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Abstract

Different tetrahydrobenzo[b]thiophene derivatives were explored as new tubulin polymerization 

destabilizers to arrest tumor cell mitosis. A series of compounds incorporating the 

tetrahydrobenzo[b]thiophene scaffold were synthesized, and their biological activities were 

investigated. The cytotoxicity of each of the synthesized compounds was assessed against a range 

of cell lines. Specifically, the benzyl urea tetrahydrobenzo[b]thiophene derivative, 1-benzyl-3-(3

cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)urea (BU17), was identified as the most potent 

compound with broad-spectrum antitumor activity against several cancer cell lines. The potential 

mechanism(s) of action were investigated where dose-dependent G2/M accumulation and A549 

cell cycle arrest were detected. Additionally, A549 cells treated with BU17 expressed enhanced 

levels of caspase 3 and 9, indicating the induction of apoptosis. Furthermore, it was found that 

BU17 inhibits WEE1 kinase and targets tubulin by blocking its polymerization. BU17 was also 

formulated into PLGA nanoparticles, and it was demonstrated that BU17-loaded nanoparticles 

could significantly enhance antitumor activity compared to the soluble counterpart.
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Different types of tetrahydrobenzo[b]thiophen derivatives have been synthesized to investigate 

their antitumor activity. 1-benzyl-3-(3-cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)urea was 

identified as the most potent compound with broad-spectrum antitumor activity, demonstrating 

strong apoptotic activities (inducing high expression of caspase-3 and −9) and antiproliferative 

activities through the inhibition of both tubulin polymerization and WEE1 kinase.
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1. Introduction

Cancer is one of the deadliest diseases in modern history, with many types being difficult 

to eradicate. In 2018, approximately 17 million people were diagnosed with cancer, and 9.5 

million deaths from cancer were reported worldwide [1]. Cancer can be linked to overactive 

positive cell cycle regulators, and it was found that altered expression and activity of cell 

cycle-related proteins cause dysregulated proliferation of cancer cells [2]. New targeted 

chemotherapeutic agents are being developed and explored to specifically kill cancer cells 

[3, 4]. In particular, antimitotic drugs that target microtubules and inhibit mitosis have been 

proposed as targeted antiproliferative drug candidates [5–7]. For example, vinca alkaloids 

(e.g. Vincristine Sulfate®, Pfizer) and taxanes (e.g. paclitaxel (PTX), Taxol®, Bristol Myers 

Squibb) are among the most effective cancer treatments that affect the dynamics of 

microtubules leading to cell death [8, 9]. However, these treatments possess drawbacks 

such as: complicated manufacturing processes; cancers can often develop resistance to these 

drugs; and these drugs are often associated with certain adverse effects (e.g., neuropathy and 

leukopenia) [10–13].

Many heterocyclic compounds bearing thiophene (e.g. AZD-7762, OSI-930, and 

PF-4989216) have been known to target cancer-specific proteins leading to inhibition or 

activation of specific signaling pathways in cancer cells [14–23]. In addition, several N-(3

cyano-4,5,6,7-tetrahydro-1-benzothien-2-yl)amides were reported as potent and selective 

JNK2 and JNK3 inhibitors [24]. Another thiophene bearing drug, nocodazole, has been 

shown to have antimitotic effects by binding to tubulin and arresting the cell cycle 
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at the G2/M phase [25, 26]. Some thiophene-bearing antimitotic compounds such as 

ELR-510444 have been advanced to phase II clinical trials [27]. Additionally, other 

benzothiophene derivatives were found to have antitumor properties through their capacity 

to destabilize tubulin polymerization [28–30]. Recently, we reported a collection of 

benzylamines, benzamides, and ureas with the cyclohepta[b]thiophene scaffold, and 1

benzyl-3-(3-cyano-5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophen-2-yl)urea was identified as 

a tubulin polymerization inhibitor and promising antiproliferative agent [31]. In our 

current work, another set of thiophene featuring compounds was synthesized using a 

tetrahydrobenzo[b]thiophene scaffold, with the aim of developing more potent anticancer 

compounds.

One of the efficient approaches to delivering drugs to tumors is through nanoparticles. 

Polymeric nanoparticles enhance the delivery of hydrophobic drugs, provide sustained 

drug release, and achieve enhanced drug delivery to the tumor site through substantial 

improvement in the drug accumulation and retention effect [32–35]. In this work, a series of 

benzylamines, benzamides and urea derivatives containing the tetrahydrobenzo[b]thiophene 

scaffold were fabricated and evaluated in vitro, and the lead compound was advanced to an 

in vivo study for testing its anticancer efficacy; with the mechanism of action of the most 

promising derivative also being explored. In addition, a nanoparticle-based formulation was 

developed for the most promising derivative to improve drug efficacy and safety.

2. Results and Discussion

Chemistry and properties of synthesized compounds.

In this work, the 6-membered ring tetrahydrobenzo[b]thiophene was utilized as a scaffold 

for ring optimization as follow-up research to our previous study [31]. Our target 

compounds were generated as illustrated in Figure 1. Fabrication of 2-amino-4,5,6,7

tetrahydrobenzo[b]thiophene-3-carbonitrile (compound 1) was achieved by reacting sulfur, 

malononitrile, diethylamine, and cyclohexanone in ethanol overnight [36]. Benzamides 

(compounds BZ02-BZ05) were synthesized via condensation of compound 1 and the 

appropriate acid chloride in pyridine at 80 °C. Condensation of compound 1 with 

the corresponding benzyl bromide in dimethylformamide gave the targeted benzylamine 

derivatives BZA06-BZA11. The synthesis of urea derivatives UD12-UD19 was achieved by 

adding the suitable aryl isocyanate to the amine 1. Properties and purity of the synthesized 

compounds were also studied, see the Supporting Information.

Cell viability testing with A549.

Several reports have highlighted the anticancer activity of thiophene-based derivatives 

[37]. For example, researchers have demonstrated the fabrication of a series of thiophene 

derivatives, with their anticancer properties being assessed using a wide range different 

of tumor cell types. Findings from these studies indicated that thiophene derivatives were 

effective against several tumor cell lines and had substantial antitumor effects against the 

non-small cell lung cancer cell line, A549, and the colorectal cancer cell line, CT26 [38–41]. 

In our study, the preliminary anticancer effect of the synthesized compounds was evaluated 

using 5 concentrations (100, 50, 25, 10, 1, 0.1 μM) against the A549 cell line using the MTS 

Abdel-Rahman et al. Page 3

Adv Ther (Weinh). Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



method. Table 1 shows the inhibitory concentrations, which produced 50% cell viability 

(IC50), of the investigated products. It was found that 2-iodobenzamide (BZ02) displayed 

enhanced inhibitory activity against the A549 cell line (IC50= 6.10 μM) when compared 

to other benzamides. Replacement of the iodide in compound 2 with bromide (i.e., BZ03) 

greatly reduced the inhibitory activity. In addition, the reduction of the benzamide (BZ02) 

into benzylamine (i.e., BZA06) resulted in an IC50 value of 30 μM. It was also found that the 

benzylamine (BZA09, IC50= 2.73 μM) was more potent than the corresponding benzamide 

(BZ05, IC50= 9.49 μM). Among the urea derivatives, the ring deactivated compounds UD13 

and UD19 demonstrated considerably greater antiproliferative activity (IC50= 12.19 and 7.2 

μM; respectively) than the ring activated derivatives UD14-UD16 and UD18 (IC50 > 50 

μM). Furthermore, compound BU17, bearing the benzyl group with higher flexibility than 

the phenyl group in compound UD12, exhibited a strong impact on cell viability with an 

IC50 value of 9.00 μM versus IC50 > 50 μM for compound UD12.

Cell viability assay with a panel of 60 cell lines (single-dose study).

Based on the initial cell viability data with A549 cells, 16 of the synthesized compounds 

(BZ02-BZ05, BZA06-BZA10, and UD13-UD19) were advanced to preliminary studies 

investigating their antiproliferative activity at 10 μM concentration against 60 human cancer 

cell lines at the National Cancer Institute (NCI). Percentage growth inhibition (%GI) of 

these cell lines incubated with benzamides, benzylamines, and ureas are illustrated in Tables 

2 and 3 while the mean % GI of the tested compounds is illustrated in Figure 2. It was found 

that compounds BZ02 and BZ05 displayed enhanced inhibitory effects in the vast majority 

of cell lines especially leukemia, colon, and CNS cancer cells. However, it was noticed 

that compound BZ02 was poorly cytotoxic towards prostate cancer cell lines. Interestingly, 

two benzamide compounds (BZ03 and BZ04) and a benzylamine compound (BZA06) 

exhibited selective inhibition towards MDA-MB-435 (a breast cancer cell line) and K-562 

(an erythroleukemic cell line). Surprisingly, benzyl urea analog (compound BU17) displayed 

potent growth inhibition of most of the 60 cancer cell lines tested.

Cell viability assay with a panel of 60 cell lines (multidose study).

Based on the single-dose study, BU17 was selected as a lead compound and advanced 

to subsequent studies where five increasing concentrations were tested against 60 cancer 

cell lines. In this experiment, the concentration of BU17 needed to inhibit cell growth 

by 50% (GI50), the concentration of BU17 needed for total growth inhibition (TGI), and 

the concentration of BU17 required for 50% lethality (LC50) were identified. The three 

parameters are shown in Tables 4 and 5. The results showed that compound BU17 displayed 

potent antitumor properties against the majority of tested cancer cell lines although the GI50 

against SK-MEL-2, SK-MEL-28, and UACC-257 (28.5, 30.4, and 50.5 μM, respectively) 

indicated moderate antitumor activity. To elaborate, compound BU17 inhibited the growth 

of the majority of tested cancer cell lines at sub-micromolar concentrations (0.201–0.98 

μM). In addition, BU17 exhibited GI50 concentrations against EKVX, HOP-62, HOP-92, 

NCI-H226, NCI-H23, HCC-2998, SF-268, OVCAR-4, OVCAR-5, OVCAR-8, SK-OV-3, 

SN 12C, TK-10, HS 578T, and BT-549 cell lines that ranged from 1.03 – 12.04 μM. 

Interestingly, it was found that compound BU17 exhibited superior antiproliferative activity 

to the antimitotic drug nocodazole against OVACAR-4, OVACAR-5, CAKI-1, and T47D 
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demonstrating GI50 values of 3.46, 2.07, 0.687 and 1.44 μM versus 22.28, 20.75, 1.109 

and 81.28 μM, respectively. In terms of the drug lethality, compound BU17 exhibited LC50 

values >100 μM against all the tested cancer cell lines.

Cell cycle analysis.

To investigate the mechanism by which the BU17 exerts its antiproliferative activity, 

analysis of the cell cycle of A549 cells incubated with increasing concentrations of 

compound BU17 (1, 5, 10, 50 μM) was performed. Cells were incubated with the treatment 

for 24 h, then the analysis was carried out to identify the percentage of cells in each cell 

cycle phase and before a significant number of A549 cells underwent the apoptosis (Figure 

3 and Table 6). In this experiment, it was found that BU17 shifted the cell population from 

G0/G1 and S phases to the G2/M phase in a concentration-dependent manner.

Apoptosis detection.

To investigate the potential anticancer mechanism(s) of action of BU17, A549 cells were 

treated with BU17, and apoptosis was assessed by staining with annexin V/propidium iodide 

(Figure 4A–C). Untreated cells showed 0.24% cell debris/necrotic cells in Q1, 0.0111% late 

apoptotic cells in Q2, 0.73% in the early apoptosis phase in Q3, and 99.0% live cells in Q4. 

In contrast, cells treated with 10 μM of BU17 displayed 2.65% cell debris in Q1, 4.39% late 

apoptotic cells in Q2, 10.9% in early apoptosis Q3, and 82.1% live cells in Q4. Therefore, 

compound BU17 substantially induced apoptosis in the A549 cells.

Caspase 3 and 9 activity.

In this experiment, the expression of caspase 3 and 9 was measured in A549 cells treated 

with BU17 (10 μM) to detect apoptosis. The results indicated significantly higher levels of 

caspase 3 and 9 in A549 cells incubated with BU17 compared to untreated cells (Figure 4D 

and 4E). This suggests that BU17 triggered apoptosis via intrinsic pathways as evidenced by 

the high levels of caspase 9 in the treated cells.

JNK1 and JNK2 pathways.

Due to the similar structures of BU17 and the JNK inhibitors VIa and VIb (Figure 1), BU17 

was tested for its capacity to inhibit JNK1 and JNK2. Results showed that compound BU17 

had no inhibitory activity towards JNK1 and JNK2 enzymes. Specifically, the percentage 

of enzyme inhibition of compound BU17 on both enzymes was not different from the 

control group (DMSO) (percentage of enzyme inhibition of JNK1 and JNK2 relative to 

DMSO control was −7.87 and −1.67, respectively). This suggests that there could be other 

mechanisms of action(s) by which compound BU17 exerts its antitumor activity.

Activity of kinases.

BU17 was tested against 11 kinases that could be involved in cell cycle arrest. Based on 

the results, compound BU17 displayed moderate inhibitory activity against WEE1 (Figure 

4F); suggesting an enhanced activity towards programmed cell death in response to DNA 

damage. Since the tested compound demonstrated very weak inhibitory activity towards 
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the other tested kinases (>10%), it might cause cell cycle arrest by targeting different 

mechanisms.

Microtubule disruption.

According to the data obtained from the cell cycle experiment, BU17 was found to shift the 

cell population to G2/M. It has been widely shown that drugs with antimitotic activity due to 

G2/M phase arrest can also disrupt microtubule formation [8, 42]. Therefore, the impact of 

BU17 on tubulin polymerization rate was studied. Results displayed that BU17 substantially 

slowed down the tubulin polymerization rate and, thus, disrupted microtubule assembly 

(Figure 4G). Furthermore, the effect of BU17 on tubulin polymerization was opposite to 

PTX which is known to promote the tubulin polymerization rate.

Properties of nanoparticles.

The nanoparticles (loaded with BU17) were successfully prepared using a biodegradable 

and biocompatible polymer poly(lactic-co-glycolic acid) (PLGA; 50:50) with the surfactant 

D-α-tocopherol polyethylene glycol 1000 succinate, which inhibits the efflux transporter, 

P-glycoprotein (Figure 5A). The average particle diameter was 183.9 ± 4.09 nm with 

a marginal size distribution, and they displayed an average zeta potential of −40.73 

mV (Figure 5B). In addition, scanning electron microscope images showed spherical 

nanoparticles with smooth surfaces (Figure 5C).

Cell viability assay of compound BU17 in solution and nanoparticles.

To evaluate the antitumor activity of compound BU17 and its nanoparticle formulation 

prior to in vivo testing, cell viability testing of BU17, and its nanoparticles against CT26 

murine colon carcinoma was performed adopting the MTS method in vitro (Figure 8). The 

drug-loaded nanoparticles displayed a significant decrease in cell viability (IC50 = 0.08 μM) 

in comparison to the BU17 in solution (IC50 = 1.52 μM) which means enhanced efficacy and 

delivery of BU17 when formulated into nanoparticles (Figure 6A).

In vivo antitumor efficacy.

Although the majority of the in vitro studies were performed with non-small cell lung cancer 

cell line A549, the in vivo study was carried out in a colon cancer cell line (CT26) to 

further confirm the broad-spectrum antitumor activity of BU17 that was observed in the 

NCI-60 screening assay. Colon cancer is one of the most common and most deadly forms 

of cancer. Thus, compound BU17 in soluble form was tested for its in vivo antitumor 

activity and compared to BU17-loaded nanoparticles in a CT26 tumor model (colon 

carcinoma cells). Both treatments demonstrated enhanced inhibition of tumor progression 

in comparison to the untreated group (Figure 6B). However, only mice treated with BU17

loaded nanoparticles had smaller tumor volumes that were significantly lower than untreated 

control mice (P=0.0327). Also, the mixed-effects model analysis of longitudinal data of the 

tumor growth of mice treated with BU17-loaded nanoparticles indicated that there was a 

significant decrease in the tumor growth in comparison to the untreated group (P=0.0144). 

In terms of the mouse survival study, soluble BU17 and BU17-loaded nanoparticle treated 

mice had significantly longer survival than untreated mice (P-values were 0.0430 and 
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0.0398, respectively) (Figure 6C). All mice displayed no significant changes in body weight 

except for one mouse treated with soluble BU17 and was euthanized on day 30 due to 

substantial loss in its body weight (>20% of its weight on the first day of the animal study) 

(Figure 6D).

3. Conclusion

This study documented the fabrication and antiproliferative potency of benzamides, 

benzylamines, and ureas harboring a tetrahydrobenzo[b]thiophene scaffold. The study 

revealed the benzyl urea derivative, BU17, to be a promising and broad-spectrum 

antiproliferative agent that targets rapidly growing cancer cells by inhibiting tubulin 

polymerization. The potential mechanism of action was confirmed by in vitro destabilization 

of tubulin polymerization, the arrest of the cell cycle at the G2/M phase, and early apoptosis 

detection. A polymeric nanoparticle formulation of BU17 was fabricated and tested in vivo 
as an anticancer formulation in the CT26 murine tumor model. The formulated compound 

BU17 was superior to the free drug with respect to tumor growth inhibition and mice 

weight stability, the former of which might be attributed to improved drug delivery by the 

nanoparticles to the tumor. In the future, we plan to define the tubulin-binding sites of BU17; 

and different benzyl urea derivatives will be explored in structure-activity relationship 

studies. In addition, in vivo testing with human xenograft of compound BU17 and its 

nanoparticles will be studied.

Methods

Synthesis and characterization of 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3
carbonitrile (compound 1), benzamides (compounds BZ02-BZ05), benzylamines 
(compounds BZA06-BZA11), and benzyl urea derivatives (compounds BU12-BU19).

Chemical reagents and organic solvents were obtained from Sigma-Aldrich (St. Louis, MI) 

and used without further purification. The synthesis was performed following previously 

reported protocols [31, 36].

Materials for in vitro screening:

The cell lines A549 and CT26 were purchased from American Type Culture Collection 

(Manassas, VA). Both cell lines were cultured in RPMI-1640 medium supplemented with 

1% Pen-Strep (100 U/mL, Gibco, Gaithersburg, MD) and 10% FBS (Atlanta Biologicals, 

Lawrenceville, GA). In this work, cells were maintained in a 5% CO2 cell culture incubator 

set at 37 °C. CellTiter 96 aqueous MTS reagent powder (MTS, 3-(4,5-dimethylthiazol-2

yl)-2,5-diphenyltetrazolium bromide) was purchased from Promega Corporation (San Luis 

Obispo, CA) while NP-40 Surfact-Amps detergent solution and propidium iodide were 

purchased from Thermo Fisher Scientific (Waltham, MA). RNAase A solution was obtained 

from Invitrogen (Thermo Fisher Scientific, Carlsbad, CA). Annexin V Apoptosis Detection 

Kit was also purchased from Thermo Fisher Scientific (Waltham, MA).
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Cell viability testing using MTS assay.

In this experiment, A549 cancer cells were seeded in a 96-well plate at 2 × 103 cells 

in 100 μL of medium per well [31]. After 24 h of incubation, cells were incubated with 

the treatments for 48 h. This was followed by adding the MTS reagent (according to the 

manufacturer’s instructions), and cell viability (%) was calculated based on the absorbance 

data measured at 490 nm using Spectramax Plus Spectrophotometer (Molecular Devices, 

San Jose, CA).

Cell viability testing by the National Cancer Institute (NCI).

Based on the preliminary data obtained from the MTS assay with A549 tumor cells, 

compounds that exhibited strong antitumor activity were advanced for further testing at 

the NCI to detect potential anticancer activity using a diverse range of cell lines. Cell 

viability testing of a panel of 60 human cancer cell lines was performed at the National 

Cancer Institute, Bethesda, Maryland, USA, following standard NCI-60 methodology. Cell 

lines representing different types of cancers were included in the in vitro test. According to 

the NCI-60 five-dose screening method, three dose-response parameters were calculated as 

follows: (i) Growth inhibition of 50% (GI50) was calculated from [(Ti-Tz)/(C-Tz)] × 100 = 

50, which is the drug concentration resulting in a 50% reduction in the net protein increase 

(as measured by SRB staining) compared to control cells (C = control growth; Ti = test 

growth in the presence of drug at five concentration levels; Tz = cell population for each 

cell line at time zero (the time of drug addition)), (ii) The drug concentration resulting in 

total growth inhibition (TGI) is calculated from Ti = Tz, and (iii) The LC50 (concentration 

of drug resulting in a 50% reduction in the measured protein at the end of the drug treatment 

as compared to that at the beginning) indicating a net loss of cells following treatment is 

calculated from [(Ti-Tz)/Tz] × 100 = −50 [43].

Cell cycle analysis.

A549 cells were seeded in a 6-well plate at density 150 × 103 cells/well for 24 h. Cells 

were then incubated with the different concentrations of treatments for 36 h. Subsequently, 

cell cycle reagents (e.g. NP40 and propidium iodide, Thermo Fisher Scientific, Waltham, 

MA) were added as previously described [31]. Cell samples were finally acquired using a 

FACScan flow cytometer (BD Biosciences, San Jose, CA), and the data files were analyzed 

using ModFit LT and FlowJo software.

Apoptosis assay.

In a 6-well plate, A549 cells were seeded at a density of 150 × 103 cells/well for 24 

h. Cells were then treated with the designated treatment for 48 h. After incubation with 

the treatments, cells were stained with annexin V and propidium iodide (Thermo Fisher 

Scientific, Waltham, MA). The stepwise description of this assay protocol is reported in our 

previously published work [31]. In this study, PTX and BU17 were tested at concentrations 

of 5 nM and 10 μM (selected based on the A549 MTS assay data, IC50 = 9 μM), 

respectively. Finally, samples were measured using the FACScan flow cytometer and the 

data were analyzed using FlowJo software.
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Caspase activity assay.

In this experiment, the activity of two caspases (3 and 9) was evaluated as previously 

described [31]. Briefly, A549 cells were incubated with the treatment (10 μM of BU17, 

which was selected based on the MTS assay data obtained from the A549 cell line, IC50 = 

9 μM) for 48 h, then caspase kit reagents were added (as per manufacturer’s instructions, 

Abcam, Burlingame, CA) and the fluorescence was measured using a spectrophotometer 

(Spectramax M5 Microplate Reader, Molecular Devices).

JNK1 and JNK2 inhibition assay.

Reaction Biology Corporation Kinase HotSpot (Malvern, PA) tested the inhibitory activity 

of compound BU17 towards JNK1 and JNK2 at a single concentration (10 μM, selected 

based on the MTS assay data obtained from the A549 cell line, IC50 = 9 μM) in duplicate 

mode, and reactions were carried out at 10 μM ATP.

Panel of 11 kinases.

Reaction Biology Corporation Kinase HotSpot tested the inhibitory activity of BU17 

towards 11 protein kinases (BRAF, CDK1/cyclin A, CDK1/cyclin B, CDK19/cyclin C, 

CDK8/cyclin C, CHK1, CHK2, P38α/MAPK14, PDK1/PDPK1, RAF1 and WEE1) at a 

single concentration (10 μM, selected based on the MTS assay data obtained from the A549 

cell line, IC50 = 9 μM) in duplicate mode and reactions were carried out at 10 μM ATP.

Tubulin polymerization assay.

This assay was performed to study the effect of BU17 on the microtubule formation and, 

hence, the cell division process. In brief, the BU17 solution (3 μM) was tested by incubation 

with tubulin, and the fluorescence was measured over time as previously described [31]. In 

this experiment, PTX and CaCl2 were used as assay controls. Both BU17 and PTX were 

tested at a final concentration of 3 μM while CaCl2 was used at a concentration of 75 μM, as 

per the manufacturer’s protocol (Cytoskeleton Inc., Denver, CO).

Formulation of compound BU17 into nanoparticles.

Using a nanoprecipitation technique, nanoparticles encapsulating compound BU17 were 

prepared. Briefly, 1 mg of compound BU17 and 30 mg of Resomer® RG 502 H, 

Poly(D,L-lactide-co-glycolide) were dissolved in 950 μL acetone and 50 μL of ethanol. 

The organic phase was transferred to a 3 mL syringe with a 26 G/0.5 needle, and the tip 

was submerged in a 30 mL stirring aqueous solution of 0.1 % w/v TPGS (Sigma-Aldrich). 

Next, the suspension was transferred to a rotary evaporator (Heidolph, Wood Dale, IL) 

50 mbar, 90 rpm for 2 h to evaporate the organic solvents. Amicon ultra-15 centrifugal 

filter units (Mw cutoff = 100 kDa, EMD Millipore, Burlington, MA) and Eppendorf 

centrifuge 5804 R (Eppendorf, Hamburg, Germany) were used to wash and collect the 

formed nanoparticles at 600 ×g for 30 min 4 times. To evaluate the shape and size of the 

nanoparticles, a drop of diluted nanoparticle suspension was allowed to dry overnight on an 

aluminum SEM stub then coated with gold and palladium, and images were taken using a 

Hitachi S-4800 SEM (Hitachi High-Technologies, Tokyo, Japan). To measure the size, size 

distribution, and surface charge of the prepared nanoparticles, 10 μL of the nanoparticles 
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was diluted with 990 μL of nanopure water and measured using a Zetasizer Nano-ZS particle 

analyzer (Malvern Panalytical, Malvern, United Kingdom). In addition, the drug content 

was estimated by HPLC-ultraviolet after dissolving the nanoparticles in a mixture of water 

and acetonitrile, using reversed-phase 5 μm C18 column (6 × 15 mm) and a mobile phase 

of acetonitrile:water (60:40, v/v) set at a flow rate of 1 mL/ min. Compound BU17 was 

detected by a UV detector at λ 295 nm after 6.25 min.

Cell viability testing of compound BU17 in solution vs nanoparticles.

The murine CT26 cells were seeded in 96-well plates at a density of 2 X 103 cells/ well for 

24 h. Cells were incubated with increasing concentrations (0.1, 1, 10, 25, 50, 50, 100 μM) 

of BU17 either in nanoparticles or soluble form. Then, the MTS assay was performed as 

described in the above section.

In vivo antitumor efficacy.

In this study, 6–8 weeks old female immunocompetent BALB/cJ mice were inoculated 

with syngeneic CT26 cells at a density of 1 × 106 cells/mouse subcutaneously in the right 

flank. After one week, tumor volumes were measured, and the mice were randomized 

into 3 groups. Mice in the first group (n=5) were treated with 150 μg of BU17 in 10% 

(v/v) Tween-80 solution per mice. Also, 150 μg of compound BU17-loaded nanoparticles 

were injected into the second group (n=6), and no treatment for the last group (n=7). 

The retro-orbital venous sinus injection was adopted as an intravenous route of treatment 

administration for 10 successive days. The mice weights were measured daily, and the 

tumor volumes were calculated every 2 days starting from day 8 post-tumor challenge by 

measuring the tumor diameters (D, mm) and height (H, mm) using a digital caliper as 

displayed in Equation (1). Mice were euthanized once the tumor diameter exceeded 20 mm 

or the tumor height exceeded 10 mm. This animal study was approved by the University of 

Iowa Institutional Animal Care and Use Committee (IACUC).

Tumor volume (mm3) = π
6 × D1 × D2 × H Equation 1:

Statistical analysis.

Data obtained from cell cycle analysis and apoptosis detection experiments were initially 

analyzed by one-way analysis of variance (ANOVA) using the F-test and followed by 

Tukey’s multiple comparison test to compare all pairs of treatments. An unpaired two-tailed 

t-test was used to compare data obtained from the caspase 3 and 9 activity experiment. Data 

of the tumor progression and body weight were analyzed with a linear mixed-effects model 

using SAS PROC MIXED (SAS Institute Inc., Cary, NC) [44]. Comparison of survival 

curves was initially performed by the Log-rank (Mantel-Cox) test using GraphPad Prism 

8 (GraphPad Software, La Jolla, CA), and further statistical analysis was carried out by 

pairwise comparisons, and data were analyzed using Log-rank test (Tukey-Kramer adjusted) 

using SAS 9.4 software [45]. In all tests, differences were considered statistically significant 

when P<0.05.
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Figure 1. Fabrication scheme of tetrahyrdrobenzo[b]thiophene derivatives from 2-amino-4,5,6,7
tetrahydrobenzo[b]thiophene-3-carbonitrile (compound 1).
(a) Acid chlorides and pyridine based synthesis pathway; (b) benzyl bromides and 

dimethylformamide based synthesis pathway; (c) aryl isocyanates, dimethylformamide, and 

pyridine based pathway.
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Figure 2. 
Percent growth inhibition (%GI) of the synthesized compounds tested on 60 cancer cell lines 

at the NCI.
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Figure 3. 
Analysis of the cell cycle of A549 cells treated with either BU17 or PTX for 24 h. (A) Cell 

cycle phase distribution of variously treated A549 cells. (B) Proportion (%) of A549 cells in 

the G2/M phase. (C) Histograms indicating the proportion of A549 cells in each cell cycle 

phase after incubation with either BU17 or PTX.
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Figure 4. 
Summary of key mechanistic studies of BU17. (A) Percentages of A549 cells (treated as 

indicated) in necrotic cells (Q1), late apoptotic cells (Q2), early apoptotic cells (Q3), and 

live cells (Q4). (B) Detection of early apoptosis in the treated A549 cells as indicated. (C) 

Dot-plots of A549 cells treated as indicated. (D) Detection of caspase 3 expressions in A549 

cells incubated with BU17. (E) Detection of caspase 9 expressions in A549 cells incubated 

with BU17. (F) Percentage enzymatic inhibition of BU17 against a panel of 11 kinases. (G) 

Effect of BU17 on tubulin polymerization rate. BU17 was used at 10 μM and PTX was used 

at 5 nM for all experiments.
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Figure 5. 
Fabrication and properties of BU17-loaded PLGA nanoparticles. (A) Diagram outlining 

preparation of BU17-loaded PLGA nanoparticles. (B) Characterization of the formulated 

nanoparticles by Zetasizer NanoZS. (C) Scanning electron microscope images of BU17

loaded PLGA nanoparticles.

Abdel-Rahman et al. Page 18

Adv Ther (Weinh). Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
In vitro and in vivo antitumor efficacy of BU17 in solution (BU17 Soln) vs BU17-loaded 

nanoparticles (BU17 NPs). (A) Dose-response curves resulting from CT26 cells being 

incubated in vitro with either blank nanoparticles (IC50 11.84 μM), BU17 solution (IC50 

1.52 μM), or BU17 nanoparticles (IC50 0.08 μM). (B) Tumor progression curve for mice 

inoculated with CT26 cells and administered with the designated treatment. (C) Mice 

survival curves where mice were euthanized when the tumor size exceeded 20 mm at 

the largest diameter or 10 mm in height. Survival analysis was initially performed by the 

Log-rank (Mantel-Cox) test using GraphPad Prism 8, and subsequent statistical analysis 

was carried out by pairwise comparisons where data were analyzed using Log-rank test 

(Tukey-Kramer adjusted) using SAS 9.4 software. (D) Mice body weight measurements over 

time.
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Table 1.

Cytotoxic potency (IC50) of all synthesized compounds upon culture with A549

Compound No. R IC50 (μM)

BZ02 2-I 6.10 ± 0.39

BZ03 2-Br >50

BZ04 3-Br >50

BZ05 4-Br 9.49 ± 1.32

BZA06 2-I 30.7 ± 0.07

BZA07 2-Br >50

BZA08 3-Br >50

BZA09 4-Br 2.73 ± 0.81

BZA10 2-F >50

BZA11 2-C10H7 >50

BU12 C6H5 >50

BU13 2-BrC6H4 12.19 ± 1.43

BU14 4-CH3C6H4 >50

BU15 4-OCH3C6H4 >50

BU16 4-n-C4H9C6H4 >50

BU17 C6H5CH2 9.00 ± 0.94

BU18 4-OCH3C6H4CH2 >50

BU19 4-Cl-3-CF3 7.2 ± 0.61
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Table 2.

Percent growth inhibition (%GI) of 60 cancer cell lines treated with benzamide and benzylamine derivatives 

(10 μM).

Cell line
%GI

BZ02 BZ03 BZ04 BZ05 BZA06 BZA07 BZA08 BZA09 BZA10

Leukemia

CCRF-CEM 76.33 19.72 36.49 79.57 - - - - -

HL-60(TB) 87.4 27.46 37.56 85.91 - - - - -

K-562 85.19 72.39 77.52 84.07 15.55 - 10.78 11.75 14.05

MOLT-4 65.12 36.49 47.66 67.49 17.25 - 16.24 12.95 -

RPMI-8226 53.55 14.68 22.18 66.74 13.38 - - - -

SR 61.36 42.76 68.07 49.75 19.52 - - - -

Non-Small Cell Lung Cancer

A549/ATCC 46.4 27.68 24.84 46.43 12.15 - - - -

EKVX 51.5 12.99 63.01 23.69 - - - -

HOP-62 57.84 16.73 53.6 14.21 - - - -

HOP-92 28.4 13.83 18.55 17.72 - - - -

NCI-H226 58.34 25.68 10.19 55.83 26.26 - - - 11.91

NCI-H23 26.57 - 34.98 16.10 - - - -

NCI-H322M 11.49 20.9 47.9 15.80 - - - -

NCI-H460 82.15 12.41 24.74 85.65 - - - - -

NCI-H522 75.37 25.84 24.1 77.43 22.07 - - - 15.92

Colon Cancer

COLO 205 NT NT - NT - NT NT - NT

HCC-2998 28.42 13.12 - 31.4 - - - - -

HCT-116 73.63 12.01 25.15 77.73 14.07 - - - -

HCT-15 78.52 56.3 54.17 77.76 - - - - -

HT29 82.56 55.47 40.53 84.22 - - - - -

KM 12 65.85 37.22 30.46 74.73 - - - - -

SW-620 79.04 54.5 49.51 80.79 - - - - -

CNS Cancer

SF-268 41.93 - - 38.3 - - - - -

SF-295 78.92 19.76 19.17 78.27 - - - - -

SF-539 77.06 12.72 13.44 89.47 - - - - -

SNB-19 60.84 17.86 18.92 61.49 - - - - -

SNB-75 83.26 20.09 15.59 86.38 21.81 - - - -

U251 70.34 19.8 11.84 68.85 12.57 - - - -

Melanoma

LOX IMVI 63.17 26.13 20.01 61.34 11.70 - 16.38 - 11.64

MALME-3M 39.06 28.33 37.58 50.76 13.81 - - - -
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Cell line
%GI

BZ02 BZ03 BZ04 BZ05 BZA06 BZA07 BZA08 BZA09 BZA10

M14 83.72 34.98 27.84 82.7 - - - - -

MDA-MB-435 L 97.05 89.22 L - - - - -

SK-MEL-2 73.59 45.23 - 62.98 - - - - -

SK-MEL-28 35.92 20.21 13.75 40.95 - - - - -

SK-MEL-5 80.76 24.01 10.23 90.4 - - - - -

UACC-257 39.3 - 16.56 33.88 - - - - -

UACC-62 61.95 37.55 28.29 70.91 32.02 15.75 29.36 18.1 20.59

Ovarian Cancer

IGORV1 49.41 11.93 32.63 46.28 38.21 - 13.16 - -

OVCAR-3 83.34 14.14 - 83.23 - - - - -

OVCAR-4 20.08 - 24.91 30.35 - - - 11.68 -

OVCAR-5 29.21 - - 44.26 - - - - -

OVCAR-8 48.56 - 18.11 35.45 - - - - -

NCI/ADR-RES 86.76 52.06 23.19 83.39 - - - - -

SK-OV-3 NT NT 14.83 NT - NT NT NT NT

Renal Cancer

786–0 47.83 5.79 17.38 53.92 - - - 12.79 -

A498 NT NT NT NT - NT NT - NT

ACHN 49.06 - 24.37 52.42 35.95 - - - -

CAKI-1 54.98 23.26 26.99 45.74 - 15.26 15.91 - 12.51

RXF 393 L 14.86 - 86.29 12.39 11.89 - - -

SN12C 46.52 - 16.06 54.34 - - - - -

TK-10 - - 20.84 27.26 33.20 - - - -

UO-31 41.93 15.8 17.7 36.95 - 28.63 19.67 - 13.18

Prostate Cancer

PC-3 52.93 - - 71.01 - - - - -

DU-145 37.15 - - 66.66 - - - - -

Breast Cancer

MCF-7 84.96 50.04 48.17 86.86 18.22 - 17.1 - -

MDA-MB-231/ATCC 45.33 21.13 17.82 55.09 18.80 - - - -

HS 578T 67.9 25.19 19.27 60.89 - - - - -

BT-549 47.79 16.82 - 47.82 - - - - -

T-47D 38.56 - 22.08 52.8 25.85 - - 29.48 15.53

MDA-MB-468 49.97 33.4 40.7 80.47 13.55 - - - -

(-): GI < 10%

(L): compound was lethal

(NT): not tested
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Table 3.

Percent growth inhibition (%GI) of 60 cancer cell lines treated with benzyl urea derivatives (10 μM).

Cell line
%GI

BU13 BU14 BU15 BU16 BU17 BU18 BU19

Leukemia

CCRF-CEM - - - - 83.37 NT NT

HL-60(TB) - 13.86 24.51 - L - 25.42

K-562 - - 14.91 34.19 86.02 - 18.27

MOLT-4 - - - 14.35 82.29 - -

RPMI-8226 - - - - 82.34 - 18.96

SR 22.13 - - 62.19 76.75 13.81 -

Non-Small Cell Lung Cancer

A549/ATCC - - - 15.6 71.45 - -

EKVX - - - - 42.23 - 19.05

HOP-62 - - - - 59.79 - 10.99

HOP-92 - - - - 58.03 - 18.72

NCI-H226 - - - 19.08 70.53 - -

NCI-H23 - - - - 70.97 - -

NCI-H322M - - - 21.81 57.82 - -

NCI-H460 - - - 14.88 97.38 - -

NCI-H522 - - 16.63 19.81 78.07 - -

Colon Cancer

COLO 205 NT - NT NT 89.93 - -

HCC-2998 - - - - 77.56 - -

HCT-116 - - - 15.56 87.78 - -

HCT-15 - - - 17.04 79.73 - -

HT29 - - - 15.54 87.21 - -

KM 12 - - - 13.47 79.5 - -

SW-620 - - - - 76.02 - -

CNS Cancer

SF-268 - - - - 53.08 - -

SF-295 - - - - 79.02 - -

SF-539 - - - - L - -

SNB-19 - - - - 65.89 - -

SNB-75 - - - - 73.01 - 17.46

U251 - - - - 73.9 - -

Melanoma

LOX IMVI - - - 42.98 75.96 - -

MALME-3M 10.28 - - - 52.48 - -

M14 - - - 14.62 89.36 - -
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Cell line
%GI

BU13 BU14 BU15 BU16 BU17 BU18 BU19

MDA-MB-435 - - - 25.09 L 14.91 -

SK-MEL-2 - - - - 54.43 - -

SK-MEL-28 - - - - 35.09 - -

SK-MEL-5 - - - 20.49 86.65 - -

UACC-257 - - - - 32.02 - -

UACC-62 12.92 25.77 25.07 57.08 60.66 - -

Ovarian Cancer

IGORV1 - - - - 71.19 - -

OVCAR-3 - - - - L - -

OVCAR-4 - - - - 51.58 - -

OVCAR-5 - - - 87.10 54.00 - -

OVCAR-8 - - - - 73.19 - -

NCI/ADR-RES - - - 87.38 88.86 - -

SK-OV-3 NT NT NT NT 64.89 - -

Renal Cancer

786–0 - - - 86.31 64.39 - -

A498 NT NT NT NT NT 77.36 NT

ACHN - - - 83.62 53.81 - -

CAKI-1 - - - 69.00 61.90 80.81 -

RXF 393 85.22 - - - 99.98 NT 80.16

SN12C - - - - 64.72 - -

TK-10 - - - 81.60 50.93 74.58 -

UO-31 78.13 77.19 79.71 80.65 52.84 - 88.27

Prostate Cancer

PC-3 - - - 82.06 73.05 - -

DU-145 - - - - 89.93 - -

Breast Cancer

MCF-7 - - - - 80.49 - -

MDA-MB-231/ATCC - - - 82.19 81.16 - -

HS 578T - - - - 90.36 - 87.78

BT-549 - - - - 75.92 - -

T-47D - - 87.21 - 60.02 - 78.38

MDA-MB-468 - - - - L - -

(-): GI < 10%

(L): compound was lethal

(NT): not tested
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Table 4.

GI50 values (μM) generated for BU17 and nocodazole upon screening NCI-60 cell lines

GI50 GI50

Cell Lines BU17 Nocodazole Cell Lines BU17 Nocodazole

Leukemia Melanoma

CCRF-CEM 0.521 0.014 M14 0.439 0.013

HL-60(TB) 0.246 0.011 MDA-MB-435 0.235 0.011

K-562 0.442 0.011 SK-MEL-2 28.5 0.019

MOLT-4 0.509 0.020 SK-MEL-28 30.4 0.095

RPMI-8226 0.719 0.013 SK-MEL-5 0.467 0.018

SR 0.334 0.015 UACC-257 50.5 0.148

Non-Small Cell Lung Cancer UACC-62 0.552 0.018

A549/ATCC 0.652 0.018 Ovarian Cancer

EKVX 2.45 0.039 IGROV1 0.832 0.024

HOP-62 2.93 0.028 OVCAR-3 0.351 0.017

HOP-92 5.88 0.292 OVCAR-4 3.46 22.28

NCI-H226 2.26 0.062 OVCAR-5 2.07 20.75

NCI-H23 3.38 0.016 OVCAR-8 2.02 0.029

NCI-H322M 0.764 0.023 NCI/ADR-RES 0.478 0.014

NCI-H460 0.453 0.017 SK-OV-3 9.20 0.017

NCI-H522 0.951 0.012 Renal Cancer

Colon Cancer 786–0 0.982 0.078

COLO 0.578 0.019 A498 0.277 0.019

HCC-2998 2.30 0.038 ACHN 0.691 0.225

HCT-116 0.525 0.013 CAKI-1 0.687 1.109

HCT-15 0.461 0.019 RXF 393 0.724 0.070

HT29 0.408 0.013 SN 12C 1.03 0.073

KM12 0.440 0.013 TK-10 12.4 2.951

SW-620 0.433 0.013 UO-31 0.865 0.058

CNS Cancer Prostate Cancer

SF-268 2.56 0.089 PC-3 0.709 0.020

SF-295 0.777 0.012 DU-145 0.858 0.014

SF-539 0.441 0.017 Breast Cancer

SNB-19 0.778 0.086 MCF-7 0.374 0.050

SNB-75 0.201 0.015 MDA-MB-468 0.500 NT

U251 0.742 0.040 HS 578T 1.44 0.016

Melanoma T-47D 1.44 81.28

LOX IMVI 0.699 0.021 MDA-MB-231/ATCC 1.44 0.171

MALME-3M 0.818 0.027
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Table 5.

TGI and LC50 values (μM) for BU17 and nocodazole upon screening NCI-60 cell lines

BU17 Nocodazole BU17 Nocodazole

Cell Lines TGI LC50 TGI LC50 Cell Lines TGI LC50 TGI LC50

Leukemia Melanoma

CCRF-CEM >100 >100 19.9 100 M14 >100 >100 5.01 >100

HL-60(TB) 0.759 >100 0.05 79.43 MDA-MB-435 0.651 >100 0.1 1.58

K-562 >100 >100 39.8 79.43 SK-MEL-2 >100 >100 12.59 >100

MOLT-4 >100 >100 12.58 79.43 SK-MEL-28 >100 >100 63.09 >100

RPMI-8226 >100 >100 6.31 >100 SK-MEL-5 9.71 >100 6.31 50.11

SR >100 >100 6.31 79.43 UACC-257 >100 >100 100 >100

Non-Small Cell Lung Cancer UACC-62 >100 >100 63.09 >100

A549/ATCC >100 >100 50.12 100 Ovarian Cancer

EKVX >100 >100 31.62 >100 IGROV1 >100 >100 39.81 >100

HOP-62 >100 >100 100 >100 OVCAR-3 2.05 >100 100 79.43

HOP-92 56.0 >100 7.94 >100 OVCAR-4 >100 >100 63.09 >100

NCI-H226 93.4 >100 1.26 >100 OVCAR-5 >100 >100 100 >100

NCI-H23 >100 >100 0.63 63.09 OVCAR-8 >100 >100 15.8 >100

NCI-H322M >100 >100 79.43 >100 NCI/ADR-RES >100 >100 0.16 >100

NCI-H460 >100 >100 10 79.43 SK-OV-3 >100 >100 10.00 >100

NCI-H522 >100 >100 0.039 >100 Renal Cancer

Colon Cancer 786–0 >100 >100 31.62 79.43

COLO 8.34 >100 1.99 25.11 A498 1.70 >100 1.58 79.43

HCC-2998 >100 >100 12.56 >100 ACHN >100 >100 79.43 >100

HCT-116 >100 >100 15.84 >100 CAKI-1 >100 >100 63.09 >100

HCT-15 >100 >100 2.51 >100 RXF 393 65.3 >100 6.31 79.43

HT29 >100 >100 1.00 25.11 SN 12C >100 >100 31.62 >100

KM12 >100 >100 39.81 >100 TK-10 >100 >100 63.09 >100

SW-620 >100 >100 100 >100 UO-31 >100 >100 39.81 79.43

CNS Cancer Prostate Cancer

SF-268 >100 >100 63.09 >100 PC-3 >100 >100 15.84 >100

SF-295 91.7 >100 0.03 63.09 DU-145 11.2 >100 1.58 79.43

SF-539 10.3 >100 0.501 >100 Breast Cancer

SNB-19 >100 >100 39.81 >100 MCF-7 >100 >100 50.12 >100

SNB-75 34.0 >100 63.09 >100 MDA-MB-468 7.14 >100 79.43 >100

U251 66.7 >100 1.99 50.12 HS 578T >100 >100 79.43 >100

Melanoma T-47D >100 >100 100 >100

LOX IMVI >100 >100 39.81 >100 MDA-MB-231/ATCC >100 >100 100 >100

MALME-3M >100 >100 39.81 >100
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Table 6.

Cell cycle analysis (by phases, expressed as %) of A549 cells incubated with either BU17 or PTX.

Groups G0/G1 Phase G2/M Phase S Phase

Untreated cells 39.78 ±0.23 3.57 ± 0.50 56.65 ± 0.53

BU17 (1 μM) 40.59 ± 1.51 12.86 ± 0.58 46.54 ± 1.05

BU17 (5 μM) 2.79 ± 0.22 80.02 ± 0.78 17.19 ± 0.94

BU17 (10 μM) 2.58 ± 0.28 77.34 ± 1.25 20.08 ± 1.10

BU17 (50 μM) 2.99 ± 0.27 71.99 ± 4.88 25.01 ± 4.88

PTX (2.5 nM) 3.41 ± 0.18 81.97 ± 2.06 14.62 ± 1.99
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