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mphantly formed from 1,4-bis(2-methylimidazol-1-ylmethyl)benzene
igid ligand with Co(II) nitrate salts and distinct carboxylic acid co-ligands (o/p

olymerase chain reaction (RT-PCR) subsequently was employed to test the VEGF signaling path-
ivation. Eventually, the cancer cells apoptosis levels after treating with above compound
ssessed via detecting the BCL-2 protein expression level. Furthermore, results from molecular
cking simulation indicate that complex 1 not only exhibits relatively lower affinity energy, but
also forms more binding interactions in comparison to complex 2 when binding to a given target
protein. Complex 1 was much superior to complex 2 on treating pancreatic cancer via suppressing
the cancer cell invasion, migration and viability ability.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

* Cor_rGSponding author. Pancreatic cancer is one of the most malignant tumors of the
E-mail address: 502257@csu.edu.cn (L.-P. Yang). digestive tract. It progresses quickly, has a poor prognosis, is
Peer review under responsibility of King Saud University. easy to relapse, and has a short survival period (Tempero,

2019). The survival rate within five years is less than 5%. Its
fatality rate ranks eighth in the world. At present, the molecu-
lar regulation mechanism for the invasion together with metas-

&

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2021.103572
1878-5352 © 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2021.103572&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:502257@csu.edu.cn
https://doi.org/10.1016/j.arabjc.2021.103572
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2021.103572
http://creativecommons.org/licenses/by/4.0/

2

F.-Z. Li et al.

tasis of the pancreatic cancer is not fully understood (Bear
et al., 2020). Therefore, exploring the above mechanism of
the invasion together with metastasis of the pancreatic cancer
may provide an experimental basis for the development of new
molecular targeted therapies for the treatment of pancreatic
cancer (Ansari et al., 2016).

In recent years, the reasonable design of CPs-based func-
tional materials has received widespread attention, on account
of their fascinating topologies and architectural diversities, at
the same time because of their applications in fluorescence,
separation, gas capture, drug delivery, fluorescence sensing,
proton conductivity as well as other associated fields (Pan
et al., 2020; Liu et al., 2021; Liu et al., 2021; Dutta et al.,
2021). The generation of ideal CPs having useful performances
is affected via some key factors, for example the types of func-
tional motif of ligands, template, concentration, auxiliary
ligand, solvent system, temperature, pH and the time of reac-
tion. Many studies have been devoted to the establishment of
CPs by the combination of N-donor ligands and carboxylic
acids (Karadagi et al., 2020; Rashidi et al., 2020; Abedi
et al., 2019; Aghaee et al., 2021; Souri et al., 2018; Pepio
et al., 2021; Zhong et al., 2020; Wang et al., 2012). On the
other hand, Cobalt as a human essential element in the active
site of vitamin B12, which indirectly regulates the synthesis of
DNA, has attracted many biological and organometallic che-
mists who have investigated cobalt complexes with the aim
of medical applications, due to their significant bioactivity.
According to the literature, cobalt complexes have been shown
to possess antibacterial, antifungal, antiviral, antiparasitic and
antioxidant activity, and antitumor and antiproliferative
ity (Sukanya and Reddy, 2018; Zhang et al., 2016; Lei
2018; Jagadeesan et al., 2013). In experimental investiga
of malignant tumor therapy, the interest in coj

as their ability to redox-dependent target
of solid tumors. Many cobalt comp

zine with substantial antican
In this work, through utilidy

nation p§
of single cry
bio-section, tf

PXRD, TGA and FT-IR. In the
gbove two compounds’ treatment activity
against the pancr&@c cancer was examined. From the molec-
ular and structural points of view, although a slightly change
in the Co complex structure has been applied during the syn-
thesis, the functionality of the complex may vary in a large
range, thus, in addition to the experiment, the simulation of
molecular docking has been implemented for investigating
the difference between the two synthesized Co complex and
for understanding the capability of the anti-cancer effect.
Thus, we confirmed that complex 1 was much superior to com-
plex 2 on treating pancreatic cancer via suppressing the cancer
cell invasion, migration and viability ability.

2. Experimental

2.1. Chemicals and measurements

In this paper, the solvents and chemicals applied were provided
by commercial sources with the reagent quality and they can
be utilized directly. With the aim of investigating the elements
of Carbon, Nitrogen together with Hydrogen, Perkin-Elmer
model 240C was employed. Bruker D8 Advance X-Ray
diffractometer was applied to conduct the detection of PXRD
utilizing 0.15418 nm Cu Ko radiation, where the X-Ray tube
worked at 30 mA and 40 kV. With the temperature between
RT and 800 °C, by utilizing Perki gcr, TGA was imple-

g flow. The spec-
employed to
bctra  between

The above mixture was maintained and next
days under a temperature of 120 °C, prior
°C-h~! rate to RT. Eventually, the compound

rough water. Anal. Calcd for C;gH;;,CoN,O4: C, 56.26; H,
> , 7.29%. Found: C, 56.85%; H, 4.29%; N, 7.54%.
FTIR (KBr, em™!, Fig S1): 723 m, 1153w, 1271 m, 1367 s,
1411 s, 1440 s, 1552 vs, 1631 s, 2914w, 2960w, 3026w,
3059w, 3128 w.

2.3. Preparation and characterization for {[ Co(u-ppda)(p-
pbmeix) ]-H>0}, (2)

The mixture formed by 0.10 g and 0.5 mmol H,ppda, 0.1 mmol
and 30 mg Co(NO3)2:-6H,0 and 0.14 g and 0.5 mmol pbmeix
was lysed in a 12 mL solution of H,O and DMF (with the vol-
ume ratio of 3:1) in thick walled glass tube. The above mixture
was kept and next heated for three days under a temperature
of 120 °C, prior to cooling with 5 °C-h™! rate to RT. Filter
the solution and allow it to evaporate slowly. After several
days, the 2's colourless crystals were gathered via filtration
and cleaned through applying water. Anal. Caled for CogHog-
CoN4Os: C, 58.32; H, 5.27; N, 10.46%. Found: C, 58.27%; H,
5.69%; N, 10.87%. FTIR (KBr, cm™'): 740m, 1144w, 1277m,
1364s, 1422s, 1440s, 1516 vs, 1602s, 1606s, 2914w, 2963w,
3000w, 3130w, 3510w.

The diffractometer of SuperNova was employed with the
aim of gaining the X-Ray data. CrysAlisPro was applied for
the exploration of the strength data, which was subsequently
converted to the HKL files. The direct mean based-SHELXS
together with the least-squares method based SHELXL-2014
software were respectively employed to synthesize and modify
the original architectural modes (Sheldrick, 2015). The aniso-
tropic parameters were mixed after using the whole non-H
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atoms. Eventually, the entire H-atoms could be fixed on the C
atoms that they are linked to in geometry with AFIX com-
mands. The complexes’ optimization details together with their
parameters of crystallography were listed in the Table 1. The
selected bond lengths and angles are listed in Tables S1-S4 in
the ESI.

2.4. CCK-8 assay

In this experiment, the CCK-8 assay was implemented to
determine the compounds’ inhibitory activity against the via-
bility of pancreatic cancer. This conduction was performed
strictly following the instructions accompanied with some
modifications. Shortly, the pancreatic cancer cells of PC-1 (ob-
tained from ATCC) in logical growth were gathered and then
inoculated into the plates (96 well, 10 cells /well). The cells
were stored in a 37 °C incubator, with 5% CO, for half a
day. After incubation for twelve hours, the wells were added
with the compounds with various concentrations (between 0
and 80 pM). Subsequently, discarding the medium of cell cul-
ture and adding the fresh medium involving CCK-8 reagent
(10 pL) into the wells. After finishing the specific treatment,
for each well, the absorbance was tested at 490 mm. This study
was implemented for 3 times or more, and the results were
described with mean + SD.

2.5. Trans-well assay

In order to in-depth measure the invasion and migration als
ity of the pancreatic cancer cells of PC-1 after treating with

Table 1 The complexes’ optimization details
their parameters of crystallography.

Identification code

Empirical formula
Formula weight
Temperature/K
Crystal system
Spoace group

a/A 9.14260(13)
b/A 10.5529(2)
c/A 12.3725(4)
a/° 85.263(3)

B/° 73.0258(17)
v/° 88.5741(11)
Volume/A® 1137.81(4)

Z 2

Pearcg/cm’ 1.528 1.563

p/mm~"! 053 6.322

Data/ 3520/0/227 4774/0/306
restraints/parameters

Goodness-of-fit on F>  1.149 1.106

Final R indexes R,;* = 0.0588, RY = 0.0828,
1> =20 (I)] oR, = 0.1363 oR, = 0.2234
Final R indexes [all R, = 0.0735, R, = 0.0877,
data] oR, = 0.1460 oR, = 0.2323
Largest diff. 0.41/-0.45 1.89/-1.07
peak/hole / e A

CCDC 2,111,923 2,111,924

Ry = Z[F| — [FJ[/ZFol. "WRy = [Zw(F,[> - [F)|/Zlw
(Fo)!IV2, where w = 1/[2(F2) + (aP)*> + bP]. P = (F2 + 2F%)3.

above compound, in this study, the trans-well assay was car-
ried out. The 24-well trans-well chambers were maintained in
the plates (24-well), and in logical growth, the pancreatic can-
cer cells of PC-1 were inoculated into upper chambers and cul-
tured in a fresh FBS medium. The complement couture
medium was addressed into lower chambers. After incubation
for one day under a temperature of 37 °C, with 5% CO,, on
upper membrane, the residual cells were removed, and the pan-
creatic cancer cells of PC-1 on the other cambers side were
stained through utilizing the crystal violet (0.5%). On the
lower membrane surface, the cells after stained were quantified
through employing the microscope. All the implementation
were carried out for the detection of cell migration. For the

coated via the matrigel matrix
the subsequent protocols were in$
This study was implement

NJ, USA),

ered and then inoculated into the plates (6
per well ultimate destiny). The cells were
7 °C incubator, with 5 %CO, for twelve

applying TRIZOL. After testing the overall RNA concentra-
tion, it was reverse transcripted subsequently into the cDNA.
he VEGF signaling pathway relative expression in the pan-
creatic cancer cells of PC-1 was examined through exploiting
real time RT-PCR, where gapdh was utilized as an internal
control gene. The sequence of the vegf primers used in this
research: CGAAAGCGCAAGAAATCCCG,
GCTCCAGGGCATTAGACAGC. This study was imple-
mented for 3 times or more, and the results were described
with mean + SD.

2.7. Western blotting assay

After treated by the synthesized compounds, the Bcl-2 protein
expression levels in the pancreatic cancer cells of PC-1 were
tested through using the western blotting assay. All the con-
duction in our paper was finished completely on the basis of
the protocols with slight modifications. Briefly, in logical
growth, the pancreatic cancer cells of PC-1 were gathered
and then inoculated into the plates (6 well) with 10° cells per
well destiny. After incubated at a 37 °C incubator, with 5 %
CO, for twelve hours, the two compounds were utilized to
treat cells with 50 ng/ml concentration. Applying 5-Fu as a
positive control. After conducting the above treatment, we
can extract the overall protein samples, and then determined
its concentration by BCA Protein Assay Kit. The samples were
subsequently isolated via the gel electrophoresis of SDS-PAGE
and transferred into a PVDF membrane (0.22 mm) by elec-
trophoresis. After incubated through applying the primary
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2.8. Simulation details

In order to feed the Co
simulation, the two
plexes 1 and 2, have
default energy miaimi pplied. Regarding the

ily has been chosen as

oose 5 K65 from the VEGF pro-
arget protein since it contains a large dock-
ing pocket which'S@xtremely suitable for capturing large size
ligand (Lobner et al., 2017). The grid box that contains the
docking pocket is located at the position of X = -17.511,
Y = -24.087,Z = 23.164 (A). In each direction, the number
of grid points is 60, again, such number ensures that the gird
box is big enough for allowing the Co complex to adjust their
conformations during the docking simulation. For both Co
complexes, 9 rotatable dihedrals have been found, thus, under
the better sampling consideration, 50 binding poses have been
adopted with the Lamarckian genetic algorithm (LGA). All
the simulations have been performed by AutoDock 4.2 and
AutoDockTools 1.5.6.

tein family a

3. Results and discussion

3.1. Crystallography description

Compound 1 was generated with the reaction between Co(II)
acetate and pbmeix and Hopda in a solution of water and
DMF at 120 °C. The compound was crystallised in a mono-
clinic P21/c space group and its fundamental unit involves a
Co(II) centre, a opda and 0.5 pbmeix (Fig. la). The center of
Co(II) is 4-coordinated, combining with three O atoms belong
to three distinct opda and a N atom provides by a pbmeix. It
reveals twisted tetrahedral structure (where 74 is equal to 0.81),
and the angles of bond is between 98.08(12) and 127.32(18)°.
The bond lengths of Co(1)-O ranging from 1.916(3) to 0.019
(2) A and the bond distance of Co(1)-N(1) is 1.990(3) A.
The carboxylic acid group involving O(1) and O(2) connects
between the centres of Co(Il), resulting in the creation of
chains along axis c¢ in crystallography. These chains are linked
into sheets through opda connectors. On the whole, the opda
connectors utilize the ps-k': «': k' «° coordination manner
via connecting the centres of Co(Il), and opda employ the
trans conformation and creates sheets on plane bc¢ (Fig. 1b).
The length between the centres of Co(II) linked via the pbmeix
connector is 14.303 A. The torsion angles between carboxylic
acid groups and the neighboring aromatic rings through C1-
C2-C3-C4 and C10-C9-C8-C7 respectively are —98.64° and
—103.02°. The neighboring sheets are inter-connected through
pbmeix to synthesize a 3-dimensional skeleton (Fig. 1c). The
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Fig. 2
2D + 2D - 2D. (d) The interactions of H-bond between th

a)

analysis of topology exhibits that the 1 possesses a xww-3,4-
P21/c topology with (4.8%0.10%)(4.8%) point symbol (Fig. 1d).
Compound 2 was produced by the reaction between Co(II)
acetate and pbmeix and Hyppda in a solution of water and
DMF at 120 °C. It was crystallized in a triclinic P—1 space
group, and the 2's fundamental unit is constructed from a cen-
tre of Co(II), two half ligands of ppda, a pbmeix and a mole-
cule included H,O. According to Fig. 2a, the centre of Co(II) is
coordinated via two O atoms of carboxylic acid groups come
from two diverse ppda and two N atoms provided via two

(a) The coordination manner for the Co ions. (b) Viegw 2-dime

T T T T T T T T T - T r
100 200 300 400 500 600 700
Temperature (°C)

ig. 3 (a) The patterns of PXRD for compounds 1 and 2. (b) and their curves of TGA.

distinct pbmeix. It reveals twisted tetrahedral structure (where
14 1s equal to 0.92), and the angles of bond is between 102.88
(12) and 115.69(12)°. The bond lengths of Co(1)-O(1),
Co(1)-0(3), Co(1)-N(1) together with Co(1)-N(4) are
1.938(3), 1.945(2), 1.993(4) and 2.048 (4)A. In comparison
with complex 1, there exist no linking carboxylic acid groups
in compound 2. The ppda ligand coordinates with metal centre
using a po-k k% Kk!:k® coordination manner, and the CH,CO,
groups twist each other in a classic trans conformation. Each
ppda bridges two centres of Co(Il) to produce an infinite 1D
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pancreatitis cell pro"feration dimensional layers of 2 penetrate each other to produce a par-
allel interpenetrated architecture of 2D + 2D — 2D (Fig. 2¢).

3.0+ When ppda from a net penetrate Co,(pbmeix), rings of a con-
- pancreatic cancer cell secutive networks, interpenetration appears, resulting in a
2.5 5-Fu polyketene architecture. The interlayers are in-depth extended
i a 3-di ional supramolecular net through the interac-
— compound 1 into a 3-dimensional sup . g
2.04 . P d2 tions of H-bond between coordinated H,O molecules and car-
COPOUIE boxylic acid groups (Fig. 2d).

0OD490 nm

1.5+

1.0- 3.2. PXRD and TGA

0.5 For the sake of examining the phase purity for the products,
the research of PXRD on the compouads created was accom-

0.0 T plished (Fig. 3a). There exist a ency between the

and the simu-
)1 architecture

L] 1} L) L) v 1} |}
0 6 12 18 24 30 36 42 48
hours

peak positions of PXRD patte

Fig. 4 Inhibition of the new compounds on the viability of PC-1
pancreatic cancer cells. In logical growth, the pancreatic cancer ion. i ige : ( pounds’ thermal
cells of PC-1 were gathered and inoculated into the plate of cell iliti i under air flow between
culture, the treatment was subsequently finished with the above
compounds at various dilutions. The PC-1 pancreatic cancer cells temperature less than 263
viability was examined through the assay of CCK-8. * means dinated or lattice solvents in
P < 0.05 and *** means P < 0.005. is is in accordance with the outcomes in

zig-zag polymeric chain, and consecutive chains are in-depth
connected together through two diverse pbmeix to create a
2-dimensional net on plane ab (Fig. 2b). These sheets consist
of large hexagonal rings (passing through a dista
17.8 A). Four sides are composed of ppda, and two sid
composed of paired pbmeix, which themselves form the
pbmeix), rings. The length between the centres g
nected via the pbmeix connectors is 11.667
of complex 1 which shows 3D framewq,

f the whole organic ligand. The final product
rature of 500 °C was CoO, (found: 19.41%,

ed H,O (with the found and calculated values of
. and 3.36% for complete 2). On the in-depth heating,
it was completely decomposed, and the residues is CoO (with
a found and calculated value of 14.56% and 13.83% for 2).
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Fig. 5 Decreased invasion and migration of cancer cells after treated with the compound. The pancreatic cancer cells of PC-1 were
inoculated into the plates (24 well), and then treating with above compounds. The trans-well detection was implemented and the invasion
and migration ability for cancer cells were determined. * means P < 0.05 and *** means P < 0.005.
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3.3. Compound significantly reduce the viability of the PC-1
pancreatic cancer cells

After designing and creating the compounds having no
structures, the treatment activity of above compounds again
the PC-1 pancreatic cancer cells viability wag i
firstly. Thus, the assay of CCK-8 was performg
and thePC-1 pancreatic cancer cells viabilit
we can know from the Fig. 4, the contg

slight effect against the
of PC-1.

A \Z
O ©

> ¢ & &
« & &
- .

GAPDH s s s S

BCL-2

Fig. 7 Obviously down-regulated expression of BCL-2 in the
PC-1 pancreatic cancer cells after the treatment of compound. The
pancreatic cancer cells of PC-1 were gathered and treated by
compound with serial different concentrations. The BCL-2 in the
PC-1 pancreatic cancer cells was measured with western blotting
assay.

7
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which is much motor powerful than that of 2. Moreover,
the compounds’ effect against the invasion and migration
f the pancreatic cancer cells of PC-1 was still required to
be in-depth studied. The outcomes in Fig. 5 suggested that
in contrast to control cancer cells, the 1 could significantly
decrease the invasion and migration of cancer cells. Neverthe-
less, after treating through 2, there exist only slight effect on
the viability and migration of the pancreatic cancer cells of
PC-1.

3.5. Compound showed excellent regulatory effect on the VEGF
signaling pathway in the PC-1 pancreatic cancer cells

As we demonstrated in the earlier research, the new compound
showed outstanding inhibitory activity against the invasion,
migration and viability of the pancreatic cancer cells of PC-
1. As formerly reported, the VEGF signaling pathway in the
pancreatic cancer cells of PC-1 possesses an essential effect in
developing the pancreatic cancer. As a result, the real time
RT-PCR was in-depth performed and the VEGF signaling
pathway activation in the pancreatic cancer cells of PC-1 was
tested. The outcomes in Fig. 6 exhibited that in comparison
with control group, there exist a markedly down-regulated
VEGTF signaling pathway level in the pancreatic cancer cells
of PC-1. There was significantly difference between the above
groups. Under treating with our novel compound, the VEGF
signaling pathway relative expression in the pancreatic cancer
cells of PC-1 was down-regulated markedly, which is much
more outstanding than the 2.
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Fig. 8 Binding conformations of complex 1 (a) and complex 2 (b), their binding af
respectively. The active residues are colored as purple, and the binding interactions are

3.6. Compound obviously reduced the expression of BCL-2 in the
PC-1 pancreatic cancer cells

In the previous study, we have demonstrated that the com-
pound exhibited superb treatment activity against the PC-1
pancreatic cancer cells via suppressing the cancer cells migra-
tion and viability, as well the VEGF signaling pathway actlva-
tion. As the BCL-2 was the bio-maker of the cell apopj
furthermore, whether the compound could also influenc{l
activation of the apoptotic signaling pathway was explqgk
in our work. On the basis of Fig. 7, in contrast tgdagrmal ca

3.7. Molecular docking

Vascular endothelial
fic domain-containirf
cal activity (Raj;
i antitumor drug targets,

thus, the een studied by molecular
docking K 65 receptor protein for investigat-
ing their p er activity. As described in the

gction, for each of the Co complex, 50 possi-
ble binding pose ¢ been evaluated. The binding conforma-
tions that with tife lowest binding affinity energies for
complexes 1 and 2 are shown in Fig. 8. Explicitly, the binding
affinity energies are —7.0 and —6.84 kcal/mol, respectively.
The difference of the binding affinity energies is only about
0.1 kcal/mol, which is hard to distinguish which complex is
more preferable for binding with the target probe from the
energetical point of view. However, when look into the details
of the binding conformation, we can see that complex 1 has
formed two binding interactions (Fig. 8a), the carboxyl group
is interacting with active residue LYS-392 (1.7 A) and the imi-
dazole is interacting with active residue VAL-379 (2.3 A). In
contrast, complex 2 is only formed one binding interaction

ructure is more preferable when bind-
target protein and shed light on future anti-

In conclusion, we have created two Co(II) CPs from 1,4-bis(2-
methylimidazol-1-ylmethyl)benzene, a semi-rigid ligand with
different carboxylic acid co-ligandsand Co(Il) nitrate salts.
The assay of CCK-8 revealed that complex 1 was more supe-
rior to complex 2 on suppressing the viability of cancer cell.
The detection of trans-well subsequently exhibited that com-
plex 1 markedly decreased the invasion and migration of pan-
creatic cancer cells, in comparison with complex 2. Then, the
VEGF signaling pathway activation was evidently down-
regulated via complex 1, but not by complex 2. Finally, we
proved that the expression level of the BCL-2 protein was
reduced by complex 1, suggested complex 1's promotion effect
against the apoptosis of cancer cell. Thus, we confirmed that
complex 1 was much superior to complex 2 on treating pancre-
atic cancer via suppressing the cancer cell invasion, migration
and viability ability.

Data availability

The IR spectra of complexes 1-2 (Fig. S1); Bond lengths for 1
(Table S1); Bond angles for 1 (Table S2); Bond lengths for 2
(Table S3); Bond angles for 2 (Table S4); the information
could be found in the supporting information file.
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