and the abovementioned considerations, a



Fig. 7. Antiviral activities of TNP-1. Vero E6 cells were infected with SARS-CoV-2 at 0.05MOI, and treated at different concentrations (5, 1, 0.1, 0.01 mM) of RDV-TNP-1 (B) using RDV
(A) as control. TNP-1E (C) were tested at the same NP w/v concentration (mg/mL) of the parent RDV-loaded nanosample (300, 60, 6, 0.6 mg/mL, for TNP-1E, which correspond to 5, 1,
0.1, and 0.01 mM, for RDV-TNP-1, respectively). At 72 h post infection, the viral yield in the cell supernatant was then quantified by RT-PCR. Cytotoxicity of these drugs to Vero E6 cells
was measured in parallel by AlamarBlue assays. The left and right Y-axis of the graphs represent mean % inhibition (EC50s) of virus yield and cytotoxicity of the drugs, respectively.
The experiments were done in triplicates and are represented as median of the values.

Fig. 8. Inhibition of ACE2 exopeptidase activity by TNP-1E and ligand 1. IC50s were determined and expressed as ng/mL. Data are expressed as the mean ± SD of at least triplicate
determinations.

Fig. 9. Uptake assays for NP. Panels show live cell confocal fluorescence microscopy images of Vero E6 cells after exposure to targeted (TNP-1) and nontargeted (NP-0) Rho-loaded
NP. Panels A and E: Rho-TNP-1 and Rho-NP-0, respectively. Panels B and F: visualization of ACE2 cell receptors (in green) overexposed by lenti-hACE2. Panels C and G: merge
images of Vero E6 cells incubated for 3 h with Rho-TNP-1 and Rho-NP-0, respectively. Panels D and H: blue fluorescence of the nuclei stained with DAPI dye. Cellular binding/uptake
visualized by overlaying images (scale bar 20 nm).
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Chart 1. (A) Simplified model of SARS-CoV-2 entry into the host cell, with potential pharmacological targets. Binding of the spike protein (SP) to the cellular ACE2 receptor followed
by enzymatic activation/cleavage of the SP into S1 and S2 domains by cell membrane-associated serine proteases such as TMPRSS2 results in membrane attachment and subsequent
receptor-mediated internalization, which triggers an increased TACE/ADAM17-mediated ACE2 shedding. (B) Structure of the ACE2 inhibitor MLN-4760 and pharmacophoric fea-
tures. (C) Chemotype of targeting ligands and conjugation with co-polymers for nanoformulation.
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comparative docking simulation study on ligands 1, 2, and 3, and on
their respective polymeric constructs (PEG-ACL, PEG-DCL, and PEG-
CPL, Fig. S1A) simulating the NP’ terminus anchors (an amide bond
for 1 and 2, and the maleimide conjugation for 3), was performed.

First, free 1, 2, and 3, were docked to the ACE2 active site, and
crucial protein-ligand interactions were analyzed (Fig. 2A, C, E). In
parallel, the corresponding interactions of alkyl-conjugated-ligands
(PEG-ACL, PEG-DCL, and PEG-CPL), were simulated (Fig. 2B, D, F),
and the binding modes of these model structures were compared.

Analysis of the docking results showed an overlapping align-
ment for both 1 (1-S,S) and MLN-4760 within the active site
(Fig. 2A), and specific binding interactions of the inhibitors with
ACE2 were in agreement with that of MLN-4760, as previoulsy re-
ported [68]. Both ligands showed a consistent interaction with
respect to the dicarboxylatemoiety: the active site Zn2þmetal ion is
well coordinated by the proline-based carboxylate oxygens, where
the hystidine-derived carboxylate established strong hydrogen
lengths with the His 345.

DCL (2) also revealed a good energy binding score but with an
opposite disposition within the active site: the aminoalkyl side
chain exends along the deeply buried active site (Fig. 2B), while the
carboxylate groups directed towards the zinc ion. Again, CPL (3)
was well accomodated within the site where the proline
7

carboxylate establishes interations with the metal ion cofactor
(Fig. 2C). However, due to the small molecular size, the ligand 3
showed the highest binding energies compared to the other ligands
(ACE2 binding affinities were �11.268, �10.402, and �6.278 kcal/
mol, for 1-S,S, 2, and 3, respectively) as well as to the parent MLN-
4760 (ACE2 binding energy: �10.193 kcal/mol).

With regards to the polyether-modified ligands (PEG-ACL, PEG-
DCL, and PEG-CPL, Fig. 2D, E, and F, respectively), their alyphatic
chains protrude outside the tunnel, while the pharmacophoric mo-
tifs (for all compounds) pointed toward the active site metal ion. The
comparative docking study showed that the insertion of a PEG linker
chainmight have had a significant impact on ligand binding to ACE2,
establishing a most favourable orientation of ligands for binding
(especially for 2, which aligned similarly with the other models).
Although all polymer-conjugated ligands shared a slightly lower
ACE2 binding affinity (in terms of absolute energy values) with
respect their respective free ligand counterparts, they maintain a
comparable profile. We also evaluated the S,R-1 diastereosomer,
which did show a slightly reduced affinity (�9.431 kcal/mol) than 1-
S,S, as indicated in the previous inhibition studies [56,57].

Following the same strategy, the compound 4 and its polymeric
model (PEG-TACE-2, Fig. S1A) were docked to TACE receptor [69],
and the effect of polymer conjugationwas evaluated (Fig. S1B). Both
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the ligand 4 and its polymeric-based model mutually matched
within the pocket, and a similar orientation pattern and disposition
within the TACE catalytic site was observed. These evalutations
support that the polymeric conjugated inhibitor can be conse-
quently introduced onto the NP surface.

Ligands 1, 2, and 4 contain an amine functional group which
allows for amide bond formation with carboxyl terminal groups of
polymer monomer. To obtain a better control of ligand-polymer
functionalization, these ligands were conjugated to their respec-
tive polymeric systems prior to nanoformulation. We used
poly(D,L-lactide-coglycolide)poly(ethylene glycol) carboxylic acid
(PLGA-PEG-COOH) as a biocompatible/biodegradable polymer for
the preparation of NPs. PEGylation it is known to confer immune
shielding properties to nanosystems, acting as a spacer between
the targeting ligand and the NP surface. This starting carboxylate-
functionalized di-block-copolymer was activated to PLGA-PEG-
NHS for the preparation of the tri-block-co-polymers (i.e., PLGA-
PEG-1, PLGA-PEG-2, and PLGA-PEG-4) to obtain the TNP (Schemes 1
and 3). Else, the thiol containing CPL (3) was reacted with mal-
eimide terminal groups of PEG in the PLGA-PEG-maleimide (PLGA-
PEG-mal) to obtain PLGA-PEG-3 (Scheme 2).

2.2. Synthesis of pseudo-tri-block-copolymers

We prepared four sets of prefunctionalized biopolymer, the
pseudo-tri-block-copolymers PLGA-PEG-1, PLGA-PEG-2, PLGA-PEG-
3, and PLGA-PEG-4 (Schemes 1e3, Stage 1).

Conjugation of targeting agents 1, 2, and 4 to functional PEG
termini was performed with the use of electrophilic NHS esters of
PEG carboxylic acids, i.e. PLGA-PEG-NHS, in DMF in the presence of
DIPEA, via standard carbodiimide/NHS-mediated chemistry
Scheme 1. Synthesis of copolymers PLGA-PEG-1 and PLGA-PEG-2 (Stage 1) and nanoform
DIPEA, DMF, N2, r. t. for 24 h.
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(Schemes 1 and 3). For conjugation, increased equivalent ratio of
PLGA-PEG-NHS and 1 (from 1:4 to 1:10) improved the reaction
efficiency. Preparation of activated block copolymer PLGA-PEG-
NHS was carried out using a previous procedure (Scheme S1)
[58,64].

Characterization of copolymers was performed by 1H NMR,
where the resonance shifts of the characteristic PLGA-PEG back-
bone were detected (Fig. S2, S3, and S5). Specifically, overlapping
signals at 1.46e1.56 ppm are assigned to the lactide methyl repeat
units of PLGA, for all copolymers. The multiplets at 5.16e5.29 and
4.82e4.96 ppm correspond to the lactide methine (CH) and to the
glycolide protons (CH2) of PLGA. Singlet signals centered at
3.51 ppm confirmed the sequence of ethoxy repeat units of PEG. 1H
NMR spectra recorded for PLGA-PEG-1/2/4 also exhibited a series of
multiple peaks attributable to the pattern signals of each free ligand
(Fig. S2, S3, and S5, and Experimental Section), which supported
the successful conjugation of 1, 2, and 4 to PLGA-PEG copolymer.

Conjugation of the targeting agents 3 to carboxylate PEG ter-
minal group was performed using the electrophilic maleimide
functionality of PEG activated carboxylic acids (Scheme S2). Reac-
tion between the terminal eSH group of CPL (3) with PLGA-PEG
capped maleimide resulted in the formation of PLGA-PEG-3
copolymer, which was synthesized by reacting the activated PLGA-
PEG-mal with 3 in DMSO (Scheme 2, Stage 1). The intermediate
PLGA-PEG-mal was prepared using a two-step reaction by conju-
gating bifunctional PEG, NH2-PEG-mal, to activated PLGA-NHS
polymer, following a procedure previously described by our
group (Scheme S1, and Supporting Information) [59]. The structure
of PLGA-PEG-3was also confirmed by 1H NMR spectroscopy, which
revealed resonance shifts at 1.44e1.50, 3.51, 4.83e4.97, and
5.17e5.27 ppm, characteristics of PLGA-PEG backbone (Fig. S4).
ulation (Stage 2). Reagents and conditions: (i) ACL (1, 10 equiv.) or DCL (2, 4 equiv.),



Scheme 2. Synthesis of copolymer PLGA-PEG-3 (Stage 1) and nanoformulation (Stage 2). Reagents and conditions: (i) CPL (3, 1.5 equiv.), ACN:DMF (1:1), N2, r. t. for 24 h.

Scheme 3. Synthesis of copolymer PLGA-PEG-4 (Stage 1) and nanoformulation (Stage 2). Reagents and conditions: (i) TAPI-2 (4, 4 equiv.), DIPEA, DMF, N2, r. t. for 24 h.
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After conjugation, we observed a clear reduction of the maleimide
methine free proton at 6.70 ppm of the PLGA-PEG-mal. Simulta-
neously, the appearance of a series of partially overlapped multiple
peaks, especially in the aliphatic zone, attributable to the 3 signal
pattern (Fig. S4 and Experimental Section for details) were
detected.

2.3. Synthesis of ligands 1 and 2

Compound 1 was synthesized by revisiting the same method-
ology reported for the synthesis of MLN-4760 (Scheme 4) [56].

In order to regioselectively provide the N-3 imidazole substi-
tution, the readily available (S)-histidine methyl ester (5) was fully
protected with Boc2O in methanolic solution and TEA to afford the
di-Boc-derivative 6. Alkylation of the imidazole nitrogen was con-
ducted by treating 6 with the triflate of a 4-nitro benzyl alcohol in
dichloromethane solution and DIPEA at�78 �C, which provided the
9

N-benzyl-histidine derivative 7. This intermediate was converted to
diester 9 as a mixture of diastereoisomers by a tandem reaction
(Scheme 4, method a), where 7 was first treated with 4 N HCl in
dioxane to remove the Boc protecting group, then the di-
hydrochloride salt was coupled with the benzyl 4-methyl-2-oxo-
pentanoate (11, Scheme S3) in the presence of NaB(OAc)3H [70].
Alternatively, 9 was obtained by a Boc deprotection to give the
neutral aminoester 8, which was isolated (Scheme 4, method b),
and then submitted to the same reductive amination with the a-
keto ester, in the presence of acetic acid, to give 9 as a mixture of
S,S-R,S diastereoisomers in comparable overall yields. Reduction of
the nitro group in position 4 of the benzyl moiety with ammonium
formate and Pd/C, followed by chromatographic purification, fur-
nished the amino acid diastereoisomers 10. Hydrolysis and purifi-
cation of 10 afforded the desired ligand 1, isolated in S,S
configuration, which was fully characterized by NMR, MS, HPLC,
and elemental analyses (see in Experimental Section and Fig. S6-



Scheme 4. Synthetic route for the preparation of 1. Reagents and conditions: (i) Boc2O, TEA, MeOH, r. t., 24 h; (ii) 4-NO2-benzyl alcohol, CH2Cl2, DIPEA, trifluoromethane sulfonic
anhydride, �78 �C, N2, 24 h; a) (iii) 4 N HCl in dioxane, r. t., 2 h, next DCE, keto-ester (benzyl 4-methyl-2-oxo-pentanoate (11), r. t. 1 h, then, NaB(OAc)3H, r. t., 24 h; b) (iv) 4 N HCl in
dioxane, r. t., 2 h, 1 N NaOH, CH2Cl2; (v) DCE, 11, r. t., 1 h, then, NaB(OAc)3H, acetic acid, r. t., 24 h; (vi) (i) HCOONH4, 10% PdeC, r. t., 1.5 h; (vii) 1 N NaOH, EtOH, r. t., 12 h.

V. Sanna, S. Satta, T. Hsiai et al. European Journal of Medicinal Chemistry 231 (2022) 114121
S11). To support the S,S stereochemistry, the structure of 1 diaste-
reoisomer was determined by 2D-NOESY (Fig. S7). We realized that
preferable conformations of this diastereoisomer led the position of
the methyl pentanoic acid moiety in the same side of the imidazole
ring, thus NOE correlation between the imidazole proton in the
position 4 of the ring and the isopropyl group could be detectable.

On the other hand, the ligand DCL (2) was prepared following a
procedure previously reported by us and by others [58,64], with
slight modifications (Scheme S4, and Figs. S11 and S12).
2.4. Nanoformulation and characterization of nontargeted and
targeted NP

To evaluate the binding affinity, the competition against the
lentivirus-spike and cellular uptake of the NP, five batches of C6-
encapsulated NP were successfully prepared using a modified
nanoprecipitation method as previously described (Schemes 1, 2
and 3, stage 2) [58,64,71]. We used a blend of hydrophobic polymer
PCL and amphiphilic block PLGA-PEG copolymers (PLGA-PEG-
COOH, PLGA-PEG-1, PLGA-PEG-2, PLGA-PEG-3, and PLGA-PEG-4) to
prepare nontargeted and targeted NP. During the nanoprecipitation
in water, the polymers self-assemble to form NP, in which the hy-
drophobic PLGA blocks interact with the PCL into a core, mini-
mizing their exposure to aqueous surroundings [72].
Simultaneously, the hydrophilic termini of the polymers (i.e. the
carboxylate surfaces and PEG-1-4 flexible moieties) extend from
the shell to stabilize the core by preventing degradation and ag-
gregation. As mentioned above, PEG should impart “stealth”
properties to the nanoconstructs, and the PEG methylene chain
enables high-affinity binding of ligands to ACE2. Moreover, the
spacer portion of the polymer would remain outside the tunnel as
long as the pharmacophoric motif of 1, 2, 3, or 4 is anchored to the
protein active site [73].
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All prepared NP batches showed well dispersed particles char-
acterized by similarmorphological properties, with a smooth surface
and spherical shape (see below in Fig. 5a as example). As summa-
rized in Table 1, the mean diameter of the NP ranged from 103 nm to
130 nm (analogous to a viral particle size), without significant dif-
ferences within batches prepared with different copolymer conju-
gates. Only NP formulated with ACL (1) conjugated polymer
exhibited significantly lower particle size (102.97 ± 7.23 nm)
compared with nontargeted batches.

In all cases, the NP dispersions were characterized by low PDI
values (below 0.2) (Table 1), indicating a narrow and unimodal
distribution, as a typical behavior of monodispersed systems (see
below in Fig. 5b as example) [74]. We detected a negativezpotential
for all bathches of C6-TNP-0/1/2/3, due to the presence of carbox-
ylate groups on the PLGA-PEG termini. Also, C6-TNP-4 showed a
negative z potential, which is coherent with their surface
hydroxamic funtionalities. With regard to the dye entrapment ef-
ficiencies, the obtained values resulted in about 75%, with no sig-
nificant differences between the different NP batches, suggesting a
good affinity between the polymeric blend and the dye loaded
molecules. Moreover, yield of production ranging from 65 to 74%
were obtained for all preparations over multiple experiments.
2.5. Evaluation of ACE2 binding by NP

The ability of the TNP to specifically bind to ACE2 protein, in
comparison with the nontargeted NP, was assessed by interaction
analysis using direct ELISA experiments. Affinity evaluation and
determination of binding specificity were conducted by using
fluorescent C6-NP against hACE2 protein. NP-ACE2 binding affinity
was evaluated by C6-fluorescence measurement and expressed as
relative fluorescence units (RFU). We observed that the TNP-1,
containing the ACL ligand, was the strongest nanoprotype in



Table 1
Average Diameter, Polydispersity Index (PDI), percentage of Encapsulation Efficiency (EE %), Loading Capacity (LC %), Yield of Production (YP %), and z potential (mV) of dye-
loaded (C6) formulated NP.

Batch Mean diameter (nm) PDI EE (%) LC (%) YP (%) z potential (mV)

C6-NP-0 130.21 ± 5.84 0.125 ± 0.01 76.42 ± 3.16 0.038 ± 0.002 72.93 ± 4.67 �25.2 ± 3.9
C6-TNP-1 102.97 ± 7.23* 0.140 ± 0.03 73.86 ± 2.19 0.037 ± 0.001 65.44 ± 2.39 �28.8 ± 4.2
C6-TNP-2 118.87 ± 9.47 0.113 ± 0.05 73.41 ± 0.91 0.037 ± 0.001 68.67 ± 4.77 �27.8 ± 5.4
C6-TNP-3 111.29 ± 7.47 0.107 ± 0.02 73.55 ± 3.37 0.038 ± 0.002 70.67 ± 1.67 �24.5 ± 6.1
C6-TNP-4 119.32 ± 8.75 0.126 ± 0.04 74.93 ± 3.38 0.037 ± 0.002 74.20 ± 3.52 �21.1 ± 5.7

Each value is the mean ± SD of triplicate determinations. *Significantly different from C6-NP-0 at p < 0.05.
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binding to ACE2 (Fig. 3).
A consistent affinity was also provided by the TNP-3, which was

about 35% less effective than TNP-1. Conversely, the TNP-2 (carrying
DCL) only showed aminimal residual interactionwith ACE2. Finally,
both the nontargeted NP (NP-0) and the TNP-4 did not exhibite any
appreciable binding to the protein, as expected.

2.6. Lipo-S1 protein vs NP competitive assays

To evaluate whether the ACE2 targeting ability by NP is capable
to provide a physical and topological blockage of SARS-CoV-2
binding with host cells, a competition experiment was carried
out using rhodamine (Rho)-loaded liposome-derived SP (Lipo-S1)
vs C6-loaded NP (in 1:1 ratio) in the ternary mixture with ACE2,
which were assessed through hACE2 ELISA assay. The Lipo-S1
(measuring about 100 nm in size) were prepared according with
the procedurewe recently developed [75]. We observed that the C6
fluorescent TNP-1 strongly inhibited the SP model in binding to
ACE2, with ~75% and ~25% for TNP-1 and Lipo-S1, respectively
(Fig. 4).

As observed in the results of the binding affinity experiments
(Fig. 3), TNP-3 was also able to significantly compete (for ~50%)
with Lipo-S1, whilst the TNP-2 (as well as TNP-4) did not show any
evident binding interference. Finally, a certain quota of competition
observed by NP-0 in these experimental conditions could warrant
further mechanistic elucidation. These results demonstrated an
excellent affinity of TNP-1 toward ACE2 receptor, thus supporting
that this specific interaction would allow for selective binding to-
ward host infected cells by the respective drug-loaded NP. TNP-1
resulted the most performing targeting nanosystems in binding
with ACE2, and it was thus selected to determine its ability to
inhibit the SARS-CoV-2 replication in cell-based assays. TNP-1
loaded with RDV was developed to obtain a model of drug-
encapsulated TNP, together with the corresponding unloaded NP
(TNP-1E). Additionally, other two sets of Rho-TNP-1 and Rho-NP-
0 for further uptake/internalization experiments (Table 2) were
prepared.

The results indicated that TNP-1 batches displayed similar par-
ticle mean diameter (101 nm and 111 nm for RDV-TNP-1 and TNP-
1E, respectively), independently of the drug loading, and exhibit a
unimodal distributionwith a PDI values of 0.105 (Table 2 and Fig. 5).
Also, TNP-1 exhibited a good loading efficiency of RDV as confirmed
from the obtained EE% and LC% values (51% and 1.03%, respectively).
Table 2
Average Diameter, Polydispersity Index (PDI), percentage of Encapsulation Efficiency (EE
unloaded NP (RDV-TNP-1, and TNP-1E, respectively), and Rho-loaded NP (Rho-NP-0 and

Batch Mean diameter (nm) PDI

RDV-TNP-1 101.27 ± 5.39 0.105 ± 0.03
TNP-1E* 111.29 ± 7.47 0.104 ± 0.03
Rho-NP-0 130.12 ± 7.28 0.112 ± 0.02
Rho-TNP-1 129.68 ± 5.87 0.136 ± 0.04

Each value is the mean ± SD of triplicate determinations. *E indicates “empty” NP.
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2.7. Antiviral activity of TNP-1

To confirm whether the effectiveness of TNP-1 in binding to
ACE2 could be exploited against the SARS-CoV-2 virus, a series of
cell-based experiments were conducted. First, we evaluated the
impact of TNP-1 loaded with RDV (chosen as a model drug) on the
cytopathic effect (CPE) induced by SARS-CoV-2 infection in Vero E6
cells, as a relatively highly ACE2 expression model. Cytopathogenic
assays were assessed as a preliminary antiviral evaluation, also to
explore cell infection damage [76,77]. Cells were infected with
SARS-CoV-2 isolate USA-WA1/2020 at a multiplicity of infection
(MOI) of 0.05, together with different concentrations of the RDV
loaded into NP (in the sequence 5, 1, 0.1 mM). Medium and SARS-
CoV-2 were used as negative and positive controls, respectively,
and free RDV was used as control drug for comparison. Efficacies
were evaluated by quantification and visualization of virus nucle-
oprotein expression, and they were expressed as percentage of
absorbance by viable SARS-CoV-2 viral cells, evaluated via Ala-
marBlue (AB) assay. Next, we tested the antiviral activity of the
RDV-TNP-1 and the unloaded (empty) analogue (TNP-1E). Results
in Fig. 6A-C showed that RDV-TNP-1 blocked virus infection at low-
micromolar concentration. TNP-1 demonstrated a significantly
improved cytoprotective effect compared to RDV at the same
concentration. Specifically, we observed that RDV-TNP-1 signifi-
cantly reduced the SARS-CoV-2-induced CPE in Vero E6 cells at
5 mM, when compared to SARS-CoV-2 treated cells. Similar results
were obtained using a 5-fold decreased concentration (i. e. 1 mM, at
72 h post-infection), while a lesser effect in CPE inhibition was
observed at 0.1 mM (Fig. 6A-C).

Furthermore, empty NP, i.e. TNP-1E, exhibited a significant
cytoprotective profile (calculated by comparing the w/v concen-
trationwith those of RDV-TNP-1), likely by competingwith the viral
particles in binding to the ACE2, which would contribute to the
antiviral potency of nanosystems.

Images showing protection against virus-induced CPE in Vero
E6 cells were evaluated at 72 h post-infection, and at the same time
the culture media was collected from the wells, for viral titer
measurement (Figs. 6D and S13). Ranging from the CTRL, with a
complete absence of CPE, and the SARS-CoV-2 infected cells with a
consistent production of CPE, we observed a dose-dependent
reduction of CPE production by the TNP-1 (as well as by RDV
used as positive control), thus supporting the cytoprotective
property of our prototypes.
%), RDV Loading Capacity (LC %), and Yield of Production (YP %) of RDV-loaded and
Rho-NP-1). Data are mean ± SD, n ¼ 3.

EE (%) LC (%) YP (%)

51.35 ± 1.37 1.03 ± 0.03 73.17 ± 2.02
e e 69.67 ± 1.15
34.89 ± 5.43 0.017 ± 0.003 63.47 ± 4.39
29.19 ± 0.75 0.015 ± 0.001 61.13 ± 1.23
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To further substantiate the cytoprotective and antiviral activity
results, we evaluated the ability of TNP-1 to inhibit SARS-CoV-2
in vitro by quantitative real-time polymerase chain reaction (qRT-
PCR) assays, using 4-fold concentration scale ranging between 5
and 0.01 mM (Fig. 7A-C). The samples were added at the same time
point of SARS-CoV-2 multiplicity of infection (MOI ¼ 0.05). We
confirmed that RDV-TNP-1 exhibited a good inhibitory activity
(half-maximun viral infection, EC50 ¼ 0.67 mM), which was greater
than RDV (EC50 ¼ 0.92 mM) in the same assays (Fig. 7A-C), and no
cytoxicity was observed in similarly treated uninfected cultures
across the dose range tested.

We also confirmed that unloaded NP were able to significantly
reduce the SARS-CoV-2 replication at all concentrations tested,
potentially due to the high affinity of the TNP-1 for the ACE2 re-
ceptor, which would prevent the viral entry. In our opinion, the
targeting approach should not necessarily provide a more than
two-fold difference in activity with respect to free drug, but should
impart a site-specific drug delivery towards biological targets,
which would allow to use a significant low dose of drug, to improve
the PK of antiviral drugs and, most importantly, to prevent off-
target distribution of a drug in the body. Moreover, RDV-TNP-1
resulted in about 2-fold highly active than the respective unloaded
TNP-1E (by comparing their w/v concentrations). The basal activity
demonstrated by TNP-1E would in part explain the increased
antiviral activity observed for TNP-1. This general behaviour can be
attributed to targeting ability of TNP-1 to ACE2, which promotes an
enhanced binding between NP and the cells, thus resulting in
increased adhesion in the membrane, and subsequent cell uptake
through receptor-mediated endocytosis. Retrospective analysis on
antiviral results allows to speculate that increased relative antiviral
potency demonstrated by TNP-1, and the possibility to selectively
deliver drugs to host cells, might be better highlighted in in vivo
assays. In fact, while in the wells a drug diffuses through the cell
membrane, the TNP would act by delivering the payload drug into
the cells by a receptor (ACE2)-mediated endocytosis, thus pre-
venting/reducing potential side effects.

2.8. ACE2 inhibition of TNP-1

To evaluate the putative ACE2 inhibition by TNP-1, wemeasured
the effect of TNP-1E, compared with that of ligand 1, on the
exopeptidase activity of recombinant human (rh)ACE2 employing a
fluorometric assay (BPS Bioscience). We found that TNP-1E and 1
inhibited rhACE2 activity in the same concentration range (to
compare both chemical entities the IC50s were determined and
expressed as ng/mL), with TNP-1E being 3-fold more effective than
the ligand 1 (IC50 ¼ 1.407 and 4.215 ng/mL, for TNP-1E and 1,
respectively, Fig. 8).

1 proved to be more potent in inhibiting ACE2 activity than
MLN-4760 (IC50 ¼ 12.72 ng/mL, Fig. S14), which was predicted by
the sligthly higher binding energies observed in the preliminary
docking calculations. The behaviour of TNP-1 can be explained by
the concept of ligand multivalency, the effect capable to enhance
affinity and selectivity of NP to the biological target [78e80]. Spe-
cifically, multiple ligands coated NP (as our targeted nanosystems)
consist of a combination of several molecular entities resulting in
simultaneous and reversible local molecular recognition in-
teractions, which are amplified over simple monovalent ligands.
This strategy allows high avidity for the target receptor by the NP,
which supports the targeting ability of TNP-1, but also induces in-
hibition of the ACE2 function. Although the interaction with the
ACE2 receptor from any protein or particle could temporarily affect
the RAS, the predicted short time for the antiviral treatment should
not generate any significant interference or potential compensatory
shift in the Ang II/Ang (1e7)/Mas receptor axis. Again, it should be
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taken into account that a single NP cannot be structurally compared
with a small organic molecule ligand inhibitor such 1 or MLN-4760.
To simplify this concept, we can assume that the inhibitory effect
due to a single NP can be pursued by the same amount in weight of
inhibitors, which should have a more consistent distribution and
localization in the same district. Moreover, since SARS-CoV-2
prevalently infects (ACE2 enriched) epithelial cells in the respira-
tory system, our TNP-1 are suggested for inhalation route delivery,
in order to limit the interference within ACE2-related pathways in
cardiovascular system and kidney. Inhaled antiviral drugs can be
localized to the target organ/tissues, especially if site-specifically
targeted, which can allow for a lower dose compared to the sys-
temic delivery. This would lead to reduced and less severe adverse
effects concentration-dependent [29,30,81]. However, although a
low amount of TNP could statistically evade the respiratory tract,
we should consider that polymeric NP are biocompatible/biode-
gradable materials, and that only a fewer amount of drug can be
adsorbed in the systemic circulation with respect to the other
administration routes. Inhibiting intracellular targets of the SARS-
CoV-2 by targeted drug delivery, also preventing SARS-CoV-2
internalization by competing for the ACE2, may be effective in
disrupting key protein/protein interactions involved in this path-
ogenic event [82]. Therefore, the benefit of our methodology can be
higher than presumed side effects, which should be carefully
evaluated in the next step of the study.

2.9. Cellular uptake

The correlation between antiviral activity of the nanosystems
with cellular uptake was explored by uptake/internalization of
Rho-loaded NP in Vero E6 cells, which were visualized by confocal
fluorescence microscopy. Fig. 9 shows images (scale bar 20 mm) of
cellular uptake efficiency between targeted and nontargeted NP
(Rho-TNP-1 and Rho-NP-0, respectively).

After 3 h incubation, the Rho-TNP-1 showed higher cellular
binding and uptake than the Rho-NP-0, as visible by a strong
fluorescence in cell membrane and in the cytoplasm (Fig. 9C),
which further confirmed their effective interaction with the tar-
geted cells. This approach would support that TNP-1 will be inter-
nalized in the cell membrane, potentially via endocytosis. This
putative mechanism can be triggered by targeting the ability of
TNP-1 to ACE2, which results in cell uptake in stepwise manner.
Importantly, antiviral results also confirm the effectiveness of the
TNP-1, thus confirming an efficient endosomal escape of payload
RDV, after disaggregation of the polymeric matrix in the cytosol.
The selectivity of the endosomal mechanism by TNP-1, in terms of
membrane diffusion/permeation cytosolic uptake by free drug,
might have major impact in in vivo assays. These results indicate
that the TNP-1 prototypes were able to effectively address active
compounds to ACE-2 expressing cells, potentially infected/infect-
able by SARS-CoV-2, building the basics for further optimization.

3. Conclusions

When the COVID-19 pandemic started, based on the structural
and functional information available for SARS-CoV-2, we sought to
develop engineered targeted nanosystems for ACE2 site-directed
antiviral drug delivery which could represent a suitable and
powerful approach to improve the antiviral profile of anti-SARS-
CoV-2 therapeutics.

In this study, we developed drug-encapsulated NP targeting to
ACE2 enzyme receptors, with TNP-1 demonstrated to be the most
effective prototype. We highlighted that the TNP-1 efficiently binds
to ACE2 receptors compared to the nontargeted ones, confirming
similar behaviour when tested in both binding assays and in
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competition experiments against a model of SP. This is strongly
associated with the antiviral potency, with increased anti-SARS-
CoV-2 activity for RDV-TNP-1 compared with the free RDV in cell-
based assays, without affecting cell viability. This corroborates
our rationale in which the primary role of targeting agents is to
increase cellular uptake of RDV-loaded NP and their distibution into
ACE2-expressing cells, crucially involved in infection such as
epithelial cells of the mucosa oral cavity and lung. We further
observed a direct antiviral effect from unloaded NP, likely due to a
competitive interference with spike attachment for the ACE2
membrane receptors. These insights might be useful to develop
suitable therapeutic tools for treating SARS-CoV-2 infection,
through different administration routes, such as inhalation/aerosol
systems [24e26]. Furthermore, administering RVD-TNPs by inha-
lation may be a reasonable approach to achieve facilitate distribu-
tion at the site of infection, and to reduce systemic toxicity and
adverse drug reactions. This can potentially be achieved in com-
bination with its intravenous drug administration [25], as in the
current protocols or to be evaluated in different and/or modulated
COVID-19 drug regimens. Herein, our NP show promising results
and they might be optimised for an inhaled delivery, so that RDV
can be distributed in a optimal concentrations in the primary site of
infection.

In summary, our findings provide key proof-of-principle
showing that targeted delivery systems may improve the phar-
macological anti-SARS-CoV-2 therapy, leading the way for novel
and effective treatment in COVID-19 patients. Further work is in
progress to evalute their therapeutic potential against COVID-19.

4. Experimental section

4.1. Molecular modelling

Molecular modeling was performed on a personal Macbook
installed with IOS operating system, and on a Dell workstation
(Intel(R) core i5-5200U CPU, 2.20 GHz, 8 GB, installed with Win-
dows 10 operating system. Discovery Studio Biovia 2020 (Dassault
Syst�emes, V�elizy-Villacoublay, France) was employed to prepare
the protein, and to visualize and modify receptor and ligand
structures. Detailed analysis of the interactions was carried out
using the Accelerys Discovery Studio Visualizer. All the ligands 1e4
were constructed and modelled, and energy minimized in neutral
form by standard molecular mechanics methods. Operatively, the
atomic charges were assigned using the Gasteiger-Marsili proced-
ure. For 1e3 (docking with ACE2) the crystal structure of ACE2 in
complex with the inhibitor MLN-4760 was retrieved from the RCSB
Protein Data Bank (PDB ID: 1r4l; resolution: 3.0 Å) [68]. For 4
(docking with TACE), the crystal structure of TACE in complex with
the inhibitor TAPI-2 was retrieved from the RCSB Protein Data Bank
(PDB ID: 2ddf; resolution: 1.70 Å) [69]. The protein targets were
refined using AutoDock 4.25, using awell-established cross docking
protocol to identify the conformations that have significant binding
affinity with ACE2 and TACE [83e86]. Briefly, water molecules were
removed while hydrogen atoms were added using the ADT module
implemented in AutoDock. The charges were adjusted using Gas-
teiger charge module for proteins implemented in AutoDock.
Docking was performed for both complexes using the empirical
free energy function and the Lamarckian protocol [87]. Mass-
centered grid maps were generated with 40 grid points for every
direction and with 0.375 Å spacing by the AutoGrid program for the
catalytic domains of ACE2 and TACE. The results were analyzed for
the presence of hydrogen bonding, hydrophobic and p-p in-
teractions between hits and the active site of the protein. The
common interactions in both complexes were scrutinized. All the
figures were rendered with PyMOL Molecular Graphics System.
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4.2. Chemistry

Poly(D,L-lactide-co-glycolide) carboxylic acid end group, (PLGA-
COOH, PLGA-A, Purasorb Polymer PDLG 5002A, Mw ~17,000) (lac-
tide/glycolide ratio of 50:50, viscosity range: 0.20 dL/g in CHCl3)
was kindly provided by Corbion Purac (Gorinchem, The
Netherlands). Poly(epsilon-caprolactone) (PCL, Mw ~80,000),
polyvinyl alcohol (PVA, Mw Mw 31,000e50,000), Coumarin-6,
Rhodamine, MLN-4760 were purchased from Merck/Sigma-
Aldrich (Steinheim, Germany). The heterobifunctional PEG polymer
with a terminal amine and carboxylic acid functional group, NH2-
PEG-COOH (Mw ¼ 3400), and with a terminal amine and mal-
eimide functionality NH2-PEG-mal (TFA salt, Mw ¼ 3500), were
purchased from JenKem Technology USA. All solvents and other
chemicals (used for the preparation of 1 and 2) were purchased
from Sigma-Aldrich or Carlo Erba (analytical grade and were used
without further purification). Captopril (CPL, 3) was purchased
from DBA Italia s.r.l. (MedChemExpress). The pseudo-peptide TAPI-
2 (4) was purchased from DC Chemicals Limited, Shanghai, China.
Melting points (mp) were determined using an Electrothermal
melting point or a K€ofler apparatus and are uncorrected. Nuclear
magnetic resonance (1H NMR, 13C NMR, NOESY, COSY, HSQC)
spectra were determined in CDCl3, or DMSO‑d6 were recorded on
400MHz Bruker Avance III. Chemical shifts are reported in parts per
million (ppm) downfield from tetramethylsilane (TMS), used as an
internal standard. Splitting patterns are designated as follows: s,
singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet; brs, broad
singlet; dd, double doublet. The assignment of exchangeable pro-
tons (OH and NH) was confirmed by the addition of D2O. HRMS
spectra, ESI-TOF were obtained on Thermo Scientific™ Q Exactive
Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer, with API-
HESI source. Samples were introduced as 0.1 mg/L solutions in
MS grade water added with 0.1% acetic acid with a 5.0 mL/min flow
and the following source parameters for positive and negative
polarities. Analytical thin-layer chromatography (TLC) was carried
out on Merck silica gel F-254 plates. Flash chromatography purifi-
cations were performed on Merck Silica gel 60 (230e400 mesh
ASTM) as a stationary phase. Analytical HPLC was carried out on an
Agilent 1260 Infinity II Quaternary pump HPLC apparatus with a
Poroshell 120 EC-C18 reversed column (4.6 � 100 mM, 4 mm) at a
flow rate of 0.5 mL/min (injection volume 20 mL) and detected at
254 nm. Elemental analyses for 1 and 2 were performed on a Per-
kinElmer 2400 spectrometer, and were within ±0.4% of the theo-
retical values, thus confirming �95% purity.

4.2.1. Synthesis of PLGA-PEG-1, PLGA-PEG-2, and PLGA-PEG-4
copolymers

The PLGAePEG-1, PLGAePEG-2 or PLGA-PEG-4 were obtained
by adding a solution of ligand (1, mg 37.44, 10 equiv; 2, mg 21.0, 4
equiv.; 4, mg 16.62, 4 equiv.) in DMF (1.0 mL), and DIPEA (140
equiv. for 1, or 55 equiv. for 2 and 4) to a solution of PLGAePEG-
NHS (220 mg, 0.010 mmol for 1, 2, or 4) in dimethylformamide
(DMF, 3.0 mL). The reaction mixture was magnetically stirred at
room temperature for 24 h, under nitrogen atmosphere. Then,
diethyl ether was added to the solution, and the product that
formed was submitted to centrifugation (650 r.p.m.) to obtain a
amorphous beige solid. The crude product was washed several
times (3) with cold diethyl ether and methanol, with cold diethyl
ether (3 times), then dried under vacuum. A white solid was ob-
tained for each copolymer, which was dried with nitrogen, and
then characterized by 1H NMR. The polymers were stored
at �20 �C before use.

PLGA-PEG-1: (yield, 79%). 1H NMR (DMSO‑d6): d 5.28e5.16 (m,
1H, -OC-CH(CH3)O-, PLGA), 4.96e4.82 (m, 2H, -OC-CH2O-, PLGA),
3.51 (brs, 2H, -CH2CH2O-, PEG), 1.50e1.44 (brs, 3H, -OC-CH(CH3)O-,
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PLGA). Signals for conjugated 1: d 7.60 (s), 6.88 (d), 6.67 (s), 6.52 (d),
3.11e3.01 (m), 2.88e2.69 (m), 1.75e1.66 (m), 1.40e1.25 (m), 0.89-
0.84 (m). PLGA-PEG-2: (yield, 92%). 1H NMR (DMSO‑d6):
d 5.25e5.16 (m, 1H, -OC-CH(CH3)O-, PLGA), 4.91e4.83 (m, 2H, -OC-
CH2O-, PLGA), 3.51 (brs, 2H, -CH2CH2O-, PEG), 1.58e1.55 (brs, 3H,
-OC-CH(CH3)O-, PLGA). Signals for conjugated 2: d 4.13e4.05 (m),
2.80e2.73 (m), 2.32e2.21 (m), 2.00e1.89 (m), 1.75e1.60 (m),
1.40e1.24 (m). PLGA-PEG-4: (yield, 71%). 1H NMR (DMSO‑d6):
d 5.29e5.16 (m, 1H, -OC-CH(CH3)O-, PLGA), 4.92e4.82 (m, 2H, -OC-
CH2O-, PLGA), 3.51 (brs, 2H, -CH2CH2O-, PEG), 1.48e1.44 (brs, 3H,
-OC-CH(CH3)O-, PLGA). Signals for conjugated 4: d 8.18 (s), 7.96 (s),
4.20e4.15 (m), 4.00 (s), 3.10e3.03 (m), 3.95e3.90 (m), 2.45e2.40
(m), 2.24-2-20 (m), 1.43-1-29 (m), 1.12e1.07 (m), 0.98e0.85 (m).

4.2.2. Synthesis of PLGA-PEG-3
PLGA-PEG-mal (0.200 g, 0.00846 mmol) and 3 (2.76 mg, 1.5

equiv.) were dissolved in 4 mL of 1:1 solution of acetonitrile and
DMF, and stirred for 24 h under nitrogen atmosphere. The desired
copolymer was obtained by precipitation with cold diethyl ether,
centrifugation (650 r.p.m.) to obtain a white solid, which was
washed several times (3) with cold diethyl ether, then dried under
vacuum, and used for NP preparation without further treatment
(yield, 84%). 1H NMR (DMSO‑d6): d 5.27e5.17 (m, 1H, -OC-CH(CH3)
O-, PLGA), 4.97e4.83 (m, 2H, -OC-CH2O-, PLGA), 3.51 (brs, 2H,
-CH2CH2O-, PEG), 1.50e1.44 (brs, 3H, -OC-CH(CH3)O-, PLGA). Sig-
nals for conjugated 3: d 4.55e4.51 (m), 3.72e3.61 (m), 2.90e2.68
(m), 2.51e2.39 (m), 1.98e1.82 (m), 1.43-1-29 (m), 1.12e1.07 (m).

4.2.3. Synthesis of (S)-tert-butyl 4-(2-((tert-butoxycarbonyl)
amino)-3-methoxy-3-oxopropyl)-1H-imidazole-1-carboxylate (6)
[58]

Di-tert-butyl dicarbonate (Boc2O, 27.04 g, 123.92 mmol, 2 eq.) in
MeOH (15 mL) was added dropwise to a solution of (S)-histidine
methyl ester dihydrochloride 5 (15 g, 61.96mmol,1 equiv) in MeOH
(150mL, 0.4 M) and triethylamine (17.18mL,123.92mmol, 2 equiv),
and the reaction was stirred at r. t. for 24 h. Next, the solvent was
evaporated and the residue was dissolved in CH2Cl2 and water, and
then extracted three times with CH2Cl2. The organic phase was
washed with brine, dried over Na2SO4, filtered and concentrated to
provide a yellow oil, which was stored at -4-8 �C. An amorphous
beige solid appeared, which was triturated with hexane to afford
the di-Boc protected imidazole 6 as white solid (yield, 95%). 1H NMR
(CDCl3): d 7.99 (s, 1H), 7.14 (s, 1H), 5.70e5.68 (m,1H), 4.58e4.56 (m,
1H), 3.64 (s, 3H), 3.05e3.04 (m, 2H), 1.61 (s, 9H), 1.44 (s, 9H). MS
(ESI): m/z [MþH]þ 370.

4.2.4. Synthesis of (S)-methyl 2-((tert-butoxycarbonyl)amino)-3-
(1-(4-nitrobenzyl)-1H-imidazole-5-yl)propanoate (7)

A solution of 4-nitro-benzyl alcohol (2.28 g, 14.89 mmol, 1.1
equiv) in diisopropylethylamine (DIPEA) (2.60 mL, 14.89 mmol, 1.1
equiv) and CH2Cl2 (10 mL, 1 M) was added slowly to a cooled so-
lution (�78 �C) of trifluoromethane sulfonic anhydride (2.50 mL,
14.89 mmol, 1.1 equiv) in CH2Cl2 (50 mL, 0.3 M) under nitrogen.
After 30 min, a solution of the di-Boc protected histidine 6 (5.0 g,
13.53 mmol, 1 equiv) in CH2Cl2 (1 M) was added slowly to the tri-
flate solution. The reaction mixture warmed to room temperature
overnight. After 20 h, the reaction mixture was concentrated
completely, dissolved in MeOH (70 mL) and heated for 1 h. The
reaction mixture was concentrated and diluted with CH2Cl2. The
organic phase was washed with saturated NaHCO3 solution (3
times) and brine (1 time), then dried over Na2SO4, filtered and
concentrated. The resulting oil was purified by column chromo-
tagraphy (gradient 1e10% MeOH in CH2Cl2) to give the N-3 alky-
lated imidazole derivative 7 (yield 73%): 1H NMR (CDCl3):
d 8.22e8.17 (d, 2H), 8.16 (s, 1H), 7.55e7.52 (m, 1H), 7.47 (d, 1H), 7.19
14
(dd, 2H), 6.88 (d, 1H), 5.30e5.15 (bm, 3H), 4.48e4.44 (m, 1H), 3.74
(s, 3H), 2.99e2.91 (m, 2H), 1.42 (s, 9H). MS (ESI):m/z [MþH]þ 405.5.

4.2.5. Synthesis of benzyl (R/S)-2-(((S)-1-methoxy-3-(1-(4-
nitrobenzyl)-1H-imidazole-5-yl)-1-oxopropan-2-yl)amino)-4-
methylpentanoate (9)

To remove the Boc protecting group, the intermediate 7 (g. 3.0,
7.42 mmol) was treated with 4 N HCl in dioxane (43 mL, 23 equiv.)
for 2 h. A solid corresponding to the resulting di-HCl salt appears,
and then the reaction was concentrated completely. Trituration of
the solid with EtOAc provided a white solid, which was suspended
in dichloroethane (DCE, 70mL).Method a) The keto-ester 16 (3.27 g.
14.84 mmol, 2 equiv) was added to this suspension, and the
mixture was stirred for 1 h. Then, NaB(OAc)3H (4.71 g, 22.25 mmol,
3 equiv) was added slowly, and the reaction was magnetically
stirred at room temperature for 24 h. The reaction was then
quenched by addition of a saturated NaHCO3 solution (until pH
~8e9), and the mixture was stirred for 1 h. Next, the aqueous phase
was separated and extractedwith EtOAc (2 times). After drying over
Na2SO4, the organic layers were concentrated to give a yellow oil
which was purified by flash chromatography (EtOAc/hexane ¼ 5/5;
EtOAc; EtOAc/MeOH ¼ 9/1) to provide the diester as about 2:1
mixture of diastereomers (yield 59%). 1H NMR (CDCl3): d 8.22e8.17
(m), 7.60 (s), 7.55 (s), 7.37e7.31 (m), 7.22e7.20 (d), 7.16e7.13 (m),
6.95.6.93 (d), 6.88 (s), 5.29 (d), 5.09 (d), 3.68-3-64 (m), 3.74 (s), 3.66
(s), 3.19 (t), 2.80e2.73 (m), 1.70e1.53 (m), 1.49e1.32 (m), 0.88e0.78
(m). MS (ESI): m/z [MþH]þ 509.2404. Method b) According to pre-
vious procedure, the resulting di-HCl salt obtained was neutralized
with 1 NNaOH to obtain a pale beige oil, which has been purified by
flash cromatography to give the aminoester 8 as green oil. (S)-
methyl 2-amino-3-(1-(4-nitrobenzyl)-1H-imidazole-5-yl)prop-
anoate (8). 1H NMR (CDCl3): d 8.21 (d, 2H), 7.56 (s, 1H), 7.21 (d, 2H),
6.87 (s, 1H), 6.18 (brs, 1H), 5.35e5.22 (q, 2H), 4.69e4.64 (m, 1H),
3.73 (s, 3H), 3.02e2.90 (m, 2H). MS (ESI): m/z [MþH]þ 305.4. The
compound 8 (1.10 g, 3.61mmol) has been treatedwith NaB(OAc)3H,
but with the addition of 1 equiv. of acetic acid to the reaction
mixture, and following the abovementioned procedure, to obtain 9
in comparable overall yield.

4.2.6. Synthesis of (R/S)-2-(((S)-3-(1-(4-aminobenzyl)-1H-
imidazole-5-yl)-1-methoxy-1-oxopropan-2-yl)amino)-4-
methylpentanoic acid (10-S,S-R,S)

A suspension of the diester 9 (0.45 g, 0.885mmol) and 10% PdeC
(0.19 g) in dry methanol (5 mL) was magnetically stirred for 5 min
at room temperature, then ammonium formate (0.25 g, 3.98 mmol,
4.5 equiv.) was added in a single portion. The mixture was stirred
for 1.5 h, and the catalyst was removed by filtration through a Celite
pad, and washed with dry methanol. The filtrate was evaporated,
and the resulting residue was purified by flash cromatography
(CH2Cl2/MeOH ¼ 9:1) to give the diastereoisomers 10 as brown oil
(Yield: 65%). 1H NMR (CDCl3): d: d 7.74 (s), 7.65 (s), 7.18 (s), 6.95 (s),
6.92e6.88 (d), 6.65-6-61 (d), 5.01e4.99 (d), 3.88e3.71 (brs), 3.73
(s), 3.51 (s), 3.50e3.45 (m), 3.15e3.19 (m), 2.94e2.76 (m), 1.82e1.39
(m), 0.94e0.83 (m). MS (ESI): m/z [MþH]þ 389.22.

4.2.7. (S)-2-(((S)-2-(1-(4-aminobenzyl)-1H-imidazol-5-yl)-1-
carboxyethyl)amino)-4-methylpentanoic acid (1)

The compound 10 (0.200 g., 0.5148 mmol) was treated with 1N
NaOH (3.1 mL, 3.089 mmol, 6 equiv.) in EtOH (1.5 mL) for 12 hours,
then neutralized and concentrated to provide a yellow solid. The
crude product was purified by flash cromatography (gradient
elution CH2Cl2/MeOH ¼ 8:2 to CH2Cl2/MeOH ¼ 6:4), then treated
with EtOH (to remove traces of inorganic salt) to give 1 as a pale
yellow powder (Yield: 55%). S,S diastereomer: 1H-NMR (DMSO-d6):
d 7.62 (s, 1H), 6.85 (d, 2H), 6.80 (s, 1H), 6.51 (d, 2H), 4.95 (d, 2H),
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3.70-3.10 (brs, 4H), 3.21-3.19 (m, 1H), 2.92-2.77 (m, 3H), 1.76-1.72
(m, 1H), 1.41-1.23 (m, 2H), 0.87-0.83 (m, 6H). 1H-NMR (D2O): d 8.67
(d, 1H), 7.44 (d, 1H), 7.26 (t, 2H), 7.15 (t, 2H), 5.36 (s, 2H), 3.56-3.40
(m, 2H), 3.22-3.21 (d, 2H), 1.87-1.51 (m, 3H), 0.88-0.85 (m, 6H). 13C-
NMR (DMSO-d6): d 173.9, 171.3, 148.2, 137.3, 128.2, 126.7, 123.5,
121.0,113.8, 69.7, 59.2, 48.5, 47.4, 26.8, 24.2, 22.6, 22.0. MS (ESI):m/z
[MþH]þ 375.20; [MþNa]þ 397.18. Anal. (C19H26N4O4) C, H, N. HPLC
Analysis. The mobile phases were mixtures of A ¼ acetonitrile þ
0.1% trifluoroacetic acid and B¼ H2Oþ 0.1% trifluoroacetic acid and
are indicated as the ratio A/B. ACL (1), HPLC (A/B ¼ 60:40), Rt 1.72
min (100%). QD 394-Me, HPLC (A/B ¼ 60:40), Rt 1.156 min (95.11%).

4.3. Preparation of NP

NP were prepared using a solvent displacement method previ-
ously reported with slight modifications [50,51,56,63]. Briefly, an
acetonitrile solution containing PCL and PLGA-PEG-COOH or PLGA-
PEG-ligand conjugated (mass ratio of 1.5:1), and the fluorescent dye
(C6 or Rho) (0.05% w/w), or RDV (2%, w/w), was added dropwise to
a Pluronic F-127 aqueous solution (0.1% w/w) with magnetic stir-
ring giving a final polymer concentration of 7.0 mg/mL. Later the
dispersion was kept for magnetic stirring at room temperature to
evaporate the organic solvent, then centrifuged and washed to
remove the non-encapsulated compound. Drug-free NPs were
produced in a similar manner and used as comparison. The ob-
tained NP suspension was used immediately for assay or lyophi-
lized for storage at �50 �C.

4.3.1. Characterization of NP
4.3.1.1. Morphology, size, and z potential. Morphological examina-
tion of NP was performed by environmental scanning electron
microscopy (ESEM) (Zeiss LS10, Germany). The samples were
placed on aluminum stub, then analyzed at 10 kV acceleration
voltage after gold sputtering (Sputter Coater Edwards S150A), un-
der an argon atmosphere. Mean diameter and polydispersity index
(PDI) of NPs were measured by using photon correlation spec-
troscopy (Zetasizer Nano ZS, Malvern Instruments, U.K.) at 25 �C
and a scattering angle of 90� after dilution of samples with Milli-Q
water. Each sample was measured in triplicate. The z potential
values of the NP were detected with a Zeta Plus analyzer (Broo-
khaven, USA) at 25 �C. Each sample of NP was diluted with distilled
water (1.0 mg/2.0 mL) and sonicated before measurement. All data
were obtained with the average of three measurements.

4.3.2. Loading capacity, Encapsulation efficiency, and yields of
production

To determine the fluorescent probe loading, a weighed amount
of dye loaded NP was dissolved in acetonitrile. The solution was
filtered through a 0.2 mm syringe filter and analyzed spectropho-
tometrically (LLG uniSPEC 2 UveVis spectrophotometer, BDL Czech
Republic sro, Turnov, Czech Republic) at 449 nm for 6C and 548 nm
for Rho, respectively. The amount of 6C and Rho were calculated by
referring to the calibration curves in acetonitrile in the range of
0.5e5 mg/mL (y ¼ 0.2411x - 0.0396, R2 ¼ 0.9999 for 6C and
y ¼ 0.2733x - 0.0019, R2 ¼ 1 for Rho, respectively). The amount of
the encapsulated RDV was determined by dissolving a weighed
amount of dried loaded NP in acetonitrile and measured using a
modified HPLC method. Chromatographic analysis was performed
on a 1260 Infinity II (Agilent Technologies, U.S.) liquid chromatog-
raphy system equipped with a diode array detector of the same
series, using an Infinity Lab Poroshell 120, EC-C18 column (4 mm,
4.6 � 100 mm) (Agilent Technologies, U.S.). The elution was carried
out in gradient mode using a binary solvent mixture composed of
water acidified with 0.1% TFA (solvent A) and acetonitrile with 0.1%
TFA (solvent B) under the following conditions: from 99% to 98% A,
15
0e1 min; 98%e2% A, 1e15 min; 2e99% A, 15e25 min. The injection
volume was 20 mL, the flow rate was 0.75 mL/min, the wavelength
for UV detection was 254 nm, and the retention time was 11 min.
The calibration curve was found to be linear in the range of
10e200 mg/mL (y ¼ 40.262x þ 83.739; R2 ¼ 0.9999).

The yields of production were expressed as the weight per-
centage of the final product after drying, regarding the initial total
amount of solid materials used for the preparation.

The loading capacity (LC%), the entrapment efficiency (EE%), and
yield of NP (YP%) were calculated by the following equations,
respectively:

LC% ¼ (Weight of Dye or RDV in NP/Weight of NP) � 100.
EE% ¼ (Actual Dye or RDV content/Theoretical Dye or RDV

content) � 100.
YP% ¼ (Weight of NP recovered/Weight of polymer and Dye or

RDV fed initially) � 100.

4.3.3. Statistical analysis
The data of NP characterization were processed by GraphPad

Prism software (version 6, GraphPad software. Inc., San Diego, CA,
USA) and subjected to one-way analysis of variance. Individual
differences were evaluated using a nonparametric post hoc test
(Tukey's test) and considered statistically significant at p < 0.05.

4.4. SARS-CoV-2 infection studies in Biosafety Level 3 laboratory

SARS-CoV-2, isolate USA-WA1/2020, was acquired from the
Biodefense and Emerging Infections (BEI) Resources of the National
Institute of Allergy and Infectious Diseases (NIAID). SARS-CoV-2
was passaged once in Vero E6 cells (ATCC) and viral stocks were
aliquoted and stored at �80 �C. Virus titer was determined by
plaque assay using Vero E6 Cells. 0.05MOI of SARS-CoV-2 was used
for the experiments. Studies involving live SARS-CoV-2 virus were
approved by the University of California, Los Angeles Institutional
Biosafety Committee (IBC), andwere performed in compliancewith
approved Biosafety Level 3 (BSL3) standard operating procedures.
The UCLA BSL-3 laboratory was designed in compliance with the
guidelines recommended by the Biosafety in Microbiological and
Biomedical Laboratories (BMBL), the U.S. Department of Health and
Human Services, the Los Angeles Department of Public Health
(LADPH) and the Center for Disease Control and Prevention (CDC).

4.5. Construction of custom-designed liposome spike S1

Construction of nano-liposomes (diameter ¼ about 100 nm)
containing S1 spike proteins (Lipo-S1), biotinylated to an external
lipid bilayer, was performed as previously reported [75]. Briefly,
Rho-containing liposomes (Encapsula Nanoscience) prepared with
Immunosome-Biotinyl Capwere coupled to SARS-CoV-2 S1 protein,
His, Avitag (ACROBiosystems; No. S1NeC82E8), in a 1:2 ratio and
excess S1 protein, dialyzed out from the liposome preparation.
Control liposome preparations were prepared identically in the
absence of SARS-CoV-2 S1 protein. Binding of S-protein liposomes
to ACE2 was verified by modified ELISA and in ACE2-transfected
human embryonic kidney 293 cells. Liposome preparations were
diluted to 1:500 before use, added to cultures or perfusion culture
media for 24 h. Additional details are available in ref. 75.

4.6. NP-ACE2 binding and competition assay

C6-incorporated NP affinity bond with ACE2 was assessed
through direct Elisa ACE2 (Abcam). NP were incubated at 4 �C
overnight, then the plate was washed 5 times to eliminate the
unbound NP, and binding between the ACE and NP was evaluated
through fluorescence emission using a CLARIOstar® microplate
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reader (BMG Labtech). The C6 fluorescence signal was read at lex
488 nm lem 510 nm. Elisa ACE2 was also used to assess the
competition between Lipo-S1 and NP, according with a published
procedure [75]. Briefly, Rho-incorporated Lipo-S1 vs 6C-loaded NP
were mixed in the ratio of 1:1 (0.98 mg/mL for each sample,
considering the same amount of dye-loaded into NP) and incubated
overnight at 4 �C in the ELISA ACE2. Next, the Elisa plate was
washed 5 times according tomanufacture and binding between the
hACE2 and Lipo-S1 or NP was evaluated through fluorescence
emission using a CLARIOstar® microplate reader (BMG Labtech).
Fluorescent signal was read for Rho (lex 570 nm; lem ~610 nm)
and 6C (lex 488 nm - lem 510 nm).

4.7. AlamarBlue assays

AlamarBlue (AB) assay was used both to elucidate the inhibitory
effect on CPE induction caused by SARS-CoV-2 infection and to
assess the NP cytotoxicity. This assay was carried out according to
manufacturer's instructions. Briefly, Vero E6 cells (infected and non
infected) were incubated with Dulbecco's Modified Eagle Medium
(DMEM) without FBS or supplements, and AB solution (5% [v/v]
solution of AB dye). Following 3 h incubation, AB absorbance was
quantified at 600 nm using a Fisher AccuSkan FC microplate reader.
Six technical replicates per experiment at concentration of 5-1-
0.1 mM were carried out (n ¼ 3) for cytopatic effect evaluation of
SARS-CoV-2 in the presence of NP, while scale dose 10e0.01 mM
were used to test NP cytoxicity. Finally, for each plate the reading
was also done in triplicate (the median values obtained from 3
different wells was calculated) in order include the technical vari-
ability due to the efficiency of AB assay, sensitivity of the plate
reader or simply related to the sample preparation. The relative cell
viability rate (%) was calculated by comparing infected and non-
infected wells [(mean fluorescence of treated-SARS-CoV-2 infec-
ted wells/mean fluorescence of treated non-infected wells) x 100].
Positive (infected, non-treated with NP, and infected treated drug)
and negative (non-infected, non-treated, non-treated exposed to
propylene glycol medium with cells) control wells were also
included. Each assay was carried out in triplicate. To score SARS-
CoV-2 induced CPE, microscopy was performed in cells infected
with virus, alone and after NP treatment.

4.8. Viral RNA extraction and quantification of SARS-CoV-2 viral
RNA genome copy number by quantitative real-time (qRT-PCR)

One hundred microliter cell culture supernatant was harvested
for viral RNA extraction using Quick-RNATM Microprep Kit (R1050)
according to the manufacturer's instructions. RNA was eluted in
10 mL RNase-free water. Reverse transcriptionwas assessedwith a 5x
All-In-One RT Mastermix (abm), and viral RNA was quantified by
qRT-PCR on BioRad Real-time PCR system (BioRad) with TB Bright-
Green Premix Taq II (abm). cDNA was synthesized in 20 mL reaction
and 2 mL cDNAwas used as template for quantitative PCR. The SARS-
CoV-2 N gene was amplified using RBD forward 50-CAATGGTTTAA-
CAGGCACAGG-30 and RBD-Reverse 50-CTCAAGTGTCTGTGGATCACG-
3. PCR amplification was performed as follows: 95 �C for 5 min fol-
lowed by 40 cycles consisting of 95 �C for 15 s, 54 �C for 15 s, 72 �C for
30 s. The dose-response curves were plotted form viral RNA copies
versus the drug concentrations by using GraphPad Prism 6 software.

4.9. ACE2 inhibition assays

The ACE2 inhibitor screening assay kit (BPS Bioscience, San
Diego, USA) was purchased to determine the exopeptidase activity
16
of ACE2 and, consequently, its putative inhibition by TNP-1E and
ligand 1, using MLN-4760 as control inhibitor. The assays were
performed according to the manufacture's protocol (catalog
#79923). Briefly, enzyme (ACE2) stocks were prepared from the
supplied kit; 20 mL of enzyme solution (0.5 ng/mL in ACE2 buffer)
were added to each wells designated for the assay (considering
positive “test inhibitors” and negative “blank” control). The sam-
ples (TNP-1E, 1, and MLN-4760, used as control inhibiton) were
serially diluted in 1% DMSO as follows: 15, 3, 0.6, 0.12, 0.0024,
0.0048, 0.00096 mg/mL). Next, 5 mL of sample inhibitor solutions
were added to respective designated wells, and the reactions were
incubated at room temperature for 5 min. All experiments were
performed in triplicates. After incubation, 25 mL ACE2 fluorogenic
substratewere added to thewells, and reactions were incubated for
1 h at room temperature. The fluorescence intensities (RFU) of the
samples (lexcitation ¼ 555 nm, lemission ¼ 585 nm) were detected
using a Beckman Coulter DTX880 multimode microplate plate
reader. The background hydrolysis was subtracted by the data,
which were fitted to a variable slope equation using GraphPad
prism software 8.4.3. The IC50 values were calculated based on the
positive controls and set to 100%.

4.10. Lentivirus production in HEK293T cells

Expression clone DNA (625 ng) was mixed with packaging
plasmids pVSV-G and pCMV delta R8.2 at the ratio of 8:1 by mass.
Viafect transfection reagent (Promega) was incubated with OPTI-
MEM (Gibco) (1: 12.5, v/v) for 20e30 min at room temperature,
prior to adding to the DNA mix. HEK293T cells were plated until
70e90% confluence prior to transfection. After 16 h, the medium
was replaced with fresh medium. After 48 h, the virus was har-
vested and filtered in 0.45 mm in a 15 mL tube. Lenti-X concentrator
(Takara) was mixed with the medium containing the virus in the
ratio of 1:3 media:Lenti-X. The mix was left overnight at 4 �C
following a 45-min centrifugation at 1500g. The supernatant was
removed by aspiration and the pellet was resuspended in 400 mL of
1XPBS (Gibco).

4.11. Construction of pLentivirus-hACE2-GFP vectors

The mature polypeptide of human ACE2 (GenBank
NM_021804.3) was cloned in to the XbaI-BamHI site of pLenti-
CMV-MCS-GFP-SV-puro (Addgene #73582). IRES linker was pre-
viously inserted into pcDNA3-sACE2v4-sfGFP via BamHI restriction
enzyme site. The pcDNA3-sACE2v4-IRES-sfGFP insert was removed
by restriction enzymes using NheI- XhoI. Next, the NheI-XhoI sites
were converted into XbaI-BamHI by PCR (Primers: Forward-
TAGCCTAGAGCCACCATGTCAAGCT, Reverse-CACCTGATCCCATTTG-
TAG AGCTCATCCATGCCATG) to be compatible with pLenti-CMV-
MCS-SV40-PURO vector. Amplicon size was evaluated through gel
electrophoresis in agarose 1.2%. DNA band was excised from the gel
and purified using gel clean up reaction (Macherey Nagel). DNA
insert and linear destination vector were mixed at a 1:1 ratio
respectively. T4 was used for the ligase reaction and incubated
overnight at 16 �C. Successful ligation of the inserted vector was
verified through gel electrophoresis in agarose 2%. The DNA band
was excised from the gel and purified using gel clean up reaction
(Macherey Nagel).

4.12. Fluorescence microscopy

Cells were seeded in clear bottom black plates and allowed to
adhere overnight, and then treated with indicated samples for 3 h
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at 37 �C. Next, cells were washed with 1 x PBS to remove excess NP
(Rho-TNP-1 or Rho-NP-0) and dye. Cells were then imaged using BD
Pathway 435 High-Content Bioimager (BD Biosciences) using 20x
objective.
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