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Malaria is one of our planet's most widespread and deadliest diseases, and there is an ever-consistent need
for new and improved pharmaceuticals. Natural products have been an essential source of hit and lead
compounds for drug discovery. Antimalarial drug artemisinin (ART), a highly effective natural product, is
an enantiopure sesquiterpene lactone and occurs in Artemisia annua L. The development of improved
antimalarial drugs, which are highly potent and at the same time inherently fluorescent is particularly
favorable and highly desirable since they can be used for live-cell imaging, avoiding the requirement of
the drug's linkage to an external fluorescent label. Herein, we present the first antimalarial
autofluorescent artemisinin-coumarin hybrids with high fluorescence quantum yields of up to 0.94 and
exhibiting excellent activity in vitro against CQ-resistant and multidrug-resistant P. falciparum strains
(ICs0 (Dd2) down to 0.5 nM; ICsq (K1) down to 0.3 nM) compared to reference drugs CQ (ICsq (Dd2)
165.3 nM; ICsq (K1) 302.8 nM) and artemisinin (ICsq (Dd2) 11.3 nM; ICsq (K1) 5.4 nM). Furthermore, a clear
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Accepted 22nd October 2023
demonstrated. Moreover, deliberately designed autofluorescent artemisinin-coumarin hybrids, were not
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Introduction

Nature is an excellent source of drugs or their precursors.*
Antimalarial drug artemisinin (Fig. 1a) is a prominent natural
product. It is an enantiomerically pure sesquiterpene lactone
found in Artemisia annua L. Its discoverer Youyou Tu was
awarded the 2015 Nobel Prize in Physiology or Medicine.>?
Artemisinin and its derivatives are of great interest for their vast
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only able to overcome drug resistance, they were also of high value in investigating their mode of action
via time-dependent imaging resolution in living P. falciparum-infected red blood cells.

range of biological properties.** Target identification experi-
ments have recently been performed, and putative inhibitory
mechanisms of artemisinin-related compounds have been
studied.®® Notably, one of the most powerful tools to address
the mode of action of bioactive compounds is an investigation
via fluorescence-based techniques.>'® A fluorescent non-drug
label is commonly introduced into a drug molecule to make it
suitable for live-cell fluorescence tracking.'>'* In the past, this
approach was also applied to artemisinins.’**® Though fluo-
rescent labeling enables localization imaging, the concept has
significant drawbacks. The drug's polarity, solubility, cellular
uptake, biological activity, and mode of action can significantly
alter as the pristine drugs are heavily altered and enlarged."”*®
One possible pathway to circumnavigate drawbacks accompa-
nied by fluorescent labeling is the design and application of
inherently fluorescent bioactive hybrids, which are potent drug
compounds and fluorophores at the same time."”*° The efficacy
of hybrid drugs and their potential to overcome even drug
resistance has been widely proven.”*** To our knowledge, no
examples of inherently fluorescent antimalarial hybrid drugs
have been reported so far. The aim of this work is, therefore, to
combine two desired features in one artemisinin-based anti-
malarial hybrid drug: (i) high in vitro/in vivo activity and (ii) high
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(a) Structures of established antimalarials chloroquine, artemisinin and artesunic acid and their in vitro activity against CQ-resistant and

multidrug-resistant P. falciparum strains Dd2 and K1. (b) The first systematic comparison of antimalarial activities of differently linked monomeric
and dimeric artemisinin-based hybrid model drugs using in vitro, in vivo and live-cell bioimaging methods.

intrinsic fluorescence. To design fluorescent artemisinin-based
antimalarial hybrids, an additional bioactive species is required
to gain improved antiplasmodial activity and to enable auto-
fluorescence. We selected bioactive coumarins as prominent
and suitable pharmacophores. While few examples of anti-
cancer artemisinin-coumarin hybrids are known,***** no exam-
ples of antimalarial artemisinin-coumarin hybrid compounds
and their in vitro/in vivo analyses and mode of action studies
have been reported to date. Coumarin derivatives e.g., scopo-
letin, showing antimalarial properties, and other derivates
naturally occur with artemisinin in Artemisia annua L.*** In
addition to their antimalarial properties, coumarin derivatives
exhibit activities against a broad scope of pathogens®*** and are
highly suitable for synthesizing intrinsically fluorescent hybrids
since they can be tuned to be strongly fluorescent by binding to
a triazole subunit.*>*

Artemisinin-derived fluorescence tracers for localization
imaging, especially in red blood cells infected with living
parasites of P. falciparum, are rare** and to the best of our
knowledge, no time-dependent studies investigating possible
changes in subcellular localization of such compounds in
dependence on the incubation time have been performed.
Herein, we present the first antimalarial autofluorescent
artemisinin-coumarin hybrids and their biological in vitro
studies against chloroquine-sensitive 3D7 and chloroquine-/
multidrug-resistant Dd2 and K1 parasite strains of P. falcipa-
rum, and in vivo studies in P. berghei-infected mice (Fig. 1b). The
use of triazoles as subunits in hybrid drugs is beneficial apart
from their ability to induce fluorescence, as these heterocyclic
subunits can easily be formed via click chemistry.*>*¢

12942 | Chem. Sci, 2023, 14, 12941-12952

We used the strong autofluorescence of new hybrid drugs
(fluorescence quantum yields up to 0.94) to investigate the
subcellular localization and to achieve a live-cell P. falciparum
parasite imaging under unprecedented conditions that mimic
treatment with artemisinin (ART) in humans. Next, the stability
of the implemented linkers between the triazole and artemisi-
nin subunit (non-cleavable (ether) vs. cleavable (ester) linkers)
has been firmly taken into consideration as it is broadly
accepted that artemisinins are relatively short-lived prodrugs
primarily metabolized via heme-mediated degradation*”** and
the linker significantly affects the elimination half-lives.*>*°

Results
Synthesis of artemisinin-coumarin hybrid compounds

In the past, our and other groups showed the high potential of
dimeric artemisinin-based hybrids exhibiting strongly
improved activities against malaria and other pathogens.**>*
In this study, we first intended to understand the differences in
efficacy of dimeric vs. monomeric artemisinin-based hybrids
concerning the applied linker moieties (cleavable vs. non-
cleavable). For those studies, the monomeric artemisinin-
coumarin hybrids 1 and 2 were synthesized via copper(i)-cata-
lyzed azide-alkyne cycloaddition (CuAAC) click reactions
(Scheme 1a). The monomeric artemisinin-alkyne precursors
were obtained in good yields (7: 74%/9: 94%) via two diverse
straightforward one-step procedures,*”*® whereas the coumarin
azide 11 was commercially available (Scheme 1).

Hybrid 1 was prepared in 45% yield via CuAAC between
alkyne 7 and the coumarin azide 11 using CuSO, and sodium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Synthesis of non-cleavable linker-containing artemisinin-coumarin hybrids 1 and 3 derived from DHA. (b) Synthesis of cleavable
linker-containing artemisinin-coumarin hybrids 2 and 4 derived from artesunic acid. (c) Synthesis of reference coumarin-triazoles 5 and 6
bearing no artemisinin unit. Reagents and conditions: (i) HzPW1,040-H2O (10 mol%), DCM, r.t., 6 h; (i) coumarin-azide 11, CuSO4-5H,0
(10 mol%), sodium ascorbate (20 mol%), CH,Cl, : H,O (1:1), r.t., o/n; (iii) BF3-Et,O, Et,O, Ny, r.t., 24 h; (iv) coumarin-azide 11, [Cp*Ru(cod)Cl]
(2 mol%), DMF, Ar., r.t, 24 h; (v) EDCI, DMAP, DCM, N,, 0 °C to r.t, o/n.; (vi) coumarin-azide 11, CuSO4-5H,0 (20 mol%), sodium ascorbate
(40 mol%), DMF, Ar., r.t., 1 h; (vii) EDCI, DMAP, DCM/acetonitrile (6/1), 0 °C tor.t., o/n.; (viii) CuSQO4-5H,0 (20 mol%), sodium ascorbate (40 mol%),

DMF, Ar., rt, 1 h.

ascorbate in a diphasic solvent system (DCM:H,0). On the other
hand, a monophasic CuAAC reaction with CuSO, and ascorbic
acid in DMF between the artesunic acid-derived alkyne 9 and
coumarin azide 11 was performed to gain hybrid 2 in 38% yield.
Two dimeric-artemisinin precursors 8 and 10 with an internal

© 2023 The Author(s). Published by the Royal Society of Chemistry

alkyne were prepared to synthesize hybrids 3 and 4 (Scheme 1b)
bearing two artemisinin units. The DHA (dihydroartemisinin)
based dimeric alkyne precursor 8 was synthesized starting from
a 1:1 mixture of C-10a-to C-108-DHA via a newly developed
etherification procedure using BF;-EtO, (Scheme 1a). The

Chem. Sci., 2023, 14, 12941-12952 | 12943
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product 8 with two C-10B-DHA units was isolated in a fair yield
of 45% and the C-10B configuration was verified with "H-NMR.>
Alkyne 10 derived from artesunic acid was obtained via a liter-
ature-known procedure in 69% yield (Scheme 1b).*® Since
internal alkynes have to be activated for the cycloaddition
towards hybrids 3 and 4 to take place, a Ru(n) based catalyst
([Cp*Ru(cod)Cl], 2 mol%) was applied instead of the copper-
based systems used for the synthesis of hybrids 1 and 2. The
hybrid compounds 3 and 4 were synthesized with an identical
procedure in anhydrous DMF under argon and isolated in fair
yields (3: 40%/4: 61%). The reference compounds 5 and 6
(Scheme 1c) bearing no artemisinin unit were prepared to have
a comparison to the artemisinin-derived hybrids 1-4. The cor-
responding commercially available ether-/ester-bridged alkynes
were coupled with coumarin azide 11 via CuAAC in DMF to
obtain both triazole-coumarins (5: 37% yield/6: 29% yield,
Scheme 1c).

Fluorescence properties of the compounds

All compounds 1-6 bear a 7-hydroxo-cumarine fluorophore
covalently attached over a triazole moiety which dominates the
optical properties of the hybrids. The observed UV-vis absorp-
tion and fluorescence spectra (see Fig. S6-111), align with
previous results for covalently functionalized 7-hydroxy-
cumarine derivatives.” ! Essentially and in line with previous
literature reports®** for functionalized 7-hydroxy-cumarine
derivatives, all investigated compounds show a red shift of
around 15 nm in the long wavelength absorption maximum (see
Table 1) compared to pristine 7-hydroxy-cumarine, which
exhibits a long-wavelength absorption maximum around
330 nm.*** This red shift of the absorption goes hand in hand
with a red shift of the fluorescence maximum observed for
compounds 1-6 (between 410 and 435 nm - ¢f Table 1) in
respect to pristine 7-hydroxy-cumarine, which is reported to
exhibit a fluorescence maximum around 380 nm in ethanol.*
The fluorescence lifetimes for the compounds 1-6 were deter-
mined by time correlated single photon counting (TCSPC) and
values between 2.8 and 3.7 ns were received, which reflects
a shortening of the fluorescence lifetime in respect to pristine 7-
hydroxo-cumarine for which a fluorescence lifetime of around
5.7 ns in protic solvents was reported.” Taking the observed

Table 1 Absorption and emission properties of compounds 1-6
measured in MeOH

Th

Aabs” [nm] Aq” [nm] ¢ [ns]
1 348 435 0.94 3.7
2 347 420 0.75 3.2
3 344/399 410 0.75 2.8
4 342/397 409 0.79 3.0
5 348 421 0.89 3.1
6 347 420 0.79 3.1

“ Long-wavelength absorption maximum. ? Fluorescence emission
maximum; Aex = 350 nm (A = 320 nm for compound 1), slit 2/2 nm.
¢ Fluorescence quantum yield relative to 9,10-diphenylanthracene in
cyclohexane with a fluorescence quantum yield of 0.90.%
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fluorescence properties of the investigated artemisinin-based
hybrid compounds 1-4 and the two reference compounds 5
and 6 into context, all compounds show high quantum yields
@4 of over 0.75 with 1 exhibiting the highest quantum yield with
0.94. These properties make the compounds highly suitable for
fluorescence microscopy-based investigations in vitro and flow
cytometry analysis.

In vitro antiplasmodial activity of the hybrid drugs

The antiplasmodial activity of artemisinin-coumarin hybrids 1-
4 was determined in vitro against chloroquine-sensitive 3D7 and
chloroquine-/multidrug-resistant Dd2 and K1 parasite strains of
P. falciparum (Table 2). In general, hybrids 1 and 3 with a non-
cleavable ether-based (and shorter) linker between the
triazole-coumarin and artemisinin moieties were more potent
to inhibit parasite growth compared to their respective hybrid
counterparts 2 and 4 with a cleavable ester-linked (and elon-
gated) linker. Moreover, monomeric artemisinin hybrids 1 and
2 were less active than their dimeric artemisinin analogs with
comparable linker structure 3/4 (Table 2). For the artemisinin-
based hybrids 1-4, ICs, values varied from 0.5 nM for 3, the
most potent derivative, to 91.7 nM for 2 when tested against the
chloroquine-sensitive strain 3D7. The ICs, values decreased for
their effect on parasite growth of the chloroquine-/multidrug-
resistant strains Dd2 and K1, with K1 always exhibiting the
lowest ICs, values. Notably, the artemisinin-free coumarin
compounds (5/6) lacked any pronounced antiplasmodial
activity, attested by ICs, values in the uM range. Both derivates
5/6 were slightly more active against the chloroquine-/
multidrug-resistant strains (Table 2).

Furthermore, a comparison of the ICs, values determined
after 24 h versus 72 h of drug exposure, presented a comparable
plasmodial killing rate for hybrids 1-4 at both incubation times
(Table S1 and Fig. S1f). The observed killing rate profile is
typical for drugs denoted as fast-acting antimalarials, such as
DHA, and starkly contrasts the slow-acting drug atovaquone
employed as a threshold, which has a decreased potency to
inhibit parasite growth for 24 h versus 72 h of drug exposure.
Moreover, the presented hybrids achieve rapid parasite growth
inhibition without inducing cell toxicity against mammalian
cells indicated by high selectivity index (Table 2 and associated
Table S1 and Fig. S27).

In vivo efficacy and stability of the hybrid drugs

The in vivo efficacy of hybrid drugs 1-4 was investigated in P.
berghei-infected mice (Tables 2, S2 and Fig. S31). While for in
vitro assays of antimalarial activity, DHA is employed,®*° for in
vivo assays in mice, artesunate (artesunic acid) is used.” In line
with the in vitro studies, the hybrids 1 and 3 with non-cleavable
linkers were most efficacious in suppressing parasitemia and
thus increasing animal survival. On the contrary, the hybrid 2
with cleavable linker presented, consistent with its relatively low
in vitro potency, the most inferior efficacy among them. In
contrast to its strong in vitro potency, cleavable derivative 4
showed a three-fold reduced efficacy than the non-cleavable
hybrids 1 and 3. Overall a clear correlation between the in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In vitro antiplasmodial activity, selectivity index against P. falciparum and in vivo efficacy in P. berghei-infected mice of the hybrid

compounds 1-4 and in vitro antiplasmodial activity of coumarin derivatives 5/6

P. falciparum

P. berghei

In Vitro In Vivo
3D7 strain of P, falciparum Selectivity index Efficacy in mice
105+
%0 _ 12000 100~
- 754 3
2 60 g 10000 EE ART g -
£ 5 - 35
8 1 27
[3) £ 8000 Inon-cleavable 93
E 5.0 g E= 3 E-; 504
H £ 6000 - 2 3 =
& 254 2 = cleavable ® 2
& 1000 : s
0.0- & il .
DHA1 2 3 4 DHA1 2 3 4 ART1 2 3 4
ICs0 [NM] £ S.E.M. Selectivity Compound Dose in mg kg™ Inhibition Median of animal survival
3p7° Dd2¢ K1e index (SI) P (umol kg™1)° (% vs CTRL) in days (cure, %)¢
2.8+1.6 20+13 1.6+0.7 11950 1 11.5(22) >99 >30/ (100%)
91.7+9.4 53.4+6.0 40.2+4.2 600 2 14 (22) 41.7 +8.0 18 (0 %)
0.5+0.05 0.5+0.05 0.33+0.04 7442 3 18 (22) >99 >30/ (100%)
29+1.0 24+04 0.9+0.1 6037 4 22 (22) 94 +11 26 (25 %)
41518.8 + 40710.6 +
+
69914.5+4.2 3644.2 43131 N.D. 5 N.D. N.D. N.D.
118612.6 + 90784.3 + 94822.0 +
15421.2 6899.2 11578.4 N.D. 6 N.D. N.D. N.D.
3.5+0.5° 2.4+0.4° 2.4+0.2° 8844 DHA N.D. N.D. N.D.
14.4£2.0° 10.9+0.7° 5.2+0.8° N.D. Artesunic acid 8.5(22) >99 30/ (50%)
26.8 £2.4° 11.3+1.8° 5.4+0.5° N.D. Artemisinin N.D. N.D. N.D.
12.7£2.5° 165.3 £ 15° 302.8 + 152 N.D. Chloroquine 20 (38) 9510 25 (0%)

¢ In vitro inhibitory activity against P. falciparum parasites. ICs, values are the mean + S.E.M. (nM) and were determined 72 h after drug exposure.
b 1Cs0 value has been previously reported.”>®”  Treatment was given after 24 h post-infection once-a-day by subcutaneous injection for four
consecutive days. ¢ Parasitemia inhibition was determined in comparison to vehicle (untreated), determined 48 h after the last day of drug
administration and values are mean =+ standard deviation. ¢ Animal survival was monitored for up to 30 days. Values are from one single
experiment, using n = 5/group.’ p < 0.05 (Log-rank and Mantel-Cox test) versus vehicle.

vitro potency and in vivo efficacy of hybrid compounds is
observed, as hybrid 3 is the most potent in vitro and proved to be
the most efficacious in vivo.

A dissimilarity in the antimalarial activity among endoper-
oxide drugs may be related to the stability and degradation of
the endoperoxide bridge in red blood cells (RBC). To estimate
endoperoxide degradation for the hybrid compounds, we
implemented a broadly accepted assay method measuring the
parasite-mediated drug degradation®®” as outlined in Fig. 2
(panel a). Uninfected RBC (uRBC) were treated with 500 nM of
DHA or hybrids 1-4, supernatants were harvested at indicated
times (0.16, 6 and 24 h) and their antimalarial activities were
determined against the 3D7 strain of P. falciparum. DHA (due to
its fast-acting endoperoxide bridge) was employed as a drug
susceptible to parasite-mediated degradation, while amodia-
quine (AQ) (bearing no endoperoxide unit) was used as a drug
not susceptible to heme-mediated reductive degradation.

© 2023 The Author(s). Published by the Royal Society of Chemistry

As depicted in Fig. 2, panel b, the concentration of DHA
decreased over time, whereas the concentration of AQ remained
unaltered over time. These observations are consistent with
previous literature since DHA is a short-living drug rapidly
bioactivated and degraded by heme via endoperoxide reduction.
In contrast, the long-lasting drug AQ is inert to a reductive
degradation induced by heme.®®* Having set up this, we eval-
uated the parasite-mediated degradation for hybrid compounds
1-4 (Fig. 2, panel c). As expected, the concentration of the hybrid
compounds decreased over time, which is consistent with the
notion that any endoperoxide drug is susceptible to parasite-
mediated degradation caused by heme. However, as we can
infer in Fig. 2, panel d, the drug concentration of all hybrid
compounds was higher than DHA. A closer inspection of the
equivalent drug concentrations after 24 h revealed that DHA
had the lowest concentration among endoperoxide drugs, while
compounds 2 and 4 with cleavable linker had the lesser

Chem. Sci., 2023, 14, 12941-12952 | 12945


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03661h

Open Access Article. Published on 24 October 2023. Downloaded on 12/4/2025 7:58:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

a uRBC P. falciparum
I harvest harvest harvest e
supernatant supernatant supernatant
0.16 h 6 h 24 h

Addition of drugs

600-|

50041
400 interpolation

300

[drug] (M)

200
100

0 ~
O T T 1

[ 6 12 18 24
time

P. falciparum inhibition (%)

-
=3
=3

~
o

ICs08

antimalarial activity
of supernatants

[
a

A

log [drug] (nM)

600 AQ

= 500 * = * (long-lasting drug) =
22 |\ B -
5c 400 £c
8 €2
ST 300 5%
SE T =
2 8 200 3
29 30
ge S -=- DHA g5

8 100 — 8

(short-living drug)

d

non-cleavable hybrids

=1 —+~ 3

equivalent drug
concentration (nM) after 24 h

cleavable hybrids
B8 2 - 4

T T T T
0 6 12 18 24

time (hours)

time (hours)

Fig. 2 Panel (a) shows the experimental design for determining the parasite-mediated drug degradation effect. Panel (b) shows the time-
dependency concentration for the controls DHA (short-living) and AQ (long-lasting). Panel (c) shows the time-dependency concentration for the
hybrids 1-4. Panel (d) compares the drug concentration remaining in the supernatants harvested after 24 h. For panels (b—d): values are the
median =+ standard error of the mean (S.E.M.) of three independent experiments (each concentration in duplicate). uRBC = uninfected red blood
cells; DHA = dihydroartemisinin; AQ = amodiaquine. Full data is disclosed in Table S3.¥

concentration among all hybrid compounds. This contrasts
with the non-cleavable hybrid compounds 1 and 3, which had
the highest concentration among endoperoxide drugs, albeit
their concentrations were lower than for AQ. Of note, while
compound 2 with cleavable linker had the lowest in vitro
potency (Table 2), it was surprisingly less susceptible to reduc-
tive degradation of the endoperoxide compared to DHA, which
suggests that its low potency is not solely caused by parasite-
mediated degradation of its endoperoxide moiety. Its products
of degradations are possibly not as potent antimalarial agents
as other endoperoxide drugs, such as DHA and artesunate.

Fluorescence imaging in living P. falciparum-infected red
blood cells

The simplest and readily available hybrid drug 1 with non-
cleavable linker, which exhibits an excellent in vitro activity
(ICso of 2.8 nM in P. f. 3D7), high stability, and strong auto-
fluorescence (fluorescence quantum yield of 0.94) was used to
assess the localization of the new hybrid compounds in living P.
falciparum-infected red blood cells. Parasites of the 3D7 strain
were incubated with 200 nM of 1 at 37 °C for 0.5, 2, 4, and 8 h,
respectively, and costained with the nuclear tracker Syto 13 (see
ESI} for detailed information). The fluorescence of 1 was
detected using the DAPI filter of an Eclipse Ti microscope for
imaging. Uninfected cells were completely unlabeled by 1 (data
not shown) under the applied conditions, indicating that

12946 | Chem. Sci,, 2023, 14, 12941-12952

accumulation of 1 depends on living parasites. The fluorescence
in ring and early trophozoite stages of living parasites was weak
and barely detectable. Still, it increased with maturation of the
parasite resulting in a peak at the schizont stage.

After short time incubation of 0.5 h and 2 h, hybrid 1
exhibited a diffuse staining pattern in ring, trophozoite and
schizont stages (Fig. 3) and did not colocalize with Syto 13
nuclear staining and only rarely and weakly stained the parasite
digestive vacuole, visible as an electron dense area within the
parasite.

Prolonged incubation periods of 4 h and 8 h, partly resulted
in an accumulation of 1 in structures of potentially membra-
nous origin (Fig. 4). However, only younger schizonts and no
more mature stages could be observed after prolonged incu-
bation times, indicating that 1 seems to abolish the transition
to older schizont stages as these parasites were found to be
expelled from their host cells. To investigate a possible locali-
zation of hybrid 1 in neutral lipid bodies (NLBs*'), previously
performed with an autofluorescent synthetic endoperoxide as
an artemisinin model compound,” co-staining with Nile Red (a
dye that stains lipids and particularly neutral lipid bodies™) was
performed (Fig. 4, column E). NLBs are visible as intensely
stained spot-like structures adjacent to the food vacuole (Fig. 4,
column F, white arrows). In contrast to the rapid accumulation
of a fluorescent synthetic endoperoxide in NLBs as described
previously,* our results do not suggest a colocalization with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bright-field and fluorescence images of ring, trophozoite and schizont stages incubated with 1 for 30 min (rows 1-3) and 2 h (rows 4 and
5) before imaging. Syto 13 staining (blue) indicates the position of nuclei. Column A — bright field image, column B — 1 fluorescence (green),
column C — Syto 13 fluorescence (blue); column D — merge of the fluorescence of 1 and Syto 13. White bars represent 5 um.

NLBs (Fig. 4). Instead, specific Nile Red-stained membranous
structures, not identical to NLBs, colocalize with the 1 staining
as indicated by the yellow color of the composite. Staining of
a similar membranous structure by Nile Red was also previously
observed” and represents most likely parts of an inner parasitic
membrane network. However, compound 1 was also found to
stain merozoite membranes (Fig. 4, lane 4).

Although the cellular localization of hybrid 1 in P. falcipa-
rum was precisely profiled at clinically relevant nanomolar
concentrations by microscopy, it remained uncertain if the
lipophilicity of the reported hybrids as well as their ability to
enter the cells and become bioavailable inside parasites is
comparable to DHA. To interrogate this, we profiled the drug
uptake of hybrids and DHA in the parasites by flow cytometry
and fluorescence in a microplate reader (Fig. S4 and S5t and
associated discussion). The estimated concentration of all
hybrids 1-4 inside infected RBC (iRBC) was similar to
artemisinin-free coumarin compounds 5/6 and no significant
differences were observed among the hybrids. Moreover,
hybrids 1 and 2 were significantly more incorporated by iRBC
than uRBC, which depends on drug concentration and the
time of drug exposure. Importantly, the uptake of hybrid 1 in
iRBC and uRBC was significantly reduced when these cells
were previously exposed to DHA. A similar finding was docu-
mented in prior literature.*

© 2023 The Author(s). Published by the Royal Society of Chemistry

Discussion

Further advances in the combination of high in vitro/in vivo
activity and high intrinsic fluorescence in one hybrid drug will
contribute to the progress in the drug discovery due to the
possibility of gaining insights into the mode of action of the
hybrid drugs. The deliberate design of monomeric and dimeric
artemisinin-based coumarin hybrids employing cleavable and
non-cleavable linkers enabled a step forward toward the
formulation of SAR (structure-activity relationship) and the
understanding of the mode of action of artemisinin-based
compounds. We demonstrated a straightforward two-step
synthetic pathway via a key metal-catalyzed click chemistry
step to obtain complex artemisinin-coumarin hybrids from
commercially available precursors.

The ether-linked artemisinin hybrids 1 and 3 surpass the in
vitro potency of artemisinin-based drugs DHA, artemisinin and
artesunic acid up to 16-fold and exhibit at very least twice the in
vivo efficacy of artesunate. The same phenotype-based activity is
not reproduced by ester linked hybrids 2 and 4. Interestingly,
the studies revealed that the antiplasmodial activity and cyto-
toxicity of the hybrids in mammalian cells can be clustered
according to the chemical structure of the linker. Hybrids
containing a non-cleavable ether linker are more potent anti-
plasmodial agents and more cytotoxic for mammalian cells

Chem. Sci., 2023, 14, 12941-12952 | 12947
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Fig. 4 Bright-field and fluorescence images of schizonts incubated with 1 for 4 h (rows 1 and 2) and 8 h (rows 3 and 4). Syto 13 staining (blue)
indicates position of nuclei. Column A — bright field image, column B — 1 fluorescence (green), column C — Syto 13 fluorescence (blue); column D
— merge | of the fluorescence of 1 and Syto 13; column E — Nile Red fluorescence: Nile Red stains neutral lipid, in particular neutral lipid bodies;
column F — merge Il of the fluorescence of 1, Syto 13 and Nile Red; White bars represent 5 um. The white arrows indicate the position of NLBs.

than hybrids with a cleavable ester linker. Regarding the
importance of one or two endoperoxide units in the composi-
tion of hybrids, we concluded from the standard chemo-
sensitivity assays (ICs, values) that a hybrid containing two
endoperoxide moieties is more potent than a monomeric hybrid
of identical linking type. However, a non-cleavable linked
hybrid 1 containing only one endoperoxide warhead can
equalize (for P. f. 3D7) or even surpass (for P. £ Dd2) the efficacy
of the cleavable linked dimeric hybrid 4. The most potent
monomeric hybrid 1 and dimeric hybrid 3 were less prone to
undergo parasite-mediated drug degradation. Multiple analyses
shed light on the aspect that an enhancement in potency for
endoperoxide drugs is achieved when a long-lasting property
(i.e., a stronger chemical stability to resist a heme-mediated
degradation than DHA has) is achived.®”® This property can
be profoundly tuned by the used linker and the effects were
found to be pronounced for hybrids carrying two endoperoxide
units in the reported library. Our SAR model dictates that if two
endoperoxide moieties are combined using a non-cleavable
chemical linker, as for the hybrid 3, a strong and efficacious
antimalarial drug with a 10-fold increase in stability and a 7-fold
increase in activity compared to DHA is observed.

As previously mentioned, the high intrinsic fluorescence of
hybrid 1 (@4 = 0.94, Table 1) combined with its high in vitro and
in vivo potency and efficacy made it most suitable for live-cell

12948 | Chem. Sci, 2023, 14, 12941-12952

imaging, which enabled a precise profiling of the cellular
localization of 1 in living P. falciparum parasites by fluorescence
microscopy at low nanomolar drug concentrations, reproducing
the therapy in humans. The timing of 1-staining and co-staining
procedures both revealed a diffusion of 1 over the cytoplasm of
parasite cells for short incubation times (0.5 h to 2 h). Even after
prolonged incubation times (4 h to 8 h), 1 was not preferentially
localized inside the parasite's digestive vacuole, consistent with
a precedent report.** Moreover, we found membranous struc-
tures stained by 1 in both mature parasite stages and merozo-
ites. In contrast, previously a synthetic fluorescent artemisinin
model compound was found to accumulate in neutral lipid
bodies (NLB) at micromolar concentrations.**

As hybrids possess chemical functionalization, this may lead
to alterations in their uptake and cellular localization in
comparison to artemisinins used in patients, like DHA and
artesunate. We found that all compounds 1-6 can become
bioavailable for uptake in RBC, as expected to occur in any small
molecule able to cross lipid membranes by passive perme-
ability. However, hybrids 1-4 were preferentially accumulated
in parasites than host cells. This is consistent with the visuali-
zation of hybrid 1 inspected by microscopy. Moreover, we found
that the uptake of hybrid 1 in RBC was mitigated in the presence
of DHA. Meanwhile, this is not surprising, given that both are
endoperoxides derived from the same 1,2,4-trioxane ring and no

© 2023 The Author(s). Published by the Royal Society of Chemistry
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alteration in the trioxane ring was performed to design hybrids,
this supports the reliable and robustness of autofluorescent
hybrids for studying artemisinin's cellular localization. Based
on these findings, we argue that the cellular localization of 1
likely reflects the artemisinins used in patients. Finally, our data
indicates that a stronger potency and efficacy for hybrid 1 versus
DHA/artesunate is achieved because of its stability to overcome
parasite-mediated drug degradation. These data justify further
studies in artemisinin-resistant parasites in the future.

Conclusions

We have designed and synthesized first autofluorescent anti-
malarial artemisinin-coumarin hybrids 1-4, which combine two
desired features in one drug compound: high in vitro/in vivo
activity and high intrinsic fluorescence suitable for live-cell
imaging. These new hybrids, with non-cleavable (ether) and
cleavable (ester) linkers and featuring one or two endoperoxide
moieties were obtained via metal-catalyzed click chemistry from
readily available alkyne and azide precursors. The hybrids
exhibit excellent antimalarial activity in vitro against CQ-
resistant and multidrug-resistant P. falciparum strains
(IC50(Dd2) down to 0.5 nM; IC50(K1) down to 0.33 nM) compared
to reference drugs CQ (IC5y(Dd2) = 165.3 nM; IC50(K1) = 302.8
nM) and artemisinin (IC5o(Dd2) = 11.3 nM; IC5(K1) = 5.4 nM).
A combination of photophysical analysis, microscopy, and flow
cytometry have revealed the high suitability of hybrids for real-
time imaging in living parasite cells at clinically relevant low
drug concentration when the parasite-mediated degradation of
artemisinins is circumvented. Furthermore, it was found that
hybrids featuring two endoperoxide units have improved in
vitro/in vivo antimalarial activities compared to hybrids with
only one endoperoxide moiety. Notably, a metabolically resis-
tant non-cleavable chemical linker should be employed (e.g.,
hybrid compound 3) to achieve the best potency. In general, our
findings should provide a valuable basis for autofluorescent
artemisinin-based antimalarial drug design suitable for cellular
uptake visualization and fluorescence imaging in living P. fal-
ciparum-infected red blood cells. Our results should also
encourage further mechanistic studies and be a stepping stone
toward overcoming multidrug resistance.
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