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Abstract 

Context: Fatty acid esters (FAEs) are a unique class of secondary metabolites with promising antioxidant and anti-inflammatory properties, making them 

useful ingredients for cosmetic formulations. So far, many plants in the Cyperus genus (family Cyperaceae) are known to contain FAEs, among other classes of 

phytochemicals. However, Cyperus marginatus (CM) is one of the under-investigated species in this genus. 

Aims: To evaluate CM for its antioxidant (AOX) and anti-inflammatory FAEs. 

Methods: Two FAEs were isolated from CM leaf dichloromethane extract by silica gel column chromatography, while compound characterization was based 
on organic spectroscopy (NMR and MS). The antioxidant evaluation was by in vitro inhibitory effects against the 2,2-diphenyl-1-picrylhydrazyl (DPPH), nitric 

oxide (NO), and ferric ion (Fe3+) radicals, while anti-inflammatory activity was based on the egg albumin denaturation (EAD) assay. The FAEs were molecularly 

docked against NADPH oxidase 2 (NOX2) and nuclear factor (NF-κB). 

Results: The isolated FAEs were elucidated as ethyl margarate, and a newly described FAE, nonadecanoic acid-2-ethoxy ethyl ester. Ethyl margarate 

demonstrated better AOX properties, with lower inhibition against DPPH (IC50 = 43.82 ± 1.44 µg/mL), NO (60.04 ± 3.28 µg/mL), and Fe3+ (308.01 ± 34.11 
µgAAE/mg) radicals. It also demonstrated a better anti-inflammatory response with an IC50 of 12.24 ± 0.69 µg/mL against EAD, which was comparable to 

diclofenac (IC50 = 11.94 ± 1.37 µg/mL). Molecular docking studies revealed the significant binding affinities of ethyl margarate to NOX2 and NF-κB at -7.2 and -

6.1 kcal/mol, respectively.  

Conclusions: Ethyl margarate isolated from C. marginatus has been shown through this study to be a promising antioxidant and anti-inflammatory FAE.  

Keywords: anti-inflammatory; antioxidant; Cyperus marginatus; ethyl margarate;  fatty acid esters. 

 

Resumen 

Contexto: Los ésteres de ácidos grasos (FAE) son una clase única de metabolitos secundarios con prometedoras propiedades antioxidantes y anti-

inflamatorias, lo que los convierte en ingredientes útiles para formulaciones cosméticas. Hasta ahora, se sabe que muchas plantas del género Cyperus 

(familia Cyperaceae) contienen FAE, entre otras clases de fitoquímicos. Sin embargo, Cyperus marginatus (CM) es una de las especies menos investigadas de 

este género.  

Objetivos: Evaluar CM por sus FAE antioxidantes (AOX) y anti-inflamatorios. 

Métodos: Se aislaron dos FAE del extracto de diclorometano de hojas de CM mediante cromatografía en columna de gel de sílice, mientras que la 

caracterización del compuesto se basó en espectroscopia orgánica (RMN y EM). La evaluación antioxidante se realizó mediante efectos inhibidores in vitro 

contra los radicales 2,2-difenil-1-picrilhidrazilo (DPPH), óxido nítrico (NO) e ión férrico (Fe3+), mientras que la actividad anti-inflamatoria se basó en el ensayo 

de desnaturalización de albúmina de huevo (EAD). Los FAE se acoplaron molecularmente contra la NADPH oxidasa 2 (NOX2) y el factor nuclear (NF-κB). 

Resultados: Los FAE aislados se dilucidaron como margarato de etilo y un FAE recién descrito, el éster etílico del ácido nonadecanoico-2-etoxietil. El 

margarato de etilo demostró mejores propiedades AOX, con menor inhibición contra los radicales DPPH (IC50 = 43,82 ± 1,44 µg/mL), NO (60,04 ± 3,28 µg/mL) y 

Fe3+ (308,01 ± 34,11 µgAAE/mg). También demostró una mejor respuesta anti-inflamatoria con una CI50 de 12,24 ± 0,69 µg/mL contra EAD, que fue 

comparable al diclofenaco (CI50 = 11,94 ± 1,37 µg/mL). Los estudios de acoplamiento molecular revelaron las afinidades de unión significativas del margarato 

de etilo a NOX2 y NF-κB a -7,2 y -6,1 kcal/mol, respectivamente. 

Conclusiones: Se ha demostrado a través de este estudio que el margarato de etilo aislado de C. marginatus es un prometedor antioxidante y FAE anti-

inflamatorio. 

Palabras Clave: anti-inflamatorio; antioxidante; Cyperus marginatus; ésteres de ácidos grasos; margarato de etilo. 
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INTRODUCTION 

Fatty acid esters (FAEs) are a unique and common 
component of lipids. They vary in their chain length 
(hydrocarbon tail), number and position of double 
bonds, and pattern of substitution of their carboxylic 
head (Burdge and Calder, 2015). They are naturally 
abundant in many plant families, such as Fabaceae, 
Lauraceae, Cucurbitaceae, Lamiaceae, Poaceae, and Cyper-
aceae (Li et al., 2017). Chemically, nonadecanoic acid 
ethyl ester, ethyl stearate, and myristic, lauric, oleic, 
palmitic, linoleic, α-linolenic, 8-octadecenoic, behenic, 
undecylic, arachidic and hexadecatrienoic acids, are 
among the FAEs identified in many sedges (Cyperus) 
(Miya et al., 2023; Oderinde and Tairu, 1988; Rivera et 
al., 2015; Slobodianiuk et al., 2021). These compounds 
are known to exhibit considerable biological proper-
ties, including antioxidant and anti-inflammatory 
activities (Lin et al., 2018), with some of them, notably 
lauric and stearic acid esters, utilized for cosmetic 
formulations (Goyal et al., 2022). Comprising over 700 
species, the Cyperus genus is recognized as the sec-
ond-largest genus within the Cyperaceae family. The 
genus is widely distributed globally, encompassing 
various regions, including South Africa (Gambo and 
Da’u, 2014; Sharma and Singh, 2011; Srivastava et al., 
2014). Cyperus marginatus Thunberg species is widely 
distributed across Southern Africa, except Botswana 
(Browning et al., 1999). C. marginatus is a perennial 
herb, thriving in temporary wet habitats along the 
Northern Cape Province of South Africa (Malan, 
2003). In the KwaZulu-Natal Province, however, they 
commonly establish their roots in shallow, persistent-
ly flowing water, often amidst rocky surroundings 
(Kotze and Traynor, 2011). A decoction of its roots is 
used in traditional medicine for the treatment of sore 
throat or mumps, the leaf sheath is a raw material for 
mat making, and the whole plant is traded as an or-
namental pond plant in South Africa (Lall, 2020). 
Many species of Cyperus, including C. esculentus, C. 
scariosus, C. rotundus and C. longus, have been investi-
gated for their putative bioactive compounds, includ-
ing antioxidant and anti-inflammatory activities (Ait-
Ouazzou et al., 2012; Al-Snafi, 2016;  Gamal et al., 
2015; Gugsa and Yaya, 2018; Kakarla et al., 2016; 
Kotze and Traynor, 2011; Sharma and Singh, 2011; 
Srivastava et al., 2014), to the best of our knowledge, 
C. marginatus has not been exploited in this regard. 
Therefore, this study reports the isolation and charac-
terization of two FAEs from C. marginatus for the first 
time, while their antioxidant and anti-inflammatory 
activities were also determined in vitro and in silico.  

MATERIAL AND METHODS 

General experimental procedure 

Reagents and solvents were of analytical grade 
and purchased from Sigma-Aldrich (Pty) Ltd., Johan-
nesburg, South Africa. Silica gel for TLC and column 
chromatography was procured from Merck (Pty) Ltd., 
Johannesburg, South Africa. Absorbance was read on 
the 680-Bio-Rad microplate reader (Serial Number 
14966, USA). Spectroscopic analysis of the isolated 
compounds was performed on a 400 MHz Varian 
NMR spectrometer and 600 MHz Bruker Biospin 
GmbH spectrometer (Agilent Technologies, USA) 
situated at Stellenbosch University, South Africa. 
Tetramethyl silane (TMS) was used as the NMR in-
ternal standard, while chemical shift (δ) was recorded 
in parts per million (ppm). The compounds were ex-
amined in deuterated benzene. The molecular mass of 
each compound was determined by the electron-
spray-ionization method on a Waters API Q-TOF 
Ultima mass spectrometer (Waters Corporation, Man-
chester, UK), also located at Stellenbosch University, 
South Africa. The mass-to-charge ratio of each frag-
ment was recorded in m/z at a scan range of m/z 
100-1000. 

Plant material 

All experimental methods, including plant collec-
tion, were carried out in accordance with the IUCN 
policy and other relevant guidelines (Dudley, 2008). 
The study, including the collection of plant material, 
was granted academic permission by the Chairper-
son, Faculty of Natural Sciences Graduate Research 
Ethics Committee, Walter Sisulu University (WSU), 
with an approval reference number WSU/FNS-
GREC-2021/02-22/G2. Permission was granted by 
Botanica Natural Products, Alldays (latitude: -
22.6823° S, longitude: 29.1012° E), Limpopo Province, 
South Africa, for collection of the fresh leaves of 
Cyperus marginatus after submitting the institutional 
study approval. The plant was identified by Mr. Will 
Coetsee, the curator of the botanical garden. Thereaf-
ter, a herbarium specimen of the plant was deposited 
in the University of Pretoria Herbarium Unit, with 
voucher number MGM 007. The leaves were air-dried 
at room temperature (≈25°C) and milled into powder 
for further work. 

Sequential solvent extraction 

The powdered leaves of CM were sequentially ex-
tracted in increasing levels of polarity from n-hexane 
(Hex) to ethanol (EtOH). In detail, 786 g of CM was 
exhaustively extracted with 7.5 L of Hex, filtered, and 
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concentrated to dryness in vacuo. The marc was sub-
sequently extracted with 6.5 L of dichloromethane 
(DCM), 7.5 L of ethyl acetate (EtOAc), and 5.5 L of 
EtOH, respectively, thus affording the gradient ex-
tracts. 

Fractionation of DCM crude extract 

An amount of 22.8 g of the DCM extract was solu-
bilized in 50 mL of acetone, adsorbed unto 60 g silica 
gel, and dry-packed on a 200 g silica gel glass column 
of 600 × 50 mm dimension (L × i.d). The adsorbed 
extract was eluted with 600 mL each solvent systems 
in increasing level of polarity, Hex (100%), Hex-DCM 
(90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 
10:90%), DCM (100%), DCM-EtOAc (90:10, 80:20, 
70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90%), EtOAc 
(100%), EtOAc-MeOH (90:10, 80:20, 50:50%) and 
MeOH (100%). The elution process afforded 121 col-
umn fractions. 

TLC bioautography of DCM chromatographic 
fractions 

The DCM chromatographic eluates were analyzed 
for their bioactive fatty acid compounds using the 
method described by Oriola et al. (2021) with slight 
modification. Fractions were spotted in two replicates 
on a silica gel TLC plate. Each plate was developed in 
50 mL of Hex-DCM-acetic acid (8:1.5:0.5) trinary sol-
vent system to resolve the FAEs (Esperón-Rojas et al., 
2018). One replicate of the TLC chromatogram was 
sprayed with 10% sulfuric acid, while the other was 
sprayed with 0.5 mg/mL DPPH in MeOH solution to 
identify the free radical scavenging (potentially bioac-
tive) spots. The eluates were bulked into 21 sub-
fractions, F1-F21.  

Antioxidant tests 

DPPH spectrophotometric assay 

This procedure was conducted following a previ-
ously established method (Ayodele et al., 2024) with 
certain adaptations. In this process, 0.5 mL of 0.1 mM 
DPPH radical in methanol was introduced to 0.5 mL 
of serially diluted isolated compounds and L-ascorbic 
acid within a concentration range of 100.00, 50.00, 
25.00, 12.50, and 6.25 µg/mL, each in triplicate. The 
resulting mixture underwent incubation in the dark at 
37°C for 30 min. Subsequently, absorbance was meas-
ured at 515 nm using a microplate reader at the start-
ing absorbance of DPPH ~0.655. The percentage inhi-
bition of the radical was calculated according to Equa-
tion [1]. 

 Inhibition (%) =
(ABScontrol − ABSsample)

(ABScontrol)
× 100 1 

 
[1] 

Where ABSsample: Absorbance of the test sample (n = 3), while AB-

Scontrol: Absorbance of negative control (n = 3) (methanol). 

Nitric oxide (NO) inhibition assay 

The inhibitory impact of the isolates on the NO 
radical was assessed following the approach outlined 
by Sarker et al. (2022) with modifications. Nonadeca-
noic acid and ethyl margarate (heptadecanoic ethyl 
ester) were prepared at various concentrations rang-
ing from 100.00 to 6.25 µg/mL. These preparations 
were then added to 0.2 mM (2 mL) of sodium nitro-
prusside in triplicates. The resulting reaction mixture 
underwent incubation at 25°C for 3 h, after which 0.5 
mL of the mixture was combined with Griess reagent 
(0.33% sulphanilamide dissolved in 20% glacial acetic 
acid and mixed with 1 mL of naphthylethylenedia-
mine chloride at 0.1% w/v). The complex and Griess 
reagent mixture was left to incubate at room tempera-
ture for 30 min, followed by the immediate measure-
ment of absorbance at 540 nm using a microplate 
reader. The percentage inhibition of the radical was 
calculated according to Equation [1]. 

Ferric reducing antioxidant power (FRAP) assay 

The assessment of the reducing antioxidant capaci-
ty of nonadecanoic acid and ethyl margarate (hepta-
decanoic ethyl ester) followed the procedure outlined 
(Miya et al., 2023), with certain adaptations. The iso-
lates were dissolved in methanol and introduced into 
a mixture containing 0.25 mL of phosphate buffer (0.2 
M; pH 6.6) and 0.25 mL of potassium ferricyanide 
[K3Fe(CN)6] (1% w/v). (1% w/v). L-ascorbic acid 
served as the standard compound. After incubation at 
50°C for 20 min, 0.25 mL of CCl3COOH (10% w/v) 
was added, followed by centrifugation at 3000 rpm 
for 10 minutes. The upper layer of the solution was 
combined with 1 mL of methanol and an equal 
amount of 0.5 mL of FeCl3 (0.1%, w/v). Conducted in 
triplicate, the experiment's absorbance was measured 
at 700 nm on a microplate reader against a blank 
sample containing only phosphate buffer. The ferric 
reducing power of the isolates at concentrations of 
100.00, 50.00, 25.00, 12.50, and 6.25 µg/mL in metha-
nol was determined as ascorbic acid equivalent (AAE) 
using the calibration curve of the positive control (L-
ascorbic acid). 

Protein (egg albumin) denaturation assay 

The in vitro anti-inflammatory response of the iso-
lated compounds to act against protein denaturation 
was determined using the egg albumin denaturation 
(EAD) assay (Oriola et al., 2023). A reaction mixture 
comprising 0.2 mL of albumin content of fresh chick-
en egg, 2.8 mL of phosphate buffer saline at pH 6.4, 
and 2 mL each of the isolated compounds and diclo-
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fenac (standard drug) at 100, 50, 25, 12.5, 6.25 and 
3.125 µg/mL concentrations was prepared in tripli-
cate. The reaction mixture was incubated at 37°C for 
15 min away from direct light and thereafter boiled at 
70°C for 5 min in a thermostatic water bath. The re-
sulting mixture was cooled, and the absorbance was 
measured at 655 nm. The percentage inhibition of 
EAD was determined according to Equation [2].  

Inhibition of EAD (%)  =
(ABScontrol − ABSsample)

(ABScontrol)
× 100 1 

 
[2] 

Where ABScontrol: Absorbance of negative control (n = 3), AB-

Ssample: Absorbance of sample (n = 3). 

In silico molecular docking 

Preparation and refinement of the protein and ligand 
structures 

The molecular docking investigation was carried 
out to target proteins associated with oxidative stress 
and inflammation. In this instance, the proteins of 
choice are NOX2 and NF-κB. The PDB structure of 
NOX2 and NF-κB with PDB Ids 7U8G (Noreng et al., 
2022) and 4DN5 (Liu et al., 2012) was acquired from 
the Protein Data Bank (http://www.rcsb.org). To 
prepare the protein structures for docking, polar hy-
drogen atoms and Kollman charges were added after 
removing water atoms using AutoDockTools.  

The concerned phytocompounds were download-
ed from the NCBI PubChem 
(https://pubchem.ncbi.nlm.nih.gov/). The Open 
Babel Server was then used to transform the down-
loaded sdf structures into pdb structures (O’Boyle et 
al., 2011). The ligand structures underwent energy 
minimization using the Gromos 96 force field after the 
PRODRG server (Schüttelkopf and van Aalten, 2004) 
was used to optimize their energy. 

Determination of active sit and molecular docking 

The active site of the proteins (NOX2, and NF-κB) 
was predicted using the literature (Liu et al., 2012; 
Noreng et al., 2022) and validated through the CASTp 
3.0 (Computed Atlas of Surface Topography of Pro-
teins) online server (Binkowski et al., 2003). The pro-
cessed protein without a native inhibitor was upload-
ed to the CASTp 3.0 server and the top result from the 
best three potential ligand-binding sites was chosen 
for docking. The amino acid residues predicted by 
CASTp 3.0 were then compared with the amino acids 
in the active site of the native inhibitor-NOX2 co-
crystallized complex, and native inhibitor-NF-κB co-
crystallized complex. This was done by manually 
opening the co-crystallized complex in the Discovery 
studio visualization tool (Kar et al., 2022a) to verify 
the active site. This allowed for the identification of 

the interacting residues, which were found to be quite 
similar to those predicted by the CASTp 3.0 server. 
The Autodock and Autogrid tools integrated with 
Autodock4 were used to generate grid maps (X; Y; 
and Z confirmations; Box center and Box dimension) 
for each atom of the native inhibitor ligand. In order 
to obtain the X; Y; and Z confirmations (Box center 
and Box dimension) as a potential target site, molecu-
lar docking was carried out using the Autodock4 
(Naidoo et al., 2021; Trott and Olson, 2010). Using a 
grid-based docking technique, the ligands of interest 
were molecularly docked in the active binding sites of 
the relevant proteins using a stiff protein receptor and 
a flexible ligand docking methodology (Kar et al., 
2021; 2022a; 2022b). A grid box involving the active 
site residues of the NOX2 protein was created, with 
center_x = 144.17, center_y = 141.08, center_z = 151.25, 
size_x = 27.0, size_y = 34.0, and size_z = 35.0. Similar-
ly, a grid box covering the active binding pocket of 
NF-κB was employed, with center_x= -8.0, center_y= 
30.1, center_z= -4.6, size_x= 24.0, size_y= 15.1, and 
size_z= 18.9. After Autodock Vina finished the mo-
lecular docking procedure, the docked complexes 
were visualized using the Discovery Studio visualiza-
tion tool (Kar et al., 2022a; 2022b). 

Assessment of physicochemical features and 
potential toxicity of the phytocompounds 

For additional physicochemical properties and 
drug-like feature evaluation, the phytocompounds 
with the corresponding proteins in AutoDock Vina 
were selected (Naidoo et al., 2021). The SwissADME 
server was utilized to estimate the physicochemical 
parameters, and the pkCSM server was used for vali-
dation (Daina et al., 2017; Pires et al., 2015). The com-
pounds' potential toxicity (cytotoxicity, carcinogenici-
ty, hepatotoxicity, mutagenicity (AMES mutagenesis), 
and P-glycoprotein inhibitor) were evaluated using 
the ProTox-II and vNN-ADMET online servers 
(Banerjee et al., 2018; Schyman et al., 2017). 

Molecular dynamics simulations 

A critical step in validating molecular docking da-
ta is molecular dynamics simulation (MDS), which 
provides an accurate assessment of the potential sta-
bility of protein-ligand complexes (Kar et al., 2021). 
Using the GROMACS (version 2019) force field pa-
rameters (GROMOS96 43a1), the compounds were 
exposed to MDS for 120 ns (Abraham et al., 2015; Kar 
et al., 2021; 2022a; 2022b). The equilibration stages 
were determined using the constant pressure and 
temperature (NPT) ensemble (Elfiky and Azzam, 
2021; Enayatkhani et al., 2021; Umesh et al., 2021). 
Umesh et al. (2021) state that the MD simulations 
were performed at a standard pressure of 1.013 bar 
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and standard temperature of 300 K. Using the root-
mean-square-deviation/fluctuation (RMSD/F) analy-
sis, an assessment of the complexes' structural and 
conformational stability was found. 

Statistical analysis 

Statistical analysis data are expressed as mean ± 
SEM (n = 3); data subjected to statistical analysis by 
One-way ANOVA with different alphabets in super-
script considered significant at p<0.05, utilizing the 
Excel statistical application (Microsoft 365, Microsoft 
Corporation, USA). 

RESULTS AND DISCUSSION  

TLC bioautography of DCM chromatographic 
fractions 

The DCM fraction upon chromatographic frac-
tionation afforded subfractions F1 and F2, both faintly 
yellowish with whitish deposits. TLC analysis of the 
fractions revealed faintly yellowish spots, which 
turned brownish with 10% sulfuric acid spray. They 
also bleached the purple DPPH radical solution, thus 
indicating the presence of FAEs with strong radical 
scavenging properties. Sub-fractions F1 and F2 were 
washed in 50 mL each of Hex (100%), affording com-
pounds CM-1 and CM-2 [faintly brownish spots, Rf 
0.73 and 0.69, respectively in Hex-DCM-acetic acid 
(8:1.5:0.5)]. 

Characterization of isolated compounds 

Spectroscopic data of CM-1 

1H NMR (400 MHz in C6D6), δ ppm: 0.88 (H, t, 0.88 
(3H, t, J=7.2 Hz, H-17), 1.25 (3H, H-2’), 2.28 (2H, t, 
J=7.6, 6.8 Hz, H-2), 4.05 (2H, q, J=6.8, 6.8 Hz, H-1’); 13C 
NMR (150 MHz in C6D6), δ ppm: 173.96 (C-1), 64.31 
(C-1’), 34.40 (C-2), 31.91 (C-15), 29.14 (C-6), 29.26 (C-
7), 29.35 (C-8), 29.47 (C-9), 29.52 (C-10), 29.57 (C-11), 
29.59 (C-12), 29.65 (C-13), 29.69 (C-14), 28.63 (C-5), 
25.92 (C-4), 25.02 (C-3), 22.68 (C-16), 14.11 (C-17, C-2’). 
The LC-MS/MS chromatograms of the isolated com-

pound and the full NMR data are indicated as sup-
plementary data Figs. S1–S3. 

Spectroscopic data of CM-2 

1H NMR (600 MHz in C6D6), δ ppm: 0.91 (3H, t, 
J=6.0 Hz, H-19), 1.19 (3H, t, J=6.6 Hz, H-4’), 2.21 (2H, 
t, J=7.4 Hz, H-2), 3.38 (2H, t, J=6.4 Hz, H-3’), 4.08 (2H, 
t, J=12.0 Hz, H-2’), 4.24 (2H, t, J=6.5 Hz, H-1’); 13C 
NMR (150 MHz in C6D6), δ ppm: 172.75 (C-1), 64.31 
(C-1’), 34.60 (C-2), 32.35 (C-16), 30.20 (C-15), 30.14 (C-
13), 30.08 (C-14), 30.05 (C-11), 29.99 (C-12), 29.94 (C-9), 
29.80 (C-10), 29.73 (C-8), 29.69 (C-7), 29.59 (C-6), 29.26 
(C-5), 26.41 (C-4), 25.49 (C-3), 23.10 (C-17), 14.29 (C-18, 
C-2’); TOF ES+/MS (% rel. abundance): m/z 371.3010 
(21.5%) [M+H]+, m/z 304.2997 (80.0%) [M-65]+. The 
LC-MS/MS chromatograms of the isolated compound 
and the full NMR data are indicated as supplemen-
tary data Figs. S4–S6. 

Structure elucidation of characterized compounds  

Ethyl margarate (CM-1) 

Based on NMR analysis (Table 1 and supplemen-
tary data Figs. S1–S3), CM-1 showed a shielded triplet 
signal at 0.88 ppm, which is indicative of a terminal 
methyl group. The quartet signal at 4.05 ppm sug-
gests the presence of an oxygenated methylene proton 
that is directly attached to a methyl group, suggesting 
an ethyl ester moiety. Also, the presence of a triplet 
signal at 2.28 ppm represents the first methylene pro-
ton that is next to the carbonyl ester functional group. 
The carbonyl ester was further substantiated in the 
13C NMR, with a downfield resonance at 173.9 ppm, 
while also showing a total of nineteen signals, repre-
senting nineteen carbon atoms. The existence of nine 
overlapping signals around 29 ppm suggested the 
presence of nine chemically equivalent methylene 
carbons. Upon comparison of the spectra data of CM-
1 with that of ethyl heptadecanoate reported in the 
seeds of Aesculus indica (Yadav et al., 2022), as pre-
sented in Table 1, the compound was characterized as 
heptadecanoic acid ethyl ester, also known as ethyl 
margarate (Fig. 1A), which is reported for the first 
time from C. marginatus. 

 
 

A B 

  

Figure 1. Structures of fatty acid esters isolated from the DCM leaf extract of C. marginatus.  

(A) Ethyl margarate (CM-1), (B) Nonadecanoic acid-2-ethoxy ethyl ester (CM-2). 
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Table 1. The observed 1H- and 13C NMR spectra data assignment of isolated ethyl margarate (CM-1). 

Position Type of carbon 
1H NMR 

(multiplicity, J) 
13C NMR 

Ethyl heptadecanoate (Yadav et al., 2022) 

1H NMR  

(multiplicity, J) 

13C NMR 

1 C=O, ester 

O-CH2 

CH3 

- 

4.05 (q, J=6.8 Hz) 

1.25 

173.9 

64.4 

14.1 

- 

4.01 (q, J=6.0 Hz) 

1.25 (t, J=6.0 Hz) 

173.5 

59.6 

13.9 

2 CH2 2.28 (t, J=7.2 Hz) 34.4 2.28 (t, J=8.05 Hz) 33.7 

3 CH2 1.61 (m) 25.0 1.61 (m) 24.7 

4 CH2 1.25 (m) 25.9 1.25 (m) 28.9 

5 CH2 1.25 (m) 28.6  29.8 

6 CH2 1.25 (m) 29.1  29.0 

7 CH2 1.25 (m) 29.3  29.2 

8 CH2 1.25 (m) 29.4  29.4 

9 CH2 1.25 (m) 29.5 1.25 (m) 29.4 

10 CH2 1.25 (m) 29.5  29.4 

11 CH2 1.25 (m) 29.6 1.25 (m) 29.4 

12 CH2 1.25 (m) 29.6 1.25 (m) 29.4 

13 CH2 1.25 (m) 29.7 1.25 (m) 29.1 

14 CH2 1.25 (m) 29.7 1.25 (m) 29.9 

15 CH2 1.25 (m) 31.9 1.25 (m) 31.7 

16 CH2 1.25 (m) 22.7 1.28 (m) 22.4 

17 CH3 0.88 (t, J=7.2, 6.4 Hz) 14.1 0.80 (t, J=6.0 Hz) 12.7 

d: doublet; dd: doublet of a doublet;  t: triplet; m: multiplet; CH3: methyl; CH2: methylene; CH: methine;  J: coupling constant is expressed in Hertz (Hz). 

 
Nonadecanoic acid-2-ethoxy ethyl ester (CM-2) 

As presented in Table 2 and supplementary data 
Figs. S4–S6, the 1H NMR of CM-2 exhibited a triplet 
signal at 0.91 ppm, indicating the presence of a termi-
nal methyl group. Three oxygenated methylene pro-
tons were identified at 3.38, 4.08, and 4.24 ppm. These 
signals corresponded to 62.8, 64.3, and 64.9 ppm in 
the 13C NMR, which is indicative of an ethoxy-ethyl 
ester moiety (Pavia et al., 2013). The triplet signal at 
14.3 ppm indicates the methyl group, the overlapping 
signals at 29-30 ppm indicate the aliphatic hydrocar-
bon chain, while the most deshielded signal at 172.8 
ppm represents a carbonyl functional group of an 
ester. The similarities in the NMR data of CM-2 to 
that of Nonadecanoic acid (Yoo et al., 2002) assisted 
with the elucidation of the compound as a fatty acid 
ester. The full assignment of the NMR data of CM-2 is 
presented in Table 2. Thus, CM-2 is newly described 
in this study as nonadecanoic acid-2-ethoxy ethyl 
ester (Fig. 1B). 

In vitro antioxidant assay 

The biological activities of the isolated FAEs were 
evaluated based on their capacity to inhibit free radi-
cal actions of DPPH (Fig. 2) and nitric oxide (NO) 
(Fig. 3), as well as their ability to reduce ferric ion 
(Fe3+) to ferrous ion (Fe2+) in vitro, as detailed in Table 
3. The results demonstrated that Ethyl margarate 
(CM-1) exhibited superior antioxidant properties 
among the isolated compounds, with an IC50 of 43.82 
± 1.44 µg/mL against the DPPH radical, 60.04 ± 3.28 
µg/mL against NO, and 308.01 ± 34.11 µgAAE/mg 
against Fe2+ radicals. Notably, ethyl margarate (CM-1) 
displayed approximately one-third of the antioxidant 
capacity (FRAP) compared to L-ascorbic acid, the 
standard antioxidant compound. The presence of an 
alkoxy group, such as the ethoxy side-chain identified 
in CM-2, has been reported to cause a marked reduc-
tion in the antioxidant activity of an entire molecule 
(Platzer et al., 2022). Thus, this may justify the lower 
antioxidant activity of CM-2 compared to CM-1 in 
this study. Medium fatty acid esters have been recog-
nized for their thickening agent, emollient, and lubri-
cant activities (Vadgama et al., 2015). Conversely, 
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Table 2. The observed 1H- and 13C NMR spectra data assignment of isolated nonadecanoic acid-2-ethoxy ethyl ester (CM-2). 

Position 
Type of 

carbon 

1H NMR 

(multiplicity, J) 

13C NMR 
Nonadecanoic acid ethyl ester (Yoo et al., 2002) 
13C NMR 

1 C=O, ester 

O-CH2 

CH2-O 

O-CH2 

CH3 

- 

4.24 (t, J=6.5 Hz) 

4.08 (t, J=12.0 Hz) 

3.38 (t, J=6.4 Hz) 

1.19 (t, J=6.6 Hz) 

172.8 

64.9 

64.3 

62.8 

14.3 

173.0 

 

64.3 

 

14.3 

2 CH2 2.21 (t, J=7.4 Hz) 34.6 34.6 

3 CH2 1.50-1.55 (m) 25.5 25.5 

4 CH2 1.21-1.27 (m) 26.4 26.4 

5 CH2 1.21-1.27 (m) 29.3 29.3 

6 CH2 1.21-1.27 (m) 29.6 29.6 

7 CH2 1.21-1.27 (m) 29.7 29.7 

8 CH2 1.21-1.27 (m) 29.7 29.7 

9 CH2 1.21-1.27 (m) 29.9 29.9 

10 CH2 1.21-1.27 (m) 29.8 29.8 

11 CH2 1.21-1.27 (m) 30.1 30.1 

12 CH2 1.21-1.27 (m) 29.9 30.0 

13 CH2 1.21-1.27 (m) 30.1 30.1 

14 CH2 1.21-1.27 (m) 30.6 30.1 

15 CH2 1.21-1.27 (m) 30.2 30.2 

16 CH2 1.21-1.27 (m) 31.5 30.2 

17 CH2 1.21-1.27 (m) 32.4 32.4 

18 CH2 1.36 (m) 23.1 23.1 

19 CH3 0.91 (t, J=6.0 Hz) 14.3 14.3 

d: doublet; t: triplet; m: multiplet;  CH3: methyl;  CH2: methylene; J: coupling constant is expressed in Hertz (Hz). 

 

 

Figure 2. DPPH radical scavenging activities of fatty acid esters isolated from the DCM extract of C. 

marginatus.  

CM-1: Ethyl margarate; CM-2: Nonadecanoic acid-2-ethoxy ethyl ester. 
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Figure 3. Nitric oxide inhibitory effects of fatty acid esters from the DCM extract of C. marginatus.  

CM-1: Ethyl margarate; CM-2: Nonadecanoic acid-2-ethoxy ethyl ester. 

 
 

Table 3. Antioxidant activities of fatty acid esters from the dichloromethane leaf extract of C. marginatus. 

Isolated compound 
DPPH (IC50 ± SEM) 

(µg/mL) 

NO (IC50 ± SEM) 

(µg/mL) 
FRAP (µgAAE/mg) 

Ethyl margarate 43.82 ± 1.44b 60.04 ± 3.28b 308.01 ± 34.11bc 

Nonadecanoic acid-2-ethoxy ethyl ester 69.06 ± 5.10c 76.65 ± 1.31e 176.79 ± 11.83a 

L-ascorbic acid (standard) 8.92 ± 1.26a 21.89 ± 1.32a N/A 

Data are expressed as mean ± SEM (n = 3); data was subjected to statistical analysis by One-way ANOVA followed by the student t-test; 

data with different alphabets in superscript are considered significant at p<0.05. AAE: L-ascorbic acid equivalent; N/A: not applicable. 

 
long fatty acid esters have demonstrated antibacterial, 
antioxidant, flavor-enhancing, and anti-inflammatory 
activities (Abubakar and Majinda, 2016; Aparna et al., 
2012; Premathilaka and Silva, 2016). Numerous stud-
ies have highlighted the diverse biological properties 
of medium-to-long chain fatty acids and their esters, 
encompassing antioxidant, cytotoxic, anti-
inflammatory, and anti-aging activities (Antwi et al., 
2018; Dederen et al., 2012; Demirpolat et al., 2022; Han 
et al., 2014). In fact, stearic acid esters are currently 
utilized as significant ingredients in the formulation 
of skincare products within the pharmaceutical and 
cosmeceutical industries (Dharmadeva et al., 2018; 
Fiume et al., 2012). In summary, the compounds de-
rived from Cyperus marginatus hold promise for con-
tributing novel pharmaceutical and cosmeceutical 
agents that may be beneficial for inhibiting ROS-
related disorders. 

Evaluation of in vitro anti-inflammatory activity 

The theory behind the egg albumin denaturation 
experiment is that compounds having anti-
inflammatory properties should be able to stabilize 
protein structures and stop denaturation, which is 
commonly connected to tissue damage and inflamma-
tion. Therefore, phytocompounds that in this assay 
considerably reduce egg albumin's denaturation and 

may have anti-inflammatory effects (Premathilaka 
and Silva, 2016). One of the main causes of inflamma-
tion is protein denaturation and cellular infiltration, 
and leukocytes release lysosomal contents that in-
clude proteases and bactericidal enzymes that worsen 
tissue damage and the inflammatory response (Prem-
athilaka and Silva, 2016). In this study, Fig. 4 displays 
the compounds' inhibitory effects on protein denatur-
ation (egg albumin). According to Fig. 4, it was inter-
esting to note that ethyl margarate (heptadecanoic 
acid ethyl ester) (CM-1) exhibited the highest percent-
age inhibition from 6.25 µg/mL concentration (69.11 ± 
2.24%) up to 100 µg/mL concentration (87.30 ± 1.87%) 
whereas, at the lowest concentration (3.125 µg/mL), 
diclofenac showed the highest inhibition (21.69 ± 
1.21%). Nonetheless, the summarized anti-
inflammatory reaction (Table 4) showed that CM-1 
exhibits a comparable activity (IC50 = 12.24 ± 0.69 
µg/mL) to diclofenac, with each one exhibiting better 
activity compared to CM-2 (IC50 = 17.41 ± 0.63 
µg/mL). Although epoxy-bearing fatty acids are 
promising targets against inflammatory diseases 
(McReynolds et al., 2020), the significant reduction in 
the anti-inflammatory activity of the epoxy-
containing compound CM-2 in this study could be 
ascribed to its longer hydrocarbon chain compared to 
CM-1 (Chen et al., 2021). 
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Figure 4. In vitro anti-inflammatory activity of ethyl margarate (CM-1) and 
nonadecanoic acid-2-ethoxy ethyl ester (CM-2) isolated from the leaves of Cyperus 

marginatus. 

 
 

Table 4. In vitro anti-inflammatory activity of isolated compounds. 

Isolated compounds IC50 ± SEM (µg/mL) 

Ethyl margarate 12.24 ± 0.69a 

Nonadecanoic acid-2-ethoxy ethyl ester 17.41 ± 0.63b 

Diclofenac (standard) 11.94 ± 1.37a 

Data are presented as mean ± SEM (n = 3). Values having different alphabets in superscript are considered 

significant at p<0.05, while those with the same alphabets are comparable (p>0.05). 

 
In silico molecular docking 

The molecular docking results showed exhilarat-
ing results against proteins. NOX is a membrane-
bound ROS-producing enzyme. Superoxide is pro-
duced when an electron is transferred from one oxy-
gen atom to another by the enzyme NOX. After con-
verting from superoxide to hydrogen peroxide, CAT 
uses reduced GSH to catalyze the conversion into 
water further (Girima and Devendra, 2011). The re-
sults of the research showed that Ile67, Leu186, Ile189, 
Phe216, Phe215, Phe212, His209, His101, Leu68, 
Val71, Arg284, His210, Tyr280, Trp206, Arg287, 
Arg73, Phe202, Phe205, Arg198, Leu98, His101, 
Ser193, Trp106, Lys102, Ala105, Ile190, Ile108 formed 
the active site pocket in NOX2 (PDB ID 7U8G) (Fig. 5). 
The interaction of ethyl margarate with the hydro-
phobic interaction (Leu68, Arg73, His101, Ala105, 
Ile108, Leu186, Ile189, Trp206, His209, Phe212, 
Arg287), hydrogen bonds with residues (His210, 
Tyr280, Arg 284) and Pi-alkyl interactions (Ile67, 
Val71, Phe215, Phe216) of NOX2 protein displayed 
the binding energy score of -7.2 kcal/mol. Whereas 
hydrophobic interaction (Ile67, Leu68, Val71, Arg73, 
His101, Ala105, Ile108, Leu186, Ile190, His209, His210, 
Phe212, Phe216), hydrogen bonds (Trp206, Tyr280, 
Arg284, Arg287) and Pi-sigma interactions (Phe215), 

and alkyl interaction (Ile189) of NOX2 protein with 
the compound nonadecanoic acid 2-ethoxy ethyl ester 
returned a binding energy score of -6.7 kcal/mol. The 
standard L-ascorbic acid showed a binding energy 
score of -5.7 kcal/mol with hydrophobic interactions 
(His115, His119, Ala175, Ile182), hydrogen bond 
(Gly176, Gly179, Thr183, His222) (Table 5 and Fig. 6A-
C). It is interesting to note that the two FAEs signifi-
cantly inhibited ROS production, as shown in the in-
vitro antioxidant assay, which is also supported by the 
in silico results. 

The NF-κB protein and the native ligand produced 
the active site pocket (Fig. 7). Furthermore, ethyl mar-
garate interacted with the hydrophobic interaction 
(Leu406, Gly407, Arg408, Val414, Lys429, Met469, 
Glu470, Leu472, Gly475, Ser476, Gln479, Asp519, 
Asn520, Cys533, Asp534), hydrogen bonds (Gly409) 
and alkyl interactions (Ala427, Leu471, Leu522) of the 
protein NF-κB, returning a binding energy score of -
6.1 kcal/mol. On the other hand, nonadecanoic acid-
2-ethoxy ethyl ester’s interaction with NF-κB (hydro-
phobic interaction: Leu406, Gly407, Arg408, Gly409, 
Phe411, Val414, Ala427, Met469, Leu472, Gly475, 
Ser476, Gln479, Asp519, Asn520, Leu522, Cys533, 
Asp534, and hydrogen bonds: Ser410, Gly412) dis-
played an energy score of -6.0 kcal/mol. 
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Figure 5. Amino acids formed the active site pocket in NOX2. 

 
 

Table 5. The binding affinity of receptors (protein) with fatty acid esters from C. marginatus leaf. 

Phytocompounds 
Binding affinities (Kcal/mol) 

NOX2 (7U8G) NF-κB (4DN5) 

Ethyl margarate -7.2 -6.1 

Nonadecanoic acid-2-ethoxy ethyl ester -6.7 -6.0 

L-Ascorbic acid (standard) -5.7 --- 

Diclofenac (standard) --- -5.9 

 
However, the standard diclofenac is not far be-

hind, as it showed -5.9 kcal/mol with the hydropho-
bic interactions (Gly407, Gly409, Lys429, Met469, 
Ser476, Asp519, Asn520), hydrogen bonds (Arg408, 
Cys533), Pi-alkyl (Leu406, Val414), Pi-anion (Asp534) 
and Pi-sigma (Leu522) interactions (Table 5 and Fig. 
8A-C). As we know, inflammation is mostly caused 
by NF-κB. In addition, it controls the manufacture of 
cytokines and cell viability; it has occasionally been 
connected to cancer and autoimmune diseases. There-
fore, inhibiting this protein might be a worthwhile 
goal for conditions linked to inflammation (Banerjee 
et al., 2022). We discovered that both the FAEs exhib-
ited encouraging outcomes in terms of their anti-
inflammatory activity in vitro, corroborating the in 
silico findings. Thus, ethyl margarate and nonadeca-
noic acid-2-ethoxy ethyl ester have been demonstrat-
ed through this study to be promising FAEs for reac-
tive oxygen species (ROS) and inflammation-related 
conditions. 

In silico analysis of physicochemical features and 
toxicity indices 

The pharmacokinetics of pharmacological leads 
are estimated by assessing a substance's physico-
chemical properties (Kar et al., 2022b; Naidoo et al., 
2021). We used Veber's rule (Veber et al., 2002) and 
Lipinski's rule of five (Lipinski et al., 2001) to assess 
the compounds' physicochemical characteristics. In 
order to determine the compounds' possible drugga-
bility in relation to the medications, their physico-
chemical characteristics were compared to those of 
the pertinent standard drugs, L-ascorbic acid and 
diclofenac. It was discovered that the physicochemical 
characteristics of the relevant phytochemicals, such as 
ethyl margarate and nonadecanoic acid-2-ethoxy 
ethyl ester, were completely consistent with Veber's 
rule and Lipinski's rule of five (RO5), indicating their 
significant drug-like potential (Table 6).  
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Figure 6. Molecular docking interactions of NOX2 with (A) ethyl margarate, (B) nonadecanoic acid-2-ethoxy ethyl ester, and 

(C) L-ascorbic acid.  

The blue ribbon represents the NOX2 protein.  

 
According to Wang et al. (2017), it has been sug-

gested that in silico toxicity prediction and evaluation 
of potential treatment candidates may be important in 
the early phases of drug development. According to a 
thorough in silico toxicity evaluation, the substance 
ethyl margarate was found to be non-mutagenic, non-
cytotoxic, non-hepatotoxic, and carcinogenic, whereas 
nonadecanoic acid-2-ethoxy ethyl ester was found to 

have the potential to be non-mutagenic, non-
carcinogenic, non-cytotoxic, and non-hepatotoxic 
(Table 7). Finding compounds with structural alarms 
is a crucial screening step in the drug development 
process. The phrase "toxicophores" describes PAINS 
(panassay interference compounds), which are known 
to disrupt biological tests, interact with proteins and 
DNA, and, among other potentially harmful effects, 
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Figure 7. Amino acids formed the active site pocket in NF-κB. 

 
 

 

Figure 8. Molecular docking interactions of 

NF-κB with (A) ethyl margarate, (B) 

nonadecanoic acid-2-ethoxy ethyl ester, and 

(C) diclofenac.  

The pink ribbon represents the NF-κB protein. 
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Table 6. Physicochemical properties of the phytochemicals isolated from Cyperus marginatus leaf extracts and their accordance 

with the rules of drug-likeness. 

Physicochemical properties 

Compound 

Ethyl 

margarate 

Nonadecanoic 
acid-2-ethoxy 

ethyl ester 

L-ascorbic acid 

(standard) 

Diclofenac 

(standard) 

Molecular weight (Dalton) 298.50 298.50 176.12 296.15 

Number of Hydrogen bond acceptor (HBA) 2 2 6 2 

Number of Hydrogen bond donor (HBD) 0 1 4 2 

No. of rotatable bonds 17 17 2 4 

TPSA (Å²) 26.30 37.30 107.22 49.33  

log P 6.42 6.72 -1.41 4.44 

In accordance with Lipinski’s rule of Five (RO5) Yes; 1 violation Yes; 1 violation Yes Yes 

In accordance with Veber’s rule No; 1 violation No; 1 violation Yes Yes 

Mol. Wt: Molecular weight; TPSA: Topological Polar Surface Area; log P: Logarithm of partial coefficient. 

 
 

Table 7. In silico toxicity assessment of the concerned phytochemicals isolated from Cyperus marginatus leaf ex-

tracts. 

Toxicity assessment 

Compound 

Ethyl mar-

garate 

Nonadecanoic 

acid-2-ethoxy 

ethyl ester 

L-ascorbic acid 

(standard) 

Diclofenac 

(standard) 

Mutagenicity 

(AMES mutagenesis) 

No No No No 

Cytotoxicity No No No No 

Carcinogenicity Yes No No No 

Hepatotoxicity No No No Yes 

Medicinal Chemistry (PAINS) 0 alert 0 alert 0 alert 0 alert 

P-glycoprotein inhibitor Yes No No No 

PAINS: Pan-assay interference compounds.  

 
result in hepatotoxicity, carcinogenicity, and CYP 

inhibition (Baell, 2010; Pouliot and Jeanmart, 2016). 
Since there were no PAINS structural alarms found, 
the relevant phytochemicals cleared the PAINS-
related toxicity screening stage (Table 7). P-gp inhibi-
tors can alter the pharmacokinetics of a medication, 
enhancing its distribution, absorption, and metabo-
lism (Le et al., 2022). Based on in silico screening, ethyl 
margarate was the suitable P-gp inhibitor (Table 7). 
Thus, ethyl margarate, the relevant phytocompound 
demonstrated promising drug-like qualities and pro-
vided further prospects for in vitro and in vivo valida-
tion towards the development of effective therapies 
for reactive oxygen species (ROS) and inflammation-
related diseases. 

Molecular dynamics (MD) simulations 

The compound ethyl margarate (heptadecanoic 
ethyl ester) had the best interaction with the NOX2 
and NF-κB protein in terms of binding energy scores 
(Table 5). It was also predicted that the compound 
would be non-toxic. As a result, MD simulations of 
the respective protein-ligand complexes were run for 
120 ns. The mean RMSD values of the ethyl mar-
garate-NOX2 protein complexes (complex 1) and 
ethyl margarate-NF-κB protein (complex 2) were 
found to be 0.8 and 1.0 Ǻ respectively. In contrast, the 
mean RMSF values were 1.7 and 1.5 Ǻ for the corre-
sponding complexes. The RMSD values of the C at-
oms in complexes 1 and 2 initially fluctuated, but 
after 95 and 102 ns, they stabilized and remained in 
equilibrium (Fig. 9A, C).  
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Figure 9. (A) RMSD analysis of the complex ethyl margarate-NOX2 protein. (B) RMSF analysis of the complex ethyl margarate-

NOX2 protein. (C) RMSD analysis of the complex ethyl margarate-NF-κB protein. (D) RMSF analysis of the complex ethyl 

margarate-NF-κB protein. 

 
In contrast, complexes 1 and 2's RMSF analysis re-

vealed the fewest fluctuations and was generally sta-
ble over the course of the 120 ns MD simulations, 
reflecting the conformation stability of the corre-
sponding complexes (Fig. 9B, D). 

CONCLUSION 

This study investigated the fatty acid composition 
and antioxidant properties of Cyperus marginatus 
leaves, focusing on compounds isolated from the 
dichloromethane extract. Two compounds, ethyl 
margarate, and nonadecanoic acid-2-ethoxy ethyl 
ester, were isolated and characterized from the plant 
for the first time. Ethyl margarate showed promising 
antioxidant and anti-inflammatory properties based 
on its considerable free radical (DPPH, NO, and Fe3+) 
scavenging activity and inhibitory action against pro-
tein denaturation. These findings were corroborated 
in the in silico study, with ethyl margarate showing 
higher binding affinity to the NOX2 and NF-κB, 
which are proteins implicated in ROS and inflamma-
tion. The study findings contribute to the repository 
of chemical constituents of C. marginatus and high-
light the biological potential of the FAEs, especially 
ethyl margarate, for possible cosmeceutical applica-
tion.  

Future studies could focus on investigating the bi-
oavailability, bioactivity, and safety profiles of ethyl 
margarate and nonadecanoic acid-2-ethoxy ethyl ester 
in preclinical models. Moreover, exploring the syner-

gistic effects of these compounds with other bioactive 
components of C. marginatus could provide a com-
prehensive understanding of the plant's medicinal 
potential. Additionally, clinical studies may be con-
ducted to validate the antioxidant and anti-
inflammatory properties of these compounds in hu-
mans. The identification of specific molecular targets 
and elucidation of underlying mechanisms of action 
could further enhance the establishment of these 
FAEs as therapeutic agents. 
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Figure S1. LC-MS Chromatogram of CM-1. 

 

 

Figure S2. 1H NMR Spectrum of CM-1. 
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Figure S3. 13C NMR Spectrum of CM-1. 
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Figure S4. LC-MS Chromatogram of CM-2. 
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Figure S5. 1H NMR Spectrum of CM-2.  

 

 

Figure S6. 1H NMR Spectrum of CM-2. 
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