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Isonimesulide and Its Carborane Analogues as
Isoform-Selective COX Inhibitors and Antitumor Agents

Liridona Useini, Teodora Komazec, Markus Laube, Peter Lönnecke, Jonas Schädlich,
Sanja Mijatovíc, Danijela Maksimovíc-Ivaníc, Jens Pietzsch, and Evamarie Hey-Hawkins*

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most widely used
therapeutics against pain, fever, and inflammation; additionally, antitumor
properties are reported. NSAIDs reduce the synthesis of prostaglandins by
inhibiting the cyclooxygenase (COX) isoforms COX-1 and COX-2. As
nonselective inhibition is associated with off-target effects, strategies to
achieve selectivity for the clinically preferred isoform COX-2 are of high
interest. The modification of NSAIDs using carborane clusters as phenyl
mimetics is reported to alter the selectivity profile through size exclusion.
Inspired by these findings, isonimesulide and its carborane derivatives are
prepared. The biological screening shows that the carborane containing
compounds exhibit a stronger antitumor potential compared to nimesulide
and isonimesulide. Furthermore, the replacement of the phenyl ring of
isonimesulide with a carborane moiety resulted in a shift of the COX activity
from nonactive to COX-active compounds.
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1. Introduction

Nimesulide or N-(4-nitro-2-
phenoxyphenyl)methanesulfonamide is
a nonsteroidal anti-inflammatory drug
(NSAID) with potent anti-inflammatory,
analgesic, and antipyretic properties.[1,2] It
is used for treatment of acute pain, arthritic
conditions, musculoskeletal problems,
headaches, fever, cancer pain, and vascular
diseases.[3,4] Due to its COX-2 selectivity
and other mechanisms that nimesulide
is involved in (e.g., inhibition of leuco-
cyte respiratory burst through inhibition
of phosphodiesterase type IV, inhibition
of superoxide anion and hypochlorous
acid formation in activated neutrophils,
prevention of oxidative and proteolytic
inactivation of the 𝛼1-proteinase inhibitor,

as well as reduction of the extracellular availability of hypochlor-
ous acid),[5–7] there is a growing interest for its application in can-
cer therapy.[3,8–11] Furthermore, it is used as an alternative thera-
peutic for NSAID-intolerant patients that suffer from allergic re-
actions like NSAID-induced asthma.[7,12] An oral administration
of nimesulide twice per day (100–200 mg) proved to be more ef-
fective than other conventional NSAIDs (indomethacin, ibupro-
fen, and naproxen),[2,6,13] causing milder adverse effects on the
gastrointestinal tract, due to its COX-2 selectivity.[14] However,
prolonged usage of nimesulide induces hepatic failure; thus, its
therapy is limited to a maximum of 15 days.[15,16]

Nimesulide was discovered in 1971 by George Moore and col-
laborators and was licensed for production in 1985.[5,8] It was first
introduced to markets in Italy and Portugal; nowadays it is avail-
able in more than 50 countries worldwide.[6,8] Due to its hepato-
toxicity and other safety issues, nimesulide was withdrawn from
the market in Finland and Spain in 2002 and in Ireland in 2007;
it was never approved for distribution in the USA, UK, Canada,
and New Zealand.[8]

Considering the hepatotoxicity associated with nimesulide
usage[15,17] and the aim to improve its selective anti-inflammatory
and anticancer activity, research has focused on developing
nimesulide-based derivatives with higher potency, improved se-
lectivity, better pharmacological profile, and fewer side effects.
Due to its application as an alternative therapeutic for NSAID-
intolerant patients[12] and its potential in cancer treatment, nime-
sulide was used as an inspiration to design new drugs; therefore,
many nimesulide-based compounds have been reported in the
past.[8,18–20]
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Figure 1. The difference in mode of action between a conventional NSAID (left) and COX-2 selective NSAID (right). Nonselective COX-inhibitor
(ibuprofen) and the COXIBs (celecoxib, rofecoxib, and valdecoxib). Reproduced with permission.[30] Copyright 2006, American Society for Clinical
Investigation.

Like other NSAIDs, nimesulide blocks cyclooxygenase, the
homodimer proteins located in the membrane of the endoplas-
mic reticulum,[21] with reported IC50 values of 10.48 μm (COX-1)
and 0.18 μm (COX-2).[22] Therefore, it reduces the transforma-
tion of arachidonic acid to prostaglandins (PGs), which are the
mediators of many signaling pathways including, among others,
pain, fever, and inflammation.[23] Research on morphology[24]

and mode of action[25] have focused on the two main COX
isoforms: COX-1, which is found in most of the tissues where it
moderates the homeostatic processes, and COX-2, also known as
the “induced isoform” because it is closely related with nonphys-
iological processes, such as pain, fever, and inflammation.[26]

Beside their differences in the mode of action,[27,28] COX iso-
forms share a high identity in peptide sequence; thus, many
conventional NSAIDs nonselectively bind to both isoforms
(Figure 1).[29]

In order to maintain the homeostasis and the overall well-
being, the balance between proinflammatory and physiologic
prostaglandin production must be well moderated. Thus, the
metabolic process of COX-1 should not be influenced, while
the production of proinflammatory PGs should be blocked.[31]

This would ideally be achieved by a COX-2 selective inhibitor.[32]

Due to an accessible side pocket (Figure 1), the active site of
the COX-2 isoform is ≈25% larger than that of the COX-1;[33]

therefore, a size enlargement of the drug could yield the de-
sired selectivity.[34] This hypothesis was confirmed, when cele-

coxib, rofecoxib, and valdecoxib (Figure 1) were introduced to
the market.[35] The bulkier molecules, compared to ibuprofen,
showed highly selective activity toward COX-2 and regardless of
their plasma concentration they never inhibited COX-1.[35,36]

The interest toward NSAIDs was further advanced, when their
anticancer properties were discovered.[37] Epidemiologic stud-
ies report that patients who were exposed to NSAIDs showed
lower prevalence for cancer diseases. Furthermore, a continu-
ous usage of NSAIDs resulted in prevention of carcinogenesis
which led to the proposal to use NSAIDs as an early stage cancer
treatment.[38,39] This mode of action can be explained by the fact
that some cancer cells manifest an overexpression of the COX-2
isoform; thus, the proinflammatory prostaglandins are produced
inducing further the proinflammatory genes.[39,40] Therefore, the
inhibition of COX-2 will block this process, and thus, the pro-
liferation of the malignant cells will be blocked or even apopto-
sis through additional COX-independent off-target mechanisms
will be induced.[41] Ferreira et al. reviewed the anticancer proper-
ties of nimesulide and the mechanisms that are involved therein.
They report that nimesulide increases the levels of PTEN (phos-
phatase and tensin homolog) expression, and thus inhibits prolif-
eration and causes apoptosis of pancreatic cancer cells.[11] Other
in vitro studies report that nimesulide suppresses the growth
of hypopharyngeal carcinoma cancer cells via antiproliferation
and apoptosis-inducing pathways.[9] Furthermore, nimesulide is
reported to inhibit the progression of human ovarian cancer
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Figure 2. Carborane analogues of aspirin,[62] indomethacin,[63] mefenamic acid,[64] and fenoprofen.[65]

cells,[42] lung cancer cell proliferation,[5] and induce apoptosis in
breast cancer cells.[43]

The above-mentioned reports for NSAIDs and specifically
nimesulide motivated both medicinal chemists and pharmaceu-
tical industry to work further on designing drugs with similar
properties, or find a way to further modify the commercially
available drugs in order to improve their pharmacological
profile, like enhancement of COX-isoform selectivity and an-
titumor potential. A recent strategy is the use of carborane as
bioisosteric replacement of the phenyl ring as a hydrophobic
moiety.[28,44–51]

Carboranes are boron-based compounds in which at least one
BH unit from closo-B12H12

2− is substituted with a CH vertex.[49,52]

From this class, the dicarba-closo-dodecaboranes are the com-
pounds of our interest. They are neutral icosahedral clusters with
two CH vertices and the general formula C2B10H12.

[52,53] Depend-
ing on the position of the CH units within the cluster, three dif-
ferent isomers exist: ortho-(1,2-C2B10H12), meta-(1,7-C2B10H12),
and para-carborane (1,12-C2B10H12) (Figure 2 and Scheme 1,
compounds 2–4).[28,46,52,54] Compared to phenyl rings, they are
more hydrophobic and exhibit higher metabolic, thermal, and
chemical stability. Furthermore, the structural analogy of a ro-
tating phenyl ring with the 3D icosahedral shape of carboranes
made carboranes a great tool for structural modification of a
wide range of chemicals, especially for drug design in medical
chemistry.[28,44,46–48,55–60] Thus, carboranes are used as hydropho-
bic moieties for structural modification of commercially avail-
able drugs,[28,49,57–60] among them many commercial NSAIDs
(Figure 2).[51,56,61–65]

The carborane analogue of aspirin (acetylsalicylic acid), as-
borin, was the first compound to be published,[62] followed by
the carborane analogue of indomethacin,[63] and more recently
the carborane analogues ofmefenamic acid[64] and fenoprofen[65]

(Figure 2). For the three last compounds, the carborane ana-
logues showed higher antitumor potential compared to their
commercially available organic counterparts. Furthermore, the
nido-carborane derivative of mefenamic acid and the meta-

carborane analogue of fenoprofen bearing a nitrile group were
the most potent compounds for COX inhibition. However, no
isoform selectivity was observed.[64,65] The aimed COX-2 selec-
tivity shift was so far observed only for the nido-carborane ana-
logue of indomethacin, indoborin.[63] These results indicate the
existence of potential off-targets mechanisms inside the cells and
thus make the carborane analogues of NSAIDs interesting COX-
independent antitumor agents.

2. Results and Discussion

2.1. Modifications of the Nimesulide Structure

The nimesulide structure can be modified in different po-
sitions (A–F, Figure 3); several structural modifications of
nimesulide were already performed.[8] In order to understand
the structure–activity relationship of nimesulide, Catarro et al.
reviewed some of the most promising modifications yielding
a range of nimesulide-based derivatives.[8] Substitution of the
phenyl ring (A) with a cyclohexyl moiety[8,66] afforded a com-
pound (NS-389, Figure 3) with improved inhibition potential
and higher specificity toward the COX-2 isoform compared to
nimesulide. Therefore, the gastrointestinal and renal adverse
damage was reduced.[8] Introducing a methyl group at the
nitrogen atom (D) of NS-398 resulted in loss of COX-2 inhibition
potential. The amine proton and the sulfonamide group proved
to be very significant for determination of the COX inhibition
potential.[67] Changes in position B of nimesulide lead to a
different biological profile, depending on the specific class of
compounds. Nakamura et al. reported that the presence of
sulfur and oxygen atoms in position B of nimesulide-based
derivatives leads to a higher biological activity compared to
the nitrogen-bridged derivatives,[68] while in case of pyridine-
based nimesulide derivatives (Figure 3), the nitrogen-bridged
derivatives were the best anticancer agents with an IC50 value of
0.09 μm.[69]
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Figure 3. Possible modifications of nimesulide (A–F), its cyclohexyl (NS-389) and pyridine derivatives,[8] the isomer isonimesulide and its carborane
analogues (isonimeborin).

All attempts to prepare the carborane analogues of nimesulide
(modification A) via a Pd-catalyzed B–O coupling reaction failed
(details are given in Tables S8 and S9, Supporting Informa-
tion). Metal-catalyzed cross-coupling reactions of halogenated
carboranes were evaluated[64,65] and reviewed previously,[70–74]

showing that Pd-catalyzed B–O coupling of halo-carboranes was
a much more challenging task[65,72] compared to B–N coupling
reactions.[64,73,74] For such experiments, the use of electron-rich
biaryl phosphine ligands is very important.[65,70] Thus, the B–N
coupling of halo-carboranes in the synthesis of the carborane
analogues of mefenamic acid was successfully accomplished
for all the three carborane isomers using either Pd(dba)2–
BINAP–KOt-Bu (dba = dibenzylideneacetone; BINAP =
2,2′-bis(diphenylphosphino-1,1′-binaphthyl) or SPhos-Pd-G3–
SPhos–K3PO4 (SPhos-Pd-G3 = 2-dicyclohexylphosphino-2′,6′-
dimethoxybiphenyl [2-(2′-amino-1,1′-biphenyl)]palladium(II)
methanesulfonate; SPhos = 2-dicyclohexylphosphino-2′,6′-
dimethoxybiphenyl) as catalyzing system in 1,4-dioxane,[64] while
the B–O coupling of halogenated ortho-carboranes (9-I-C2B10H11
and 9-Br-C2B10H11) with 2-(3-hydroxyphenyl)propionitrile
in the synthesis of the carborane analogues of fenoprofen
failed.[65] This is due to the low reactivity and the concurrent
deboronation of halogenated ortho-carboranes under Lewis-
basic conditions.[28,50] Correspondingly, we failed to synthesize
the oxygen-bridged carborane analogues of nimesulide via a
Pd-mediated B–O coupling reaction. These trials and further
discussion of the obstacles observed in the B–O coupling at-
tempts are given in Schemes S1 and S2 of the Supporting
Information.
Therefore, we have focused on modifications in positions A–

D and in substitution pattern (F), while the sulfonyl moiety (E)
remained unchanged (Figure 3).

2.2. Synthesis of Isonimesulide and Its Carborane Analogues

In order to understand the structure-related properties of nime-
sulide and evaluate the COX-inhibition profile as well as the
cytotoxicity we performed modifications targeting positions
A–D. First, isonimesulide (1, Scheme 1, route A) was prepared
in a two-step synthesis. Bromobenzene was reacted with 2-
amino-5-nitrophenol in a Pd-catalyzed Buchwald–Hartwig-type
cross-coupling reaction to give 5-nitro-2-(phenylamino)phenol
(1a), which wasmesylated withmethanesulfonyl chloride in pyri-
dine to afford the final product 1 in 64% yield. The corresponding
carborane derivatives (2c–4c) (isonimeborin) were synthesized
in three steps (Scheme 1, route B) by halogenation of carborane
clusters (iii), followed by a Pd-catalyzed B–N cross-coupling
reaction (iv), and mesylation of the corresponding carboranyl-
amino-nitrophenols (vi). All new compounds were fully
characterized.
The halogenation of the three carborane isomers (2–4) was

conducted following published procedures (iii).[64,65] The bromi-
nated carborane derivatives (2a–4a) were then employed in
a Pd-catalyzed B–N cross-coupling with 2-amino-5-nitrophenol
in 1,4-dioxane and SPhos-Pd-G4–SPhos–KOt-Bu (SPhos-Pd-
G4 = 2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl [2-(N-
methylbiphenyl-2′-amine)]palladium(II) methanesulfonate) as
catalytic system giving the carboranyl-amino-nitrophenols 2b–4b
in moderate to good yields (32–81%) (iv). Additionally, the B–N
cross-coupling reaction of 9-Br-1,7-C2B10H11 (3a) and 2-amino-5-
nitrophenol in a 1:1 molar ratio afforded the disubstituted com-
pound 5 (36%) only (v). When the reaction was conducted in a
1:2 ratio, 3b was obtained in 81% yield. Mesylation of 2b–4b was
performed in a mixture of pyridine and methanesulfonyl chlo-
ride yielding the final products isonimeborin (2c–4c) in good
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Scheme 1. Synthesis of isonimesulide (1) (route A) and its carborane derivatives (2c–4c) (route B). Reaction conditions: i) SPhos-Pd-G4, SPhos, KOt-Bu,
1,4-dioxane, 110 °C, 17 h, 6%; ii) MsCl, pyridine, −20 °C to r.t., 18 h, 64%; iii) for 2a and 3a: 0.5–1 equiv. Br2, HNO3/H2SO4 (1:1, v/v), AcOH, 60–80 °C,
1 h (83% and 74%), or for 4a: AlCl3 in CS2, reflux, 21 h (70%);[64,65] iv) 2 equiv. 2-amino-5-nitrophenol, SPhos-Pd-G4, SPhos, KOt-Bu, 1,4-dioxane, 50–
70 °C, 20 min to 19.5 h, 32–81%; v) 1 equiv. 2-amino-5-nitrophenol, SPhos-Pd-G4, SPhos, KOt-Bu, 1,4-dioxane, 70 °C, 25 min, 36%; vi) MsCl, pyridine,
–20 °C to r.t., 3.5–21 h, 52–95%; and vii) only for 2c: NaF, EtOH/H2O (3:2, v/v), 90 °C, 3 h, >99%.

yields (vi). Nido-isonimeborin 6 was obtained quantitatively by
deboronation of 2c with NaF in EtOH/H2O at 90 °C (vii).

2.3. Biological Evaluation: Potential for COX Inhibition and
Cytotoxicity

With isonimesulide (1) and the corresponding carborane ana-
logues 2b–4b, isonimeborins 2c–4c, disubstituted derivative 5,
and nido-isonimeborin 6 in hand we set out to evaluate their
potential as COX-isoform inhibitor and anticancer activity. The
compounds proved to be stable in dimethyl sulfoxide (DMSO)-
d6 (according to 1H-NMR and 11B{1H}-NMR spectroscopy) for
one week (2b and 2c) as compounds started slowly to deboronate,
while the other analogues remained stable for more than two
months.

2.3.1. COX Inhibition Studies and Hydrophobicity

Nimesulide (Ref-1), isonimesulide (1), and carborane derivatives
(2b–4b, 2c–4c, 5, and 6) were tested in vitro for their inhibition
potential toward ovine COX-1 and human recombinant COX-2
using the COX Fluorescent Inhibitor Screening Assay Kit (Cay-
man Chemical Company) and compared with the selective COX-
2 inhibitor celecoxib (7) as well as the COX-1 inhibitor SC-560 (8)
as controls (Table 1).
An initial screening of compounds at a concentration of

100 μm revealed that isonimesulide (1), a structural isomer of

nimesulide (Ref-1), showed no inhibition potential toward both
COX isoforms. However, replacement of the phenyl ring in ison-
imesulide (1) by a carborane moiety resulted in COX activity ex-
ceeding even the inhibition potential of nimesulide (Ref-1). Of
note, COX-2 inhibition by nimesulide showed high variance in
the concentration range above 10 μm impeding proper IC50 de-
termination (see Figure S76, Supporting Information); however,
an IC50(COX-2) could be estimated to be in the range of 23 μm
based on all performed experiments.
Of all carborane derivatives, the carboranyl-amino-

nitrophenols 2b–4b as well as nido-carborane derivative 6 showed
inhibition of cyclooxygenases and were further characterized
regarding the COX inhibition profile. The ortho-carboranyl-
amino-nitrophenol 2b and the nido-carborane derivative 6
resulted to be nonselective inhibitors of both COX isoforms
in the low and intermediate micromolar range, respectively
(2b: IC50(COX-1) = 4.4 μm and IC50(COX-2) = 1.9 μm; 6:
IC50(COX-1) = 17.5 μm and IC50(COX-2) = 16.9 μm). Interest-
ingly, COX-2 selective inhibition was observed for the meta- and
para-carboranyl-amino-nitrophenols 3b and 4b (IC50(COX-2) =
2.2 and 1.8 μm, respectively; IC50(COX-1) >100 μm) making
them a promising scaffold for further tests and structural mod-
ifications. Of note, conversion of 2b–4b to the isonimeborin
derivatives 2c–4c abolished COX inhibition activity (Table 1)
although the formed pharmacophore is normally characteristic
for this substance class.[19,75]

The lipophilicity of the compounds 1, 2b–4b, 2c–4c, 5, and 6
was determined as a logD7.4, HPLC value by an HPLCmethod orig-
inally described by Donovan and Pescatore[76] (Table 1; Table S10,
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Table 1. COX inhibition potential of nimesulide (Ref-1), isonimesulide (1), and carborane derivatives 2b–4b, 2c–4c, 5, and 6, compared to celecoxib (7)
and SC-560 (8) and their lipophilicity (logD7.4).

% inhibition@100 μma) IC50 [μm] SIb) logD7.4, HPLC

COX-1 COX-2 COX-1 COX-2

Ref-1 n.i. 55.3 >100 ≈23c) >4.3 1.63

1 n.i. n.i. n.d. n.d. – 4.32

2b 106.4 102.8 4.4 1.9 23 3.76

3b 45.5 84 >100 2.2 >45.5 3.79

4b 30.3 81.8 >100 1.8 >55.6 3.91

2c 17.1 44.5 n.d. n.d. – 4.32

3c n.i. 6.9 n.d. n.d. – 4.37

4c 6.8 15.4 n.d. n.d. – 4.62

5 9.7 27.1 n.d. n.d. – 4.55

6 96.6 93.6 17.5 16.9 1.1 3.49

7d) – – n.d. 0.089 – n.d.

8d) – – 0.007 n.d. – n.d.
a)
n.i. = no inhibition (% inhibition below 5%)

b)
Selectivity index, SI = IC50(COX-1)/IC50(COX-2)

c)
Estimated based on combined data set of four experiments, refer to main

text and the Supporting Information for further details.
d)
Celecoxib served as reference for COX-2: pIC50(pIC50 = −log10(IC50[m])) was found to be 7.05 ± 0.08; SC-560 served

as reference for COX-1: pIC50 was found to be 8.12 ± 0.56; for both mean ± SD is given, n = 3.

Supporting Information). The logD7.4, HPLC value for nimesulide
(Ref-1) was determined to be 1.63 and found to be consistent
with previous reports.[20] Isonimesulide (1) lacking the methyl-
sulfonamide group, was found to be considerablymore lipophilic
(logD = 4.32) in comparison. The isonimeborin analogues 2c–
4c and 5 interestingly showed however a comparable lipophilic-
ity in the range of 4.32–4.62 although the more lipophilic carbo-
rane cluster was present. Consistent with the respective chem-
ical transformations, the carboranyl-amino-nitrophenol deriva-
tives 2b–4b (logD = 3.76–3.91) as well as the nido derivative 6
(logD = 3.49) were found to be more hydrophilic compared to
the isonimeborin derivatives 2c–4c.

2.3.2. Studies of the Cytotoxic Potential

The anticancer properties of isonimesulide (1) and the carborane
derivatives 2b–4b, 2c–4c, 5, and 6 were tested against two human
colorectal carcinoma (HT29 and HCT116), hormone-dependent
breast adenocarcinoma (MCF-7), human melanoma (A375), and
lung carcinoma (A549) cell lines. Cell lines were selected accord-
ing to their COX-2 expression status. HT29 is COX-2 overex-
pressing, MCF-7, A549, and A375 are COX-2 positive,[77] while
HCT116 is defined as COX-2 negative.[78] Cells were exposed
to compounds Ref-1, 1, 2b–4b, 2c–4c, 5, and 6 in a wide range
of doses continuously for 72 h, and viability was assessed us-
ing 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and crystal violet (CV) tests. While nimesulide (Ref-1) did
not affect the viability in dose ranges up to 130 μm, isonimesulide
(1) showed a moderate effect, with IC50 values varying from ≈50
to 150 μm (Table 2; Figures S77–S79, Supporting Information).
On the other hand, the carborane derivatives displayed a hetero-
geneous potential to limit cancer cell growth in vitro, from com-
pletely inactive compound 5 to the most cytotoxic compounds 4b
and 4c. Therefore, only compounds 4b and 4c and isonimesulide
(1) for comparison were further evaluated.

The IC50 values calculated from both tests exhibited a mod-
erate deviation from each other. Since both assays showed defi-
ciencies in the determination of the cell number under certain
circumstances, microscopic evaluation was used to select the as-
say which is more appropriate for calculating the IC50 values.

[79]

Accordingly, IC50 values obtained by CV were found as more rel-
evant; therefore, these values were used in further studies of the
mechanism of action of 1, 4b, and 4c. The selectivity of these com-
pounds toward malignant phenotype, primary human fibroblast
MRC-5, and mouse peritoneal exudate cells PEC was studied un-
der the same experimental conditions. IC50 values obtained by
CV test revealed that 4b, and especially 4c, showed higher selec-
tivity toward neoplastic cells (selectivity index (SI) from 3 to 10
depending on the cell line, Table 3).
Furthermore, the basic mechanism behind the antitumor po-

tential of the most potent carborane derivatives 4b and 4c was
further evaluated on themost sensitive COX-2 positive hormone-
dependent MCF-7 cell line. Cells were exposed to the IC50 dose
of 4b, 4c or 1, and flow cytometric analysis of cell proliferation,
presence of cell death, total caspase activity, and production of
reactive oxygen and nitrogen species (ROS/RNS) was conducted.
Except for the production of ROS/RNS, where the treatment was
reduced to 48 h with the aim ofmore precise determination of ox-
idative stress, cell divisions as well as death were assessed after
72 h of incubation.
As shown in Figure 4A, exposure to the IC50 doses of 4b or

4c results in a robust mitotic arrest, with an increased contri-
bution of nondividing cells to the total population, compared to
the untreated control, and a more profound effect than the ref-
erence compound 1. Annexin V/propidium iodide (PI) double
staining revealed that 4b, but not 4c, promoted strong apoptosis
(Figure 4B) which is notmediated by enhanced caspase activation
(Figure S80, Supporting Information). This highlighted mech-
anistic differences between the carborane-based derivatives of
isonimesulide and isonimesulide itself in vitro, as the reference
compound 1 triggered caspase-mediated apoptosis and blocked

Adv. Therap. 2023, 2300117 2300117 (6 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Table 2. IC50 values [μm] of nimesulide (Ref-1), isonimesulide (1), and carborane derivatives (2b–4b, 2c–4c, 5, and 6) on cancer cell lines. Data are
presented as mean ± SD of three independent experiments for MTT and CV tests.

HCT116 HT29 MCF-7 A375 A549

MTTa) CVb) MTT CV MTT CV MTT CV MTT CV

Ref-1 170.4 ± 3.2 199.3 ± 1.0 166.2 ± 0.3 194.6 ± 7.7 130.9 ± 12.9 145.5 ± 3.6 141.8 ± 12.5 181.3 ± 9.5 139.0 ± 1.1 197.2 ± 4.0

1 50.5 ± 2.2 74.6 ± 1.6 72.6 ± 6.4 75.9 ± 8.4 67.0 ± 1.3 70.2 ± 2.5 123.8 ± 7.4 108.4 ± 3.0 47.4 ± 3.0 86.3 ± 4.4

2b 15.9 ± 0.2 30.5 ± 3.3 34.9 ± 3.4 45.0 ± 2.6 38.0 ± 2.5 35.7 ± 3.6 45.9 ± 3.0 50.5 ± 5.4 19.0 ± 1.7 37.8 ± 1.4

2c 11.0 ± 0.3 20.7 ± 2.2 12.1 ± 0.3 16.8 ± 1.1 – – – – – –

3b 13.0 ± 1.0 29.0 ± 3.0 37.0 ± 0.8 43.7 ± 0.9 10.5 ± 1.4 19.2 ± 1.0 32.0 ± 3.0 38.2 ± 2.2 15.7 ± 1.0 35.0 ± 3.7

3c 14.3 ± 1.4 20.5 ± 0.5 9.0 ± 0.1 11.4 ± 0.1 11.4 ± 1.1 16.1 ± 1.4 – – 9.6 ± 0.8 18.8 ± 1.8

4b 6.4 ± 0.1 13.8 ± 0.8 32.8 ± 1.6 39.5 ± 3.3 6.1 ± 0.0 9.6 ± 0.1 10.8 ± 0.0 18.0 ± 0.1 8.3 ± 0.2 16.2 ± 0.3

4c 9.5 ± 0.9 19.5 ± 1.4 6.9 ± 0.3 10.9 ± 0.4 6.1 ± 0.7 11.7 ± 0.1 21.0 ± 0.5 21.8 ± 0.9 8.7 ± 0.8 21.7 ± 2.0

5 – – – – – – – – – –

6 79.0 ± 4.3 91.1 ± 1.5 69.9 ± 6.2 71.7 ± 2.1 134.8 ± 3.9 89.6 ± 8.1 135.0 ± 4.5 138.8 ± 7.4 139.6 ± 8.1 131.5 ± 11.8
a)
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

b)
Crystal violet.

Table 3. IC50 [μm] values of isonimesulide (1) and para-carborane deriva-
tives 4b and 4c on primary cells. Data are presented asmean± SD of three
independent experiments for CV test.

PEC MRC-5

1 85.1 –

4b 23.9 21.3

4c 95.8 84

proliferation at a significantly lower rate than its carborane ana-
logues. Flow cytometric data were supported by fluorescent mi-
croscopy of PI stained cell cultures. Dominant apoptosis mani-
fested as irregular shape of nuclei, and enhanced intensity of flu-
orescence reflecting chromatin condensation was evident upon
the treatment with 4b and reference compound 1 (Figure 4C).
Finally, the differences in cellular response to treatment of

MCF-7 cells with carborane-based compounds (4b and 4c) and
isonimesulide (1) were supported with different redox response
to the treatment. Thus, while 4b exerted scavenging potential, 4c
and reference compound 1 did not change the production of hy-
drogen peroxide and peroxynitrite as measured by dihydrorho-
damine 123 (DHR) dye (Figure 5A). On the other hand, intracel-
lular production of NOwas not affected by any of the tested drugs
(Figure 5B). Taken together, the introduction of the carborane
cluster into isonimesulide resulted in novel properties, reflected
in strong antitumor potential opening numerous possibilities of
their potential usage.

3. Conclusion

The nimesulide isomer isonimesulide 1 and its carborane
analogues (2b–4b and 2c–4c (isonimeborin)) as well as a bis-
carborane substituted (5) and the nido-carborane derivative (6)
were prepared and fully characterized. While the Pd-catalyzed
B–N coupling reaction to give the carborane analogues of ison-
imesulide was successful, all attempts to prepare the oxygen-

bridged nimesulide analogues failed. In vitro evaluation of COX
isoform inhibition potential showed that isonimesulide (1) was
inactive. However, the carborane derivatives showed even higher
COX-inhibition potential than nimesulide. Thus, compounds
2b and 6 were found to be nonselective, while for compounds
3b and 4b COX-2 selective inhibition in lower micromolar
range was observed. In vitro cytotoxicity studies showed that
isonimesulide (1) was a more potent antitumor agent compared
to the parent nimesulide. The cytotoxic potential was further
enhanced by replacement of the phenyl ring in isonimesulide
with a carborane moiety affording compounds 2b–4b and 2c–4c
(isonimeborin). While compounds 4b and 4c were the most po-
tent antitumor agents for the tested cancer cell lines, compound
5 was not active at all. In summary, the structural modification
of nimesulide using carboranes as hydrophobic moieties yielded
compounds with more potent, but COX-independent antitumor
potential; therefore, off-target mechanisms will now be further
investigated.

4. Experimental Section
Synthesis: Materials and Methods: All commercially available reagents

were purchased from common suppliers and used without further purifi-
cation. Reactions including carboranes were carried out under a nitrogen
atmosphere using the Schlenk technique. For column chromatography,
silica gel (60 Å) from Acros was used. The particle size was in the range
of 0.035–0.070 mm. Reactions were monitored by thin-layer chromatog-
raphy (TLC) using silica gel 60 F254-coated glass plates from Merck with
a fluorescence indicator. Carborane-containing compounds were stained
with a 5% solution of palladium dichloride in methanol. 1,4-Dioxane was
dried over CaH and further distilled over sodium/benzophenone prior to
use and stored over 4 Å molecular sieve under nitrogen.

NMR data were collected with an Avance DRX 400 spectrometer (1H-
NMR, 400.13; 13C-NMR, 100.63 MHz; 11B-NMR, 128.38 MHz) or an As-
cend 400 spectrometer (1H-NMR, 400.16 MHz; 13C-NMR, 100.63 MHz;
11B-NMR, 128.38 MHz) from Bruker. The 1H- and 13C-NMR spectra
were referenced to tetramethylsilane and the 11B-NMR spectra to the Ξ-
scale.[80] The numbering scheme is given in the Supporting Information.
Deuterated solvents with a deuteration rate of 99.80% were purchased
from Eurisotop. The chemical shifts are reported in parts per million
(ppm).
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Figure 4. Mode of action of compounds 1, 4b, and 4c. MCF-7 cells were treated with an IC50 dose of 1, 4b, and 4c for 72 h and stained with A)
carboxyfluorescein diacetate succinimidyl ester (CFSE) and B) Annexin V/PI and analyzed by flow cytometry. One representative experiment out of three
is shown. C) Fluorescent microscopy of propidium iodide (PI) stained cells.

Figure 5. Production of ROS/RNS.MCF-7 cells were treated with an IC50 dose of 1, 4b, and 4c for 48 h, stainedwith A)DHRor B) 4-amino-5-methylamino-
2’,7-’difluorofluorescein (DAF-FM) diacetate and analyzed by flow cytometry. One representative experiment out of three is shown.

Adv. Therap. 2023, 2300117 2300117 (8 of 14) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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High-resolution ESI mass spectrometry (HR-ESI-MS) was carried out
on an Impact II from Bruker Daltonics. The simulation of the mass spec-
tra was conducted with a web-based program from Scientific Instrument
Services Inc. (Palmer, MA, USA).[81]

The IR spectra were obtained with a Nicolette IS5 (ATR) from Thermo
Fisher Scientific (Waltham, MA, USA). The signal intensity was classified
as weak (w), medium (m), or strong (s).

Analysis of purity by Ultra Performance Liquid Chromatography (UPLC)
(254 nm): samples were monitored at 254 nm using the following UPLC
system: column Aquity UPLC BEH C18 column (waters, 150 × 2.1 mm,
1.7 μm, 130 Å), UPLC (waters, Milford, MA, USA): binary solvent manager
UPB, sample manager UPA, column manager UPM, and diode array de-
tector PDA, 𝛾 detector Gabi Star (Raytest), flowrate 0.4 mL min−1, eluent
(A) 0.1% trifluoroacetic acid in H2O, (B) MeCN; gradient: t0 min 95/5 –
t0.3 min 95/5 – t5.3 min 5/95 – t6.5 min 5/95 – t6.8 min 95/5 – t10 min 95/5.

Data for X-ray structures for compounds 2b–4b, 2c–4c, and 5 were
collected on a Gemini diffractometer (Rigaku Oxford Diffraction) using
Mo-K𝛼 and Cu-K𝛼 radiation (𝜆 = 71.073 pm and 154.184 pm). Data
reduction was performed with CrysAlis Pro[82] including the program
SCALE3 ABSPACK[83] for empirical absorption correction. All structures
were solved by dual-spacemethods with SHELXT-2018[84] and refinedwith
SHELXL-2018.[85] Further details are given in the Supporting Information.
CCDC 2254258 (2b), 2254259 (3b), 2254260 (4b), 2254490 (2c), 2254491
(3c), 2254492 (4c), and 2254261 (5) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/structures/.

The melting points were determined in glass capillaries using a Gal-
lenkamp apparatus and are uncorrected.

The brominated carborane isomers 2a–4a were prepared according to
previously reported procedures.[54,64,65] The catalysts SPhos-Pd-G3 and
SPhos-Pd-G4 were purchased from Sigma-Aldrich or synthesized follow-
ing the reported protocol (see the Supporting Information for details).[86]

Synthesis of Isonimesulide (5-nitro-2-phenylamino)phenyl methanesul-
fonate (1): The synthesis of 1a is given in the Supporting Information.

A 50 mL round-bottom flask was charged with 1a (36.8 mg; 0.16 mmol)
and 1 mL of pyridine. The solution was stirred at −20 °C for 10–15 min.
Then 1.1 equiv. of methanesulfonyl chloride (MsCl, 13.6 μL, 0.17 mmol)
was added dropwise and the resultingmixture was stirred at room temper-
ature for 3 h. The reaction was stopped by adding 20 mL of ice-cold water.
A yellow suspension formed which was transferred to a separatory funnel.
The product was extracted with diethyl ether (3 × 20 mL). The combined
organic phases were washed with 5 m aqueous HCl (10 mL) and distilled
water (10 mL), and dried over MgSO4. Evaporation of the solvent gave the
pure product as yellow-brown paste. Yield 64.1% (31.6 mg, 0.1 mmol).
TLC (n-hexane/ethyl acetate, 3:2 (v/v)): Rf = 0.47; 1H-NMR ((CD3)2CO):
𝛿 8.25 (d, 3JHH = 2.7 Hz, 1H, CHaryl), 8.23 (s, 1H, NH), 8.09 (dd,

3JHH =
9.3, 2.6 Hz, 1H, CHaryl), 7.45 (dd,

3JHH = 8.5, 7.3 Hz, 2H, CHaryl), 7.41–
7.33 (m, 2H, CHaryl), 7.30–7.20 (m, 2H, CHaryl), 3.50 (s, 3H, CH3) ppm.
13C{1H}-NMR ((CD3)2CO): 𝛿 144.5 (C, C-1), 139.2 (C, C-1′), 138.1 (C, C-
5), 135.3 (C, C-2), 129.6 (CH, C-3′ and C-5′), 125.2 (CH, C-4′), 124.0 (CH,
C-3), 123.5 (CH, C-2′ and C-6′), 119.4 (CH, C-4), 112.8 (CH, C-6), 37.3 (C,
CH3) ppm. IR (ATR, cm−1): 3373 (m, 𝜈NH), 3080 (m-w, 𝜈CH), 1590–1494
(m-w, 𝜈CC), 1500 (s, 𝜈NO2), 1297 (m, 𝜈CN), 1153 (m, 𝜈SO); HR-ESI-MS
(positive mode, MeCN), m/z [M+Na]+: calculated for C13H12N2O5SNa:
331.0365, found 331.0380; the observed isotopic pattern is in agreement
with the calculated one. HPLC: tR = 5.23 min; purity: 99.7% relative area.

General Procedure for the B–N Cross-Coupling Reaction: An oven dried
50–100 mL Schlenk flask was charged with the corresponding bromo-
carborane (2a–4a), 2-amino-5-nitrophenol, base, catalyst, and ligand, and
was evacuated three times and filled with nitrogen. The mixture was then
suspended in dry 1,4-dioxane (10 mL). The resulting suspension was
placed in a preheated oil bath and stirred for 25 min to 19.5 h at 50–
70 °C. The progression of the reaction was followed by TLC (silica gel,
n-hexane/ethyl acetate, 4:1, (v/v)). In the end, the reaction mixture was
cooled to room temperature and diluted with dichloromethane or diethyl
ether. The resulting suspension was filtered through a celite pad. The
filtrate was collected and the solvent removed to give the crude prod-

ucts as oils. Further purification via column chromatography (silica gel,
n-hexane/ethyl acetate, 1:0–4:1 (v/v)) yielded the pure products as solids.
From the pure fractions, single crystals were obtained by liquid layering
technique.

2-[N-(1,2-Dicarba-closo-dodecaboran-9-yl)]-5-nitrophenol (2b)
2b was synthesized by reacting 2a (111.6 mg, 0.5 mmol), 2 equiv. of 2-

amino-5-nitrophenol (154.1 mg, 1 mmol), 1.1 mmol of KOt-Bu (121 mg),
5 mol% SPhos-Pd-G4 (19.8 mg), and 5 mol% SPhos (10.2 mg) in dry 1,4-
dioxane (10 mL). The mixture was stirred at 50 °C for 19.5 h. Purification
via column chromatography over silica gel and mixture of n-hexane/ethyl
acetate (3:2, v/v) gave 2b as orange powder. Yield: 32.1 % (47.5 mg,
0.16 mmol). Single crystals were obtained by layering a saturated Et2O
solution of 2b with n-hexane. Melting point (M.p.) 208–210 °C. TLC (n-
hexane/ethyl acetate, 3:2 (v/v)): Rf = 0.45; 1H-NMR ((CD3)2CO): 𝛿 9.27
(s, 1H, OH), 7.72 (dd, 3JHH = 9.0, 2.6 Hz, 1H, CHaryl), 7.62 (d, 3JHH =
2.6 Hz, 1H, CHaryl), 7.14 (d,

3JHH = 9.0 Hz, 1H, CHaryl), 5.00 (s, 1H, NH),
4.59 (s, 1H, CHcluster), 4.56 (s, 1H, CHcluster), 2.97–1.86 (br, 9H, BH) ppm.
11B{1H}-NMR ((CD3)2CO): 𝛿 7.4 (s, 1B, BNH), –4.1 (s, 1B, BH), –10.1 (s,
2B, BH), –14.6 (s, 2B, BH), –15.7 (s, 2B, BH), –16.3 (s, 2B, BH) ppm.
11B-NMR ((CD3)2CO): 𝛿 7.4 (s, 1B, BNH), –4.1 (d, JBH = 148.0 Hz, 1B,
BH), –10.1 (d, JBH = 149.5 Hz, 2B, BH), –13.9 to –17.0 (br, 6B, BH) ppm.
13C{1H}-NMR ((CD3)2CO): 𝛿 144.8 (C, C-2), 142.2 (C, C-4), 136.9 (C, C-
1), 117.9 (CH, C-6), 109.9 (CH, C-5), 108.2 (CH, C-3), 52.3 (CH, Ccluster),
45.2 (CH, Ccluster) ppm. IR (ATR, cm–1): 3388 (m, 𝜈NH), 3240 (s, 𝜈OH),
3080 (m-w, 𝜈CH), 2601 (s, 𝜈BH), 1593–1464 (m-w, 𝜈CC), 1519 (s, 𝜈NO2),
1260 (m, 𝜈CN), 747 (m, 𝜈BB); HR-ESI-MS (positive mode, MeCN), m/z
[M+Na]+: calculated for C8H17B10N2O3: 297.2243, found 297.2250; the
observed isotopic pattern is in agreement with the calculated one. HPLC:
tR = 5.44 min; purity: 98.8% relative area.

2-[N-(1,7-Dicarba-closo-dodecaboran-9-yl)]-5-nitrophenol (3b)
3b was synthesized by reacting 3a (111.6 mg, 0.5 mmol), 2 equiv. of 2-

amino-5-nitrophenol (154.1 mg, 1 mmol), 1.1 mmol of KOt-Bu (121 mg),
5 mol% SPhos-Pd-G4 (19.8 mg), and 5 mol% SPhos (10.2 mg) in dry 1,4-
dioxane (10 mL). The mixture was stirred at 50 °C for 35 min. Purification
via column chromatography (silica gel, n-hexane/ethyl acetate, 7:3 (v/v))
gave 3b as an orange powder. Yield: 81.1 % (120 mg, 0.40 mmol). Sin-
gle crystals were obtained by layering a saturated CH2Cl2 solution of 3b
with n-hexane. M.p. 237−238 °C. TLC (n-hexane/ethyl acetate, 3:2 (v/v)):
Rf = 0.49; 1H-NMR ((CD3)2CO): 𝛿 9.35 (s, 1H, OH), 7.76 (dd,

3JHH = 9.0,
2.6 Hz, 1H, CHaryl), 7.65 (d,

3JHH = 2.6 Hz, 1H, CHaryl), 7.23 (d,
3JHH =

9.0 Hz, 1H, CHaryl), 5.15 (s, 1H, NH), 3.71 (s, 2H, CHcluster), 3.20–1.53
(br, 9H, BH) ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 1.5 (s, 1B, BNH), –7.6
(s, 2B, BH), –11.3 (s, 1B, BH), –14.1 (s, 2B, BH), –15.3 (s, 2B, BH), –
18.6 (s, 1B, BH), –22.6 (s, 1B, BH) ppm. 11B-NMR ((CD3)2CO): 𝛿 1.5 (s,
1B, BNH), –7.7 (d, JBH = 162.2 Hz, 2B, BH), –11.4 (d, JBH = 148.8 Hz,
1B, BH), –13.5 to –16.0 (br, 4B, BH), –18.7 (d, JBH = 182.3 Hz, 1B, BH),
–22.7 (d, JBH = 184.4 Hz, 1B, BH) ppm. 13C{1H}-NMR ((CD3)2CO): 𝛿
144.9 (C, C-2), 143.5 (C, C-4), 137.2 (C, C-1), 117.9 (CH, C-6), 110.3 (CH,
C-5), 108.2 (CH, C-3), 52.3 (CH, Ccluster) ppm. IR (ATR, cm−1): 3393 (m,
𝜈NH), 3241 (s, 𝜈OH), 3066 (m-w, 𝜈CH), 2595 (s, 𝜈BH), 1591–1449 (m-w,
𝜈CC), 1519 (s, 𝜈NO2), 1290 (m, 𝜈CN), 730 (m, 𝜈BB); HR-ESI-MS (nega-
tive mode, MeCN),m/z [M–H]−: calculated for C8H15B10N2O3: 295.2086,
found 295.2090; the observed isotopic pattern is in agreement with the cal-
culated one. HPLC: tR = 5.44 min; purity: 98.8% relative area.

2-[N-(1,12-Dicarba-closo-dodecaboran-2-yl)]-5-nitrophenol (4b)
4b was synthesized by reacting 4a (111.6 mg, 0.5 mmol), 2 equiv. of 2-

amino-5-nitrophenol (154.1 mg, 1 mmol), 1.1 mmol of KOt-Bu (121 mg),
5 mol% SPhos-Pd-G4 (19.8 mg), and 5 mol% SPhos (10.2 mg) in dry 1,4-
dioxane (10 mL). The mixture was stirred at 50 °C for 20 min. Purifica-
tion via column chromatography (silica gel, n-hexane/ethyl acetate, 7:3
(v/v)) gave 4b as an orange powder. Yield: 62.6 % (92.8 mg, 0.31 mmol).
Single crystals were obtained by layering a saturated THF solution of 4b
with n-pentane. M.p. 245−246 °C. TLC (n-hexane/ethyl acetate, 7:3 (v/v)):
Rf = 0.37; 1H-NMR ((CD3)2CO): 𝛿 9.43 (s, 1H, OH), 7.83 (dd,

3JHH = 9.0,
2.6 Hz, 1H, CHaryl), 7.67 (d,

3JHH = 2.7 Hz, 1H, CHaryl), 7.46 (d,
3JHH =

9.0 Hz, 1H, CHaryl), 5.38 (s, 1H, NH), 3.89 (s, 1H, CHcluster), 3.53 (s, 1H,
CHcluster), 3.03–1.57 (br, 9H, BH) ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 –3.5
(s, 1B, BNH), –14.3 (s, 2B, BH), –15.7 (s, 4B, BH), –16.7 (s, 2B, BH), –20.6
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(s, 1B, BH) ppm. 11B-NMR ((CD3)2CO): 𝛿 –3.5 (s, 1B, BNH), –13.6 to –
17.4 (br, 8B, BH), –20.6 (d, JBH = 167.6 Hz, 1B, BH) ppm. 13C{1H}-NMR
((CD3)2CO): 𝛿 143.9 (C, C-2), 143.8 (C, C-4), 138.2 (C, C-1), 117.6 (CH, C-
6), 111.3 (CH, C-5), 108.4 (CH, C-3), 67.8 (CH, Ccluster), 62.3 (CH, Ccluster)
ppm. IR (ATR, cm–1): 3385 (m, 𝜈NH), 3240 (s, 𝜈OH), 3064 (m-w, 𝜈CH),
2592 (s, 𝜈BH), 1591–1434 (m-w, 𝜈CC), 1519 (s, 𝜈NO2), 1266 (m, 𝜈CN),
746 (m, 𝜈BB); HR-ESI-MS (positive mode, MeCN), m/z [M+H]+: calcu-
lated for C8H17B10N2O3: 297.2243, found 297.2250; the observed isotopic
pattern is in agreement with the calculated one. HPLC: tR = 5.26 min; pu-
rity: 99.4% relative area.

1-[N-(1,7-Dicarba-closo-dodecaboran-9-yl)]-2-[O-(1,7-dicarba-closo-
dodecaboran-9-yl)]-4-nitrobenzene (5)

5 was synthesized from 3a (223 mg, 1 mmol), 1 equiv. of 2-amino-5-
nitrophenol (154.1 mg, 1 mmol), 3 equiv. of KOt-Bu (336.6 mg, 3 mmol),
SPhos-Pd-G4 (39.7 mg, 5 mol%), and SPhos (20.5 mg, 5 mol%) in dry
1,4-dioxane (10 mL). The mixture was stirred at 70 °C for 25 min. Pu-
rification via column chromatography with (silica gel, n-hexane/ethyl ac-
etate, 4:1 (v/v)) afforded 5 as a yellow powder. Yield: 36.1% (79.2 mg,
0.18 mmol). Single crystals were obtained by layering a saturated CH2Cl2
solution of 5with n-hexane. M.p. 184–185 °C. TLC (n-hexane/ethyl acetate,
4:1 (v/v)): Rf = 0.26; 1H-NMR ((CD3)2CO): 𝛿 7.90 (dd,

3JHH = 9.1, 2.6 Hz,
1H, CHaryl), 7.83 (d,

3JHH = 2.6Hz, 1H, CHaryl), 7.28 (d,
3JHH = 9.1Hz, 1H,

CHaryl), 5.11 (s, 1H, NH), 3.73 (s, 2H, CHcluster), 3.64 (s, 2H, CHcluster),
3.11–1.53 (br, 9H, BH) ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 8.3 (s, 1B, BO),
1.3 (s, 1B, BNH), –7.8 (s, 2B, BH), –8.3 (s, 2B, BH), –11.4 (s, 1B, BH), –
12.2 (s, 1B, BH), –14.1 (s, 2B, BH), –14.8 (s, 2B, BH), –15.3 (s, 2B, BH),
–16.3 (s, 2B, BH), –18.6 (s, 1B, BH), –19.7 (s, 1B, BH), –22.5 (s, 1B, BH),
–25.1 (s, 1B, BH) ppm. 11B-NMR ((CD3)2CO): 𝛿 8.3 (s, 1B, BO), 1.3 (s,
1B, BNH), –6.9 to –8.9 (br, 4B, BH), –10.7 to –20.4 (br, 12B, BH), –22.5 (d,
JBH = 183.4 Hz, 1B, BH), –25.0 (d, JBH = 185.0 Hz, 1B, BH) ppm. 13C{1H}-
NMR ((CD3)2CO): 𝛿 147.8 (C, C-2), 145.2 (C, C-4), 136.8 (C, C-1), 120.3
(CH, C-6), 114.6 (CH, C-5), 110.9 (CH, C-3), 52.5 (CH, Ccluster), 51.3 (CH,
Ccluster) ppm. IR (ATR, cm–1): 3391 (m, 𝜈NH), 3065 (m-w, 𝜈CH), 2597 (s,
𝜈BH), 1585–1443 (m-w, 𝜈CC), 1519 (s, 𝜈NO2), 1290 (m, 𝜈CN), 730 (m,
𝜈BB); HR-ESI-MS (positive mode, MeCN), m/z [M+H]+: calculated for
C10H27B20N2O3: 439.4028, found 439.4030; the observed isotopic pattern
is in agreement with the calculated one.HPLC: tR = 7.23min; purity: 98.3%
relative area (254 nm).

Mesylation of the Carboranyl-amino-nitrophenols (2b–4b): The general
procedure for mesylation of carborane-NH-nitrophenols was very similar
for the three isomers.

A 10 mL round-bottom flask was charged with the corresponding
carborane-amino-nitrophenol (2b–4b) and 1–5.5 mL of pyridine. The re-
sulting mixture was stirred at −20 °C for 10–15 min. Subsequently, 1.1
equiv. of MsCl (methanesulfonyl chloride) was added dropwise and the
reaction mixture was stirred at room temperature until consumption of
the starting material was observed by TLC (silica plates, n-hexane/ethyl
acetate, 8:2 (v/v)). Then, ice-cold water was added, resulting in a turbid
solution. The solution was extracted three times with diethyl ether and
the extract was further washed with water (10 mL) and 1 m aqueous HCl
(10 mL). The organic phase was dried over MgSO4. Evaporation of the
solvent yielded the pure product as light yellow powder.

5-Nitro-2-[N-(1,2-dicarba-closo-dodecaboran-9-yl)]phenyl methanesul-
fonate (2c)

2c was synthesized from 2b (1.13 mmol, 335.3 mg), 5.5 mL pyridine,
1.1 equiv. MsCl (1.24 mmol, 96.3 μL), stirring for 3.5 h at room tempera-
ture. The addition of 80 mL of ice-cold water gave the product as precipi-
tate, which was isolated via vacuum filtration. Further washing with water
and HCl aq. (1 m) yielded the pure product (2c) as yellow powder. Yield
52.3% (205.2 mg, 0.548 mmol). Single crystals were obtained by layering
the saturated THF solution of 2c with n-pentane. M.p. = 207–208 °C, TLC
(diethyl ether): Rf = 0.48; 1H-NMR ((CD3)2CO): 𝛿 8.11 (d,

3JHH = 2.7 Hz,
1H, CHaryl), 8.07 (dd, 3JHH = 9.2, 2.7 Hz, 1H, CHaryl), 7.39 (d, 3JHH =
9.2 Hz, 1H, CHaryl), 5.42 (s, 1H, NH), 4.61 (s, 2H, CHcluster), 3.46 (s, 3H,
CH3), 2.99–1.50 (br, 9H, BH) ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 6.8 (s,
1B, BNH), –4.2 (s, 1B, BH), –10.1 (s, 2B, BH), –14.5 (s, 1B, BH), –15.6
(s, 3B, BH), –16.2 (s, 2B, BH) ppm. 11B-NMR ((CD3)2CO): 𝛿 6.8 (s, 1B,
BNH), –4.2 (d, JBH = 148.1 Hz, 1B, BH), –10.1 (d, JBH = 149.6 Hz, 2B,

BH), –13.9 to –16.9 (br, 6B, BH) ppm. 13C{1H}-NMR ((CD3)2CO): 𝛿 147.8
(C, C-1), 136.7 (C, C-5), 135.6 (C, C-2), 123.9 (CH, C-3), 119.1 (CH, C-4),
113.3 (CH, C-6), 52.6 (CH, Ccluster), 46.1 (CH, Ccluster), 37.6 (CH, CH3)
ppm. IR (ATR, cm−1): 3358 (m, 𝜈NH), 3065 (m-w, 𝜈CH), 2567 (s, 𝜈BH),
1595–1496 (m-w, 𝜈CC), 1525 (s, 𝜈NO2), 1322 (m, 𝜈CN), 1150 (m, 𝜈SO),
745 (m, 𝜈BB); HR-ESI-MS (positive mode, MeCN), m/z [M+Na]+: calcu-
lated for C9H18B10N2O5SNa: 397.1785, found 397.1840; the observed iso-
topic pattern is in agreement with the calculated one. HPLC: tR = 5.83min;
purity: 95.7% relative area.

5-Nitro-2-[N-(1,7-dicarba-closo-dodecaboran-9-yl)]phenyl methanesul-
fonate (3c)

3c was synthesized from 3b (0.21 mmol, 62 mg), 1 mL of pyridine,
1.1 equiv. MsCl (0.23 mmol, 17.9 μL), stirring for 21 h at room temper-
ature. The addition of 6 mL of ice-cold water gave the product as precipi-
tate which was isolated via vacuum filtration. Further washing with water
and HCl aq (1 m) yielded the pure product (3c) as yellow precipitate. Yield
95.2% (74.8 mg, 0.199 mmol). Single crystals were obtained by layering
the saturated CH2Cl2 solution of 3c with n-hexane. M.p. = 120–121 °C,
TLC (n-hexane/ethyl acetate, 3:2 (v/v)): Rf = 0.45; 1H-NMR ((CD3)2CO):
𝛿 8.17–8.08 (m, 2H, CHaryl), 7.50 (d,

3JHH = 9.2 Hz, 1H, CHaryl), 5.64 (s,
1H, NH), 3.74 (s, 2H, CHcluster), 3.49 (s, 3H, CH3), 3.11–1.30 (br, 9H, BH)
ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 1.0 (s, 1B, BNH), –7.6 (s, 2B, BH), –
11.4 (s, 1B, BH), –14.9 (s, 2B, BH), –15.2 (s, 2B, BH), –18.6 (s, 1B, BH),
–22.2 (s, 1B, BH) ppm. 11B-NMR ((CD3)2CO): 𝛿 1.0 (s, 1B, BNH), –7.6 (d,
JBH = 162.4 Hz, 2B, BH), –11.4 (d, JBH = 149.0 Hz, 1B, BH), –13.2 to –15.9
(br, 4B, BH), –18.6 (d, JBH = 182.8 Hz, 1B, BH), –22.2 (d, JBH = 183.5 Hz,
1B, BH) ppm. 13C{1H}-NMR ((CD3)2CO): 𝛿 148.0 (C, C-1), 136.9 (C, C-5),
135.8 (C, C-2), 123.9 (CH, C-6), 119.1 (CH, C-4), 113.5 (CH, C-6), 52.7 (CH,
C cluster), 37.6 (C, CH3) ppm. IR (ATR, cm–1): 3364 (m, 𝜈NH), 3066 (m-w,
𝜈CH), 2602 (s, 𝜈BH), 1591–1440 (m-w, 𝜈CC), 1591 (s, 𝜈NO2), 1288 (m,
𝜈CN), 1153 (m, 𝜈SO), 744 (m, 𝜈BB); HR-ESI-MS (positive mode, MeCN),
m/z [M+H]+: calculated for C9H19B10N2O5S: 375.2043, found 375.2010;
the observed isotopic pattern is in agreement with the calculated one.
HPLC: tR = 5.93 min; purity: 98.9% relative area.

5-Nitro-2-[N-(1,12-dicarba-closo-dodecaboran-2-yl)]phenyl methanesul-
fonate (4c)

4c was synthesized from 4b (0.21 mmol, 62 mg), 1 mL of pyridine, 1.1
equiv. MsCl (0.23 mmol, 17.9 μL) after 21 h at room temperature. The ad-
dition of 6 mL of ice-cold water resulted in an orange suspension and the
product was extracted with diethyl ether (3 × 5 mL). Residual pyridine was
removed from the extract by washing with 1 m aqueousHCl (10mL). Evap-
oration of the solvent gave the pure product (4c) as light-yellow powder.
Yield: 99.2% (78 mg, 0.208 mmol). Single crystals were grown by layer-
ing the saturated THF solution of 4c with n-pentane. M.p. = 103–105 °C,
TLC (n-hexane/ethyl acetate, 3:2 (v/v)): Rf = 0.67; 1H-NMR ((CD3)2CO):
𝛿 8.20 (dd, 3JHH = 9.0, 2.7 Hz, 1H, CHaryl), 8.18 (d,

3JHH = 2.6 Hz, 1H,
CHaryl), 7.74 (d,

3JHH = 9.0 Hz, 1H, CHaryl), 5.86 (s, 1H, NH), 3.86 (s, 1H,
CHcluster), 3.57 (s, 1H, CHcluster), 3.46 (s, 3H, CH3), 3.05–1.56 (br, 9H,
BH) ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 –3.9 (s, 1B, BNH), –14.2 (s, 2B,
BH), –15.7 (s, 3B, BH), –16.6 (s, 3B, BH), –20.2 (s, 1B, BH) ppm. 11B-
NMR ((CD3)2CO): 𝛿 –3.9 (s, 1B, BNH), –13.5 to –17.3 (br, 8B, BH), –20.2
(d, JBH = 169.1 Hz, 1B, BH) ppm. 13C{1H}-NMR ((CD3)2CO): 𝛿 147.2
(C, C-1), 138.0 (C, C-5), 136.2 (C, C-2), 123.9 (CH, C-3), 119.1 (CH, C-4),
114.6 (CH, C-6), 67.4 (CH, Ccluster), 62.5 (CH, Ccluster), 37.4 (C, CH3) ppm.
IR (ATR, cm–1): 3355 (m, 𝜈NH), 3060 (m-w, 𝜈CH), 2609 (s, 𝜈BH), 1591–
1458 (m-w, 𝜈CC), 1591 (s, 𝜈NO2), 1291 (m, 𝜈CN), 1151 (m, 𝜈SO), 740
(m, 𝜈BB); HR-ESI-MS (positive mode, MeCN), m/z [M+H]+: calculated
for C9H19B10N2O5S: 375.2043, found 375.2030; the observed isotopic pat-
tern is in agreement with the calculated one. HPLC: tR = 6.33 min; purity:
98.8% relative area.

Deboronation of 2c: Sodium rac-2-[N-(7,8-dicarba-nido-
undecahydroborat-6-yl)-5-nitrophenyl] methanesulfonate (6)

In a 100 mL round-bottom Schlenk flask, a 10 mL mixture of
ethanol/water (3:2, v/v) was degassed for 30 min under nitrogen flow.
Then, 2c (100 mg, 0.27 mmol) and 5 equiv. NaF (56.7 mg, 1.35 mmol)
were added and the mixture was stirred at 90 °C for 3 h. Then, the reaction
mixture was cooled to room temperature and it was concentrated under
reduced pressure. The desired product (6) was suspended with 100 mL
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ice cold water. The product was extracted with ethyl acetate (3 × 100 mL),
and dried over MgSO4. Evaporation of the solvent gave the crude product
as orange-red paste. Further purification via column chromatography (sil-
ica gel, n-hexane/ethyl acetate, 3:2–1:1 (v/v)) yielded the pure product as
red-orange powder. Yield 96.3% (100.2 mg, 0.26 mmol). M.p. = >310 °C
decomposition. TLC (ethyl acetate): Rf = 0.17; 1H-NMR ((CD3)2CO): 𝛿
7.98 (d, 3JHH = 2.6 Hz, 1H, CHaryl), 7.93 (dd, 3JHH = 9.4, 2.7 Hz, 1H,
CHaryl), 7.70 (d,

3JHH = 9.5 Hz, 1H, CHaryl), 4.89 (s, 1H, NH), 3.29 (s, 3H,
CH3), 1.89 (s, 1H, CHcluster), 1.66 (s, 1H, CHcluster), 2.49–0.88 (br, 8H,
BH) ppm. 11B{1H}-NMR ((CD3)2CO): 𝛿 –0.8 (s, 1B, BNH), –11.2 (s, 1B,
BH), –14.1 (s, 1B, BH), –18.8 (s, 1B, BH), –20.9 (s, 1B, BH), –22.5 (s, 1B,
BH), –24.4 (s, 1B, BH), –31.3 (s, 1B, BH), –37.5 (s, 1B, BH) ppm. 11B-NMR
((CD3)2CO): 𝛿 –0.8 (s, 1B, BNH), –11.2 (d, JBH = 136.0 Hz, 1B, BH), –14.2
(d, JBH = 139.0 Hz, 1B, BH), –18.2 to –25.1 (br, 4B, BH), –31.5 (d, JBH =
141.0 Hz, 1B, BH), –37.5 (d, JBH = 142.4 Hz, 1B, BH) ppm. 13C{1H}-NMR
((CD3)2CO): 𝛿 149.8 (C, C-1), 135.3 (C, C-5), 133.8 (C, C-2), 123.8 (CH, C-
6), 118.4 (CH, C-4), 113.8 (CH, C-6), 37.3 (C, CH3), 32.9 (C, Ccluster) ppm.
IR (ATR, cm−1): 3376 (m, 𝜈NH), 2922 (m-w, 𝜈CH), 2501 (s, 𝜈BH), 1593–
1482 (m-w, 𝜈CC), 1593 (s, 𝜈NO2), 1289 (m, 𝜈CN), 1150 (m, 𝜈SO), 744
(m, 𝜈BB); HR-ESI-MS (negative mode, MeCN), m/z [M–Na]−: calculated
for C9H18B9N2O5S: 364.1810, found 364.1860; the observed isotopic pat-
tern is in agreement with the calculated one. HPLC: tR = 6.13 min; purity:
98.5% relative area.

Biological Evaluation for COX Inhibition and Cytotoxic Potential: Evalua-
tion for COX Inhibition: The COX inhibition activity against ovine COX-
1 and human COX-2 was determined using the fluorescence-based COX
assay COX Fluorescent Inhibitor Screening Assay Kit (Cayman Chemical
Company, Ann Arbor, MI, USA) according to the manufacturer’s instruc-
tions as previously reported.[64,65]

Determination of Lipophilicity: The logD7.4, HPLC values (Table S10,
Supporting Information) were determined[87] utilizing an HPLC method
originally described by Donovan and Pescatore.[76] The following HPLC
system was used: Agilent 1100 HPLC (binary pump G1312A, autosampler
G1313A, column oven G1316A, degasser G1322A, UV detector 1314A, 𝛾
detector Gabi Star (Raytest); column ODP-50 4B (Shodex Asahipak 50 ×
4.6 mm); eluent: MeOH/phosphate buffer (10 mm, pH = 7.4), gradi-
ent t0 min 30/70–t25 min 95/5–t27 min 95/5–t28 min 30/70–t40 min 30/70, flow
rate = 0.6 mL min−1. Oxycarboxin (tR = 9.02 min, logD7.4 = 1.13) and
triphenylene (tR = 29.47min, logD7.4 = 5.49) served as references. Toluene
served as control and logD7.4 was found to be 2.72 (literature logD7.4 =
2.72[76]).

Evaluation for Cytotoxic Potential: Reagents and Cells: Roswell Park
Memorial Institute 1640 (RPMI 1640) medium, RPMI 1640 medium with-
out Phenol red, Dulbecco’s modified Eagle medium (DMEM) high glu-
cose, fetal bovine serum (FBS), and trypsin/ethylenediaminetetraacetic
acid (EDTA) were purchased from Capricorn Scientific GmbH (Hessen,
Germany). Phosphate-buffered saline (PBS), DMSO, PI, CV, and car-
boxyfluorescein diacetate succinimidyl ester (CFSE) were bought from
Sigma-Aldrich (St. Louis, MO, USA). The penicillin–streptomycin so-
lution was obtained from Biological Industries (Cromwell, CT, USA).
Paraformaldehyde (PFA) was acquired from Serva (Heidelberg, Ger-
many). Annexin V (AnnV)-fluorescein isothiocyanate was purchased from
BD Pharmingen (San Diego, CA, USA), while ApoStat was from R&D
Systems (Minneapolis, MN, USA). DHR and 4-amino-5-methylamino-
2′,7′-difluorofluorescein (DAF-FM) diacetate were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). MTT was bought from AppliChem
(Darmstadt, Germany).

A549, A375, HT29, HCT116,MCF-7, andMRC-5 cell lines were acquired
from American Type Culture Collection (ATCC, Rockville, VA, USA).

All listed cell lines were cultivated in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-buffered RPMI-1640 while
DMEM was used for A549 cell line. Both media previously were supple-
mented with 10% heat-inactivated FBS, 2 mm l-glutamine, 0.01% sodium
pyruvate, and antibiotics (penicillin 100 units mL−1 and streptomycin
100 μg mL−1). All cell lines were grown in T-25 flasks at 37 °C in a
humidified atmosphere with 5% CO2. Cells were washed with PBS and
detached by using trypsin/EDTA (0.05% in PBS) prior to cell passaging
and seeding.

To determine viability, cells were seeded in 96-well plates at different
densities: A549 (5 × 103 cells per well), A375 (8 × 103 cells per well), HT29
(6.5 × 103 cells per well), HCT116 (6 × 103 cells per well), MCF-7 (7 × 103

cells per well), and MRC-5 (5 × 103 cells per well). For flow cytometric
analyses MCF-7 cells were seeded in 6-well plates at density 2 × 105 cells
per well.

Peritoneal exudate cells (PEC) were isolated from peritoneal cavity of
C57BL/6mice, by rinsing with ice-cold PBS. C57BL/6mice originated from
animal facility at the Institute for Biological Research “Siniša Stankovíc”
(IBISS), National Institute of the Republic of Serbia, University of Belgrade
(Belgrade, Serbia). After isolation, peritoneal exudate cells were cultivated
in HEPES-buffered RPMI-1640 medium supplemented with 5% heat inac-
tivated FBS, 2mm l-glutamine, 0.01% sodium pyruvate, and antibiotics, at
37 °C in a humidified environment with 5% CO2. Subsequently, cells were
seeded at density 1.5 × 105 cells per well in 96-well plates and allowed to
adhere for 2 h. Before treatment, nonadherent cells were removed. Post 72
h of the treatment, cell viability was determined using CV assay. The ma-
nipulation of animals was in accordance with the rules of the European
Union and approved by the local Institutional Animal Care and Use Com-
mittee and the European Community guidelines (EEC Directive of 1986;
86/609/EEC). Experimental protocols were approved and granted by the
national licensing committee at the Department of Animal Welfare, Veteri-
nary Directorate, Ministry of Agriculture, Forestry and Water Management
of the Republic of Serbia (Permission No. 323-07-02147/2023-05).

The stocks were prepared in DMSO at a concentration of 200 mm and
stored at −20 °C before the usage. The final concentration of DMSO in
working solutions was 0.2%.

Colorimetric Assays for Cellular Viability: Cells were seeded overnight
and treated with Ref-1, 1, 2b–4b, 2c–4c, 5, and 6 for 72 h over a wide range
of concentrations. Thereafter, the supernatant was discarded and the cells
were washed with PBS. Finally, the cells were incubated with MTT solution
(0.5 mg mL−1) at 37 °C and purple-brown formazan crystals were formed.
Afterwards, the dye was removed and DMSO was added in order to dis-
solve the formed formazan crystals.

For CV assay, treated cells were fixed with 4% PFA for 10 min. After that,
cells were stained with 1% CV solution for 15 min at room temperature
(RT), washed with PBS, and the dye was dissolved in 33% acetic acid.

For both assays, absorbance was measured at 𝜆max = 540 nm, with the
reference 𝜆max = 670 nm. Cell viability was calculated as a percentage of
control (100%). All experiments were repeated three times.

Apoptosis, Caspase Activation: Cells were exposed to IC50 values of the
selected compounds 4b (10 μm), 4c (12 μm), and 1 (70 μm) for 72 h.

For the detection of apoptosis, cells were stained with AnnV accord-
ing to the manufacturer guidelines and PI (15 μg mL−1) for 15 min at
RT protected from light. Finally, cells were resuspended in AnnV-binding
buffer and analyzed by flow cytometry. Thereafter, to ascertain whether
apoptosis was mediated by activation of caspases, cells were incubated
with pan-caspase inhibitor ApoStat for 30 min at 37 °C. At the end, cells
were washed with PBS and analyzed. For both methods, a CytoFLEX Flow
Cytometer (Beckman Coulter, Brea, CA, USA) and the CytExpert software
were used to determine fluorescence intensity.

Detection of Cell Proliferation: The effect of compounds 1, 4b, and
4c on the proliferation rate was analyzed by CFSE staining. Cells were
prestained with CFSE (1 μm) for 10 min at 37 °C. Afterward, cells were
washed, seeded, and treated with IC50 doses of 1, 4b, and 4c for 72 h.
Lastly, cells were trypsinized, resuspended in PBS, and analyzed using a
CytoFLEX Flow Cytometer.

Measurement of Generation of ROS/RNS: The production of ROS/RNS
was detected by prestaining the cells with DHR (1 μm) for 20 min at 37 °C
and followed by treatment with IC50 doses of 1, 4b, and 4c for 48 h. Then,
cells were washed, trypsinized, and analyzed by flow cytometry. Addition-
ally, after cells were treated with IC50 doses of 1, 4b, and 4c for 48 h, nitric
oxide was quantified with DAF-FM staining (5 μm) for 60 min at 37 °C in
the phenol red-free medium. Finally, cells were washed, trypsinized, resus-
pended in PBS, and analyzed using flow cytometry. For both methods, a
CytoFLEX Flow Cytometer was used.

PI Staining on Chamber Slides: MCF-7 cells were seeded overnight at a
density of 3.5 × 104 followed by treatment with IC50 doses of 1, 4b, and 4c
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for 72 h. Subsequently, cells were washed with PBS, fixed with 4% PFA for
15 min at RT, and stained with a solution of PI in a concentration of 50 μg
mL−1 with EDTA pH 8.0 (0.1 mm), Triton X-100 (0.1%), and RNase (85 μg
mL−1) in PBS for 1.5 min. At the end, mounting medium (Fluoromount G,
Thermo Fisher Scientific, Waltham, MA, USA) was used for covering the
slides, and the slides were analyzed with a Zeiss AxioObserver Z1 inverted
fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) at 200×
enlargement.

Statistical Analysis: The data shown represent the means± standard
deviation (SD) of three independent experiments. Student’s t-test was
used to assess the significance between samples, and two-sided p-values
of less than 0.05 were considered statistically significant.
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