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ABSTRACT: Here, we propose the molecular hybridization of
dihydroartemisinin (DHA) and ursodeoxycholic bile acid
(UDCA), approved drugs, for the preparation of antiviral agents
against SARS-CoV-2. DHA and UDCA were selected on the basis
of their recently demonstrated in vitro activity against SARS-CoV-
2. A selection of DHA-UDCA-based hybrids obtained by varying
the nature of the linkage and the bile acid conjugation point as well
as unconjugated DHA and UDCA were tested in vitro for
cytotoxicity and anti-SARS-CoV-2 activity on Vero E6 and Calu-3
human lung cells. The hybrid DHA-t-UDCMe, obtained by
conjugation via click chemistry on a gram scale, was identified as a
potential candidate for SARS-CoV-2 infection treatment due to
significant reduction of viral replication, possibly involving ACE2 downregulation, no cytotoxicity, and chemical stability.

1. INTRODUCTION
The COVID-19 pandemic has dramatically affected the
population worldwide, with over 600 million confirmed cases
and 6.5 million deaths to date.1 Moreover, the long COVID
sequelae, particularly at the enteric and cardiovascular level,2−6

compromises the quality of life of millions of people all over
the world and burdens on the healthcare systems. Despite the
unprecedented speed of vaccine development and global mass
vaccination efforts, the appearance of new SARS-CoV-2
variants threatens the effectiveness of existing vaccines;
therefore, infected individuals still need treatment options.
Among the different therapeutic strategies proposed to
counteract SARS-CoV-2 infection, the use of repurposed
drugs as antiviral agents reported unsuccessful or discordant
results.7,8 Therefore, the development of small-molecule
antivirals against SARS-CoV-2 can provide an important
therapeutic treatment option and remains a pressing matter.9

Natural products, as well as their structural analogues,
represent a very important source of active compounds for
pharmacotherapy, especially for cancer and infectious dis-
eases.10 Artemisinin, obtained from Artemisia annua, a plant
belonging to the Asteraceae family used in traditional Chinese
medicine, is best known as an antimalarial agent.11 Artemisinin
and its derivatives, the so-called artemisinins, in addition to
their use as standard therapy for malaria, are known to exert
multiple pharmacological activities, including anticancer12,13

and antiviral effects against several DNA and RNA viruses by
affecting viral protein synthesis.14−17 Based upon data
reporting the antiviral potential of antimalarial agents on

SARS-CoV-2 infection, artemisinins have been considered as
potential candidates against SARS-CoV-218 themselves and in
combination therapies.19,20 In particular, it has been recently
demonstrated that dihydroartemisinin (DHA) (Figure 1a)
represents a possible candidate for SARS-CoV-2 treatment
being able to inhibit SARS-CoV-2 replication in vitro by
decreasing viral protein production.18 However, a large
pharmacological application of artemisinins is limited by the
short half-life, poor water solubility, and lack of bioavailability.
The development of artemisinin-derived hybrid molecules has
been recognized as a valuable approach to overcoming these
limitations. Indeed, many studies have been reported on
artemisinin-derived hybrids as anticancer21 and antimalar-
ial22,23 candidates over the past decade. Molecular hybrid-
ization, based on the conjugation of bioactive molecules
through covalent bonds, has been recognized to be an efficient
tool to improve the stability, activity, selectivity, and safety
profile as well as to overcome drug resistance with respect to
the components.24 The new hybrid molecules can also act
synergistically and improve upon the simple drug combina-
tion.25
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Bile acids, the major components of bile, apart from their
conventional role as surfactants in intestinal solubilization and
absorption of lipids, can exhibit important properties toward
different cell types. Indeed, bile acids are also considered
signaling molecules interacting with different receptors, i.e., the
G-protein-coupled bile acid receptor-1 (GPBAR-1, also known
as TGR5) and the farnesoid X nuclear receptor (FXR).26−28

Very recently, Brevini et al. demonstrated that ursodeoxycholic
acid (UDCA) (Figure 1a) is able to regulate the FXR receptor,
a direct regulator of angiotensin-converting enzyme 2 (ACE2)
transcription in multiple COVID-19-affected tissues, down-

regulating ACE2 levels, thus reducing susceptibility to SARS-
CoV-2 in ex vivo experiments.29 The therapeutic potential of
UDCA in the regeneration of the airway epithelium damaged
by SARS-CoV-2 has also been successfully investigated.30

Moreover, the potential of UDCA for the prevention of SARS-
CoV-2 infection has been currently under evaluation.31

Due to the potential anti-SARS-CoV-2 activity of DHA and
UDCA, we reported in the present work a study on the
antiviral activity anti-SARS-CoV-2 of DHA-UDCA-based
hybrids (Figure 1b). Three DHA-UDCA hybrids depicted in
Figure 1c, presenting different linkages or conjugation points,

Figure 1. Structure of parent molecules DHA and UDCA (a), sketch of the hybrid molecule (b), and structure of hybrids evaluated in this work
(c).

Scheme 1. Synthesis of DHA-t-UDCMea

a(i) NBS, Ph3P, THF, r.t., 1 h; (ii) NaN3, DMF, 40 °C, 18 h, 73% two-step yield; (iii) CuSO4, sodium ascorbate, CH2Cl2/H2O/CH3CN (1:1:0.1),
r.t., 1 h, 72% yield.
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were selected. Among them, DHA-s-UDCMe was newly
synthesized, whereas DHA-UDC and DHA-t-UDCMe have
previously been explored for anticancer activity in selected
cancer cell lines by our group.32−34

The idea of expanding the biological area of study of DHA-
UDCA-based hybrids was also strengthened by the observation
that cancer patients are more susceptible to SARS-CoV-2
infection and to adverse outcomes with higher risk of death
than the general population.35−37 Although the biological
interplay between cancer and COVID-19 is not currently fully
understood, the development of multitarget bioactive mole-
cules can be a valuable approach. Indeed, some artesunate−
quinoline hybrids showing combined anticancer and anti-
SARS-CoV-2 activity have recently been reported.38

The cytotoxicity and antiviral property of the selected
hybrids were assayed on SARS-CoV-2-infected African green
monkey epithelial kidney cells, Vero E6, and human epithelial
lung cells, Calu-3, both expressing ACE2, with the aim to
identify leading candidates for anti-SARS-CoV-2 drug research.

2. RESULTS AND DISCUSSION
2.1. Chemistry. Fused hybrid DHA-UDC (Figure 1c),

characterized by a labile ester linkage, was synthesized as we
previously reported32 through a condensation reaction in
satisfactory yield and purity. The renewed interest in the DHA-
t-UDCMe hybrid (Figure 1c) prompted us to revise the
synthetic procedure previously reported by our group32 via the
copper-catalyzed azide−alkyne cycloaddition CuAAC (click
chemistry) as subsequently described to obtain the desired
compound up to a gram scale (Scheme 1).
Some of the envisaged reactions were already high yielding,

although vast improvement was needed in some critical
synthetic steps such as the synthesis of 3α-N3-UDCMe and the
CuAAC click reaction. The regioselective and stereospecific
introduction of the azide group at the C-3 position of UDCMe
was accomplished through a double nucleophilic displacement
with retention of configuration following our previously
described procedure with some improvements.39,40 In an
effort to simplify and scale up the synthetic procedure, we
envisaged to obtain 3β-Br-UDCMe avoiding any protection/
deprotection strategy. Briefly, regioselective bromination was
achieved by using a mixture of N-bromosuccinimide (NBS)
and triphenylphosphine (Ph3P) in tetrahydrofuran (THF) at
room temperature for 1 h, in an Appel-type reaction (Scheme
1). After workup, precipitation of the residual triphenylphos-
phine oxide was performed with magnesium chloride (MgCl2)
allowing us to obtain 3β-Br-UDCMe with good purity grade
(no 3,7-dibromurated side product was detectable by NMR
analysis) and to avoid column chromatography purification.41

Finally, the substitution reaction with sodium azide (NaN3)
gave 3α-N3-UDCMe with an excellent yield without any
purification step. Having reached our first goal, we focused on
the optimization of the copper(I)-catalyzed azide−alkyne
cycloaddition reaction. In order to control DHA sensitivity
to reduction conditions,42 several catalytic conditions and
solvents were explored (Table 1) eventually enhancing the
click reaction yield from 2832 up to 72% after chromatographic
purification. At first, copper iodide (CuI) was employed as a
catalyst in anhydrous acetonitrile (CH3CN), but this method
only afforded a maximum yield of 39% after removal of oxygen
from the solvent and the reaction atmosphere (Table 1, entry
2). The addition of 10% dimethyl sulfoxide (DMSO), which
could act as a radical scavenger and prevent DHA-Alk
degradation, did not improve the yield (Table 1, entry 3).
Changing the solvent to dichloromethane (CH2Cl2) and
adding a base were not beneficial at all, and no product
formation was observed (Table 1, entry 4). The use of biphasic
catalysis in the presence of copper sulfate (CuSO4) and
sodium ascorbate (NaAsc) in commonly used conditions
afforded the desired compound in low to moderate yields
depending on the reaction time (Table 1, entries 5 and 6). On
the contrary, the addition of 10% CH3CN to the biphasic
system greatly improved the yield and diminished the reaction
time (Table 1, entry 7). It is noteworthy that under the
optimized conditions, very little degradation of the DHA-Alk
starting material took place. Since it is reported that
artemisinin can degrade in the presence of ferrous ion,
Fe(II)-heme, or biological reductants,43,44 we speculated that
the presence of copper(I), which is essential for CuAAC
catalysis, could also bring about the cleavage of the
endoperoxide bridge in DHA-Alk under reductive conditions
as previously reported by others.42 With this in mind, we also
speculated that the optimized conditions (Table 1, entry 7)
allowed reaching a higher yield due to the faster reaction rate
of the click with respect to the degradation reaction. The click
reaction performed by employing the conditions reported in
Table 1, entry 7 allowed one gram of hybrid DHA-t-UDCMe
to be obtained per batch.
The synthesis of DHA-s-UDCMe (Scheme 2), which

presents the DHA moiety conjugated at the 3-α-OH position
of UDCMe through a succinic linker, has not been reported
yet. This compound, although not necessarily a structural
analogue of DHA-t-UDCMe, has a labile ester linker between
the two conjugation partners instead of the stable triazole
moiety and could help elucidate the influence of the linker
stability on the antiviral activity of the hybrid. The synthesis of
DHA-s-UDCMe was straightforward: having obtained artesu-
nate (ART) by following literature procedures,45 the

Table 1. Reaction Conditions Study for the CuAAC Click Reaction

entrya DHA-Alk (equiv) solvent catalytic system (equiv) reaction time (h) yield (%)c

1 1 CH3CN CuI (0.1) 18.0 28d

2 1 CH3CN
b CuI (0.1) 2.0 39

3 1 CH3CN:DMSOb (1:0.1) CuI (0.1) 2.0 27
4 0.83 CH2Cl2/DIPEA

b CuI (0.5) 3.0 0
5 1.1 CH2Cl2:H2O (1:1) NaAsc (0.5), CuSO4 (0.5) 3.5 25
6 1.1 CH2Cl2:H2O (1:1)b NaAsc (0.15), CuSO4 (0.05) 8.0 18
7 1.1 CH2Cl2:H2O:CH3CN (1:1:0.1) NaAsc (0.15), CuSO4 (0.05) 1.0 72

aAll reactions were carried out at r.t. by employing 1 equiv of 3α-N3-UDCMe. bCH3CN and CH2Cl2 were freshly dried, then degassed by a freeze−
pump−thaw method, and employed under an argon atmosphere. cYields obtained after chromatographic purification. dConditions previously
reported.32
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esterification with UDCMe gave the desired product in 48%
yield.
2.2. Chemical Stability in Cell Culture Medium.

Chemical stability of DHA-s-UDCMe in the cell culture
medium at 37 °C was established by means of HPLC-MS
analyses. A time course of 2, 6, 15, and 24 h demonstrated that
hybrid DHA-s-UDCMe underwent decomposition showing a
half-life time of ca. 15 h. Hybrids DHA-UDC and DHA-t-
UDCMe, previously studied under comparable conditions,33,34

were found stable up to 24 h of incubation in cell culture
medium, whereas the parent DHA was found far more
unstable, being decomposed up to 70% after 6 h (Figure 2).33

The overall data indicated that the molecular hybridization
actually improved the chemical stability with respect to the
parent DHA although to a lesser extent in the case of hybrid
DHA-s-UDCMe, which underwent decomposition up to 80%
after 24 h.
2.3. Biological Evaluation. The antiviral properties of all

selected hybrids were assayed on SARS-CoV-2-infected Vero
E6 and human lung adenocarcinoma Calu-3 cells after
cytotoxicity evaluation with the aim to identify leading
candidates for anti-SARS-CoV-2 drug research.

The selected hybrids were first tested on the Vero E6 cell
line for their anti-SARS-CoV-2 activity along with their
cytotoxicity. Vero E6 cells represent a suitable basis for
performing the initial screening of antiviral compounds since
they are highly susceptible and permissive to SARS-CoV-2 and
support viral replication to high titers.46 Among the hybrids,
DHA-t-UDCMe and DHA-s-UDCMe showed the best safety
profile with IC50 ≫ 100 μM, whereas UDC-DHA showed an
IC50 of ca. 100 μM (Figure S1, SI). It is worth noting that all
hybrids showed a far higher IC50 with respect to DHA (IC50 =
21.6 μM); therefore, the molecular hybridization was effective
in improving the safety profile with respect to unconjugated
DHA (Figure S1, SI). On the other hand, UDCA was found to
be noncytotoxic within the concentration range tested as
expected (Figure S1, SI). In light of the cytotoxicity results, all
the compounds were tested for their antiviral activity at 1 and
10 μM. Infected Vero E6 cells were treated with the proper
hybrid, and the results were compared with the antiviral effect
of the parent molecules DHA and UDCA. Moreover, to
investigate which stage of the virus life cycle was affected by
treatment, a time-of-drug addition assay was performed by
treating virus-infected cells at specific time points: pre-, during,
or postinfection, for 1 h. The viral titer was measured by RT-
qPCR of 100 μL of extracted supernatants 48 h postinfection
(hpi), and reductions of viral load (LR) more than 1 log were
considered effective, corresponding to a 90% decrease.
DHA-UDC and DHA-t-UDCMe hybrids were found to be

more effective than unconjugated DHA and UDCA at 10 μM
(Figure 3a−e). In particular, hybrid DHA-t-UDCMe was the
most effective compound in decreasing the SARS-CoV-2 load
in a dose-dependent manner at all stages of viral infection
(Figure 3d), with LR > 2.5 in pre- and co-infection phases and
LR = 4.97 when administered postinfection (Figure 3e; p <
0.0001, Student's t test). Hybrid DHA-UDC exhibited the best
effect on the preinfection phase with LR = 1.84, whereas
unconjugated DHA and UDCA showed LR < 1 in all stages of
the infection (Figure 3e). These results highlight the
effectiveness of the molecular hybridization and suggest that
interference with the virus entry phase is the main mechanism
of action (Figure 3e). In turn, hybrid DHA-s-UDCMe
exhibited no significant inhibition of SARS-CoV-2 replication,
reporting LR values lower than 1 (data not shown).
The collected data showed the effectiveness of DHA

hybridization with UDCA in reducing the toxicity and
enhancing the antiviral activity in the case of DHA-UDC
and DHA-t-UDCMe hybrids.
In order to confirm the results, the antiviral activity against

COVID-19 of DHA-UDC and DHA-t-UDCMe hybrids was
further evaluated in Calu-3 cells chosen as a representative
human cell model for SARS-CoV-2 infection. DHA-UDC and
DHA-t-UDCMe hybrids as well as unconjugated DHA were
found to be noncytotoxic toward Calu-3 at a concentration up
to 20 μM while slightly altering cell viability at the higher
concentrations tested (Figure S2, SI; p < 0.05 and p < 0.01;
Student's t test). On these bases, the evaluation of antiviral
activity was performed at 1−10−20 μM.
Hybrid DHA-UDC was found to decrease the viral load in a

dose-dependent manner reaching the highest activity (LR =
1.50) if added before infection at 20 μM, in a similar way to
that observed in Vero E6 cells (Figure S3, SI; p < 0.0001,
Student's t test). Hybrid DHA-t-UDCMe presented a different
antiviral activity according to the time of addition. Indeed, the
infection was significantly reduced in pre- and co-infection

Scheme 2. Synthesis of DHA-s-UDCMea

a(i) EDCI, DMAP, CH2Cl2, r.t., 18 h, 48% yield.

Figure 2. Stability of DHA and DHA-UDCA-based hybrids in cell
culture medium assessed by HPLC-MS analyses. Stability of DHA
and hybrid DHA-UDC was reported in ref 33; stability of hybrid
DHA-t-UDCMe was reported in ref 34; stability of DHA-s-UDCMe
was recorded at 3, 6, 15, and 24 h. The data are presented as the mean
± SD of three independent experiments.
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Figure 3. Evaluation of antiviral activity of compounds DHA, UDCA, DHA-UDC, and DHA-t-UDCMe in Vero E6 SARS-CoV-2-infected cells by
RT-qPCR (a−d). Experiments were run in triplicates. Data were reported also as mean log reduction (LR) ± SD in comparison to untreated Vero
E6 cells infected with SARS-CoV-2 (e). *Antiviral LR, greater than 1 log, corresponding to a >90% viral load decrease.

Figure 4. Evaluation of antiviral activity of compounds DHA and DHA-t-UDCMe on Calu-3 SARS-CoV-2-infected cells by RT-qPCR (a,b). Data
were reported also as viral genome log reduction (LR) and PFU/100 mL supernatant by the plaque assay, in comparison to untreated Calu-3
infected with SARS-CoV-2 (c). Experiments were run in triplicates and reported as means ± SD. *Antiviral LR, greater than 1 log, corresponding
to a >90% viral load decrease.
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stages, with LR > 1.2 and 1.4, respectively, but the best activity
was reached with postinfection treatment, with LR = 4.04 at 20
μM, when compared with untreated infected cells (Figure 4b,c;
p < 0.0001, Student's t test) as confirmed by the plaque assay
(Figure 4c). Conversely, unconjugated DHA was found to
slightly interfere with viral replication independently of the
time of administration (Figure 4a,c).
Based on these results, postinfection treatment with

compound DHA-t-UDCMe was selected for further inves-
tigation.
Since SARS-CoV-2 infection requires the interaction

between viral spike protein and the cellular ACE2 receptor
to allow viral entry and spread, the postinfection treatment
with compound DHA-t-UDCMe was selected to assess the
effect on ACE2 expression, in order to determine if the
significant reduction of viral replication was consistent with
this mechanism. As expected, the infection induced upregula-
tion of ACE2 expression at both the mRNA (Figure 5a) and
protein (Figure 5b,c) level. In contrast, postinfection treatment
with 10−20 μM hybrid DHA-t-UDCMe led to a significant
decrease of ACE2 expression in infected cells, in a dose-
dependent manner at both the transcriptional (Figure 5a; p <
0.01, Student's t test) and translational level (Figure 5b,c; p <
0.001, Student's t test). This result suggests that the reduction
of SARS-CoV-2 infection, observed after postinfection treat-
ment with DHA-t-UDCMe, may be due to lower levels of
ACE2 availability on the cell surface possibly via FXR
inhibition, which reduces the spike-ACE2 interaction rate,
interfering with viral entry into the cells. A recently published
study demonstrated that UDCA can act as an FXR inhibitor, a
known ACE2 regulation factor, decreasing ACE2 expression.29

Therefore, we can speculate that DHA-t-UDCMe may also
affect ACE2 expression via FXR inhibition, even though other
mechanisms of action cannot be excluded.

3. CONCLUSIONS
The synthesis of the new hybrid DHA-s-UDCMe was
reported, and the optimization of the synthetic procedure for
DHA-t-UDCMe, which involves the copper-catalyzed azide−
alkyne cycloaddition (CuAAC), has been revised to obtain the
desired compound in gram-scale quantities. Both hybrids
together with the previously reported DHA-UDC32 were
selected to test in vitro their potential antiviral activity against
SARS-CoV-2. The DHA-UDC fused hybrid presents the DHA
unit directly condensed through a cleavable ester bond to the
C-24 position of UDCA allowing both the 3α and 7β hydroxyl
groups to be free. The DHA-t-UDCMe hybrid presents the

DHA unit covalently linked to the C-3 position of UDCMe
through the stable triazole linker. Analogously, the DHA-s-
UDCMe hybrid presents a residue of DHA covalently linked to
the 3α-OH of UDCMe; however, in this case, a cleavable
succinyl linker has been chosen. Both hybrids DHA-UDC and
DHA-t-UDCMe were found stable up to 24 h of incubation in
cell culture medium independently on the nature of the
linkage/linker and the conjugation point,33,34 whereas hybrid
DHA-s-UDCMe showed a half-life time of around 15 h of
incubation. All hybrids considered were found markedly more
stable than unconjugated DHA that underwent decomposition
up to 70% after 6 h of incubation time (Figure 2).33 Therefore,
the hybridization allowed to overcome the chemical instability
of DHA in all cases even though to a lesser extent in the case of
hybrid DHA-s-UDCMe. The greater chemical stability in cell
culture medium of hybrids DHA-UDC and DHA-t-UDCMe
with respect to unconjugated DHA may in part account for
their marked improved antiviral activity. The greater antiviral
activity displayed by hybrid DHA-t-UDCMe with respect to
fused hybrid DHA-UDC may be attributable, in part, to the
presence of the triazole ring. Indeed, the linker can also play a
role in the biological activity of the hybrids.21 In particular, the
triazole moiety is known to improve pharmacological,
pharmacokinetic, and physiochemical profiles of active
compounds,47 being somehow considered a pharmacophore
itself.
In summary, the in vitro study herein reported on both Vero

E6 and Calu-3 cell lines revealed DHA-t-UDCMe as a
potential candidate for postinfection treatment of SARS-
CoV-2 infection due to significant reduction of viral
replication, no cytotoxicity, and chemical stability. This
outcome could be ascribable to effects on ACE2 regulation,
possibly via FXR inhibition as suggested by others,29 even if
further experiments are needed to confirm this hypothesis. The
improved synthetic procedure for DHA-t-UDCMe ensures the
availability of the hybrid in gram-scale quantities, empowering
further essential studies for drug development.

4. EXPERIMENTAL SECTION
4.1. Synthesis and Characterization. 4.1.1. General.

Commercial dihydroartemisinin (DHA) and 1-(3-dimethyla-
minopropyl)-3-etlylcarbodiimide hydrochloride (EDCI) were
purchased from Carbosynth (Compton, Berkshire, UK).
Ursodeoxycholic bile acid (UDCA) was kindly furnished by
ICE SpA (Reggio Emilia, Italy). Sodium azide (NaN3), sodium
ascorbate (NaAsc), triphenylphosphine (PPh3), propargylic
alcohol, and N-bromosuccinimide (NBS) were purchased from

Figure 5. ACE2 expression evaluation in SARS-CoV-2-infected Calu-3 cells after postinfection treatment with hybrid DHA-t-UDCMe at 10 and 20
μM at mRNA (a) and protein level by IF (b,c). RFU: relative fluorescent units.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07034
ACS Omega 2023, 8, 45078−45087

45083

https://pubs.acs.org/doi/10.1021/acsomega.3c07034?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07034?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07034?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07034?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Sigma-Aldrich (St. Louis, MO, USA); copper sulfate
pentahydrate (CuSO4·5H2O) was purchased from Fluka
(Buchs, Switzerland); imidazole was obtained from Acros
(Geel, Belgium). All of the chemicals were used without
further purification. The reactions were monitored by TLC on
precoated silica gel F254 plates (thickness, 0.25 mm; Merck),
developed with phosphomolybdic acid solution. Flash column
chromatography was performed on silica gel (60 a, 230−400
mesh). NMR spectra were recorded with a Varian Mercury
400 MHz instrument or a Varian Mercury 300 MHz
instrument in the stated solvent. Preparative and analytical
HPLC was executed on an XTerra C18 column with a mobile
phase composed of water and CH3CN in gradient at room
temperature. Anhydrous solvents were freshly distilled on
sodium/benzophenone with standard procedures or purchased
anhydrous.
4.1.2. Synthesis of 3β-Br-UDCMe. UDCMe (4.00 g, 9.8

mmol) and PPh3 (3.85 g, 14.7 mmol) were added to a two-
neck 100 mL round-bottom flask equipped with a
thermometer. Anhydrous THF (20 mL) was added, and the
solution was stirred until dissolution of the solids was achieved.
The solution temperature was lowered up to 0 °C and NBS
(2.61 g, 14.7 mmol) was added three times. After 5 min, the
flask was allowed to reach room temperature. The solution was
stirred for 60 min, and then, the reaction was quenched by
addition of 10% H2O2 solution (30 mL). After 10 min of
stirring, the solvent was removed under vacuum. The resulting
gummy reddish solid was dissolved in 50 mL of CH2Cl2, and
the organic phase was washed five times with 10 mL of 10%
Na2S2O5 solution to remove excess bromine. The clear organic
phase was dried by addition of Na2SO4, filtered, and the
solvent removed under vacuum up to10 mL of solution. MgCl2
(2.83 g, 29.8 mmol) was added to the solution and the
resulting mixture was stirred overnight and then filtered on
silica to afford, after solvent removal, 3.40 g of the product as a
yellowish oil in 74% yield.

1H NMR (300 MHz, CDCl3): δ 4.73 (s, 1H), 3.68 (s, 3H),
3.56−3.29 (m, 1H), 2.44−1.05 (m, 28H), 1.03 (s, 3H), 0.92
(d, J = 6.3 Hz, 3H), 0.68 (s, 3H). 13C NMR (101 MHz,
CDCl3): δ 175.15, 72.11, 56.29, 56.09, 55.42, 51.97, 44.23,
44.15, 40.60, 40.10, 38.42, 36.60, 35.73, 35.31, 31.54, 31.50,
31.05, 30.00, 29.06, 27.33, 24.15, 21.74, 18.86, 12.61. HRMS
ESI (+) C25H41BrO3: 469.2158 [M + H]+, 491.2189 [M +
Na]+.
4.1.3. Synthesis of 3α-N3-UDCMe. NaN3 (1.41 g, 21.7

mmol) was added to a solution of 3β-Br-UDCMe (3.40 g, 7.25
mmol) in 40 mL of DMF. The reaction mixture was stirred at
40 °C overnight; then, 50 mL of diethyl ether was added, and
the organic phase was washed four times with 25 mL of H2O
and once with 25 mL of LiCl saturated aqueous solution. After
removal of the solvent, the product was achieved in a
quantitative yield. IR, 1H NMR, and 13C NMR spectroscopic
data were in agreement with the literature.39

4.1.4. Synthesis of DHA-t-UDCMe in Optimized Con-
ditions. 3α-N3-UDCMe (1.047 g, 2.427 mmol) and DHA-
ALK (0.861 g, 2.670 mmol) were dissolved in 22 mL of
CH2Cl2/H2O/CH3CN (1:1:0.1) solution; then 0.73 mL of a
0.5 M solution of NaAsc and 1.21 mL of a 0.1 M CuSO4
solution were added under nitrogen. After 1 h stirring, the
reaction mixture was poured into 50 mL of H2O and extracted
with 50 mL of CH2Cl2. The organic phase was dried with
anhydrous Na2SO4, and the solvent was removed under
vacuum. The crude product was then purified by flash

chromatography (EtOAc/Cy 1:1) to give 1.32g of the product
as a white powder in 72% yield. Analytical and spectroscopic
data were in agreement with the literature.32

1H NMR (400 MHz, CDCl3): δ 7.54 (1H, s), 5.38 (1H, s),
4.94−4.86 (2H, m), 4.72 (1H, d, J = 12.6 Hz), 4.47−4.33 (1H,
m), 3.66 (3H, s), 3.64−3.55 (1H, m), 2.68−2.57 (1H, m),
2.47−1.04 (40H, m), 1.03 (3H, s), 0.96−0.90 (6H, m), 0.87
(3H, d, J = 7.2 Hz), 0.69 (3H, s). 13C NMR (101 MHz,
CDCl3): δ 174.65, 144.43, 120.60, 104.09, 101.32, 87.81,
80.96, 71.06, 61.51, 60.63, 55.54, 54.87, 52.50, 51.49, 44.37,
43.74, 43.11, 39.92, 39.29, 37.38, 36.49, 35.22, 34.74, 34.57,
31.04, 30.82, 28.54, 28.04, 26.18, 24.42, 23.49, 20.32, 18.38.
HRMS ESI (+) C43H67N3O3: calculated 754.50009 [M + H]+,
found: 754.4992 [M + H]+.
4.1.5. Synthesis of DHA-s-UDCMe. Artesunate (ART) was

obtained from DHA and purified as described by Presser et
al.45 UDCMe (0.10 g, 0.246 mmol), ART (0.19 g, 0.492
mmol), DMAP (0.02 g, 0.172 mmol) and EDCI (0.09 g, 0.492
mmol) were solved in 10 mL of dry CH2Cl2 under nitrogen.
The reaction mixture was stirred at room temperature for 18 h,
then diluted with 60 mL of CH2Cl2 and washed three times
with 20 mL of saturated solution of NH4Cl each and 20 mL of
brine. The organic phase was dried with anhydrous Na2SO4,
and the solvent was evaporated under vacuum to obtain a
crude mixture. The white solid was purified by silica gel
column chromatography (Cy/EtOAc 7:4) to obtain 0.09 g of
DHA-s-UDCMe in a 48% yield. The product was further
purified by RP-HPLC on a C18 column. HPLC conditions:
Xterra C18 column, CH3CN/H2O 10:90 to 90:10 in 15 min, tr
= 15.9 min.
DHA-s-UDCMe: 1H NMR (300 MHz, CDCl3) selected

data: δ 5.80 (d, J = 9.9 Hz, 1H), 5.44 (s, 1H), 4.79−4.56 (m,
1H), 3.66 (s, 3H), 3.64−3.49 (m, 1H), 2.81−2.66 (m, 2H),
2.66−2.47 (m, 3H), 2.44−2.30 (m, 2H), 2.29−2.14 (m, 1H),
1.43 (s, 3H), 0.94 (m, 3 CH3), 0.85 (d, J = 7.1 Hz, CH3), 0.67
(s, CH3). 13C NMR (75 MHz, CDCl3): δ 175.06, 171.89,
171.49, 104.80, 92.47, 91.85, 80.46, 74.70, 74.53, 71.58, 56.01,
55.26, 51.89, 45.57, 44.06, 42.60, 40.41, 39.50, 37.61, 36.92,
36.56, 35.59, 34.94, 34.43, 33.39, 32.17, 31.39, 29.62, 29.57,
28.93, 27.19, 26.76, 26.30, 24.92, 23.67, 22.35, 21.54, 20.55,
18.74, 12.47. HRMS ESI (+) C44H68O11: 773.4829 [M + H]+,
790.5095 [M + NH4]+, 795.4646 [M + Na]+.
4.2. Chemical Stability of Hybrid DHA-s-UDCMe. A

DMSO mother solution of the DHA-s-UDCMe hybrid at a 20
mM concentration was prepared. The solution was diluted in
complete cell culture medium Eagle’s minimal essential
medium (MEM) to a final concentration of 20 μM. A time
course of 0, 2, 6, 15, and 24 h was considered. The solution of
each hybrid was analyzed by HPLC-MS, and the concentration
of the hybrid during that time was calculated by comparison
with that of the initial solution (time 0). The experiment was
performed in triplicate (RSD < 10%).
HPLC-MS/MS analyses were performed on a Dyonex

Ultimate 3000 HPLC (Thermo Fisher Scientific, Italy)
equipped with a triple-quadrupole mass spectrometer TSQ
Quantum Access Max and an electrospray ionization source
detector; 0.5 mL samples were used as sources for the
automated injection. LC-MS-grade acetonitrile was purchased
from Sigma-Aldrich in the highest available purity and used
without any further purification. Ultrapure water (resistivity of
18.2 MΩ/cm at 25 °C) was produced in our laboratory by
means of a Millipore Milli-Q system. Chromatographic
separation was performed on a reverse-phase Zorbax C8
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column 4.6 × 150 mm, 5 μm (Agilent Technologies, CA,
USA), at a flow rate of 0.5 mL/min, with the linear gradient
H2O (HCOOH 0.1%)/CH3CN from 20:80 to 5:95.
MS/MS (ESI+) parameters: DHA-s-UDCMe precursor ion

795 [M + 23], product ion 261, cen 43 eV.
4.3. Biological Evaluation. 4.3.1. Cell Culture and

Treatments. African green monkey epithelial kidney cells,
VERO C1008 (Vero E6, ATCC CRL1586TM) and human
epithelial lung cells Calu-3 (ATCC HTB-55) were grown in
Eagle’s minimal essential medium (MEM) with nonessential
amino acids (Lonza Biosciences) supplemented with 10%
heat-inactivated fetal calf serum (FCS, Gibco), penicillin−
streptomycin mixture (1X, Gibco), and L-glutamine (2 mM;
Lonza Biosciences). Cells were maintained at 37 °C in a
humidified atmosphere with 5% CO2.
Cells were treated with DHA, UDCA or conjugates at the

following concentrations: 1, 10, 20, 40, and 80 μM for the
viability assay. In order to test the antiviral activity, a time-of-
drug addition was performed by adding molecules 1 h before,
during, or after infection.
4.3.2. MTT Assay for Cell Viability. Cell viability was

determined by the MTT (3-(4,5-dimethilthiazol-2yl)-2,5-
diphenyl tetrazolium bromide) colorimetric assay (Roche
Diagnostics Corporation, Indianapolis, IN, USA) following
the manufacturer’s instructions. Cells were treated with
different concentrations of conjugates for 24 h, and viability
was determined by absorbance reading at 570 nm.
4.3.3. SARS-CoV-2 Propagation and Infection. A SARS-

CoV-2 inoculum was isolated from a nasopharyngeal swab of a
COVID-19 patient (Caucasian man of Italian origin; genome
sequences available at GenBank (SARS-CoV-2-UNIBS-AP66:
ERR4145453)) and was a kind gift of Professor Arnaldo
Caruso (University of Brescia, Italy). SARS-CoV-2 was
propagated in Vero E6 cells and titrated by the plaque assay
as described previously.48 Both Vero E6 and Calu-3 were
infected with an MOI of 0.1 for 2 h at 37 °C, as previously
reported.49 An hour after infection, the supernatants of
infected cells were collected. All procedures were carried out
in a biosafety level-3 (BSL-3) laboratory.
4.3.4. Antiviral Activity Evaluation. RNA was extracted

from 500 μL of clarified cell culture supernatants (16,000g ×
10 min) using a PureLink Viral RNA/DNA Mini Kit (Thermo
Fisher, Milan, Italy) according to the manufacturer’s
instructions. RNA was eluted in 15 μL of RNase-free water
and stored at −80 °C until use. RNA was then reverse
transcripted with SuperScript IV VILO (Thermo Fisher, Milan,
Italy). Sars-CoV-2 genomes were quantified by amplification of
the S gene using a PowerUp SYBR Green Master Mix
(Thermo Fisher, Milan, Italy) with the following primers:
RBD-qF1:5′-AATGGTTTAACAGGCACAGG-3′ and RBD-
qR1:5′-CTCAAGTGTCTGTGGATCACG-3. For absolute
quantification, a dsDNA fragment (gBlock, Integrated DNA
Technologies, Coralville, IA, USA) based on the RBD
sequence was used to generate a standard curve ranging
from 108 to 102 copies.
The plaque assay was used to determine the levels of

infective SARS-CoV-2 released by treated cells. Briefly,
supernatants derived from treated infected Calu-3 cells were
used to infect Vero E6. Five days after infection, cells were
methanol-fixed, and plaques were stained with crystal violet
(0.1%) and counted. The experiments were performed in
triplicate.

4.3.5. ACE2 Gene Expression Analysis. Ace2 gene
expression was evaluated on total RNA extracted from cells
after 48 hpi using a PureLink RNA Mini Kit (Invitrogen,
Waltham, MA, USA), and DNase treatment was used to check
for contaminant DNA presence using β-actin PCR as a control.
An RT2 first strand kit (Qiagen, Milan, Italy) was used for
RNA reverse transcription, and cDNAs were immediately used
or stored at −20 °C. Gene expression analysis on extracted
RNA was performed by real-time quantitative PCR using a
PowerUp SYBR Green Master Mix (Thermo Fisher, Milan,
I ta ly) with the fol lowing primer sets : GAPDH
(Hs.PT.58.25887499.g) and ACE2 (Hs.PT.58.27645939).
Relative quantification of mRNA levels for the samples was
calculated using the 2−ΔΔCT method, normalized to the
housekeeping gene GAPDH. For all experiments, at least
three replicates were performed.
4.3.6. Immunofluorecence Assay. ACE2 protein expression

in Calu-3 cell lines was evaluated by incubation with a specific
antibody against human angiotensin-converting enzyme 2
(ACE2) (SN0754 Thermo Fisher; Italy) as previously
described50 followed by incubation with the FITC goat
antimouse IgG (H + L) secondary antibody (Thermo Fisher,
Milan, Italy). Immunofluorescence was visualized by fluo-
rescence microscopy (Nikon Eclipse TE2000S, Milan, Italy).
DNA was stained using DAPI (Thermo Fisher, Milan, Italy).
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