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Abstract Apoptosis is a naturally occurring process bywhich
a cell is directed to programmed cell death. Chemotherapy
drugs affect the cancer cells by the apoptotic induction. Dur-
ing the present study, a series of 4H-chromene-3-carbonitrile
was synthesized by one-pot method as the inducers of apo-
ptosis. Cytotoxic effects of six compounds of 4H-chromene-
3-carbonitrile were evaluated against five tumor cell lines,
with the help of colorimetric 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. Compound
4 showed significant cytotoxic activity and was selected for
conjugation with the synthesized gold nanoparticles by
aspartic acid. Also, we evaluated apoptosis induction capacity
of the selected compound with the help of fluorescent dyes
and DNA fragmentation. The result showed that the conjugat-
ed and non-conjugated forms of compound 4 were effective in
inducing apoptosis and conjugated one had more efficiency
and reduced the effective dose. Also, molecular modeling
experiments involving compound 4 and colchicine binding
site of tubulin dimer showed several strong hydrogen bonds

and hydrophobic interactions to many important amino acid
residues and GTP.
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Introduction

Apoptosis is a mode of cell death that occurs under normal
physiological conditions and the cell is an active participant in
its own demise (cellular suicide). Apoptosis, also called as
“programmed cell death”, is most often found during normal
cell turnover and tissue homeostasis, embryogenesis, induc-
tion and maintenance of immune tolerance, development of
the nervous system, and endocrine-dependent tissue atrophy
[1, 2].

Loss of apoptotic functionality is a serious challenge to
cancer prevention and treatment therapies. Cancer treatments
include surgery, radiotherapy, chemotherapy, hormone thera-
py, and biological therapy [3]. Although the use of drugs in
chemotherapy is currently one of the most effective methods
for treating cancer, the cytotoxic effects of these drugs cause a
number of serious side effects such as liver and kidney dam-
age, immune system suppression, vomiting, hair loss, anemia,
and gastrointestinal diseases. Thus, the injury to normal tis-
sues by antitumor drugs is one of the most important limita-
tions for the cancer patients [4]. Although chemotherapy
drugs induce significant amount of apoptosis in cancer cells
by different ways, they equally target the normal cells too,
which is associated to their non-specific mechanism of
targeting the rapidly dividing cells [2]. Such issues have led
to the emergence and use of newer drugs.

The benzopyran (chromene), from flavonoids family (or
bioflavonoid from the Latin word flavusmeaning yellow, their
natural color), is a natural heterocyclic organic compound,
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which can be created by connecting the benzene ring to a
heterocyclic ring. According to IUPAC rules, these com-
pounds are called chromenes. They have numerous biological
activities; such as antitumor, antihepatotoxic, antioxidant,
anti-inflammatory, diuretic, anticoagulant, antispasmolytic,
es t rogenic , ant iv i ra l , ant i fungal , ant imicrobia l ,
antileishmanial, antihelminthic, hypothermal, vasodilatory,
anti-HIV, antitubercular, herbicidal, anticonvulsant, and anal-
gesic activity [5–8]. Also, many natural compounds contain-
ing chromene moiety have been discovered with anticancer
properties. Some of these compounds include tephrosin (used
for lung cancer), calanone (used for leukemia and cervical
carcinoma), acronycine (used for lung, colon, and ovary can-
cer), and seselin (used for skin cancer) [7]. These compounds
inhibit the cell proliferation by binding to the colchicines-
specific site of β-tubulin, which results in polymerization of
microtubules. This mechanism causes cell cycle arrest and
eventually leads to apoptosis [9]. In addition, they are effec-
tive against cancerous cells resistant to other drugs such as
paclitaxel and vinblastine and can be helpful in curing pa-
tients’ refractory to antitumor agents like taxons [10]. Several
researchers have attempted to synthesize various derivatives
of chromenes and tested their effects on various tumor cell
lines [11].

To date, nanomaterials and nanotechnology have shown
great potential in disease diagnosis and therapy. For example,
a broad range of nanoscale inorganic particles have been
systematically investigated for their unique physical, chemical
properties, and potential application in cancer treatment [12].
Nanomaterials are used in the systemic transmission, active
targeting, passive targeting, and intracellular and
intraorganelle transports of various drugs into the tumor mi-
croenvironment [13]. Nanotechnology has changed the scale
and methods of drug delivery process. During this procedure,
diagnostic and therapeutic agents can be absorbed, dissolved,
entrapped into nanoparticles capsule or covalently attached to
it. This approach can easily overcome the consequences of the
solubility of different drugs, whose functions are important.
More than 40 % of the active 4H-choromene substances,
which have been identified through screening, are poorly
soluble in water [14]. Old and new classification of drugs
has been a problem because of their biological instability.
The most extensive efforts in increasing the solubility are
making their salts. For non-ionizing compounds, fine particu-
late and powder form, gel-sol technology, solvent mixture,
surfactants, or a set of other important factors are used [15].
Gold nanoparticles are widely used in anticancer drug
targeting. At the nanoscale, gold may acquire the properties,
which can convert it into an important metal in drug delivery
[16].

In the present study, biological activities of novel analogs
of 4H-chromene-3-carbonitrile were examined against five
cell lines: MCF-7, T47D, A172, C6, 3T3 by evaluating their

cytotoxicity effect, cell viability, morphological studies of
apoptotic cells, and DNA fragmentation. Among these com-
pounds, compound 4 in MCF-7 cell line was chosen for
conjugation with pre-synthesized gold nanoparticles by chem-
ical reduction method.

Materials and methods

Materials

5-Nitrothiophene-2-carbaldehyde, 4-nitrothiophene-2-
carbaldehyde, 2,3-diaminophenol, 3-aminophenol, resorcinol,
3-(dimethylamino)phenol, diammonium hydrogen phosphate,
ethanol, ethyl acetate, petroleum ether, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
HAuCl4, aspartic acid, and Hoechst 33258 were purchased
from Sigma-Aldrich Co. Acridine orange, ethidium bromide,
and diphenylamine were purchased from Merck; RPMI 1640
and FBS were obtained from Gibco BRL. All of the cell lines
were obtained from the National Cell Bank of Pasteur Insti-
tute, Tehran, Iran. The 4H-chromene-3-carbonitrile deriva-
tives (compounds 1–6) were synthesized and confirmed, ac-
cording to the described method and results in the supplemen-
tary section.

Cell lines and culture conditions

The synthesized compounds were tested against five cancer
cell lines including T47D (human ductal breast epithelial
carcinoma), MCF-7 (human breast epithelial carcinoma),
A172 (human glioblastoma carcinoma), C6 (rat brain fibro-
blast carcinoma), and 3T3 (mouse fibroblast carcinoma). The
cells were cultured in RPMI 1640 medium, supplemented
with 10 % heat-inactivated fetal bovine serum (FBS), in a
humidified atmosphere at 37 °C with 5 % CO2. Cell viability
can be defined as the number of healthy cells in the samples,
as counted by hemocytometer. The most straightforward
method for determining viable cell number is a direct counting
of the cells [17]. This method is generally used to determine
the cell concentration (cell number/mL) in batch cell cultures
by trypan blue staining.

Cytotoxicity assay methods

MTT assay is a colorimetric method that measures reduction
in the metabolic activity of mitochondria. Synthesized com-
pounds were maintained in DMSO solution. The final con-
centration of DMSO in the culture medium was 0.1 %. All the
cell lines were used in growth phase and 1×104 cells/well
were seeded into 96-well plates and incubated in a humidified
atmosphere at 37 °C with 5 % CO2. The medium containing
dilutions of each derivative was added per well in triplicate
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and incubated for 48 h at pre-mentioned conditions. Then,
MTT solution (5 mg MTT in 10 mL PBS) was added to all
wells, and the plates were incubated for 3–5 h at 37 °C.
Finally, the deposited formazan crystals were dissolved in
isopropanol. After their solubilization, the formazan crystals
were rapidly quantitated in a conventional ELISA plate reader
at 540 nm.

Synthesis of gold nanoparticles

During chemical reduction of GNP synthesis, 1.5 mL of
aspartic acid solution was added to 25 mL of distilled water
and heated up to the boiling point. Then, 1 mL of chloroauric
acid solution (5 mM) was added to this mixture and heated
until the reduction occurred by changing the color of solution
to dark red. After the stabilization of color, the mixture was
placed at ice bath to cool down rapidly [18]. Transmission
electron microscopy (TEM), UV–Vis spectrophotometry, and
dynamic light scattering (DLS) were used to confirm nano-
particle formation.

Conjugation of anticancer compound to GNPs

Conjugation was carried out by means of binding interactions
between (gold nanoparticles) GNPs and compound 4, which
presented the best results in MTT assay. GNPs were attached
to compound 4 in appropriate concentration (0.5 mg/mL) in
the phosphate buffer (10 mM, pH 7.4); then, the mixture was
shaken at 4 °C for 48 h [18]. Ultimately, the conjugated
samples were analyzed by UV–Vis spectrophotometry and
DLS technique.

Apoptotic detection

Several methods have now been developed to study apoptosis
in cell populations. Apoptosis and cell-mediated cytotoxicity
of compounds is characterized by cleavage of the genomic
DNA into discrete fragments prior to membrane disintegration
by diphenylamine method [19]. On the other hand, Hoechst
33258 and acridine orange-ethidium bromide were used to
stain the plasma membrane and DNA [20, 21].

Acridine orange-ethidium bromide staining

Cells were cultivated in culture flasks. After adding the com-
pounds, the cells were incubated again for 24 h in a humidified
atmosphere at 37 °C and 5 % CO2. Cells were collected with
trypsin and centrifuged at 1,000×g for 3 min. The supernatant
was removed and cells were diluted in PBS buffer. The cells
were stained with acridine orange (AO)-ethidium bromide
(EB) (1:1 v/v) and examined with fluorescence microscope
(Zeiss, Germany) to determine the percentage of apoptotic
cells by counting 400–500 cells.

Hoechst 33258 staining

In contrast to normal cells, the nuclei of apoptotic cells have
highly condensed chromatin that is uniformly stained by
Hoechst 33258. This can take the form of crescents around
the periphery of the nucleus, or the entire nucleus can appear to
be one or a group of featureless, bright spherical beads. These
morphological changes in the nuclei of apoptotic cells may be
visualized by fluorescence microscopy. Apoptotic cells, stained
with Hoechst 33258, have deep blue fluorescence because of
increased uptake of dye, as compared to non-apoptotic cells.

Cells were cultured in six-welled plates. After incubating
and treating samples with compound 4 and its conjugated
form for 24 h, the cells were washed twice with PBS and
fixed with 4 % paraformaldehyde for 20 min. at 4 °C. The
samples were washed with PBS and incubated with Hoechst
33258 for 15 min. in a dark place at room temperature. The
cells were then visualized under inverted fluorescence micro-
scope (Motic AE31, USA/Canada) after one-time washing.

DNA fragmentation

DNA fragmentation was performed by diphenylamine meth-
od [19]. Cells were incubated for 24 h and incubated with
desired compounds for 24 h. After incubation, the cells were
transferred to 15 mL tubes, centrifuged at 1,000×g for 10 min
at 4 °C and then resuspended in lysis buffer while shaking.
The samples were centrifuged to separate high molecular
weight chromatin from cleavage products. The resultant pel-
lets were resuspended in lysis buffer. The supernatants (tube
A) and pellets (tube B) were treated with 25 % trichloroacetic
acid for 24 h at 4 °C. After heating at 83 °C for 20 min for
DNA hydrolysis, the samples were incubated with fresh di-
phenylamine reagent at room temperature for 24 h before
colorimetric assessment. Absorption was measured at
600 nm by ELISA reader, and the percentage of DNA frag-
mentation was calculated by the following relation:

%DNA fragmentation ¼ OD tube Að Þ
OD tube Að Þ þ tube Bð Þ � 100

Molecular docking studies

Preparation of protein and ligands

The 3D structure of tubulin dimer protein was downloaded
from the Research Collaboratory for Structural Bioinformatics
(RCSB), Protein Data Bank (PDB ID 3UT5). Tubulin dimer 1
(chains A and B) was extracted along with the associatedGTP,
GDP, colchicine, and Mg. All the heteroatoms, including
unbound water molecules and inhibitors, were removed.
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Using the AutoDock Tools, polar hydrogen atoms were added
to the tubulin, and after assigning Gasteiger charges, nonpolar
hydrogen atoms were merged [22]. The energy minimization
of the prepared ligand was carried out with PRODRG server
[23]. All bonds of ligands were set to be rotatable.

Docking analysis

Binding mode and selectivity of tubulin with all ligands were
studied using AutoDock Vina software [24]. All calculations
for protein-flexible and ligand-flexible dockings were per-
formed using the Lamarckian genetic algorithm (LGA) meth-
od. The grid box was centered in the colchicine binding site
region. The lowest binding energy conformation was consid-
ered as the most favorable docking pose, after the docking
search was completed. The interactions of complex tubulin-
ligand conformations, including hydrogen bonds and bond
lengths, were analyzed usingUCSFChimera (version 1.8) [25].

Results

Cell viability and cytotoxicity effects

The six compounds were assayed in vitro against five tumor
cell lines. The percentage of growth was estimated by using

MTT colorimetric assay versus controls, not treated with test
agents. IC50s of all compounds were calculated by percentage
viability and using the Pharm-PCS statistics. The results have
been reported in Table 2.

Compound 4 was more toxic against nearly all cell
lines. In addition, it was more effective against the
MCF-7 cells (IC50=46.86±2.4 μM) in comparison to
other compounds. Among other cell lines, compound
3, followed by compound 4 were the most active com-
pound against MCF-7 cell line (IC50=48.69 μM). The
MCF-7 cells were less effective to the compounds 2 and
6 (IC50=132.26 μM, 240.48 μM), respectively. So,
compound 4 and MCF-7 cell line were selected for
further studies. Also, viability was measured on MCF-
7 cell line by exclusion of the trypan blue staining
(Fig. 1).

Confirmation techniques for GNPs and conjugated form

Compound 4 as the best antitumoral compound against MCF-
7 was used for conjugating with synthesized GNPs by the help
of chemical reduction. The size of GNPs was estimated to be
18±10 nm, as shown in Fig. 2. UV-Visible spectrophotometry
and DLS were employed to confirm the synthesis of GNPs
and their conjugation to compound 4 (Table 3).

Fig. 1 The effect of compounds 1–6 on MCF-7 breast carcinoma cells
proliferation by exclusion of the trypan blue staining. The cells were
treated with different doses of indicated compounds for 48 h at 37 °C and

5%CO2. The cell viability was evaluated byMTTassay and presented as
percent of the corresponding controls. Data are means of three or more
experiments and reported as means±SD. (p≤0.05)
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Cytotoxicity effect of compound 4 and its conjugation
with GNPs

The effect of compound 4 and its conjugated form with GNPs
on the cell viability were measured, as shown in Fig. 3. The

comparison of IC50 value showed a decrease in anticancer
compound concentration from 46.86 to 23.42 μM.

Morphological study of the apoptotic cells

We also examined the MCF-7 cell line with inverted fluores-
cence microscopes in the absence and presence of compound
4 and its conjugated derivative with GNPs (Fig. 4). Under the
inverted microscope, we found that the treated MCF-7 cells
condensed and separated from the flask, as compared to the
control (Fig. 4a).

For apoptotic detection, the untreated and treated cells were
stained with acridine orange-ethidium bromide and Hoechst
33258 dyes. The cells were cultured with IC50 value of com-
pound 4 and its GNP conjugate for 24 h. Under the fluores-
cence microscope, acridine orange penetrates the nuclei of all
cells and makes them look green. Nuclei of the cells, that take
up ethidium bromide because of the loss of cytoplasmic
membrane integrity, look red under the fluorescence micro-
scope. EB also dominates over AO. Thus, normal cells display
normal green nuclei; early apoptotic cells have bright green
nuclei with condensed and fragmented chromatin; late apo-
ptotic cells display condensed and fragmented orange chro-
matin (Fig. 4b).

Fig. 2 The TEM image of GNPs

Fig. 3 Comparison of the percentage viability of MCF-7 cells in the
presence of compound 4 and its GNP conjugate at different doses (1–
650 μM). The cells were treated with indicated concentrations for 48 h at

37 °C and 5%CO2 and evaluated the cell viability using TheMTTassay as
described in “Materials andMethods.”Each experiment was repeated thrice
and analyzed with a Student’s t test. (*p≤0.05; **p<0.01; ***p<0.001)
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Hoechst 33258 is a fluorescent dye that binds to the DNA
and makes nuclei look blue. So, in the control cells, the nuclei
were large without any fragmentation, but the cells that were
treated with compound 4 exhibited chromatin fragmentation.
The present results have shown that the compound 4 induced
apoptosis in the MCF-7 cell lines, whereas its GNP conjugate
had better anticancer effects (Fig. 4c).

Apoptotic detection by DNA fragmentation

We used DNA fragmentation to confirm cellular apoptosis.
According to previous information on morphological changes
of cells, nuclear changes in apoptosis were examined with
DNA fragmentation procedure after 24 h of exposure to
compound 4 and its GNP conjugate (at IC50 value). DNA
fragmentation analysis showed that when cells were exposed

Fig. 4 Induction of
morphological changes in MCF-7
cells in the absence (a) and the
presence (b) of compound 4 and
its GNP conjugate (c). A inverted
microscopic images. B
fluorescence microscopic images
after acridine orange-ethidium
bromide staining. C fluorescence
microscopic images after Hoechst
33258 staining

Fig. 5 Comparison of % DNA fragmentation of MCF-7 cells treated
with compound 4 and its GNP conjugate

Fig. 6 Docking of 4H-chromene-3-carbonitrile derivatives (compounds
1–6) into the colchicine binding site of the tubulin dimer (PDB entry 3UT5)
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to compound 4 and its GNP conjugate; percentage of DNA
fragmentation in cells increased from 26.8 to 30.5 % (p≤
0.05). So, the occurrence of apoptosis was further confirmed
by the comparison of percentages of DNA fragmentation in
the cells, treated with these compounds as compared to control
(Fig. 5).

Ligand-tubulin interaction analysis

To get the understanding of intermolecular interactions,
the molecular docking studies were performed for the
compounds at the active site 3D space of tubulin pro-
tein, by AutoDock Vina. The out log files were read
into ADT (AutoDock Tools) to analyze the results of
docking. The lowest binding energy in the first mode
was considered as the best conformation docking pose
(Fig. 6). Binding energies, that are reported, represent
the sum of the total intermolecular energy, total internal
energy, and torsional free energy minus the energy of
the unbound system are shown in Table 1. The com-
pound 4 was selected, based on the biological activity,
and were further analyzed by the UCSF Chimera and
LigPlot softwares [26]. The hydrogen and hydrophobic
interactions between ligand and binding site residues are
presented in Fig. 7.

Discussion

Chromenes are an important class of compounds that are
found in large quantities in plants and sea fish, and also due
to their low toxicity in mammals, these are widespread in diet.
4-Aryl-4H-chromene family has numerous biological proper-
ties. For example, chromenes fused with other heterocyclic
groups have anticancer, antivascular, TNF-α inhibitor, anti-
bacterial properties, etc [27]. They are also used for the
treatment of Alzheimer’s disease and schizophrenia [28, 29].
Because of their antitumoral activity, they are very valuable.
The effect of these compounds is mainly through their inter-
action with β-tubulin and inhibition of microtubule polymer-
ization, which ultimately leads to cell cycle inhibition and
induction of apoptosis [10, 30]. Mentioned properties of
chromene derivatives lead to the interest in synthesis and use
of these new compounds.

Many researches and applications of nanotechnology show
extensive use of gold metal. Due to the valuable properties of
GNPs, they are considered important in the processes and
products of nanotechnology. The medicinal use of gold goes
back to thousands of years ago. Many ancient civilizations,
including Indians, Egyptians, and Chinese have extensively
used gold in medicine. They believed that gold was useful for
the treatment of diseases such as heart problems, tumors, and
syphilis [16]. El-Sayed et al. showed that GNPs coated with

Table 1 Structure, molecular formula, molecular mass, efficiency, and melting point of the synthesized 2-amino-4H-chromene-3-carbonitrile derivatives

Structure Melting Point 
(°C) 

Yield 
(%) 

Molecular 
weight 

Name Cmpds 
No. 

ON NH2

CN

S

O2N

131-133 342.37 342.37 2-amino-7-(dimethylamino)-4-
(5-nitrothiophen-2-yl)-4H-
chromene-3-carbonitrile 

1 

OH2N NH2

CN

S

O2N

51-53 314.05 314.32 2, 7-diamino-4-(5-
nitrothiophen-2-yl)-4H-
chromene-3-carbonitrile 

2 

OHO NH2

CN

S

O2N
88-90 315.03 315.30 2-amino-7-hydroxy-4-(5-

nitrothiophen-2-yl)-4H-
chromene-3-carbonitrile 

3 

OH2N NH2

CN

S

O2N

NH2

>350 329.06 329.33 2, 7, 8-triamino-4-(5-
nitrothiophen-2-yl)-4H-
chromene-3-carbonitrile 

4 

ON NH2

CN

S

NO2

78-80 342.08 342.37 2-amino-7-(dimethylamino)-4-
(4-nitrothiophen-2-yl)-4H-
chromene-3-carbonitrile 

5 

OH2N NH2

CN
S

NO2

89-91 314.05 314.32 2, 7-diamino-4-(4-
nitrothiophen-2-yl)-4H-
chromene-3-carbonitrile 

6 

Tumor Biol. (2014) 35:5845–5855 5851



anticancer antibody were able to effectively bind to cancer
cells [31]. Researchers have also constructed a twin-
nanocomposite of gold and iron oxide. In laboratory tests,
they found that these nanoparticles were able to target the
cancer cells successfully and release the drugs into them. They
also found that the nanoparticle-bound drugs were able to kill
80 % of cancer cells [32].

Biological effects of new chromene compounds were in-
vestigated on five classes of cancer cells during various tests.
Our results show that the newly synthesized chromene com-
pounds have a high potential in inhibiting the cell growth.
Compounds 1–6 have the same thiophene ring that the dis-
placement of NO2 between positions 4 and 5 would be seen.
In all compounds containing NH2 group, benzene ring is
attached to the thiophene ring at position 3. Thus, despite

the similarities, differences in cytotoxicity of these com-
pounds in different cell lines are not related to these groups.
Due to differences in cytotoxicity effect of these compounds,
there is a direct relationship between structure and function.
As seen in Table 1, the difference between these compounds is
because of the functional group attached to the benzene ring,
which is not associated with the thiophene ring. Groups at-
tached to this ring include N(CH3)2, NH2, and OH. Consider-
ing structural differences, we can evaluate their cellular cyto-
toxicity. These differences are as follows:

Compound 1 contains N(CH3)2 and its NO2 group is
located at position 5 of thiophene ring. Compound 2
contains NH2 and its NO2 group is located at position 5
of thiophene ring. Compound 3 contains OH and its NO2

Fig. 7 a 3D image of compound
4 docked into the tubulin, the
cyan lines indicate five hydrogen
bonds. b Schematic 2D plot,
produced by LigPlot, showing
intermolecular interactions based
on energy score
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group is located at position 5 of thiophene ring. Com-
pound 4 contains two NH2 groups and its NO2 group is
located at position 5 of thiophene ring. Compound 5
contains N(CH3)2 and its NO2 group is located at position
4 of thiophene ring. Compound 6 contains NH2 and its
NO2 group is located at position 4 of thiophene ring.

According to the above descriptions, these compounds
have almost the same functional group decussate with differ-
ent positions. Compounds 1 and 5 (as well as 2 and 6) have the
same functional groups at different positions that lead to
difference in their effects on cell lines. In some cell lines,
compound 5 has a better effect, and in some other cell lines,
compound 1 has a better effect. This difference is related to
cell line structure, in addition to drug structure. Compounds 3
and 4 are different from others and their difference is due to
the groups attached to the benzene ring. Connection of two
NH2 groups in compound 4 does not only lead to a better
result in comparison to compound 3 but also to a better result
in comparison to all compounds. In this regard, compound 3
with OH group is at the second rank in having more cytotoxic
effect in most of the cell lines (Table 2). The result of docking
studies for compound 4 with colchicines site in tubulin
showed that this compound has a high potential in the forma-
tion of five hydrogen bonds with present amino acids in the
binding pocket. In addition, hydrophobic interactions play a
fundamental role in this connection (Fig. 7). It seems that the
amino acid Qln11 (A) has the highest proportion in this
connection. This amino acid can form two hydrogen bonds
with the amino group and oxygen in the chromene ring
through carboxamide group in the side chain. Moreover, this
compound forms the strongest hydrogen bond with O2A of
GTP coenzyme in α-tubulin subunit with the bond length of
2.04 Å. Also, compound 4 is able to connect to α-tubulin
subunit unlike colchicine that can only be connected to β-
tubulin subunit [33]. Collectively, it appeared from the above
analysis that compound 4 was the most potent inhibitor in this
compound series. Therefore, this compound and MCF-7 cell
line were chosen and used as the most desired candidate for
the studies of GNP derivative of the compound 4 and the

analysis of apoptotic induction by the synthesized com-
pounds. GNPs were synthesized by chemical reduction meth-
od and incubated with compound 4 for 48 h for GNP conju-
gation. Formation of GNPs was confirmed by TEM, UV-
Visible spectrophotometry, and DLS (Fig. 2, Table 3). The
results of cytotoxicity effects have shown improvement in the
effect of compound 4 after its conjugation with GNPs (Fig. 3)
by the reduction of its IC50 from 46.86 to 23.42 μM.

Interestingly, the previous studies by Kemnitzer et al. [34,
35] showed that cytotoxicity effect of different types of syn-
thesized 3-cyano-4H-chromene on the various tumor cell lines
such as T47D (breast cancer cell line), HCT116 (colon cancer
cell line), SNU398 (hepatocellular cancer cell line), and
H1299 (lung cancer cell line) had very good yield. Further
investigations showed antitumor activity of different 4H-
chromene-3-carbonitriles derivatives on the various cancer
cell lines such as HepG2 (liver cancer cell line), MCF-7 (breast
cancer cell line), WI38 (lung cancer cell line), and VERO
(kidney cancer cell line of African monkey) [36]. The inter-
esting point in all studies of 4H-chromene derivatives is that
they have been extensively studied on breast cancer.

One of the methods used for assessing the induction of
apoptosis is staining with fluorescence materials (acridine
orange-ethidium bromide and Hoechst 33258) which bound
to nucleic acids and allow to be visible the shape of cell
nucleus. The fluorescence microscopy results have confirmed
the occurrence of apoptosis by the administration of com-
pound 4 and its GNP derivative (Fig. 4). The percentage of
apoptotic cells by acridine orange-ethidium bromide staining

Table 3 The results of UV-Visible spectrophotometry and DLS analysis
to confirm the synthesized GNPs and GNP conjugates of compound 4

Compounds UV-Visible
technique

DLS technique

Wavelength Particle
size

Zeta
potential

AuNPs 520 33.32 −8.99
AuNPs conjugation
with compound 4

560 187.9 −5.55

Table 2 Cytotoxic activity of 4H-chromene-3-carbonitrile derivatives against different cell lines and binding energy values of the docked compounds

Compounds Inhibition of cell proliferation (IC50, μM) AutoDock Vina (kcal/mol)

A172 C6 T47D MCF-7 3T3

1 64.73±6.6 51.49±3.8 107.64±8.5 71.20±4.8 164.59±18.3 −8.2
2 108.57±14.3 120.48±10.3 181.26±18.4 132.26±12.2 156.43±21.5 −8.2
3 60.90±8.3 49.09±8.7 89.33±5.3 48.69±3.6 161.93±19.7 −8.6
4 58.64±6.1 48.39±3.2 81.42±6.1 46.86±2.4 100.53±7. 4 −8.3
5 60.29±4.9 52.28±5.9 123.93±7.7 60.06±5.5 186.14±16.2 −8.5
6 372.25±19.4 97.09±9.1 158.93±11.6 240.48±14.3 490.12±20.4 −8.4
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showed an increase from 28 to 33 % after conjugation. Also,
the detectable fragmented DNA appeared after 48 h. DNA
fragmentation is an end point of apoptosis, which occurs after
caspase activation. For measuring the percentage of DNA
fragmentation, the cells were treated with IC50 dilution of
compound 4 and its GNP conjugate. The percentage of
DNA fragmentation in MCF-7 cell line was increased from
26.8 to 30.5 % after conjugation (Fig. 5). DNA fragmentation
is detectable in MCF-7 cell line despite the lack of caspase-3.
During the present investigation, it was found that in this cell
line, another mechanism is involved in DNA fragmentation.
Due to the activation of other caspases (6, 7, and 9),
poly(ADP-ribose) polymerase (PARP) enzyme is probably
broken, which can lead to enzyme inactivation and DNA
fragmentation [37, 38]. Briefly, the results suggest that 4H-
chromene-3-carbonitrile derivatives inhibit proliferation on
the various tumor cell lines by inducing apoptosis, and the
conjugation of these compounds with gold nanoparticles has
more activity and decreases the effective dose. These findings
may help in designing new synthetic analogs of chromenes
with potent cytotoxic activity, improved stability, and
bioavailability.
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