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Water-soluble fullerene derivatives are actively investigated as potential drugs for cancer treatment due
to their favorable membranotropic properties. Herein, cytotoxic effects of twenty fullerene derivatives
with different solubilizing addends were evaluated in three different types of non-small-cell lung carci-
noma (NSCLC). The potential structural descriptors of the solubilizing addends related to the inhibitory
activities on each type of lung cancer cell were investigated by the quantitative structure-activity rela-
tionship (QSAR) approach. The determination coefficient r* for the recommended QSAR model were
0.9325, 0.8404, and 0.9011 for A549, H460, and H1299 cell lines, respectively. The results revealed that
NSCLC . . . . ..
Genetic algorithm the Fhefmcal features of the fullerene-based compou.nds including aromat}c b.or.1d5, sulfur-containing aro-
QSAR matic rings, and oxygen atoms are favored properties and promote the inhibitory effects on H460 and
H1299 cells. Particularly, thiophene moiety is the key functional group, which was positively correlated
with strong inhibitory effects on the three types of lung cancer cells. The useful information obtained
from our regression models may lead to the design of more efficient inhibitors of the three types of
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1. Introduction

Human lung cancer is the most common leading cause of cancer-
associated deaths for both men and women [1,2]. Approximately
18.4% of all deaths caused by cancer were associated with lung can-
cer, and the number of deaths from lung cancer is more than that of
colon, prostate, and breast cancers [3]. Most cases of lung cancer can
be divided into two categories, about 13% of lung cancers being
small-cell lung carcinoma (SCLC) and 84% belonging to non-small
cell lung cancer (NSCLC) [4]. The survival rate of patients with lung
cancer is still pretty low despite the advances in drug therapy and
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diagnosis [5,6]. The common treatment strategies of lung cancer
include chemotherapy [7], radiation therapy [8], systemic therapy
[9], targeted therapy [10], and immunotherapy [11]. For the current
cancer treatments, there is no effective therapeutic strategy for most
patients with metastatic lung cancer. Metastatic lung cancer occurs
when the originated lung tumors spread and travel to other parts of
tissues via the blood and lymphatic system. The typically invaded
areas of the human body include adrenal glands [12], liver [13], brain
[14], bone [15], and lymph nodes. [16]. To date, lung transplantation
is one of the accepted treatments to prolong survival of the end-
stage patients with lung disease [17]. According to a recent report,
pulmonary drug delivery offers an opportunity for the drug to be
delivered directly to the lung [18]. The nanoparticle drug delivery
systems [19] have potential effects that can be applied to improve
the antitumor treatment [20-23]. For instance, the nanoparticle-
based platform can serve as a highly efficient way of delivering drugs
for lung cancer therapy [24-26].
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Epithelial-mesenchymal transition (EMT) is a process that pro-
motes the immotile epithelial cells to lose cell-cell adhesion and
converts epithelial cells into mesenchymal cells during cancer pro-
gression and metastasis [27]. The mesenchymal cells have invasive
properties that can migrate from the originated epithelial layer to
other parts of tissues through blood vessels [28]. There are many
different types of lung cancer cell lines, such as A549, H460, and
H1299. According to previously published results, H1299 cell line
can be characterized as mesenchymal cells [29]. The H1299 cell line
represents a heterogeneous and aggressive form that contributes to
the metastatic property and drug-resistivity of the cells due to the
expression of CD44 [30]. Regarding the invasive potential of NSCLC
cancer cell lines, literature has reported that H1299 is more aggres-
sive than A549 in the result of cell invasion assay [31]. The A549
cells have more epithelial characteristics than H1299 cells, while
the H1299 cells have more mesenchymal characteristics and less
effective epithelial marker expression [32]. Meanwhile, H460 exhi-
bits EMT characteristics and contains both epithelial and mes-
enchymal markers to promote cell elongation and other
morphological changes [33]. For the balance between epithelial
and mesenchymal properties, H460 showed weak mesenchymal
features, unlike H1299 that displayed increased mesenchymal phe-
notype [34]. The above information reveals that the H1299 cell line
is the most aggressive and most resistant to drug therapy.

Fullerenes and their derivatives are promising nanomaterials
with a wide range of biomedical applications. For example, fullerene
Cgo and Cyq derivatives can act as anti-HIV drugs [35], cancer cell
inhibitors [36], DNA photocleavage [37], superconducting materials
[38], radionuclide chelating agents [39], drug delivery carriers [40-
42], and strong antioxidants [43-46]. The membrane transportation
of fullerenes and their derivatives has been actively investigated
during the past decade, and distinct penetration through lipid bilay-
ers of cell membranes was revealed [47-50]. Fullerenes with
hydrophobic surface can easily penetrate into the lipid membrane
because their translocation kinetics are similar to those of
dioleoylphosphatidylcholine  (DOPC) and dipalmitoylpho-
sphatidylcholine (DPPC) in the lipid bilayer. Because fullerenes are
extremely insoluble in water, functionalization of fullerenes with
solubilizing functional groups helps overcome the limitation for
drug development [51]. Meanwhile, the mechanism of nanoparticle
distribution is highly important for the development of less toxic
drug delivery systems based on fullerenes.

The quantitative structure-activity relationship (QSAR) model-
ing is an efficient tool for rapid identification of correlations
between chemical structures of compounds and their biological
activities based on statistical analysis and generation of classifica-
tion models. The QSAR approach can be used to identify potential
chemical or physical properties among the various types of syn-
thetic compounds for leading drug discovery and optimization as
well. In this study, a series of twenty different water-soluble fuller-
ene derivatives were synthesized and their cytotoxicity was evalu-
ated for A549, H460, and H1299 lung cancer cells. Obtained
experimental data was used to generate QSAR models and reveal
the influence of various solubilizing addends attached to the fuller-
ene cage on cytotoxicity of the fullerene derivatives for various
cancer cell lines. The information obtained using predictive com-
puter models might guide the design of water-soluble fullerene
derivatives toxic to various types of lung cancer cells.

2. Materials and methods
2.1. Synthesis of the Water-Soluble fullerene derivatives

Compounds 1-6 have been synthesized using the reaction of
chlorofullerene CgoClg with tert-butyl esters of amino acids fol-
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lowed by hydrolysis of tert-butyl protective groups using method
reported earlier by our group [52]. Compounds 1-6 have been
characterized in the form of tert-butyl esters. Spectral data for
the new compounds are given below.

Compound 1. 'H NMR (500 MHz, CDCls, 8, ppm): 0.90-1.14

(m, 30H, (CHs),CH), 1.21-1.53 (m, 45H, (CH;);C), 1.58-1.74 (m,
10H, CH,), 1.85-2.46 (m, 5H, (CH3),CH), 3.21-4.79 (m, 10H,
CH, NH).

13C NMR (126 MHz, CDCls, 8, ppm): 22.02 (CH3),CH), 22.33
(CHs),CH), 22.53 (CH5),CH), 22.78 (CH3),CH), 22.86 (CH3),CH),
22.90 (CH3),CH), 22.96 (CHs3),CH), 23.06 (CH3),CH), 23.12 (CHs)»-
CH), 23.37 (CH3),CH), 24.57 (CH3),CH), 24.84 (CH;),CH), 24.92
(CH3),CH), 25.04 (CHs),CH), 25.19 (CHs),CH), 27.89 (CH3)sC),
27.94 (CH3)5C), 28.00 (CH3)5C), 28.05 (CH5)3C), 43.65 (CH,), 43.83
(CH,), 44.08 (CH;), 44.17 (CH,), 44.38 (CH,), 57.32 (NHCH), 57.36
(NHCH), 57.62 (NHCH), 57.89 (NHCH), 58.39 (NHCH), 63.86 (Cqps,
cage)v 64.07 (gspl cage)s 65.14 (gspB, cage)v 67.29 (gspB, cage)- 68.21
(Cep3, cage)s 80.69 (CH3);C), 80.87 (CHs)sC), 80.91 (CH3);C), 81.05

(CH3)3C), 81.25 (CH3)5C), 141.26, 141.73, 142.03, 142.27, 142.45,
142.79, 142.91, 143.37, 143.61, 143.65, 143.68, 143.73, 143.95,
144.02, 144.09, 144.13, 144.16, 144.29, 144.58, 144.92, 145.40,
145.46, 145.70, 146.28, 146.51, 146.83, 146.94, 147.04, 147.06,
147.14, 147.19, 147.26, 147.41, 147.43, 147.99, 148.29, 14837,
148.42, 148.52, 148.56, 148.60, 148.74, 148.76, 148.79, 149.08,
149.22, 149.50, 151.12, 151.68, 152.83, 154.39, 154.67, 154.99,

155.31, 176.22 (CO0), 177.01 (COO), 177.07 (COO), 177.16 (COO),

177.38 (COO).
Compound 2. 'H NMR (500 MHz, CDCls, 8, ppm): 1.06-1.29 (m,

30H, (CHs),CH), 1.34-1.53 (m, 45H, (CH3)sC), 2.11-2.46 (m, 5H,
(CH3),CH), 3.37 (d, J = 11.7 Hz, 1H, NH), 3.46 (d, J = 12.0 Hz, 1H,
NH), 3.55 (d, J = 11.6 Hz, 1H, NH), 3.64 (d, J = 12.3 Hz, 1H, NH),
3.71 (d, J = 11.6 Hz, 1H, NH), 4.44-4.56 (m, 3H, Csp3, cage-H, CH),
4,73 (dd, J = 11.6, 4.9 Hz, 1H, CH), 4.80 (dd, J = 12.0, 5.0 Hz, 1H,
CH), 4.87 (dd, J = 11.9, 5.4 Hz, 1H, CH).

13C NMR (126 MHz, CDCls, 8, ppm): 17.81 ((CH5),CH), 17.94
((CH3)2CH), 18.07 ((CH3)2CH), 18.36 ((CH3),CH), 18.56 ((CH3)>CH),
19.60 ((CHs5),CH), 19.82 ((CH3),CH), 19.87 ((CH3),CH), 20.02
((CH3),CH), 27.99 ((CHs);C), 28.02 ((CH3)5C), 28.10 ((CH5)50),
28.24 ((CH3)5C), 32.16 ((CH3),CH), 32.31 ((CH3),CH), 32.42 ((CH3)-
CH), 32.57 ((CH3)2,CH), 60.63 (Csp3, cage-H), 63.19 (NHCH), 63.62
(NHCH), 64.33 (NHCH), 64.42 (NHCH), 64.46 (NHCH), 64.47 (Csp3,
cage)- 64.90 (gspB. cage)- 66.20 (Qsp& cage)v 66.57 (Qsp& cage)- 67.49
(Cop3, cage), 80.94 ((CH3)5C), 81.02 ((CH;5)5C), 81.07 ((CHs)50),

81.19 ((CH3);C), 81.23 ((CHs)sC), 142.82, 142.85, 142.90, 143.19,
143.32, 143.45, 143.47, 143.68, 143.74, 143.75, 144.00, 144.06,
144.28, 144.30, 144.33, 144.67, 144.81, 144.88, 145.07, 145.44,
145.50, 145.52, 145.58, 146.14, 146.93, 147.00, 147.09, 147.14,
147.17, 147.21, 147.27, 147.36, 147.76, 148.00, 148.08, 148.10,
148.17, 148.26, 148.38, 148.43, 148.46, 148.49, 148.56, 148.70,
148.77, 148.82, 150.95, 151.52, 151.83, 152.12, 153.17, 154.66,

154.68, 155.20, 175.58 (CO0), 175.59 (COO), 175.79 (COO),

175.88 (C0O0), 176.15 (COO).
Compound 3. '"H NMR (500 MHz, CDCls, 5, ppm): 0.96-1.21 (m,

30H, CH5CH,, CH3CH), 1.26-1.57 (m, 45H, (CH3)5C), 1.57-2.18 (m,
15H, CH5CH,, CH5CH), 3.35 (d, J = 11.8 Hz, 1H, NH), 3.45 (d,
J = 12.0 Hz, 1H, NH), 3.54 (d, J = 12.2 Hz, 1H, NH), 3.64 (d,
J = 12.3 Hz, 1H, NH), 3.70 (d, J = 11.7 Hz, 1H, NH), 4.41-4.47 (m,
2H, CH), 449 (s, TH, Cyps, cage-H), 4.67 (dd, J = 11.7, 5.4 Hz, 1H,
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CH),4.76 (dd, ] = 11.8, 5.4 Hz, 1H, CH), 4.80 (dd, ] = 12.2, 6.2 Hz, 1H,
CH).

13C NMR (126 MHz, CDCls, 8, ppm): 11.76 (CH5CH,), 11.95 (CH-
CH,), 12.08 (CH5CH,), 12.21 (CH3CH,), 12.28 (CH5CH,), 15.01 (CH3-
CH), 15.65 (CH5CH), 15.79 (CH5CH), 16.12 (CH5CH), 16.23 (CH5CH),
24.99 (CH,), 25.32 (CH,), 25.41 (CH,), 25.49 (CH,), 25.70 (CH,),
27.98 ((CH3)5C), 28.02 ((CH3);C), 39.18 (CH5CH), 39.44 (CHsCH),
39.47 (CH5CH), 39.58 (CH5CH), 39.87 (CH3CH), 60.57 (Csp3, cage-H),
63.12 (NHCH), 63.59 (NHCH), 64.22 (NHCH), 64.35 (NHCH), 64.37
(NHCH), 64.39 (Csp3, cage): 64.90 (Ceps, cage)r 66.20 (Cops, cage). 66.58
(Cops, cage)r 67.47 (Cops, cage)r 80.91 ((CH3);C), 81.03 ((CH3):C),
81.07 ((CH3)sC), 81.18 ((CH3)sC), 81.23 ((CH3)5C), 141.31, 141.79,
142.83, 142.93, 143.17, 143.31, 143.32, 143.47, 143.49, 143.69,
143.70, 143.76, 144.03, 144.07, 144.12, 144.30, 144.32, 144.43,
144.59, 144.79, 144.89, 144.95, 145.03, 145.18, 145.39, 145.54,
145.62, 145.71, 146.17, 146.89, 146.94, 147.01, 147.11, 147.16,
147.28, 147.82, 148.02, 148.10, 148.17, 148.26, 148.37, 148.49,
148.56, 148.71, 148.78, 149.14, 151.01, 151.46, 151.76, 152.20,

153.22, 154.68, 155.28, 175.64 (COO), 175.70 (COO), 175.96

(C00), 175.98 (COO), 176.28 (COO).
Compound 4. "H NMR (500 MHz, CDCl3, 5, ppm): 0.86-1.20 (m,

15H, CH3CH,), 1.25-1.50 (m, 45H, (CHs)sC), 1.70-2.12 (m, 10H,
CHsCH»), 3.07-3.87 (m, 5H, NH) 4.07-5.00 (m, 5H, CH).

13C NMR (126 MHz, CDCl3, 8, ppm): 9.97 (CH3CH,), 10.26 (CHs5-
CH,), 10.44 (CH5CH,), 10.56 (CH3CH,), 10.59 (CH5CH,), 27.66 (CH3-
CH,) 27.83 ((CH3)5C), 27.96 ((CH3)3C), 27.99 ((CHs)3C), 28.03
((CH3)3C), 28.08 ((CH3)5C), 59.45 (NHCH), 59.65 (NHCH), 60.52
(NHCH), 61.46 (NHCH), 61.89 (NHCH), 64.18 (Csp3, cage), 64.42
(gsp3, cage)v 65.65 (gspB, cage)v 67.33 (gspB, cage)v 68.53 (gsp3, cage)y
77.13 (C-Cl), 80.61 ((CH3)3C), 80.87 ((CH3)3C), 80.90 ((CH3)3C),
81.00 ((CHz)3C), 81.22 ((CH3)3C), 140.78, 141.87, 142.38, 142.53,
142.62, 142.67, 142.78, 143.29, 143.61, 143.68, 143.72, 144.00,
144.04, 144.07, 144.09, 144.20, 144.30, 144.34, 144.57, 145.20,
145.43, 145.49, 146.45, 147.15, 147.20, 147.32, 147.34, 147.41,
147.97, 148.23, 148.32, 148.42, 148.50, 148.56, 148.71, 148.77,
148.79, 149.67, 150.56, 151.03, 151.69, 154.43, 154.72, 155.11,
175.77 (CO0), 176.02 (CO0), 176.21 (COO), 176.29 (COO), 176.45
(COO0).

Compound 5. '"H NMR (500 MHz, CDCls, 5, ppm): 0.80-1.16 (m,
15H, CH5CH,), 1.23-1.53 (m, 45H, (CHs);C), 1.54-1.98 (m, 20H,
CH,CH>), 3.15-3.73 (m, 5H, NH), 4.30-5.09 (m, 5H, CH).

13C NMR (126 MHz, CDCls, 3, ppm): 14.15 (CH5CH,), 14.16 (CH3-
CH,), 14.22 (CH5CH,), 14.33 (CH3CH,), 14.49 (CH5CH,), 18.82 (CH3-
CH,), 19.04 (CHsCH;), 19.29 (CH5CH,), 19.37 (CHs3CH,), 27.97
((CH5)5C), 28.04 ((CH3)5C), 28.05 ((CH3)5C), 36.65 (CH,CH,), 36.81
(CH,CH,), 37.11 (CH,CH,), 37.40 (CH,CH,), 58.01 (NHCH), 58.72
(NHCH), 59.32 (NHCH), 60.33 (NHCH), 60.62 (NHCH), 64.08 (Cp3,
cage)v 64.28 (Qsp3, cage)v 65.44 (gsp3, cage)- 67.40 (Qsp& cage)- 68.45
(Csp3, cage) 80.59 ((CH3)3C), 80.81 ((CHs)sC), 80.82 ((CH3)30),
80.98 ((CH3)3C), 81.24 ((CH3)3C), 140.93, 141.93, 142.19, 142.42,
142.59, 142.67, 142.83, 143.30, 143.58, 143.60, 143.69, 144.00,
144.04, 144.16, 144.18, 144.27, 144.31, 144.40, 144.56, 145.12,
145.34, 145.52, 146.56, 147.17, 147.20, 147.32, 147.36, 147.41,
147.97, 148.23, 148.29, 148.32, 148.41, 148.51, 148.58, 148.72,
148.76, 148.79, 149.54, 150.72, 151.10, 151.61, 154.47, 154.74,
155.16, 176.00 (COO0), 176.23 (CO0), 176.65 (CO0), 176.72 (COO).

Compound 6. '"H NMR (500 MHz, CDCls, 5, ppm): 0.05-0.32 (m,
10H, CH; cycie), 0.40-0.67 (m, 10H, CH> cycie), 0.80-1.17 (m, 5H, CH

814

Computational and Structural Biotechnology Journal 19 (2021) 812-825

cycle), 1.23-1.60 (m, 45H, (CHs3)3C), 1.63-1.95 (m, 10H, CH,), 3.23-
4.07 (m, 5H, NHCH), 4.48-5.15 (m, 5H, NHCH).

13C NMR (126 MHz, CDCls, 3, ppm): 4.49 (CHj cycte), 4.53 (CHy
cycle)v 4.75 (QHZ cycle)r 4.79 (QHZ cycle)v 4.88 (gHZ cycle)v 5.07 (QHZ
cycle)v 5.32 (QH2 cycle)- 5.37 (QHZ cycle)- 7.19 (QH cycle)- 7.54 (QH cycle)y
7.60 (QH cycle): 7.69 (QH cycle)- 7.83 (QH cycle)- 27.96 ((CH3)3£)v 28.01
((CH3)3C€), 39.60 (CH>), 39.75 (CH>), 39.98 (CH,), 40.02 (CH,), 40.36
(CH,), 58.76 (NHCH), 59.10 (NHCH), 59.78 (NHCH), 60.79 (NHCH),
61.21 (NHQH). 64.14 (gsp3, cage)v 64.36 (gspl cage)v 65.53 (gsp3, cage)v
67.39 (gsp3, cage)y 68.49 (gsp3, cage)y 77.11 (Q'CI)v 80.65 ((CH3)3g)v
80.93 ((CHs)3C), 80.97 ((CH3)5C), 81.10 ((CH3)5C), 81.18 ((CH3)50),
140.99, 141.83, 142.20, 142.51, 142.58, 142.71, 142.83, 143.32,
143.61, 143.65, 143.70, 143.75, 143.93, 144.02, 144.06, 144.08,
144.12, 144.17, 144.29, 144.43, 144.57, 145.16, 145.41, 145.66,
146.43, 147.17, 147.20, 147.33, 147.36, 147.41, 147.98, 148.24,
148.32, 148.43, 148.52, 148.58, 148.74, 148.80, 149.65, 150.64,
151.17, 151.66, 154.44, 154.71, 155.29, 175.76 (COO0), 175.89
(€C00), 176.15 (COO0O), 176.20 (CO0), 176.37 (COO).

Compounds 7-10 have been synthesized using method of direct
arylation of chlorofullerene CgoClg with aromatic acids reported
earlier [53].

Compound 7. 'H NMR (500 MHz, (CD3),S0, 3, ppm): 2.27 — 2.45
(m, 20H, CH,), 2.62 - 2.90 (m, 10H, CH>), 3.13 - 3.30 (m, 10H, CH,),
6.92 - 7.83 (m, 20H, CH), 7.89 - 8.02 (m, 5H, NH), 12.17 (br. s, 5H,
COOH). 3C NMR (126 MHz, (CD3),S0, &, ppm): 30.90 (CH,), 31.14
(CHy), 34.35 (CH>), 35.18 (CH>), 35.24 (CH,), 35.25 (CH,), 36.87
(QHZ)- 37.11 (QHZ)- 37.20 (QHz), 57.85 (gsp3, cage)v 60.58 (QspB, cage),
63.15 (Csp3, cage)y 76.53 (Csp3, cage-Cl), 128.31, 128.48, 128.64,
128.72, 129.35, 129.43, 134.53, 136.00, 141.29, 141.60, 141.79,
141.87, 142.02, 142.78, 143.57, 143.64, 143.76, 143.90, 144.06,
144.10, 144.17, 144.22, 144.40, 144.43, 145.50, 147.18, 147.22,
147.33, 147.78, 148.07, 148.17, 148.41, 148.53, 148.57, 148.61,
148.72, 150.69, 151.40, 154.10, 156.85, 171.74 (CO), 171.82 (CO),
171.85 (CO), 173.31 (CO), 173.37 (CO).

Spectral data for compounds 8-10 have been published earlier
[53]. Compounds 11-20 have been obtained and characterized as
reported previously by our group [54].

2.2. Dynamic light-scattering (DLS) measurements

DLS measurements were performed on a Photocor Complex
photon correlation spectrometer at 23 °C using the near-infrared
laser (790 nm). Compounds 1-20 (4 mg) were dissolved in deion-
ized water (4 mL), and filtered through a PES syringe filter
(0.45 pm). The measurements were performed in glass vials
(d =10 mm).

2.3. Cell culture

A549, H460 and H1299 NSCLC cell lines were obtained from the
American Type Culture Collection (ATCC). The human dermal
fibroblasts were obtained from human foreskin (IRB#100-05-
251) [55]. All types of NSCLC cells were grown in the Roswell Park
Memorial Institute medium (RPMI 1640, Gibco, USA), while the
human fibroblasts were cultured in the high-glucose Dulbecco’s
modified Eagle medium (DMEM, Gibco, USA). The culture medium
contains 10% fetal bovine serum (FBS, Gibco, USA) and 10 mg/L
Antibiotic-Antimycotic (Gibco, USA). Cells were maintained in a
humidified 5% CO, chamber at 37 °C. The cultured cells were resus-
pended using 0.25% trypsin/EDTA solution (Gibco) every 3 days for
subculture process. The medium replacement was performed two
times every week.
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2.4. Cell viability analysis

A total number of 1500 cells for A549, H460 and H1299 NSCLC
cell lines were respectively seeded in each well of 96-well plates
and then maintained in the humidified incubator for 24 h before
treatment with fullerene derivatives. After 1 d of incubation, all
of the cultured medium was replaced by the cell culture medium
containing dissolved fullerene derivatives and then cultured for
another 72 h. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo
lium bromide (MTT) powder (CAS# 298-93-1, Alfa Aesar) in deion-
ized water (0.5 mg/mL) was added to each well of the culture
plates and then reacted for 60 min under the condition of 37 °C.
Subsequently, the purple formazan products were dissolved by
dimethyl sulfoxide, and the colored solution was measured at a
test wavelength of 570 nm via a multimode microplate reader
(SpectraMax® iD3).

2.5. QSAR modeling

The 2D and 3D geometry structure of twenty fullerene deriva-
tives were drawn and constructed by ChemDraw (PerkinElmer,
USA) and BIOVIA Discovery Studio software (BIOVIA, USA), respec-
tively. The quotative molecular descriptors of the constructed
geometry structures were calculated by the Calculate Molecular
Property program of the Discovery Studio software. For regression
models generation, the cell survival rate of each fullerene com-
pound was defined as the dependent property while the quotative
descriptors were regarded as independent property. The appropri-
ated molecular descriptors related to the cell survival rate were
selected using the Genetic Function Approximation (GFA) algo-
rithm. [56] The reasonable statistical parameters including coeffi-
cient of determination r? and leave-one-out cross-validation ¢°
were used to determine the recommended equations from results
of QSAR modeling.

2.6. Statistical analyses

The measurements of all experimental data were presented as
the mean + standard deviation (SD). Each experimental groups
were performed independently at least three times for repro-
ducibility. The value of cross-validation (g?) to estimate the accu-
racy of each QSAR model was calculated by the following equation:

2, _ PRESS

- TSS (1)

where PRESS means the predicted residual error sum of squares, and
the TSS indicates the total sum of squares of the differences.

3. Results

3.1. Synthesis and aggregational behavior of water-soluble fullerene
derivatives

Although the synthesis of compounds 8-20 was reported previ-
ously, water-soluble fullerene derivatives 1-7 were synthesized
and characterized for the first time in this work (Table 1). As dis-
cussed above, amphiphilic water-soluble fullerene derivatives tend
to form various supramolecular structures including micelles, mul-
tilayer vesicles, and clusters of micelles and vesicles in aqueous
media [57,58]. To investigate the aggregational behavior of com-
pounds 1-20, the DLS measurements were performed for their
aqueous solutions. The obtained size distribution profiles are pre-
sented in Fig. 1. The hydrodynamic radii of the observed particles
ranged from several nanometers to hundreds of micrometers,
which matched the data reported before for other water-soluble

815

Computational and Structural Biotechnology Journal 19 (2021) 812-825

fullerene derivatives [57]. Most of the investigated compounds
formed several types of supramolecular associates. However, com-
pounds 7-10 with the solubilizing addends represented by the aro-
matic amides of amino acids formed mostly one type of aggregates
with very narrow size distribution profiles.

3.2. Cell viability of synthesized water-soluble fullerene derivatives

Chemical structures of twenty water-soluble fullerene deriva-
tives 1-20 [54] and the survival rates for A549, H460, and H1299
NSCLC lung cancer cells treated with the aforementioned com-
pounds are listed in Table 1. The standard deviation (SD) of each
survival rate was measured from three independent experimental
groups via MTT assay. According to cytotoxicity analysis, several
fullerene derivatives had significant inhibitory effects on three dif-
ferent lung cancer cells in a concentration of 400 uM (Fig. 2). In
particular, the compounds 8, 9, 11, 12, 14, 15, 18, 19, and 20 were
more effective than the other compounds, and sufficiently reduced
the survival rate below ~ 50%. Compounds 1, 3, 5, 7,13, 16, and 17
reduced the cell growth beyond 15% for at least two different kinds
of cancer cell lines. The viabilities of H460 and H1299 cells were
decreased after exposure to compound 1. The viabilities of A549
and H460 cells were inhibited by compound 3. The viabilities of
A549 and H1299 cells were reduced by compound 5, but only
slightly decreased by compounds 6 and 7. However, compounds
2, 6, 16, and 17 induced no significant cell death but increased
the growth rate of H460 and H1299 cells. Compounds 2, 6, 16,
and 17 inhibited A549 cells, while no effective toxicity on H460
and H1299 cells was observed. The half-lethal inhibition concen-
trations (ICso) on three kinds of lung cancer cells could only be esti-
mated for compounds 8, 9, 11, 12, 14, 15, 18, 19, and 20 among the
twenty fullerene derivatives.

In order to determine the suitable concentration of fullerene
derivatives, different concentrations of the compounds 7, 8, and
9 were chosen to evaluate the cytotoxic effects on human fibrob-
lasts for the initial screening. As shown in Fig. S1, the measured
ICs5o values of compounds 8 and 9 were 138.3 uM and 182.4 puM,
respectively. However, the ICsq value of compound 7 was not
observed due to low toxicity. The data showed that compounds
7, 8, and 9 in the concentration of 50 uM did not have toxic effects
on normal human cells. To investigate biological effects of the
above three fullerene derivatives on cancer cells, compounds 7, 8,
and 9 of the concentration 50 pM were used to confirm the cell via-
bility of the cancer cells. The results revealed that compounds 8
and 9 induced more dead cells than the compound 7 (Fig. S2).
Because compounds 8 and 9 in 200 uM decreased the survival rate
of normal cells to below 50% (Fig. S1), compounds 7, 8 and 9 of
200 pM were analyzed for effects on cell cycle and apoptosis of
cancer cells. Results of cell cycle showed the arrested GO/G1 for
cancer cells after the treatment with compounds 7, 8 or 9
(Fig. S3). As for cell apoptosis assay, compounds 8 and 9 signifi-
cantly reduced the number of live cells, while the compound 7
did not induce strong apoptosis in cancer cells (Fig. S4).

3.3. QSAR analysis

The values of survival rate for A549, H460, and H1299 NSCLC
cells were regarded as the activity to generate three different
regression models for the twenty fullerene derivatives. In order
to build a more reasonable QSAR model, we included the experi-
mental data of ten fullerene derivatives from our previous report
and then combined with data from the current study for model
constructions. Because the ten fullerene derivatives synthesized
in our previous literature only had bio-activity data for A549 cells
[54], the survival rate of the H460 and H1299 cells were evaluated
in the current study after treatment by the ten fullerene com-
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Table 1
Molecular structures of fullerene derivatives and the viability of A549, H460, and H1299 after exposure to various fullerene derivatives at 400 pM for 72 h. The cell viability was
estimated by MTT assay.

R, R,
Comp. R1 R2 R3 Survival rate (%)
A549 H460 H1299
1 a 0 0 92.10 £ 5.30 69.62 + 3.72 7637 + 8.31
K K
No/ No/
HN HN
R R
2 H o) o) 84.70 £ 3.79 97.63 £ 3.35 101.00 + 4.01
K K
MO/ MO/
HN HN
R R
3 H 0 o) 71.62 £ 9.68 84.54 + 6.34 87.58 + 5.48
K K
\)\/”\O/ \)\/u\o/
HN HN
SR SR
4 a 0 o) 88.54 £ 3.10 85.44 + 2.56 104.88 + 2.82
K K
/ﬁ)ko/ /ﬁ)ko/
HN HN
R R
5 a 0 0 62.84 + 4.58 92.84 + 1.36 83.51 + 2.34
K K
HN HN
SR SR
6 a 0 0 79.01 £ 5.83 10559 + 647  102.41 £ 3.87
K K
NO/ NO/
HN HN
R R
7 a /@/l /@/l 85.12 + 8.50 107.75+931 7590 £ 2.56
R HN o) R HN o)
\\/COOK \\/COOK
8 a / / 50.74 £ 6.52 21.90 £ 5.58 2327 +3.12
R \ R \
S S
kooc” N7 o kooc” N7 o
9 a 4057 + 5.87 40.68 + 5.28 19.16 + 3.36
k| e
S S
10 a 10220 +7.50 10550 426 10437 £ 4.79
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Table 1 (continued)

R, R,
Comp. R1 R2 R3 Survival rate (%)
A549 H460 H1299
R R
KooC o; ] KooC oi ]
11 cl COOK COOK 4732+1.78 26.76 + 2.45 53.32 + 3.70
@ @
RN\ RN\,
12 Et COOK COOK 3.99 + 0.22 26.17 £ 3.89 46.88 + 4.69
8 8
RN\, RN,
13 a /@/VCOOK /@/\/COOK 422 +0.44 3473 £2.34 71.34 £ 3.03
R R
14 H Q/VCOOK /@/\/COOK 4.53 +0.11 19.76 + 2.89 56.74 + 4.12
R R
15 H COOK COOK 56.38 £ 6.32 25.00 + 2.68 58.06 + 1.96
R R
16 - o] oK - 56.21 £ 5.01 110.91 £ 6.42 100.95 * 6.36
o]
OK
R
17 cl OK OK 41.69 * 4.17 110.60 + 4.80 84.36 + 4.53
O O
KO KO
(0] O
R R
18 cl 0.__-COOK 0.__-COOK 9.54 + 0.97 26.13 £ 1.58 51.34 + 591
R R
s COOK S COOK 12.58 + 1.25 16.57  2.20 56.19 + 2.02

<

Ste
St

(continued on next page)
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Table 1 (continued)
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Comp. R1 R2 Survival rate (%)
A549 H460 H1299
12.05 + 0.47 1491 +2.82 40.57 £ 4.79

p P J

KOOC KOOC

KOOC

pounds in the concentration of 400 uM (Fig. 2). A total number of
204 molecular descriptors were calculated by the module of Calcu-
late Molecular Properties of BIOVIA Discovery Studio software. Top
ten linear mathematical models with seven suggested molecular
properties that correlated with the survival rate of A549, H460,
and H1299 are listed in Table S1-S3. The recommended equations
among the generated QSAR models were suggested based on two
criteria including the least squares fitting r* and cross-validated
correlation coefficient g? to define three best reasonable models
for each kind of NSCLC cancer cell (Table 2). The three suggested
QSAR models of A549, H460, and H1299 had 1? of 0.9325, 0.8404,
and 0.9011, respectively. The comparison of the experimental
and the predicted values for three recommended QSAR models
are displayed in Fig. 3. For the accuracy of generated models, the
value of ¢? should be beyond 0.6 to make sure that the individual
equations for the three different cancer cells have high predictive
power (Table 2).

3.4. Quantitative descriptors analysis

The recommended molecular descriptors of the twenty fuller-
ene derivatives relative to survival rate of A549 cells were
0O_Count, ES_Count_sCl, ES _Count_ssO, ES_Count_sssCH,
ES_Count_ssssC, Num_Rings6, and Num_StereoAtoms. The quan-
titative values of each molecular descriptor selected by GFA algo-
rithm are listed in Table 3. O_Count indicates the number of
oxygen atoms on the solubilizing addends of fullerene derivatives.
The four descriptors with electrotopological states (E-state) includ-
ing ES_Count_sCl, ES_Count_ssO, ES_Count_sssCH, and
ES_Count_ssssC are the sums of E-state values for halogens (Cl)
and organic elements (C, O, and CH) with single bonds. Num_R-
ings6 descriptor means the number of rings with six atoms.
Finally, Num_StereoAtoms defines the number of atoms belong
stereo state. Comparing cell viability with the molecular descrip-
tors, ES_Count_sssCH and Num_StereoAtoms were related to
the high survival rate of A549 cells.

For H460 cells, the seven descriptors correlating with the cell
viability included ES_Count_aas, ES_Count_sCH3,
ES_Count_sssCH, Num_AromaticBonds, Num_DoubleBonds,
Num_RingAssemblies, and Num_Rings6 (Table 4). The ES_Coun-
t_aaS means the calculated E-state sums for sulfur-containing aro-
matic rings. ES_Count_sCH3 and ES_Count_sssCH are calculated
for methyl groups with single bonds. Num_AromaticBonds and
Num_DoubleBonds indicate the number of bonds in aromatic ring
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systems and double bonds between a pair of atoms, respectively.
Num_RingAssemblies denotes numbers of benzene rings joined
directly by single bonds [59]. For instance, the ring assemble num-
ber of naphthalene is one, while biphenyl is two. Regarding the
highly toxic fullerene compounds, higher values of ES_Count_aaS
and Num_AromaticBonds were linked to the survival rate of
H460 cells.

For H1299 cells, N_Count, O_Count, ES_Count_aaS, ES_Count_
sCl, ES_Count_ssssC, HBA_Count, and Num_AliphaticSin-
gleBonds were suggested descriptors from the best reasonable
QSAR model that related to the cell survival rate (Table 5).
N_Count and O_Count are the number of nitrogen and oxygen
atoms, respectively. ES_Count_aaS defines the sums of E-state val-
ues of aromatic rings coupled a sulfur atom, while ES_Count_sCl
and ES_Count_ssssC mean single bonds containing a chlorine
and a carbon atom, respectively. HBA_Count is the number of
hydrogen bond accepting atoms in soluble addends of a fullerene
derivative. For the last descriptor, Num_AliphaticSingleBonds
indicates the number of single bond in aliphatic chains of a fuller-
ene compound. The data showed that the four fullerene derivatives
with a sulfur-containing aromatic ring (compounds 8, 9, 11, and
12) demonstrated efficient inhibition effect and reduced the
survival rate of H1299 down to below ~ 50%. Among the sulfur-
containing compounds, compounds 8 and 9 have more number
of oxygen atoms and more inhibitory activity than the previously
reported compounds (compounds 11 and 12). Interestingly, the
quantitative data of Num_AliphaticSingleBonds and ES_Coun-
t_aas descriptors revealed that more numbers of aliphatic chains
and no sulfur atom in the structure of fullerene derivatives
decreased the inhibitory effects for H1299. However, the fullerene
derivatives with a sulfur-containing aromatic ring had distinct
results, i.e. increasing the value of aliphatic chains in these com-
pounds could promote the toxic effects for H1299 cells.

The favored and disfavored descriptors of fullerene compounds
against A549, H460, and H1299 lung cancer cells are summarized
in Table 6. The oxygen and the stereo atoms are disfavored proper-
ties for A549 cells, and the fullerene compounds with these
descriptors had low inhibitory effects. The aromatic bond and
sulfur-containing aromatic ring are favored chemical functionali-
ties and can facilitate the cytotoxicity of fullerene compounds
against H460 cells. For H1299 cells, the oxygen atoms and sulfur-
containing aromatic ring are favored properties for the fullerene
compounds to increase the inhibitory effect on cells, while the
number of aliphatic chain is the disfavored property.
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Fig. 1. DLS profiles showing the particle size distribution in aqueous solutions of the fullerene derivatives 1-20.
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Fig. 2. The survival rate of A549, H460, and H1299 lung cancer cells upon exposure to ten water-soluble fullerene derivatives at 400 uM, measured by the MTT assay.
Significant difference was represented by asterisks: *p < 0.05, **, p < 0.01; ***, p < 0.001.

Table 2

The recommended equation models of the survival rate (%) for A549, H460, and H1299.

QSAR equations

Model (A549)

=-202.67 + 4.7734 x O_Count + 14.913 x ES_Count_sCl — 5.8748 x ES_Count_ssO + 6.7969 x ES_Count_sssCH + 45.856 x ES_Count_ssssC

+7.5748 x Num_Rings6 — 2.1975 x Num_StereoAtoms (r?= 0.9325, ¢?= 0.8319)

Model (H460)

=1000.3 — 62.582 x ES_Count_aaS + 12.458 x ES_Count_sCH3 — 13.399 x ES_Count_sssCH — 0.6373 x Num_AromaticBonds

+9.1893 x Num_DoubleBonds + 29.379 x Num_RingAssemblies — 61.785 x Num_Rings6 (1= 0.8404, q*>= 0.6428)

Model (H1299)

=34.969 — 7.6348 x 34.969 — 7.6348 x N_Count + 3.1813 x O_Count — 11.625 x ES_Count_aaS + 11.727 x ES_Count_sCI

+33.851 x ES_Count_ssssC — 5.1685 x HBA_Count + 0.77298 x Num_AliphaticSingleBonds (%= 0.9011, g = 0.7006)
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4. Discussion

Fullerenes and their derivatives are one of the most promising
types of nanomaterials and have attracted a lot of attention for
their perspective biomedical applications. Functionalized fullerene
molecules can be utilized as platforms for drug delivery [60],
promising antiviral [61], and antitumor drugs [62]. For example,
the soluble fullerene derivatives can be used as anti-HIV drugs
inhibiting viral replication [63]. Moreover, the functionalized full-
erene derivatives have been widely investigated for antitumor
effects on brain or lung cancer cells in recent years [52,58]. The
QSAR approaches can offer a useful strategy to provide key infor-
mation from the relationship between physico-chemical properties
of investigated compounds and their biological activities for drug
design. However, the anticancer activity of the water-soluble full-
erene derivatives is still underinvestigated. In this study we uti-
lized twenty water-soluble fullerene derivatives and three lung
cancer cell lines in order to generate reasonable QSAR models for
design of novel antitumor agents.

In our previous study, only ten fullerene derivatives (com-
pounds 11-20) were investigated for their inhibitory effects on
pulmonary epithelial cell line A549. More importantly, the charac-
teristic of EMT has been displayed in the progression of lung cancer
cells [64]. The other two kinds of lung cancers with mesenchymal
features, H460 and H1299, were used to estimate the inhibitory
activity of ten reported fullerene derivatives in the current study.
However, ICsq values of certain fullerene derivatives such as com-
pounds 1-6, 9, 10, 13, 16, and 17 were not estimated on three lung
cancer cell lines due to the low cytotoxicity. Using an alternative
method to obtain the inhibitory effects, we utilized MTT assay to
obtain the cell survival rate of each type of lung cancer cells after
exposure to the tested fullerene derivatives at the concentration
of 400 M. The obtained survival rate of individual lung cancer
cells was considered as bioactivity for building the QSAR models
instead of ICsq values.

We further analyzed the descriptors suggested from the three
different recommended equation models responsible for the indi-
vidual survival rate of A549, H460, and H1299. Regarding the linear
regression model of A549 cells from our previous work [54], the
suggested molecular descriptors were S_Count, ES_Count_dO,
ES_Count_sCl, AliphaticSingleBounds, AromaticRings, H_Accep-
tors, and RingBonds. Comparing two equation models from previ-
ous and current studies on A549, we noted that the key features
including oxygen atom and chlorine atom are given by both equa-
tions. More effective fullerene compounds for A549 cells have less
oxygen and chlorine atoms than the other fullerene derivatives. In
addition, we also discovered more critical features such as
ES_Count_sssCH, ES_Count_ssssC, and Num_StereoAtoms in the
current equation model. Fullerene derivatives with a lower num-
ber of carbon atoms with single bond and less atoms with stereo
state could reduce the cell viability of A549 to below ~ 50%. Based
on our equation model, it was not suitable to increase the number
of atoms with single bond such as oxygen, chlorine, and carbon for
designing fullerene derivatives as A549 inhibitors.

As the result of QSAR model generation for H460, the sixth
equation was the most accurate among the ten models suggested
by GFA algorithm (Table S2). The sixth QSAR model of H460 con-
taining key features such as ES_Count_aaS and Num_Aro-
maticBonds. These two molecular descriptors illustrate that the
sulfur atom and the aromatic ring are both critical functional
groups among the twenty fullerene derivatives. Moreover, the sul-
fur atom and the aromatic ring were also regarded as key features
in the QASR equation of A549 previously reported. Hence, the 6th
equation of H460 mentioned above may be reasonable to predict
the relationship between inhibitory effects and chemical proper-
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Fig. 3. Correlation between the observed and predicted survival rate of A549, H460,
and H1299 from the recommended QSAR model.

ties. We further discussed the ten fullerene derivatives that had
inhibitory effects to reduce the survival rate of H460 below ~ 50%,
including compounds 8, 9, 11-15, and 18-20. Fullerene derivatives
8,9, 11, and 12 contain five numbers of ES_Count_aaS descriptor,
indicating that sulfur-containing aromatic ring is a potential func-
tional group to increase the anticancer activities of these four full-
erene derivatives. In addition, compounds 13-15 and 18-20 have
more numbers of Num_AromaticBonds descriptor than the other
fullerene compounds. Interestingly, compounds 7 and 10 had sim-
ilar features with compounds 11 and 12. For instance, all of the
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Table 3
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The quantitative values of the chemical properties from the recommended equation of QSAR model compared to cell viabilities of A549 estimated by MTT assay.

Comp. Survival rate (%) Structural parameters
Observation Prediction O_Count ES_Count_sCl ES_Count_ssO ES_Count_sssCH ES_Count_ssssC Num_Rings6 Num_StereoAtoms
10 102.20 89.69 15 1 5 0 1 25 0
1 92.10 84.93 10 1 5 10 1 20 5
4 88.54 96.80 10 1 5 5 2 20 5
7 85.12 89.69 15 1 5 0 1 25 0
2 84.70 84.93 10 0 5 10 1 20 5
6 79.01 84.93 10 1 5 10 1 20 5
3 71.62 73.94 10 0 5 10 1 20 10
5 62.84 50.95 10 1 5 5 1 20 5
15 56.38 57.40 20 0 10 5 0 25 0
16 56.21 55.50 16 0 0 0 0 24 0
8 50.74 51.82 15 1 5 0 1 20 0
11 47.32 27.95 10 1 5 0 1 20 0
17 41.69 38.33 20 1 10 0 0 25 0
9 40.57 51.82 15 1 5 0 1 20 0
19 12.58 5.06 10 0 5 0 0 25 0
20 12.05 9.69 18 0 12 0 0 26 0
18 9.54 14.46 15 1 10 0 0 25 0
14 4.53 5.06 10 0 5 0 0 25 0
13 4.22 19.97 10 1 5 0 0 25 0
12 3.99 13.04 10 0 5 0 1 20 0
Table 4

The quantitative values of the chemical properties from the recommended equation of QSAR model compared to cell viabilities of H460 estimated by MTT assay.

Comp. Survival rate (%) Structural parameters
Observation Prediction ES_Count_aaS ES_Count_sCH3 ES_Count_sssCH Num_Aromatic Num_Double Num_Ring Num_Rings6
Bonds Bonds Assemblies

16 110.91 92.62 0 0 0 49 50 5 24
17 110.60 102.33 0 0 0 55 55 6 25
7 107.75 95.32 0 0 0 66 55 6 25
6 105.59 105.59 0 0 10 36 35 6 20
10 105.50 95.32 0 0 0 66 55 6 25
2 97.63 80.09 0 10 10 41 35 1 20
5 92.84 87.98 0 5 5 36 35 1 20
4 85.44 100.44 0 6 5 36 35 1 20
3 84.54 83.28 0 10 10 36 35 1 20
1 69.62 83.28 0 10 10 36 35 1 20
9 40.68 48.58 5 0 0 61 50 6 20
13 34.73 46.19 0 0 0 71 50 6 25
11 26.76 -0.56 5 0 0 66 45 6 20
12 26.17 11.90 5 1 0 66 45 6 20
18 26.13 21.07 0 0 1] 96 49 6 25
15 25.00 25.14 0 0 5 71 55 6 25
8 21.90 55.59 5 0 0 50 50 6 20
14 19.76 46.19 0 0 0 71 50 6 25
19 16.57 21.07 0 0 1] 96 49 6 25
20 14.91 21.60 0 0 0 102 53 7 26

above four compounds had sixty-six aromatic bonds in attached
solubilizing addends (Num_AromaticBonds = 66). In the results
of cell viability of H460, the compounds 11 and 12 displayed more
cytotoxic effects than compounds 7 and 10. Because compounds 7
and 10 had no sulfur-containing aromatic rings on the soluble
addends, suggesting that this key feature increased the inhibitory
activity of fullerene derivatives to reduce the survival rate of
H460 cells. According to our data analysis, the aromatic rings con-
taining sulfur and their aromatic bonds are favored chemical prop-
erties that can enhance the bioactivity of fullerene compounds on
H460 cells.

The recommended equation model of H1299 had two critical
molecular descriptors that has been displayed in a previously
reported equation model of A549 [54], including ES_Count_sClI,
and Num_AliphaticSingleBonds descriptors. Our previous study
demonstrated that lower numbers of chlorine atoms and aliphatic
single bonds on the soluble addends of fullerene compounds pro-
moted the antitumor activities on A549 cells. In the current study,
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we found that fullerene compounds containing ES_Count_aaS
descriptor had significant cytotoxic effects on both of H460 and
H1299 cells (Table 5), indicating that the sulfur-containing aro-
matic ring of fullerene derivatives could help to reduce the cell via-
bility of these two cell lines. Notably, the favored properties for the
cytotoxicity of the fullerene compounds without ES_Count_aaS
descriptor are contrary to those of the fullerene compounds with
ES_Count_aaS descriptor. Among the fullerene derivatives with
no sulfur-containing aromatic rings, more numbers of nitrogen
atoms, chlorine atoms, and aliphatic single bonds reduced the
cytotoxic effects on H1299. For example, compound 15 has a sim-
ilar quantitative value of suggested descriptors to compound 20
but different cytotoxicity. The compound 20 has lower numbers
of aliphatic single bonds than that of compound 15. We further
investigate the fullerene derivatives with similar numbers of ali-
phatic single bonds such as compounds 18 and 19. The compound
18 have slightly more inhibitory effects than compound 19 due to
the difference in O_Count and HBA_Count descriptors. The com-
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Table 5
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The quantitative values of the chemical properties from the recommended equation of QSAR model compared to cell viabilities of H1299 estimated by MTT assay.

Comp. Survival rate (%) Structural parameters
Observation Prediction N_Count O_Count ES_Count_aaS ES_Count_sCl ES_Count_ssssC HBA_Count Num_AliphaticSingleBonds
4 104.88 115.10 5 10 0 1 2 10 76
10 104.37 93.73 5 15 0 1 1 15 105
6 102.41 92.07 5 10 0 1 1 10 90
2 101.00 82.02 5 10 0 0 1 10 77
16 100.95 100.95 0 16 0 0 0 8 73
3 87.58 88.20 5 10 0 0 1 10 85
17 84.36 77.29 0 20 0 1 0 20 91
5 83.51 84.34 5 10 0 1 1 10 80
1 76.37 88.20 5 10 0 1 1 10 85
7 75.90 82.13 5 15 0 1 1 15 90
13 71.34 78.61 0 10 0 1 0 10 67
15 62.40 65.56 0 20 0 0 0 20 91
14 56.74 66.11 0 10 0 0 0 10 66
19 56.19 51.43 0 10 0 0 0 10 47
11 53.32 50.47 0 10 5 1 1 10 62
18 51.34 53.99 0 15 0 1 0 15 48
12 46.88 39.52 0 10 5 0 1 10 63
20 40.57 40.17 0 18 0 0 0 18 53
8 23.27 20.91 5 15 5 1 1 15 86
9 19.16 31.74 5 15 5 1 1 15 100
Table 6
The favored and disfavored chemical properties for three kinds of lung cancer cells.
Lung cancer Chemical properties
Favored Disfavored
A549 - - O_Count Num_StereoAtoms
H460 Aromatic Bonds aas - -
H1299 0O_Count aas Aliphatic Single Bond -

Note: Favored properties: a chemical property that enhances the toxicity of compounds. Disfavored properties: a chemical property that decreases the toxicity of compounds.

pound 18 has more numbers of oxygen atoms and H-bond accep-
tors than compound 19, suggesting that O_Count and HBA_Count
descriptors are favored properties for the cytotoxic effects of fuller-
ene derivatives with no sulfur-containing aromatic ring. In con-
trast, the favored chemical descriptors for the cytotoxicity of the
fullerene compounds bearing sulfur-containing aromatic ring are
N_Count, O_Count, HBA_Count, and Num_AliphaticSingleBonds.
For instance, compounds 8 and 9 have more numbers of these
favored properties than compounds 11 and 12. Hence, increasing
the numbers of sulfur-containing aromatic rings, nitrogen atoms,
oxygen atoms, H-bond acceptors, and aliphatic single bonds on
the addend of fullerene derivatives can promote the cytotoxic
effect on H1299 cells.

We further analyzed if compounds 8 and 9 had inhibitory
effects on cancer cells under non-toxic dose for normal human
cells. Our data showed that 50 pM of fullerene compounds had
no toxic effects on human cells (Fig. S1). Interestingly, compounds
8 and 9 in the concentration of 50 uM increased the number of
dead cells by live/dead cell viability staining assay (Fig. S2). In
addition, both of compounds 8, and 9 could induce cell cycle arrest
at the GO/G1 stage and cell apoptosis. In comparison with the
in vitro results and functional groups on fullerene cage, compounds
8 and 9 with the thiophene moiety have strongly inhibitory effect.
On the other hand, the functional group of compound 7 contains
benzene ring, which have less toxic effect than compounds 8 and
9. These data suggested that the thiophene moiety may have
potent effects in reducing the tumor growth.

Thiophene is a monocyclic heteroarene that consists of sulfur
atom in a planar five-membered heterocyclic ring [65]. The thio-
phene moiety is commonly present in various thiophene-based
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drugs including nonsteroidal anti-inflammatory (NSAID), antihis-
taminic, antiasthma, and antitumor drugs [66,67]. Therefore, thio-
phene derivatives are an important class of heterocyclic
compounds in the field of medical applications. Among our tested
fullerene derivatives, compounds 8, 9, 11, and 12 are thiophene-
containing fullerene derivatives. The thiophene moiety in the solu-
bilizing addends of these four fullerene derivatives was repre-
sented by the ES_Count_aaS descriptor in the quantitative data
of QSAR models. Regarding the fullerene compounds with thio-
phene moiety, compound 12 had more inhibitory effects on A549
than compounds 8, 9, and 11. The compound 12 has an ethyl group
at R1 position of the fullerene derivative structure, while com-
pounds 8, 9, and 11 have a chlorine atom at R1 position. Our data
indicated that the ethyl group improved the cytotoxicity of
thiophene-based fullerene derivatives on A549 cells. However,
compound 12 also had lower numbers of nitrogen atoms, oxygen
atoms, H-bond acceptors, and aliphatic single bonds than com-
pounds 8 and 9, which might be responsible for its lower cytotoxic
effects on H1299. Comparing the inhibitory effects between com-
pounds 8 and 9 on H460 cells, we noticed that compound 8 with
five aliphatic single CH, groups had lower anticancer effects than
compound 9. Thus, thiophene-containing fullerene derivative with
shorter aliphatic spacers enables an enhancement of the anticancer
effect, and this finding was also supported by our previous
reported model [54]. The compound 12, bearing an ethyl group
at R1 position, had strong inhibitory effect on A549 cells. Moreover,
the compound 8 with a chlorine atom at R1 position had strong
cytotoxic effects on both H460 and H1299, but did not significantly
reduce the survival rate of A549 cells. Hence, we assumed that
replacing the ethyl group at R1 position of the compound 8 might
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strongly enhance the inhibitory effects on A549, which may be
used as an inhibitor for all three kinds of NSCLC cells.

5. Conclusion

The QSAR models were generated based on twenty synthesized
water-soluble fullerene derivatives and their antitumor activity
identified key structural features on the three different kinds of
lung cancer cells. Based on the equations of QSAR models, fullerene
derivatives with thiophene moiety such as compounds 8,9, 11, and
12 had stronger cytotoxic effects on A549, H460, and H1299 than
the other fullerene compounds. In addition, increase in the number
of nitrogen atoms, oxygen atoms, H-bond acceptors, and aliphatic
chains in the structures of solubilizing addends of thiophene-
based fullerene compound could promote the cytotoxic effect on
H1299 cells. Meanwhile, increase in the number of nitrogen atoms,
chlorine atoms, and aliphatic chains on the fullerene derivatives
with no thiophene moiety reduced the cytotoxic effect on H1299
cells. The current study demonstrated that thiophene-containing
fullerene derivatives had strong anticancer activities on three dif-
ferent types of lung cancer cells based on QSAR modeling, which
may help to provide important information on a rational design
of the water-soluble fullerene derivatives for lung cancer treat-
ment in the future.
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