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Palladium(u), platinum(n), and silver() complexes
with 3-acetylcoumarin benzoylhydrazone Schiff
base: Synthesis, characterization, biomolecular
interactions, cytotoxic activity, and computational
studiest
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New Pd(n) (C1), Pt(i) (C2), and Ag() (C3) complexes derived from 3-acetylcoumarin benzoylhydrazone (HL)
Schiff base were synthesized and characterized by FTIR, *H NMR, UV-visible spectroscopies along with
elemental analysis (C, H, N), magnetic, molar conductivity measurements, and DFT calculations. The
obtained results suggested that the ligand had different behaviors in the complexes: mono-negative
tridentate (C1) and neutral tridentate (C2) as an ONO-donor and neutral bidentate (C3) as an ON-donor.
Quantum chemistry calculations were performed to validate the stability of the suggested geometries and
indicated that all the complexes possess tetra-coordinated metal ions. The binding affinity of all the
compounds toward calf thymus (ctDNA), yeast (tRNA), and bovine serum albumin (BSA) was evaluated by
absorption/emission spectral titration studies, which revealed the intercalative binding to ctDNA and tRNA
and static binding upon complex formation with BSA. Molecular insights into the binding affinity of the
characterized complexes were provided through conducting molecular docking analysis. Moreover, the
cytotoxic activity (in vitro) of the compounds was screened against human cancerous cell lines and a non-
cancerous lung fibroblast (WI38) one using cis-platin as a reference drug. The ICsq and selective index (Sl)
values indicated the higher cytotoxic activity of all the metal complexes compared to their parent ligand.
Among all the compounds, the complex C2 showed the highest activity. These results confirmed the
improvement of the anticancer activity of the ligand by incorporating the metal ions. In addition, flow
cytometry results showed that complexes C1 and C2 induced cell cycle arrest at S and G1/S, respectively.

biological activities.” It has been found that the C3-position of
coumarin is an effective position that can improve the cytotoxic

Coumarins (2H-1-benzopyran-2-one) are a crucial class of
oxygen-based heterocyclic compounds of natural origin and can
be also found in synthetic medicinally active compounds.*?
They have been used in flavoring foods and in cosmetic prod-
ucts as a fragrant.®> Coumarin-containing compounds have
attracted considerable interest in biological applications
including in vitro/in vivo anticancer,*” antimicrobial, antioxi-
dant, and anti-inflammatory activities." In comparison to free
coumarin-based ligands, the anticancer and antimicrobial
activities have been enhanced by coordination with metal
ions.*® Recently, coumarin-derived Schiff bases along with
associated metal complexes have been considered to be the
most efficient classes of compounds that exhibit a wide range of
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efficacy against several human cell lines.>** In particular, 3-
acetylcoumarin has demonstrated high reactivity to form
remarkably stable Schiff base ligands such as hydrazone (ONO-
donor ligands) and the synthesis of their metal complexes.*
On the other hand, hydrazone Schiff bases have also
attracted considerable scientific attention owing to their
unique structural and biological/pharmacological
properties.”*™* The keto-enol tautomerism of the hydrazone
structure gives them the possibility to coordinate metal ions
through azomethine nitrogen, or ketonic or enolic amide
oxygen. Additionally, the coordination site from the substit-
uent attached to the hydrazide amine group offers diverse
coordination modes.’*?® In fact, a series of hydrazide/
hydrazine coumarin-based derivatives have been reported for
their potential antitumor activity.”® Moreover, hydrazone-
based complexes were reported to improve the binding
affinity to DNA, as well as the antitumor activity.?>* Therefore,
the structural improvement of hydrazone/coumarin may lead
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to an important category of compounds with utility for
designing and developing new potential drugs.”** Indeed, the
literature is rich with numerous coumarin-derived complexes
with therapeutic applications due to their anticancer, antimi-
crobial, and antioxidant effects and as enzyme inhibitors.”>®
For instance, a series of 3-acetylcoumarin hydrazone Schiff
base complexes containing nickel(n), cobalt(u), copper(u),>
ruthenium(ur), Rh(in), and Ir(u)*® have been reported for their
anticancer and antibacterial activities.

Based on the reported biological activities of coumarin,
hydrazone Schiff bases, and their metal chelates, and also on
a continuation of our research on acetylcoumarin and hydra-
zone Schiff bases,” ™' we sought to develop novel metal
complexes containing Pd(u), Pt(u), and Ag(1) based on 3-ace-
tylcouamrin benzoylhydrazone Schiff base. Moreover, we eval-
uated their interaction with biomolecules (ctDNA, tRNA, and
BSA), and in addition, their in vitro cytotoxic activity against
human breast carcinoma (MCF?7), cervical carcinoma (HeLa),
and normal lung fibroblast (WI38) cell lines. Moreover, the cell
death mechanism was elucidated by flow cytometry. Later, DFT
calculations were performed to further support the proposed
structures while molecular docking was carried out to provide
deep insights into their interaction with BSA.

2. Experimental

2.1. Materials and equipment

Details on the materials and physical measurements are pre-
sented in the ESI materials (ESI,} Section 1.1).

2.2. Synthesis

2.2.1. Synthesis of 3-acetylcoumarin benzoyl hydrazone
ligand (HL). A methanolic solution of 3-acetylcoumarine (0.94 g,
5 mmol) was added to benzyhydrazide (0.68 g, 5 mmol, 10 mL)
in methanol in the presence of a few drops of glacial acetic acid.
The mixture was refluxed for 3 h. The white product was filtered
off, recrystallized from methanol, then dried in vacuo. Yield:
80%, m.p.: 158-160 °C. Elemental analysis for C;3H;,N,03
(306.3): caled (found): C, 70.58 (70.30); H, 4.61 (4.41); N, 9.15
(9.0). FTIR (KBr, cm '): » (NH) 3192, »(C=O)actone 1721,
(C=0)hydrazone1664, ¥(C=N) 1611, »(N-N) 963 cm™'. "H NMR
(400 MHz, DMSO-dg, 6, ppm): 6 10.85 (s, 1H, NH), 6 8.26 (s, 1H,
H4), 6 7.88 (d, 2H, H6,9), 6 7.67 (t, 2H, H7,8), 6 7.53 (t, 2H,
H16,18), 6 7.47 (d, 2H, H15,19), 6 7.41 (t, 1H, H17), 6 2.35 (s, 3H,
H12). >C NMR (100 MHz, DMSO-dg, 6, ppm): C(2) 159.7, C(3)
127.3, C(4) 142.4, C(5) 119.5, C(6) 116.5, C(7) 125.3, C(8) 133.5,
C(9) 128.7, C(10) 151.6, C(11) 153.9, C(13) 128.3, C(14) 134.5,
C(15,19) 130, C(16, 18) 129.7, C(17) 128.8, C(CH;) 16.7. UV-vis
(DMSO, 2.5 x 107> M): Amax (Nm) (¢, M~ ecm™): 232 (100 000),
336 (90 000).

2.2.2. Synthesis of [Pd(L)CI] (C1) and [Pt(HL)CI|CI (C2). To
a methanolic solution (10 mL) of the ligand HL (0.092 g, 0.3
mmol), an aqueous solution (2 mL) of K,PdCl, (0.098 g, 0.3
mmol) or K,PtCl, (0.125 g, 0.3 mmol) was added. The above
solution was refluxed for 3 h. The precipitate was filtered off,
washed with methanol followed by diethyl ether, and then dried.
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[PA(L)CI] (C1): Yellow precipitate, yield: 75%, m.p.: 190-192 °C.
Elemental analysis for C;gH;3CIN,05Pd: caled (found): C, 48.35
(48.03); H, 2.93 (2.80); N, 6.26 (6.14). FTIR (cm ): »(C=0)jactone
1620, ¥(C-O)pew 1221, ¥(C=N) 1589, »(C=N)pe,, 1554, »(N-N) 975,
»(M-0) 575, v (M-N) 442. "H NMR (400 MHz, DMSO-dg, 6, ppm):
6 8.53 (s, 1H, H4), 6, 8.02, 7.85 (d, 2H, H6, 9), § 7.66 (t, 2H, H7,8),
6 7.32 (t, 2H, H16,18), 6 7.42 (d, 2H, H15,19), § 7.03 (t, 1H, H17),
6 2.66 (s, 3H, H12). UV-vis (DMSO, 2.5 X 107> M): Apay (nm)
(e, M' em™"): 276 (127 000), 330 (52 000). Molar conductivity
(10~ M, DMSO), A, = 2.0 Q m> mol .

[Pt(HL)CI]CI (C2): Orange precipitate, yield: 64%, m.p.: 200-
202 °C. Elemental analysis for C;gH;,Cl,N,O5Pt, caled (found):
37.78 (37.86); H, 2.47 (2.39); N, 4.89 (4.77). FTIR (KBr, cm %): »
(NH) 3278, V(C:O)lactone 1724, V(C:O)hydrazone 1663, V(C:N)
1575, »(N-N) 1021, »(M-0O) 529, » (M-N) 435. '"H NMR (400 MHz,
DMSO-dg, 6, ppm): 6 10.72 (s, 1H, NH), 6 8.84 (s, 1H, H4), 6 8.13 (d,
2H, H6,9), 6 7.89 (t, 2H, H7,8), 6 7.60 (t, 2H, H16,18), 6 7.77 (d, 2H,
H15,19), 6 7.50 (t, 1H, H17), 6 2.63 (s, 3H, H12). UV-vis (DMSO, 2.5
X 107° M): Amay (nm) (e, M em™): 276 (33 500), 327 (25 700).
Molar conductivity (10~ M, DMSO), 4, = 65 Q m* mol .

2.2.3. [Ag(HL),]JNO; (C3). To a methanolic solution of the
ligand HL (0.092 g, 0.3 mmol), an aqueous solution of AgNO;
(0.05 g, 0.3 mmol) was added. The above solution was stirred
under ambient conditions for 1 h. A grayish white precipitate
formed was filtered, washed with methanol followed by diethyl
ether, and then dried. Grayish white powder, yield: 70%, m.p.:
190-192 °C. Elemental analysis for C3sH,3AgN;5O0q: caled (found):
55.26 (54.95); H, 3.61 (3.24); N, 8.95 (8.65). FTIR (KBr, cm *): v
(NH) 3277, V(C:O)lactone 1698, V(Czo)hydrazone 1664, V(C:N)
1608, »(N-N) 971, »(M-O) 545, v (M-N) 439. *"H NMR (400 MHz,
DMSO-dg, 6, ppm): 6 11.05 (s, 1H, NH), 6 8.29 (s, 1H, H4), 6 7.90 (d,
2H, H6,9), 6 7.68 (t, 2H, H7,8), 6 7.56 (t, 2H, H16,18), 6 7.48 (d, 2H,
H15,19), 6 7.42 (t, 1H, H17), 6 2.38 (s, 3H, H12). ">*C NMR (100
MHz, DMSO-d,, 6, ppm): C(2) 161.6, C(3) 127.7, C(4) 142.5, C(5)
119.2, C(6) 116.7, C(7) 125.2, C(8) 133.3, C(9) 128.6, C(10) 151.6,
C(11) 154.1, C(13), 128.7, C(14) 134.0, C(15,19) 129.7, C(16, 18)
129.5, C(17) 128.6, C(CH;) 16.7. UV-vis (DMSO, 2.5 x 10> M):
Amax (nm) (e, M™' em™): 226 (230000), 332 (70 000). Molar
conductivity (10* M, DMSO), A, = 53 @ m> mol .

2.3. Solution stability

First, 50 pL (1.0 x 10~* M) of the test compounds (in DMSO)
was added to 1950 puL phosphate buffered saline (PBS, pH 7.2) in
a UV-visible cuvette, until the final concentration reached 2.5 x
10~° M. The electronic spectra were measured at set time
intervals (0, 20, 40, 60 min, 24, and 48 h).

2.4. Biological studies

2.4.1. ctDNA, tRNA, and BSA interaction and MTT in vitro
cytotoxic activity studies. Details on the experimental proce-
dures are provided in the (ESI,T Section 1.2).

2.5. Theoretical calculations

2.5.1. DFT calculations. Density functional theory (DFT)
calculations, as implemented in Gaussian 16 software, were
utilized to obtain the most favorable structures for the three

RSC Adv, 2024, 14, 19512-19527 | 19513
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studied complexes. The popular DFT functional B3LYP, which
has been successfully used to study various metal-containing
chemical systems, was used.**°® All the atoms were treated
with the 6-311++G(3df,3pd) basis set except the metal ion that
was represented based on the effective core potential (ECP)
and LANL2DZ basis set. To further validate the identity of the
obtained stable geometries as stationary points, frequency
calculations at the optimization level of theory were per-
formed on the optimized complexes, and no imaginary
frequency was detected. Gaussian 16 utilities were also used
to obtain the frontier molecular orbitals (FMOs) for the
studied molecules, which helps to better explain their
chemical reactivity. The determined FMOs, including the
highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs), were visualized
using Gaussian view.

2.5.2. Docking methodology. To provide atomistic insights
into the binding between the characterized complexes and the
albumin protein, molecular docking calculations were per-
formed using Autodock4 tools.*”** The structure of bovine
serum albumin was retrieved from PDB ID: 6QS9*° and refined
by deleting the crystalized water molecules, assigning hydro-
gens to the standard amino acids, and adjusting the Kollman
charges. Then, the default settings available in Autodock tools
were utilized to assign the overall forcefield for the standard
amino acids and then the protein was converted into pdbqt
format. The optimized geometries for the complexes obtained
from our DFT calculations were used as ligands for the docking
analysis and were converted into pdbqt format while the
charges were computed by the Gasteiger model. To accurately
identify the most favorable binding pocket, MGL tools were
used for blind docking by constructing a grid box that spread
over the entire protein obtained from ref. 37. The genetic
Algorithm protocol was selected to perform our molecular
docking and the number of runs was set to 20 runs. The ener-
getically favorable binding modes that lead to the highest
binding scores were chosen for deeper structural analysis.
Chimera software was then used to obtain detailed figures for
the bound protein ligands.*’

(©2)

Fig. 1 Suggested structures of complexes C1-C3.
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3. Results and discussion

3.1. Synthesis

The ligand 3-acetylcomarin benzoylhydrazone Schiff base (HL)
and its complexes (C1)-(C3) were prepared and characterized,
as shown in the Experimental section (Section 2.2). The
analytical data revealed that the molar ratio (M:L) of the
complexes was 1:1 metal-to-ligand except for [Ag(HL),], which
seemed to have a 1: 2 ratio. All the complexes were completely
soluble in DMF, and DMSO but sparingly soluble in common
organic solvents (methanol, ethanol, CH,Cl,, CH;CN, etc.). The
molar conductance values of 10> M in DMSO suggested the
neutrality of the [Pd(L)CI] complex (C1) (Ay = 2.0 Q' cm?
mol™'), while the 1:1 electrolytic nature® of the other
complexes Pt(u) (C2) ((4y = 65 Q' cm® mol ") and Ag() (C3)
were in the range of 4y = 53 Q' cm? mol %). The analytical
data suggest that the complexes C1-C3 were four coordinates,
as indicated in Fig. 1.

3.2. Characterization

3.2.1. Vibrational spectra. The FTIR spectral bands of 3-
acetylcoumarin benzoylhydrazone Schiff base (HL) and its
complexes C1-C3 (ESI, Fig S1a-dt) were assigned as detailed in
the Experimental section (Section 2.2) and Table S1.1 The FTIR
spectrum of the HL ligand displayed strong bands at 3192 and
1664 cm ™' due to the stretching vibrations of »(NH) and
carbonyl oxygen »(C=0) of the hydrazone moiety, respectively,
suggesting that the ligand displayed an amido keto-form in its
solid state (Scheme 1a). In addition, the strong bands that
appeared at 1721 cm™ " were attributed to »(C=0) of the lactone
ring. The strong band at 1611 cm™ " was due to azomethine
v(C=N) stretching vibrations.*” Moreover, bands assigned to
amide(u), amide(m), and »(N-N) were observed at 1536, 1273,
and 963 cm ™, respectively.***

Generally, the azomethine stretching band »(C=N) was
shifted to a lower frequency, suggesting the participation of
azomethine-N in coordination with the metal center; however,
a diversity of coordination modes was shown by the complexes.
For example, in complex [Pd(L)CI] (C1) (Fig. 1), the HL ligand

HN

N \N/ O
\

(@) o-»Ag"O\ o NO;
A
N X

ON—NH

L (C3) |
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(a)

Scheme 1

behaved in a mono-negative tridentate (ONO) manner. This is
illustrated by the lower frequency shifts of both the azomethine
(C=N) and lactone (C=0) groups. Also, there was a disappear-
ance of the »(NH) and v(C=O)nyarazinic through coordination
(deprotonation after enolization (Scheme 1b), as supported by
the appearance of a new »(C=N) group® near 1589 cm !,
besides the shift of the »(N-N) band to a higher frequency by 7-
58 cm ™. This, in turn, indicated that the bonding occurred
through enolate oxygen, accordingly, and new »(C-O) bands
were obtained at 1221 and 1213, respectively. This assumes that
the ligand behaves as a mono-negative tridentate using azo-
methine-N, carbonyl-O, and lactone-0.*>*® In the FTIR spectrum
of [Pt(HL)CI]CI (C2), the presence of »(NH) and »(C=0)hydrazinic
bands, and the lower frequency shifts of azomethine (C=N) and
lactone (C=0) indicate that the coordination took place in
a neutral tridentate (ONO) manner. In the FTIR spectrum of
[Ag(HL),]NO; (C3), the »(NH) band was shifted to a higher
frequency (3277 cm™'), while the »(HC=N) and lactone-O
bands were shifted to lower frequencies; hence the ligand
coordinated in a neutral bidentate manner (ON-donor). In
addition, the strong absorption near 1365 cm ™" was attributed
to the stretching vibration of »(NO3).*” For all the complexes,
new medium bands were observed at 435-449 and 529-
575 cm™ ', assigned to ¥(M-N) and »(M-0O), respectively.*’
3.2.2. NMR spectra. '"H NMR spectra of all the compounds
(ESI, Fig. S2a-df) were recorded in DMSO-d¢ and assigned in
the Experimental section (Section 2.2) and Table S2.1 The atom
labeling scheme of the ligand is presented in Scheme 1. The 'H
NMR spectrum of the free ligand (HL) (Fig. S2at) showed singlet
signals at 6 10.85, 8.26, and 2.35 ppm, assignable to NH, H(4),
and methyl protons H(12), respectively, while the doublets
observed at 6 7.88, 7.47 ppm were attributed to four protons of
H6,9 and H15,19. In addition, triplets appeared at § 7.67, 7.53,
and 7.41 ppm and were assigned to H7,8, H16,18, and H17,
respectively. In the spectrum of [Pd(L)Cl] (C1) complex
(Fig. S2bt), the absence of the -NH signal proved that HL binds
to the metal centers in its enolic form*** (Scheme 1).
Conversely, the presence of the -NH signal in the 'H NMR
spectra of both [Pt(HL)CI]CI (C2) (Fig. S2ct) and [Ag(HL),]NO3
(C3) (Fig. S2dt) indicates that HL coordinated through its keto-
form, confirming the data proposed by the FTIR spectra. Also,
all the other protons adjacent to the coordination sites were
shifted upfield to some extent.”>** Generally, for silver(i)
complexes, the spectra are not so different when compared to

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

CH;
_N
X SN
X OH
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(a) Keto-form, and (b) enol form of the HL ligand with the atom labeling scheme.

the free ligand, particularly, when the ligand coordinates as
a neutral species, or the d'° electronic configuration of Ag(i)
ion.>

The >C NMR of HL (Fig. S3a and Table S37) showed signals
at153.9 and 159.7 and 16.7 ppm assigned to C(11) and C(2) and
the methyl carbon CH; group, respectively similar to an earlier
reported ligand.*® These signals were slightly shifted downfield
in the spectrum of the Ag(1) complex (Fig. S3b¥). This downfield
shift by ~2 ppm indicated the contribution of lactone carbonyl
oxygen in the coordination. Moreover, the upfield shift of
azomethine-C indicates that the ligand coordinated as an ON-
donor through lactone carbonyl oxygen, and azomethine
nitrogen. Noteworthily, the "H and *C of the silver complex
exhibited very little shift in comparison to the parent ligand.
This was anticipated due to the coordination of the ligand in its
neutral mode and the Ag(i) ion's d'° electronic configuration.

3.2.3. Electronic spectra. The UV-visible spectra of the
ligand (HL) and its complexes C1-C3 (10> M) (Fig. 2) were
recorded in DMSO solvent (Experimental section, Section 2.3,
Table S41). The UV-visible spectrum of the ligand showed bands
at 232 and 336 nm attributed to the (7w-7c*) transition of phenyl
rings, and (n-7*) transition of -C=N- and -C=0- moieties,****
respectively. The electronic spectra of the complexes exhibited
a hypsochromic (blue-shift) of these transition bands, along
with changes in the absorbance intensity, which were due to the
coordination to the center of the metal ions.>>>*

24 —
e Pei(1)
] e P(ll)
2.0 J—r

Absorbance

300
Wavelength (nm)

400 500 600

Fig. 2 UV-visible spectra of HL and complexes C1-C3 (10> M) in
DMSO.
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3.2.4. Solution stability. The solution stability study of the
metal complex is a very important step to decide the reactivity of
a metal complex in biological applications. The solution
stability of the compounds was studied in an aqueous solution
(PBS, pH 7.2) using UV-visible spectroscopy analysis at set time
intervals (0, 30 min, 1 h, 1.5 h, 2 h, 3 h, 1 day, and 2 days) as
shown in Fig. S4.f It was observed that the ligand showed
insignificant changes up to the first 3 h then suffered hydrolysis
in the aqueous media through the next 24 h. No distinctive
changes were observed for the complexes (C1-C3) during the
first 6 h. These results indicated the stability of these complexes
under physiological conditions in buffer-DMSO solution.””
After 24 h, a slight decrease in absorption intensity of the
complexes (C1 and C3) was observed, which may be attributed
to the solvent exchange (DMSO/H,0) with chloride and nitrate
ions, respectively; however complex (C2) showed insignificant
changes during the 48 h test.>®*

3.2.5. DFT calculations. The geometries for the synthesized
complexes were characterized in both vacuum and a water
medium. Notably, both Pt(u) and Pd(u) metal ions adopted an
identical square planner geometry with a tri-coordinate HL
ligand while the chloride ion ligand fulfilled the tetra-
coordinated sphere, Fig. 3. The coordinating distances for
both geometries are quite similar with an average distance of
2.0 A where N or O centers are the coordinating atoms. Mean-
while, the M---Cl chelating distance was found to be the longest,
with an average distance of 2.30 A. Meanwhile, the obtained
Ag(1) coordination geometry resulting from the 2:1 ratio was
subtly different with a double ligation from each HL molecule.
Its coordination distances were slightly longer than the corre-
sponding ones in Pt(un) and Pd(u) complexes with an average
distance of 2.47 A. Interestingly, the calculated geometries for

" ¥ ¥
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" Y Yal Y
[ I Tisuigl 1
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the three complexes were in accordance with the proposal from
the experimental results.

Moreover, the most stable geometries for the studied
complexes were fully optimized in aqueous medium using
a similar functional and basis set combination to further vali-
date their stability in solution. A comparison between the ob-
tained geometries from these later calculations demonstrated
there were insignificant changes in both their overall structure
and the ligation distances, which agreed well with the experi-
mental observations, Fig. 3. To better explain the chemical
reactivity of the three complexes, the energy gap parameter, AE,
was determined for each complex from the difference between
the energy of the highest occupied molecular orbital (Exomo)
and the energy of the lowest unoccupied molecular orbital
(Erumo)- In fact, the AE value is a stronger procurer for the
chemical reactivity of the compounds and the smaller the gap
the higher the reactivity of the complex. According to our
calculations, the determined energy gap values were found to be
0.0902, 0.0974, and 0.135 au for the Pt(u)-, Pd(u)-, and Ag(1)-
containing complexes. Moreover, the softness quantum chem-
ical parameter (0 = 1/AE) was calculated and the obtained order
for their values was Pt(u) > Pd(u) > Ag(1), with the Pt(u)-con-
taining complex demonstrating the highest value. Therefore,
the obtained order of the reactivity from our calculation from
both the AE and ¢ values agreed well with the experimental
observations.

The HOMO and LUMO were also displayed to better repre-
sent the delocalization and localization behavior of the elec-
trons over the characterized complexes, Fig. 3. It was also noted
that the HOMO of the Pt(u)- and Pd(u)-containing complexes
behaved similarly and mainly localized over both the metal
centers and the ligated chloride ions. It is also important to

LUMO

%'ca 84

Fig.3 Optimized molecular geometries for the three complexes representing the synthesized complexes together with selected bond distances
in (A) for optimization in gas (blue) and aqueous media (black), and their respective HOMOs and LUMOs.
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point out that a minor contribution from the ligated atom in the
Pd(un) complex in the HOMO was also noticed. For the Ag(i)
complex, however, in addition to the localization over the metal
center, a significant participation of the aromatic motifs for one
of the chelated ligands was observed. Meanwhile, the delocal-
ization of the LUMO also showed some similarity among the
three complexes in being distributed over conjugated m-systems
of the aromatic rings in the ligand. Overall, this later observa-
tion could suggest that the geometry around the metal center
together with the conjugated bonds over the aromatic motifs in
the ligand are key players in the activity of the studied
complexes.

4. Biological applications

4.1. ctDNA and tRNA interaction studies

Transition metal complexes have a very important function in
metallodrug design. They can interact with DNA/RNA via
different binding modes: intercalation (insertion), groove
binding (major or minor), or electrostatic interaction.®® The
intercalative binding is considered the most important one,**
because the molecules are inserted among the base pairs of the
DNA double helix, forming -7 stacking interactions that
induce elongation and unwinding of the DNA double helix due
to the separation of the base pairs to accommodate the drug,
and consequently, the DNA binding is responsible for various
biological activities; for example, antitumor, antimicrobial,

View Article Online
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antiviral, anti-inflammatory, and antimalarial properties.®>* In
this section, we evaluated the ctDNA/tRNA binding affinity to
the test compounds using both absorption and emission
spectroscopies.

4.1.1. Absorption studies. The absorption spectral changes
of the HL and its complexes (C1-C3) upon the addition of
variable concentrations of ctDNA or tRNA to the test compound
were monitored using UV-visible spectroscopy in Tris-HCI
buffer (pH 7.2). The electronic spectra were first recorded for the
free compound. The addition of different concentrations of the
biomolecules may result in a slight red/blue-shift in the wave-
length along with a hypochromic (a decrease in absorption
intensity) or hyperchromic (increase in absorption intensity)
shift.** In our compounds (Fig. 4), the free ligand (HL) showed
a hypochromic shift at A,,.x = 314 nm (intraligand w-7* tran-
sition), while the complexes (C1-C3) showed hypochromic
shifts at 320, 329, and 319 nm, respectively (Fig. 4); this change
suggests that the ligand and its complexes behaved with the
same binding mode (intercalation). Also, the presence of the
isosbestic point (change from hypochromism to hyper-
chromism) at 293 nm (HL), 319 nm (C2), and 295 nm (C3)
indicated that there were only two absorbing species (free
nucleic acid and nucleic acid-complex) with the same absor-
bance in equilibrium in the solution media.*

The presence of the aromatic chromophore existing in the
ligand aided the interaction of the compounds with the CT DNA
bases via non-covalent w-m* stacking interactions, wherein the

1.0 1.0
| HL - c1 E
0.8 i 0.8 &
P <
éo.s- T § 0.6+ 7
] [DNAJx10* M [DNAJx10° M
30.4- § 0.4+ :
0.2 0.2-
0.0 . . : . 0.0 ; ; r
300 350 400 450 500 250 300 350 400 450
Wavelength (nm) Wavelength (nm)
1.0
05{“? 0.8 :
@ Z
@ g
% S 0.6- s
X DNAJx10° M
-E 0.4+ ’ '|DN2A]><1I;"‘MA .g o
2 8 0.4
=
< 2 0.2
0.3 ]
. . 0.0 . . : T
340 360 250 300 350 400 450 500

Wavelength (nm)

Wavelength (nm)

Fig. 4 Absorption spectra of the ligand (HL) and C1-C3 complexes (50 puM) in the presence of different concentrations of ct DNA (5—50 pM) in

Tris—HCL buffer (pH 7.2); (inset): linear plot of ([DNA]/e;—¢f) vs. [DNA].
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Table1 Binding constant data (K, Ks,) along with % hypochromism (% H) obtained from the interaction study of the compounds with ctDNA and

tRNA

Absorption spectroscopy Emission spectroscopy (at Aem = 580 nm)

(Kp), x 10° % H* (Key),x 10" % H
Compd Amax CtDNA tRNA ctDNA tRNA ctDNA tRNA ctDNA tRNA
HL 314 1.10 1.36 8.35 7.20 0.34 1.19 32.4 26.1
(c1) 320 4.71 10.3 12.7 8.67 4.91 7.52 55.4 61.5
(C2) 329 2.58 8.96 10.4 7.60 1.42 4.51 54.2 48.8
(€3) 319 1.22 1.51 6.81 6.66 0.52 1.6 50.1 26.9

m*-orbital of the ligand in the complexes could couple with the
m-orbital of the DNA base pairs. The binding constants (K},) was
determined using the Wolfe-Shimer eqn (1):%°

[DNA/RNA] _ [DNA/RNA] | 1
(ea - ef) <5a - Ef) K, (ea - ef)

where [DNA] and [RNA] are the molar concentrations of ctDNA
and tRNA, respectively, ¢, = Agps/[compound] is the apparent
absorption coefficient, and & and ¢, correspond to the extinc-
tion coefficients of the free and bound compound. The K,
(slope-intercept ratio) values were obtained from the plot of
[DNAJ/(e,—¢¢) against [DNA]. The K, values of the ligand and its
metal complexes were found to be in the order of 10° M. The
binding constants of the metal complexes followed the order
(C1) > (C2) > (C3) > (HL), revealing a relatively high binding
constant of the Pd(u) complex (C1) compared to the free ligand
and other complexes, as shown in Table 1. This conclusion
indicates that complexation enhanced the binding ability of the
metal complexes with the nucleic acid (ctDNA and tRNA). The
UV-visible absorption spectra of complexes with tRNA are pre-
sented in the ESI materials (Fig. S57).

4.1.2. Emission spectroscopy. As the compounds lack
fluorescent properties, we used the ethidium bromide assay
(EB) to further confirm the intercalation of the small molecules
to ctDNA and tRNA, whereby EB increases the fluorescence
intensity (at Ae;, = 580 nm) when bound to ctDNA or tRNA after
intercalating between their base pairs. At this wavelength, the
fluorescence quenching spectra (Fig. 5) of the complexes (C1-
C3) and their free ligand (HL) showed that the compounds were
able to displace EB from DNA-EB/RNA-EB adducts (the reduc-
tion in the emission intensity indicates the binding of the
compound with ctDNA or tRNA due to the formation of a non-
fluorescent DNA/RNA-complex) and confirmed that ligands/
complexes had intercalated onto nucleic acid base pairs.

The quenching constant (K,) values (Table 1) were deter-
mined by the Stern-Volmer eqn (2):*

1)

IJI =1+ Ksy[0] (2)

where I, and I are the emission intensities of the test compound
in the absence and presence of ctDNA/ tRNA , respectively, Ksy is
the Stern-Volmer constant, and [Q] is the concentration of the
compound.

19518 | RSC Adv, 2024, 14, 19512-19527

4.2. Bovine serum albumin (BSA) interaction studies

The protein interaction with metal complexes has become an
interesting research area, where anticancer drugs are mostly
administrated via intravenous injection into the bloodstream,
where they are bound to plasma protein.®® The drug-protein
binding strength displays a significant role in its accessibility to
diffuse from the blood to the target.®® In the following section,
we evaluated the binding affinity of BSA protein (human serum
albumin analog) by employing absorption and emission
measurements.

4.2.1. Absorption studies. Absorption spectroscopy is one
of the most helpful techniques to examine the structural
changes and quenching type of BSA by drug molecules. The
absorption titrations of HL and its complexes (C1-C3) with BSA
in PBS at physiological pH 7.2 are shown in Fig. 6. Generally, the
interaction should occur in a static or dynamic mode. In the
static mechanism, a non-fluorescent BSA-complex was formed
in the ground state before excitation of any electrons and
resulted in changes in the absorption profile. However, in the
dynamic mechanism (collisional), the fluorophore interacts
with the quencher during the temporary existence of the excited
state. Additionally, the dynamic mechanism affects only the
excited state, with no alternation on the absorption spectrum.”
In the case of our complexes, with the increasing amounts of the
HL ligand or its complexes, the absorption intensity increased
(with 11.9-40.74% hyperchromism) together with a blue-shift of
2-4 nm in the range of 260-450 nm. This is an indication of the
formation of the BSA-complex in the ground state via a static
interaction. These results also showed that the structural
changes may be attributed to the non-covalent interactions; for
instance, electrostatic and hydrogen bonding interactions
between the HL ligand and the complexes with the BSA.”»”> The
binding constants were evaluated by eqn (3)”*”* and are tabu-
lated in Table 2.

(Ao — A) = 1Ay + 1(K x Ay x Cq) (3)

where 4, is the absorbance of unbound BSA, 4 is the absorbance
of bound BSA (after the addition of different concentrations of
the test compounds), respectively, K is the binding constant,
and Cq is the compound concentration. The K value can be
obtained from the linear plot of 1/(4, — A) against 1/[comp.]
from the intercept-to-slope ratio.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Fluorescence quenching spectra of EB-ctDNA/EB-tRNA adduct in the presence of HL and C1-C3 compounds; [EB] = 5 uM; Left: [DNA] =
50 uM, [Q] = 10-200 pM, Rright: [RNA] = 50 uM, [Q] = 10-200 uM; (inset): plot of I/l vs. [Q].

4.2.2. Emission studies. Emission spectroscopy is one of BSA solution is excited at 278 nm due to the presence of tyrosine
the most efficient tools to study the quenching mechanism, and and tryptophan residues in proteins, emitting a strong peak at
binding interaction mode the compounds with BSA.”>”® The 345 nm. Fig. 7 shows that the emission intensity (1) of BSA
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Table 2 Binding (Ky) and quenching constant (K,) data and the number of binding sites (n) of BSA interaction with the titled compounds®

Absorption spectroscopy Amax = 278 nm

Emission spectroscopy Amax = 345 nm

Compound (Kp), x 10* % hyper % hypo (Ks), x 10* (Kg), x 10" (Kv) n

HL 1.0 39.03 27.18 2.33 2.33 8.9 x 10° 0.93
(c1) 4.6 36.05 69.44 5.68 5.68 4.0 x 10° 1.61
(C2) 2.5 11.90 42.63 5.39 5.39 3.9 x 10* 1.03
(€3) 1.52 40.74 35.69 4.98 4.98 2.6 x 10* 0.92

“ The observed BSA binding constant (K) values for all the compounds are presented in (2). It was found that the C1 complex exhibited the highest

binding strength with BSA in the order of C1 > C2 > C3 > HL.

decreases upon addition of different amounts upon complexes
(C1-C3) or the ligand HL with a slight shift in the peak position
(~2 nm). The results indicate that the BSA intrinsic fluorescence
decreases due to the formation of a non-fluorescent complex
with BSA. The Stern-Volmer eqn (2)’”7® mentioned above (I,/I =
1 + Ky, [Q]) was used to evaluate the fluorescence quenching
constant. The Stern-Volmer quenching constant (Ks,) was ob-
tained from the slope of the plot of I,/I vs. [compound]. The
quenching rate constant, K, was determined using eqn (4)

K, = K/, (4)
where K is the quenching rate constant, and 7, is the average
lifetime of protein in absence of the quencher and it is taken as
10~% s for BSA.”

The maximum collision quenching constant (K,) for bio-
macromolecules with various quenchers is 10'° M™" s7'.% In

19520 | RSC Adv, 2024, 14, 19512-19527

our study, the resulting K, values were 0.5-6.1 x 10> M "' s},

which were higher than 10'° M™' s, confirming the static
quenching (rather than dynamic) because of the formation of
a ground state complex between BSA and the quenchers,®
which confirmed the data obtained from the absorption
spectra.

The static binding constant (K;,) and the number of binding
sites can be further calculated from the modified Stern-Volmer
eqn (5):69,82,83

log[(/o — D/I] = log Ky, + nlog[Q] (5)

Ky and n can be determined from a plot of log[(Z, — I)/I] vs. log[Q]
(Fig. 8), specifically from the slope and intercept values,
respectively. The n values for the serum albumin-complex were
around the 1.0 value (Table 2), indicating the presence of single
binding site in BSA for the compound. Here, we can conclude

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Obtained bound complexes for (a) Pt(i) and (b) Ag(i) complexes
with the BSA target. The key amino acids participating in the interac-
tions are highlighted.

that the binding ability of the compounds to the biomolecules
would be very useful in drug design, where it can enhance the
drug stability and toxicity during chemotherapeutic processes.

4.2.3. Molecular docking results. Our docking calculations
for both the Pt(u)- and Ag(i)-containing complexes on the tar-
geted BSA protein revealed the affinity of our complexes to the
biomolecules. In particular, both complexes showed high
binding ability with binding scores of —8.62 and —7.97 kJ mol ™
for the Pt(u) and Ag(1) complexes, respectively, Fig. 9.

Despite binding to distinct locations over the BSA target,
both ligands were involved in different types of interaction with
the surrounding amino acids of the protein. Most importantly,

Table 3
cell lines for 24 and 48 h

View Article Online
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the cation-7 interaction between cationic amino acids, arginine
and lysine in particular, with the aromatic domains of the
chelating HL were the most dominant interaction. Interestingly,
the subtle difference in the obtained binding scores of the two
complexes suggested the binding preference of Pt(u)-containing
compound over the Ag(i) one, in accordance with the experi-
mental binding results. These obtained findings from the
docking analysis further support the validity of the synthesized
complexes to act as potential drugs.

4.3. Invitro anticancer activity

The in vitro cytotoxic effects of HL and its complexes (C1-C3)
were evaluated by the colorimetric MTT assay against two
human cancer cell lines, namely hormone-dependent breast
(MCF?7) and cervical (HeLa), in addition to a non-cancerous one,
namely the human lung fibroblast (WI38), using cis-platin as
a standard drug with exposure times of 24 and 48 h. The results
of this study (Table 3, Fig. 10 and 11) showed that all the
complexes possessed higher antitumor activity than their
parent ligand based on the ICs, and selective index (SI) values.
The data revealed that the HeLa cell lines were more sensitive to
the complexes than the MCF?7 cell lines, as observed from the
ICso and SI values (Table 3). Moreover, all the complexes were
found to be more toxic than cis-platin in the HeLa and MCF7
cell lines.

The cytotoxicity and the mechanism of metal complexes
mainly depend on their geometry, oxidation state of the metal
ion, and redox potential.*** According to the ICs, values, the
Pt(u) complex (C2) showed the highest cytotoxic activity (i.e.,
a lower ICsy, specifically, IC5, = 8.12 £ 0.7 for HeLa, and 12.33 £
0.9 for MCF7), which may be due to the cationic nature of the
Pt(u)*® rather than the neutral Pd(u) complex, where ICso = 10.77
+ 0.9 for HeLa and 19.47 + 1.5 for MCF7. It has been reported
that Pd(i) complexes are less stable than Pt(u) ones, because
they have a higher aquation rate.***> However, the SI values of
the Pd(u) complex(C1) (SI = 5.31 for HeLa and 2.94 for MC7)
were higher than those of the Pt(u) complex (C2) (SI = 3.63 for
HeLa and 2.39 for MCF?7), indicating that the Pd(u) complex was

In vitro cytotoxic activity (ICso) and selective indices (Sl) values of the ligand and its complexes (C1-C3) against WI38, HelLa, and MCF7

In vitro cytotoxicity ICs, (uM) and selective indices values

Compound no. WI38 HeLa SI MCF7 SI
24 h

HL 7111 £ 3.4 61.62 £+ 3.1 1.15 40.83 = 2.6 1.74
(c1) 57.22 £ 2.8 10.77 £ 0.9 5.31 19.47 £ 1.5 2.94
(c2) 29.51 £+ 2.2 8.12 £ 0.7 3.63 12.33 £ 0.9 2.39
(c3) 75.42 + 3.6 39.08 £+ 2.5 1.93 58.79 £ 2.9 1.28
Std. 25.56 = 2.1 34.58 £ 1.63 0.74 31.2 + 1.8 (ref. 84) 0.82
48 h

HL 74.98 £+ 3.5 47.57 £ 2.9 1.57 36.78 £ 2.4 2.03
(c1) 45.24 £ 2.7 9.79 £ 0.8 4.62 13.40 % 0.9 3.37
(c2) 31.28 £ 2.2 6.31 + 0.4 4.95 8.61 £ 0.6 3.63
(c3) 63.60 £ 3.3 32.52 £ 2.3 1.95 54.04 £ 3.0 1.66
Cisplatin 26.68 & 2.2 67.6 + 2.0 (ref. 85) 0.39 72.38 + 0.1 (ref. 86) 0.36
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cancerous Hela, and MCF7 human cell lines at 48 h.

more selective and safe for both cell lines. The silver(1) complex
had less effect, which may be attributed to the steric
hindrance®***** from the introduction of two ligands around
the Ag(i) ion (or reduced electrophilicity), which retards the
intercalation of the silver(i) complex with DNA (as shown from
the binding study, mentioned before), and hence decreased its
cytotoxic activity (higher ICs,) for both cell lines, as shown in
Table 3. It also demonstrated higher selectivity toward both cell
lines. Among all the complexes, complex C1 showed the highest
selectivity for the tumorous HeLa and MCF7 cells, so, it will be
selected in the future for further investigations for better
understanding the mechanism of action.

4.3.1. Cell cycle arrest by C1 and C2. Based on the binding
affinity and cytotoxicity results, the complexes C1 and C2 were
subsequently selected for further investigation on HeLa cells.
The cell cycle distribution of HeLa cells was investigated by flow
cytometry after being treated with the ICs, concentrations of
either complex C1 or C2 (10.77 and 8.12 uM, respectively) for
24 h, as shown in Fig. 12. Cell cycle progression analysis showed
that treatment of HeLa cells with complex C1 resulted in
a significant decrease in the number of cells in the GO/G1 phase
(46.52% compared to the control cells’ 52.17%, p = 0.003). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vitro cytotoxicity; (a) ICsg and (b) Sl values of the complexes (C1-C3), their parent ligand (HL), and cis-platin against normal WI38, and

G2/M phase did not show any significant change (18.07%
compared to the control cells’ 20.3%, p = 0.155). These findings
suggest that the treatment with complex C1 prohibited the
entrance of HeLa cells into a new cycle. Furthermore, there was
a notable increase in the S-phase population percentage
(35.41% compared to the control cells’ 27.53%, p = 0.027) in
HelLa cells treated with complex C1, indicating cell cycle arrest
at the S phase. This arrest may be attributed to the binding of
complex C1 with the DNA, which hindered the replication of
DNA and the production of new cells.”® On the other hand, the
cell cycle analysis for HeLa cells treated with complex C2
showed no significant changes in either the G0/G1 or S phases
compared to the untreated HeLa cells. Conversely, there was
a significant reduction in the G2/M phase (20.3% compared to
the control cells’' 15.96%, p = 0.042). These data suggest the
cells were prevented from entering mitotic cell division.

4.3.2. Induction of cell death mode by complexes C1 and
C2. The induction of cell death was studied by flow cytometry
using the Annexin V/propidium iodide (PI) method to distin-
guish between live and dead cells in four quadrants, namely Q1
(viable cells, lower left), Q2 (early apoptotic cells, lower right),
Q3 (late apoptotic cells, upper right), and Q4 (necrotic cells,
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upper left), as shown in Fig. 13. After 24 h incubation of HeLa
cells with either complexes C1 or C2 and by investigating their
ICs,, it was observed that the proportion of both early and late
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complex C1. Compared to the necrotic cells, there were no
significant changes (3.3-fold for C1, and 1.6-fold for C2). The
data suggest that these metal complexes demonstrating the cell
death via early and late apoptosis.®®

5. Conclusions

In this study, three new metal complexes of Pd(u), Pt(u), and
Ag(1) (C1-C3) derived from 3-acetylcoumarin benzoylhydrazone
(HL) were prepared and characterized by elemental analysis,
spectroscopic techniques, and DFT calculations. The analytical
data revealed that the ligand acted as an ONO-donor forming
square planar geometries for the Pd(u) and Pt(un) complexes. The
HL was coordinated to Pd(u) centers in its deprotonated form,
while in the case of Pt(u) it was coordinated in its neutral form.
However, in the Ag(i) complex it was coordinated as a neutral
ON-donor. The binding affinity of all the compounds toward
ctDNA, yeast tRNA, and BSA was assessed by electronic and
fluorescence spectra. All the compounds showed the inter-
calative mode of binding, and the data revealed that the Pd(m)
and Pt(u) complexes showed the highest binding strength (k)
to these molecules. This latter observation was further empha-
sized by our molecular docking calculations, which provided
a higher binding score for the Pt(un) complex than Ag(1). The key
interaction responsible for the tight interaction between the
targeted BSA and the two complexes was mainly a cation-pi
interaction, where the cationic residues arginine and lysine
represent the cationic motifs. Furthermore, the -cytotoxic
activity (in vitro) of the compounds was estimated against a non-
cancerous WI38 and cancerous HeLa and MCF7 cell lines using
the MTT assay for 24 and 48 h. The data showed that the Pd(n)
and Pt(u) complexes had the highest toxicity based on the ICs,
and selective indices (SI) values, consistent with the biomolec-
ular interaction studies. Furthermore, the results from flow
cytometry demonstrated that complexes C1 and C2 caused cell
cycle arrest at S and G1/S, respectively.

Abbreviations

B3LYP Becke, 3-parameter, Lee-Yang-Parr
BSA Bovine serum albumin

ctDNA Calf thymus deoxyribonucleic acid
DFT Density functional theory

DMSO Dimethylsulfoxide

EB Ethidium bromide

FTIR Fourier-transform infrared

HeLa Cervical carcinoma cell line

HOMO  Highest unoccupied molecular orbital
Ky Intrinsic binding constant

Ky Stern-Volmer constant

Ky Quenching binding constant
LANL2DZ Los Alamos National Laboratory 2 double-zeta
LMCT Ligand-to-metal charge transfer
LUMO Lowest unoccupied molecular orbital
MCF7 Mammary gland breast cancer

MGL Machine graded lumber
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MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide

NA Nucleic acid

NMR Nuclear magnetic resonance

PBS Phosphate buffered saline

PI Propidium iodide

SI Selective index

tRNA Transfer ribonucleic acid

Tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride

UV-vis Ultraviolet-visible spectroscopy

WI38 Human lung fibroblast cell line

& Apparent extinction coefficients

& Extinction coefficients bound compound

& Extinction coefficients of the free complex
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