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In present studies, six Schiff bases were prepared, characterized and evaluated for their anti-tumor activity
against the colorectal cancer cell line SW-480. The test compounds were characterized by various physico-
chemical techniques such as M. P., TLC, UV, FT-IR, elemental analysis, *H-NMR spectroscopy etc. and
investigated for their non-covalent DNA binding potential. The electronic absorption and hydrodynamic
studies expressed strong complementary evidence that the Schiff bases are binding between the narrow
walls of the helical DNA grooves and were stabilized via electrostatic interactions through groove
binding as the dominant binding mode. Moreover, these studies also revealed that the tested compound
had significant non-covalent binding to chicken (ck) blood ds-DNA at blood pH (7.4) and body
temperature 310 K: the calculated values of standard Gibbs free energy changes (AG = —RT In Kj) for all
compounds were negative which manifested the spontaneity of binding for all compounds. The
cytotoxicity of the compounds was found through triplicate testing and the O. D. values were compared
to find the percentage viability of the cells. The ICsq values of the compounds were estimated through
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Accepted 10th November 2024 dose-dependent curves. HSB3, HSB4 and HSB1 showed relatively potent anti-cancer activity with 1Csq

values of 7.0913 ug mL™%, 17.1469 pg mL™! and 17.5254 pg mL™?, respectively. The same compounds
DOI: 10.1035/d4ra06962e had also exhibited relatively better ds-DNA binding efficacy with binding constant values (9.1 x 10°, 3.5

rsc.li/rsc-advances x 10% and 5.13 x 10* respectively).

1 Introduction

The perpetual battle to discover and introduce significant non-
toxic anti-tumor drugs continues to establish sustainable
health standards as per the World Health Organization (WHO)'s
charter. With an ever-increasing annual number of deaths due to
cancer, this crucial issue has attained the unique focus of the
entire research and development industry throughout the entire
world. As per the WHO's estimates, cancer is the second most
common cause of death, accounting for 9.6 million deaths in
2018, causing around one in six deaths worldwide.* Cancer is
a complex disease that develops in multiple stages, due to
uncontrolled replication of cells by the mutation caused in the
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genetic structure of normal cells.>* Normal cells become malig-
nant and stop apoptosis, form larger populations and begin
invasion into neighboring organs and also circumvent cell
checkpoints.>® While early diagnosis and treatment can help
manage cancer, delayed detection and advanced stages can be
life-threatening.” Malignant cells may develop multidrug resis-
tance (MDR), a condition in which they become resistant to
medicine, affects more than 270 different forms of cancer,
causing a relapse after initial treatment.*"® Apoptosis, a natural
death mechanism of injured, or abnormal cells which inhibits
the growth of cancer, is suppressed in malignant cells can be
reactivated by anticancer medications. To cure cancer with
minimal side effects, new anticancer drugs are still of utmost
relevance to the global scientific community.**

It is anticipated that there would be over 35 million new
cases of cancer in 2050, a 77% increase over the projected 20
million cases in 2022.** Therefore, development of therapeutic
drugs that target MDR cancer cells and disease relapse are
major challenges in anticancer drug research and development.
Schiff bases are considered as one of the most significant
compounds extensively studied in this field since these are
diverse in structures, cost-effective and easy to synthesize.®

Schiff bases are organic compounds synthesized from
condensation of an aldehyde or a ketone with primary amine.”™
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The biologically active Schiff bases have diverse medicinal appli-
cations including anticancer and antiviral activities.'*® Presence
of imine group and other donor functional groups like -Cl, -OH, -
CHj, play a key role in tuning their biological activities.”** Due to
their adaptability and simplicity of production, these are common
ligand precursors for various applications.”” The various reported
medications such as thioacetazone (antituberculosis), nifuroxazide
(antibiotic) and dantrolene (muscle relaxant) contain Schiff base
functionality.” Significant and targeted anticancer activity against
BT549 and A549 cells was reportedly demonstrated by a novel
Schiff base that was synthesized from 1,10-phenanthroline-2,9-
dicarboxaldehyde and from 2,2'-bipyridyl-4,4-dialdehyde.**

According to reports, Schiff bases derived from benzalde-
hyde have exhibited cancer inhibition against various human
cell lines. Anti-cancer activity of new promising class of Schiff
bases and azo dyes of pyranquinolinone derivatives against
MCF-7 breast cancer, HepG2 liver cancer and HCT-116 colon
carcinoma in comparison with a standard drug known as 5-
fluorouracil was used as a reference drug.> Due to its extensive
biological implications, including its potential in combating
cancer, advancements in bio-inorganic chemistry have garnered
significant attention to the azomethine compound and its cor-
responding complexes. Researchers are captivated by the anti-
tumor properties exhibited by Schiff base and its complexes
against a range of tumor cell lines and are striving to develop
novel, side-effect-free anticancer medications as a result.

In present studies, an attempt is made to synthesize, char-
acterize, and investigate the interaction of six Schiff bases with
chicken blood double stranded (ds)-DNA using UV-visible
spectroscopy and hydrodynamic technique at blood (7.4) pH
under body temperature (37 °C). These compounds were also
investigated for their antitumor potential against the SW-480
colorectal cell line. The viability of cells was evaluated using
the MTT assay and the optimal cell density was determined
after assessing cytotoxicity in triplicate. To calculate the ICs,
values, a dose-dependent curve was employed.

2 Materials and methods

Chemicals used during the reactions are: 4-(diethylamino)-2-
hydroxybenzaldehyde (98%), benzaldehyde (97%), 4-nitro-1,2-
phenylenediamine (97%), ortho-tolidine (98%), 2,4,6-trimethy-
laniline (99%),1-naphthylamine (97%) and cinnamaldehyde
(99%) have been purchased from Sigma Aldrich (USA). Solvents
of analytical grade were used without any purification include
ethanol, methanol, ethyl acetate, n-hexane, dichloromethane,
acetone, and chloroform. The chicken blood was obtained from
chickens during slaughter via neck cut under “perfectly bled
method” to have maximum blood discharge and collection for
ds-DNA extraction. The Cell Lines were purchased from ATCC
(American Type Culture Collection) SW480 (CCL-228). Chem-
icals were weighed using electronic analytical balance ATY 224,
Japan. Progress of reaction was checked by taking TLC at
regular intervals and seen under UV lamp. The Bauchi Rotava-
por R-210 was used to evaporate different solvents from reaction
mixtures. The melting point apparatus SMP10 was employed to
find the melting points of the final synthesized products. The
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functional groups present in the end products were investigated
using FT-IR equipped with an ATR model ALPHA 20488. The 'H-
NMR was conducted using a 500 MHz BRUKER spectrometer in
DMSO as a solvent. The microanalysis was carried out using
CHNS/O Analyzer 2400 Series PerkinElmer Company prepared
by Soung Ryu & Gwen Tenney 2005.

2.1 General procedure for synthesis of compounds (HSB1-
HSB6)

All the targeted Schiff bases were synthesized by condensing stoi-
chiometric ratios of corresponding aldehyde and amine in dry
ethanol under reflux at slight acidic pH (6-6.5) (Scheme 1) in the
light of reported methods.”®” In case of HSB1 to HSB4, 4-
(diethylamino)-2-hydroxybenzaldehyde (10 mmole, 1.93 g) was
treated with equivalent masses of corresponding amines (4-nitro-
1,2-phenylenediamine (5.0 mmole, 0.76 g, 2: 1 mole ratio); 2,4,6-
trimethylaniline (10 mmole, 1.35 g); ortho-tolidine (10 mmole, 1.7
g); and 1-naphthylamine(10 mmole, 1.43 g) respectively) whereas
for HSB5 and HSB6, 4-nitro-1,2-phenylenediamine (5.0 mmole,
0.76 g) was condensed with 2 equivalent of benzaldehyde (10
mmole, 1.06 mL)and cinnamaldehyde (10 mmole, 1.32 g). Both
aldehydes and amines were dissolved in 10 mL dry ethanol and
inter-mixed in dry 25 mL two neck round bottom flask duly fitted
with reflux condenser. After mixing, the pH of final reaction
mixture was slightly acidified by adding 2-3 drops of glacial acetic
acid to have final pH (6-6.5). The reaction mixture was refluxed for
about 6-7 hours depending upon the progress of reaction, which
was monitored by TLC (10% methanol : chloroform) after regular
intervals till completion of reaction. Upon completion of reaction
as indicated by TLC, the reaction mixture was filtered and before
drying, the solid products were washed by cold ethanol (three time)
and then with ethyl acetate. These synthesized compounds were
then characterized by elemental analysis, FTIR, and NMR
spectroscopy.

2.2 Biological evaluation

The antitumor assay was evaluated on SW-480 colorectal cell
line using MTT assay.”® Ninety-six well plates containing DMEM
media supplemented with 10% fetal bovine serum and 1%
antibiotics (penicillin G and streptomycin) were used to culture
the cells. The plates were then incubated for twenty-four hours
at 37 °C with 5% CO, and humidity. Trypsinization was per-
formed once the actively dividing cells formed a confluent
monolayer. A cell suspension of 10° cells per milliliter was then
seeded in the wells having culture media and varying concen-
trations of HSB1 to HSB6 (200 pg mL™", 100 ug mL™", 50 pg
mL ™, 25 ug mL ™%, 12.5 pg mL ™%, 6.25 ug mL ™). After that, the
plate was incubated in a 5% CO, atmosphere for 48 hours at 37 °
C. Following incubation, the cellular viability of each derivative
concentration was assessed. Next, 20 pL of MTT (5 mg mL ™"
PBS) was added to each well and the plates were incubated once
more for three hours at 37 °C in a 5% CO, atmosphere.
Following the incubation period, 100 pL of DMSO was added to
dissolve the formazan crystals that were formed by metaboli-
cally active cells. The medium was then carefully removed.
Using a micro plate reader, the optical density (O. D.) of the
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Scheme 1 General synthesis of Schiff bases.

wells was determined at 570 nm, with a reference wavelength of
655 nm. An ICs, was calculated using a dose-dependent curve.
The growth inhibition rate for each dilution was calculated by
the following formula:

O. D. (control well) — O.D. (treated well)
0O.D. (control well)

Inhibition rate = (

x 100
1)
2.3 DNA binding studies

2.3.1 UV-visible absorption spectroscopic measurements.
The normal electronic absorption spectra of different test
compounds were recorded on Shimadzu 1800 UV-visible spectro-
photometer using matched quartz cuvettes of 3 mL capacity. The
extinction coefficients were calculated using Lambert Beer law to
optimize the concentrations of all pro-drug candidates for DNA
non-covalent binding studies. The ds-DNA extracted from chicken
blood was dissolved in the double distilled autoclaved water for
making ds-DNA stock solution of 5.4 x 10~° M strength while
concentration of DNA was spectrophotometrically calculated by
using its optical density at 260 nm and molar extinction coefficient
€260 = 6600 cm" M. The purity of DNA was checked by taking
a ratio of optical density (O. D.) at 260 nm to that at 280 nm, O. Dy¢/
O. Dygp > 1.8 and O. D,p/O. Dygy < 2.1. The optimized constant
concentrations of the test compounds were subjected to UV-visible
spectroscopic titrations at body temperature (310 K) and stomach
pPH (7.4) by varying concentrations of ds-DNA (0-5 puM) under
standard addition method using 0.1 M sodium phosphate buffer.
In measuring each absorption spectrum, the mixture was allowed
to incubate for 10 minutes within the cell cavity to assure the
formation of compound-DNA adduct at the required temperature
before recording the related spectrum.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.3.2 Hydrodynamic measurements. To further confirm the
binding mode of the test Schiff bases, viscosity measurements were
conducted by using an Ubbelodhe Viscometer. The temperature
was kept at 310.0 + 0.1 K by immersing viscometer in a thermostat
water bath. Titrations were performed by keeping DNA concentra-
tion constant at 4 pM and steadily increasing concentration of test
compounds from 0.4 uM to 4 pM with an increment of 0.4 uM.

3 Results and discussion
3.1 Physical data

The physical data of all the compounds (HSB1, HSB2, HSB3,
HSB4, HSB5 and HSB6) regarding atom economy, yield, color,
melting point, and solubility are given in Table 1. The structures
of all the compounds are given in Fig. 1.

3.2 Microanalysis

Elemental analysis of all synthesized Schiff bases was carried on
PerkinElmer CHNS Analyzer 2400 Series. Properly weighed and
encapsulated samples were subjected to combustion in a pure
oxygen environment. The evolutions of resultant combustion
gases were measured in an automated fashion to assess the
weight% composition of CHN. The same weight% composition
was used to set up chemical formula. So, the results of net
calculations for molecular formula, molecular weight and yield
of synthesized compounds are given in Table 2.

3.3 Spectroscopic analysis

The FTIR spectrum of all the synthesized Schiff bases showed
common characteristic absorption band between 1570 to
1620 cm ! for C=N- which exclusively indicate the formation
of Schiff base. Similarly, "H-NMR of all the bases showed

RSC Adv, 2025, 15, 1527-1539 | 1529
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Table 1 Physical data of synthesized compounds (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6)

Sr. no. Percentage atom economy Percentage yield Color M. P.“ (°C) Solubility

HSB1 93.24 84 Orange 205 Acetone, ethanol (hot) and DMSO
HSB2 94.14 84 Yellow 80 Acetone, ethanol (hot) and DMSO
HSB3 93.54 85 Yellow 98 Acetone, ethyl acetate and DMSO
HSB4 94.58 76 Green 125 Acetone, ethanol (hot) and DMSO
HSB5 90.14 84 Yellow 199 Acetone, ethanol (hot) and DMSO
HSB6 93.68 87 Yellow 200 Acetone, ethanol (hot) and DMSO

¢ Melting point (M.P).

characteristic singlet peak between 7.5 to 8.7 ppm which
confirmed the presence of azomethine proton and formation of
Schiff bases.?® The complete FTIR and "H-NMR spectra of all the
compounds are given in the ESIf whereas the overall NMR
spectral data of the synthesized compounds is summarized as
follows:

3.3.1 HSB1. FT-IR, (cm™ '), O-H (3229), C-H (3000), C=N
(1577), NO, (1518, 1390), C-N (1327), C-O (1130). 'H-NMR,
(DMSO, Hz, ppm): 1.15 (6H, t, J = 7.0), 3.5 (4H, q, ] = 7), 6.1
(1H,d,j=2),6.3 (1H,dd,J =9, 2.5), 6.5 (2H, 5), 6.8 (1H, d,J = 9),
7.5 (1H, ] = 9), 7.85 (1H, d, J = 2.5), 7.9 (1H, dd, J = 8.5, 2.5),
8.7(1H, s).

3.3.2 HSB2. FT-IR, (cm '), O-H (3510-3280), C-H (2968),
C=N (1596), C=C (1520), C-N (1339), C-O (1128). 'H-NMR,
(DMSO, Hz, ppm): 1.1 (6H, t, ] = 6.5), 2.1 (6H, s), 2.2 (3H, s),
3.5 (4H, q,] = 6.5), 6.1 (1H, s), 6.3 (1H, d,J = 6.5), 6.8 (2H, 5), 7.3
(1H, d, J = 6.5), 8.3 (1H, s).

3.3.3 HSB3. FT-IR, O-H (3093), C-H (2968), C=N (1604),
C=C (1517), C-N (1346), C-O (1211). ‘H-NMR (DMSO, Hz,
ppm): 1.15 (6H, t,] = 7), 2.3 (3H, 5), 3.4 (4H, q, ] = 7), 6.05(1H, d,
J=2.5),6.3(1H, dd, J = 8.5, 2.5), 7.15 (1H, m), 7.25(3H, m), 7.35
(1H, d,J =9), 8.7 (1H, s).

X
—
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HSB1 HO N
OH ~
N7 e
N o™
9@ — L
HSB4

H _
. :: <::>__\__/ W

N N
— N\__% 0

HSB5

3.3.4 HSB4. FT-IR, O-H (3055), C-H (2964), C=N (1619),
C=C (1514), C-N (1343), C-O (1132). "H-NMR (DMSO, Hz,
ppm):1.3 (6H, t, J = 6.9), 3.5 (4H, q, ] = 6.9), 6.34 (2H, m), 7.2
(1H,dd,j=7.2,0.6),7.3 (1H, m), 7.5 (3H, m), 7.75 (1H, d,/ = 9,]
=9), 7.9 (1H, m), 8.38 (1H, m), 8.5 (1H, s).

3.3.5 HSB5. FT-IR, C=N (1612), C=C (1569), NO, (1486,
1361), C-N (1281). 'H-NMR (CDCl;, Hz, ppm), 6.8 (3H, m), 7.6
(2H, m), 7.9 (1H, dd, J = 7.2, 1.6), 8.1 (2H, m), 8.85 (1H, s).

3.3.6 HSB6. FTIR data (cm ') R, O-H (3055), C-H (2964),
C=N (1619), C=C (1514), C-N (1343), C-O (1132) 'H-NMR
(CDCl;, Hz, ppm),5.1 (2H, s), 6.7 (1H, d, J = 12), 7.2 (1H, q, J
= 11.6), 7.3 (2H, m), 7.5 (3H, m), 7.6 (2H, m), 8.1 (1H, m), 8.5
(1H, d,J = 12).

3.4 Invitro anticancer screening

Discovery of the anti-cancer activity of different Schiff bases and
their metal complexes against various cancer cell lines intrigues
the researchers to develop new anticancer drugs with reduced
side effects. To evaluate the anti-cancer potential of synthetic
compounds (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6), we
conducted 3-(4,5-dimethyl2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT) assay on colorectal cancer cell line (SW-

/T au
/ N / N
i G
HO HO

HSB2

HSB3

oN

HSB6

Fig.1 Structures of synthesized compounds (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6) where as HSB1: 6,6'-((1£,1'E)-((4-nitro-1,2-phenylene)
bis(azanylylidene))bis(methanylylidene))bis(3-(diethylamino)phenol), HSB2: (E)-5-(diethylamino)-2-((mesitylimino)methyl)phenol, HSB3: (£)-5-
(diethylamino)-2-((o-tolylimino)methyl)phenol, HSB4: (2)-5-(diethylamino)-2-((naphthalen-1-ylimino)methyl)phenol, HSB5: (N1E,N2E)-N1,N2-
dibenzylidene-4-nitrobenzene-1,2-diamine, HSB6: (E)-4-nitro-N1-((E)-3-phenylallylidene)benzene-1,2-diamine.
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Table 2 Microanalysis data of synthesized Schiff bases (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6)¢

Calculated (%) Found (%)

Compound C H N C H N Molecular formula Molecular weight (g mol )
HSB1 61.64 6.90 16.04 61.20 5.80 16.4 C,gH33N50, 503
HSB2 77.38 8.44 9.02 77.10 8.20 8.94 CyoH6N,0 309
HSB3 76.56 7.85 9.92 76.20 7.70 9.60 C1H,,N,0 281
HSB4 79.21 6.96 8.80 79.01 6.70 8.60 Cy1H3,N,0 318
HSB5 64.28 4.20 17.45 64.10 4.10 17.20 CyoH15N30, 329
HSB6 72.82 5.65 15.79 72.60 5.20 15.20 C15H13N30, 267

¢ Elemental analysis for C, H, N are within +0.4% of the theoretical values.

480). More than 1.85 million instances of colorectal cancer
(CRC) are reported each year, making up 9.8% of all cancer
cases and there will be approximately 3.2 million cases of
colorectal cancer in 2040.* In this study, doxorubicin was used
as a standard anti-cancer drug. Table 3 depicts the IC5, values of
all synthetic Schiff base compounds and their comparison with
standard drug. It was found that 5 out of a total of six synthetic
compounds (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6) with
ICs, values of 17.1469 pg mL™, 34.0821 ng mL™, 7.0913 ng
mL ', 17.5254 pug mL™ ' and 34.0335 pg mL ™!, respectively,
demonstrated potent anticancer activity against the SW-480 cell
line. Among these 5 compounds, HSB3 exhibited promising
anticancer activity when compared to the standard drug Doxo-
rubicin. The findings of this study reveal the promising anti-
cancer activity of imine Schiff-bases, which were synthesized
through  the  condensation of  4-(diethylamino)-2-
hydroxybenzaldehyde, cinnamaldehyde and 4-(dimethyl
amino) benzaldehyde with four distinct primary amines using
the simple and facile method. The results of this research
accentuate the need for extensive screening of these newly
developed Schiff-bases derivatives against cancer, particularly
colorectal carcinoma. Further mechanistic studies have shown
that the synthesized Schiff base compounds produced anti-
cancer activity by inducing apoptosis or cell cycle arrest in SW-
480 cancer cells. These substances regulate various tumor cells
through a variety of mechanisms, such as tumor-induced
angiogenesis, apoptosis, mitochondrial permeabilization,
blocking of signal transduction pathways by blocking important
enzymes, cytomorphological changes brought on by disruptions

Table 3 ICso data of (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6)
against SW-480 (colorectal cancer) cancerous cell line

ICs0 (g mL™") against cell lines

Compounds SW 480
HSB1 17.2414
HSB2 34.3335
HSB3 7.0913
HSB4 17.1454
HSB5 34.6754
HSB6 42.422

Standard drug (doxorubicin) 2.3159

© 2025 The Author(s). Published by the Royal Society of Chemistry

in cellular differentiation, compounds intercalating with duplex
DNA, suppression of survival signaling, pore formation that
causes cancer cell membrane leakage, substantial rise in the
sub-G1 population, G2/M phase cell cycle arrest, inhibition of
mitotic spindle formation, disruption of the membrane fatty
acids, cation carrier, ion channel formation and survival
signaling suppression.** The structure activity relationship
(SAR) analysis revealed that the ligand structure and different
functional groups pose great variation in making any Schiff
base a potent anticancer drug. The mechanism being involved
in the cytotoxic activity of these compounds is not fully under-
stood, but it is likely that they induce cell death by inhibiting
critical cellular processes such as DNA synthesis, cell prolifer-
ation and cell cycle progression.***

The synthesized Schiff bases in recent study proved prom-
ising anticancer activity against the colorectal cancer cell line
(SW-480). This suggests that these compounds could potentially
serve as ligands for the development of new and effective anti-
cancer agents. However, further studies are necessary to eluci-
date the underlying mechanism of their cytotoxic activity and to
improve their structure for improved potency and selectivity.

3.5 DNA binding studies

3.5.1 Absorption spectra of synthesized compounds.
Initially full range (200 nm to 800 nm) UV-visible spectra of all
Schiff bases (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6) were
carried out in 4% aqueous CH;OH and internal transitions (7
m*, n-1*) of the test compounds were observed in UV-region as
the most appropriate and intense peaks at 258 nm, 370 nm,
259 nm, 258 nm, 265 nm and 261 nm respectively. The
absorption spectra of each compound were separately recorded
with gradually increasing concentration of compound as
a function of absorbance. The plot of absorbance at A,y for
each concentration versus concentration of each compound
showed that absorbance increases linearly with the increasing
concentrations as reflected by the values of linear regression: R*
=0.978, 0.998, 0.993, 0.948, 0.990, 0.998 for HSB1, HSB2, HSB3,
HSB4, HSB5 and HSB6, respectively. The molar extinction
coefficients in units of cm™' M ™" as found from the slope values
of test compounds (HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6)
are 148 083, 9146, 84 658, 11122, 16 231, 14 036, respectively.
Therefore, in terms of the Burawoy classification, absorption
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bands in all synthesized compounds can be assigned one of the
following possible empirical designations:

(1) B (fine structure benzenoid) and E (ethylenic) bands (local
excitation or LE bands) for w-m* transitions.

(2) K band for m-7* transitions involving a conjugation
group (electron transfer or ET-band).

(3) R band for n-m* transitions when a group on aromatic
ring has non-bonded electron pairs.

Experimentally determined values of Ay in the pure UV
range from 258 nm to 370 nm and molar extinction values
predicted that both K and R bands for respective transitions are
operative for all bases.*®

3.5.2 DNA binding study by UV-spectroscopy. Both the
qualitative and quantitative investigation of binding small
molecules to DNA is classically carried out by UV-absorption
spectroscopy as a unique complement to other techniques
such as cyclic voltammetry, FT-IR, fluorescence spectroscopy
etc.’” In UV-spectroscopic titrations, the physical inspection of
electronic absorption spectra of the free compound and its DNA
adduct usually show difference either in magnitude of absorp-
tion intensity called chromic effect or in position of maximum
absorption (A, called chromic shift (A2). Additionally, one or
more additional bands might also emerge, possibly corre-
sponding to compound-DNA adduct intermolecular charge
transfer transitions.*® Upon interaction with DNA, either blue or
red chromic shift (hypos chromic or bathochromic shift) of the
maximum absorption or chromic effect in the form of change in
magnitude of absorption intensity may be observed separately
or in combination.*® The apparent change in the magnitude of
absorption intensity without any noticeable wavelength shift of
absorption maxima in absorption spectra of small molecules is
an illustration of groove binding or electrostatic interaction*’
whereas shift of the absorption maxima point out the presence
of m-stacking interaction binding mode called hydrophobic
interaction or intercalation. Peculiarly m-stacking interaction,
the most common binding mode between the compound and
DNA base pairs results either in hypos chromic shift plus
hyperchromic effect or in bathochromic shift plus hypochromic
effect.*

Spectrophotometric responses of HSB1, HSB2, HSB3, HSB4,
HSB5 and HSB6 were investigated at physiological pH (7.4) and
at 310 K by using solution of phosphate buffers, showed no
variation in the wavelengths, which could indicate non-
interactive behavior of these compounds with buffer solution.

UV-spectra of each synthesized Schiff base were separately
recorded with gradual addition of DNA (1-5 uM) in the constant
and optimized concentration of the test compound (HSB1,
HSB2, HSB3, HSB4, HSB5 and HSB6) (concentration of
compounds as per Benesi-Hildebrand) under standard addi-
tion method. During all experiments, the concentration of the
test compounds was kept constant at their optimized level in
the sample cell, while the concentrations of DNA were varied (1-
5 uM) both in the sample as well as in the reference cell. The
changes in the absorption spectra with the addition of DNA
indicate the formation of Schiff base-DNA adduct. Thus, the
dynamic equilibrium so established, can be generally repre-
sented as:
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Schiff base + DNA = Schiff base — DNA (2)

The effect of the varying concentration of DNA on the elec-
tronic absorption spectra of the test compounds at pH 7.4
(0.1 M phosphate buffer) and at 310 K is shown in Fig. 2,
respectively. Overall, an increase of DNA concentration for all
Schiff bases resulted in the net increase of absorbance (hyper-
chromic) as well as a negligible or no chromic shift except for
HSB2 where steady increase of DNA concentration has resulted
in decrease in absorbance intensity (hypochromic) with no
hypos/or bathochromic shift (Fig. 3). These pronounced
hyperchromic effects (in case of HSB1, HSB3, HSB4, HSB5 and
HSB6) show the interaction of the electronic states of the non-
classically intercalating chromophores of the investigated
compounds and those of the stacked base pairs of ds-DNA. In
the same way, a decrease in face-to-face base stacking (exposed
electrons) results in an increase in absorption intensity
(hyperchromic).**** Whereas in case of HSB2 decrease in
absorbance intensity (hypochromic) is observed as the coupling
of m-orbital is partially filled with electrons, thus decreasing
transition probabilities and concomitantly resulting in
hypochromic.**** Percentage of chromicity for compounds
(HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6) were calculated by
using following relation:

H% = 1a4] x 100 3)
free
where AA = Afree — Abound
The binding constant K; of each Schiff base-DNA adduct was
evaluated spectrophotometrically by applying double reciprocal
Benesi-Hildebrand equation on the optimized band of each
drug [HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6|:

A() &G + &G 1
EH-G — &G kb [DNA]

A—Ay  enc-—eq @
where the molar extinction coefficients of the free drug and
complex are denoted by Eg and Ey_g, respectively, while the
absorbances of the free Schiff base and complex are represented
by A, and A. Based on linear regression and almost equivalent
size, it is presumed that the adduct of pro-drug candidate (small
molecule) with DNA (per nucleotide phosphate) on the DNA
polynucleotide chain is to be a kind of 1:1 complex. From the
plot of Ay/(A — A) to 1/[DNA], the ratio of the intercept to the
slope gives the binding constant “Ky”.

The binding constant values, calculated at pH values of 7.4
and 310 K temperature are given in Fig. 4, 5 and Table 4. The K¢
values indicate that binding affinity of HSB3 is greater than that
of other synthesized compounds. The orders of formation
constants at pH 7.4 were found as follow:

Kusss > Kuspa > Kusp1 > Kusps > Kusp2 > Kusse (PH 7.4).

3.5.3 Calculation of free energy. From the data of bind
affinity (binding constant “K;”), free energy “—AG/kJ mol ** of
compound-DNA complex were calculated (Table 4). Formation
constants are measure of stability of compound-DNA
complexes while free energy “AG” indicates the spontaneity of
binding of compounds with DNA. The formation constant and
free energy are affected by the change of pH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-spectra of the investigated compounds at different concentrations.

AG = —RTIn K (kJ mol™!) (5)

The order for the values of free energy AG of the compounds
at pH 7.4 are as follows:

AGusps > AGuspa > AGusp1 > AGusps > AGusp2 > AGuspe

These results show that HSB3 binds to the DNA more
spontaneously as compared to the others at pH 7.4 and 310 K.

3.5.4 Hydrodynamic approach. Internal resistance to the
flow of liquid is called viscosity. Liquids flow in the form of
layers. Layer in contact with wall of pipe is almost stationary due
to adherence. Next layer is moving with velocity until the central
layer has maximum velocity. Each layer exerts drag or pull on
the next layer due to the velocity difference or energy exchange.
Five factors affect the magnitude of viscosity: molecular shape,
intermolecular forces, molecular size, temperature, and density
of the liquid. Keeping in view the interdependency of molecular
size intermolecular forces and molecular shape in the
measurement of viscosity at constant temperature and density
(almost) hydrodynamic measurements can be used to

© 2025 The Author(s). Published by the Royal Society of Chemistry

manipulate the interactional binding between the investigated
compound and DNA. In solution double strands of polyanion
DNA macromolecules are more extended to counteract and
minimize the repulsion of negative charges at the phosphate
backbone. The regular shape of the DNA macromolecule is
further changed on interaction with drug or pro-drug candidate
therefore relative specific viscosity of DNA solution will also be
changed. When a cationic entity binds to the negatively charged
phosphate group of the DNA helix through electrostatic inter-
action, the net negative charge on the polyanionic chain is
reduced. Hence repulsion will be reduced leading to DNA
contraction/shortening and decrease in the viscosity of DNA.
Furthermore, during intercalation imbibed ds-DNA helix is
enlarged linearly. Larger DNA macromolecules with the higher
molecular weights (due to drug invasion) are difficult to slide
over or slip over one another. Hence relative specific viscosity
will be increased. Thus, viscosity measurement technique is an
important hydrodynamic technique to verify the mode of
interaction of small molecules with DNA.
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Fig. 3 Concentration profiles of HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6 in terms of their linear regression values and extinction coefficient.

3.5.4.1 Viscosity measurements for evaluation of binding
modes. The viscosity measurements are directly dependent on
the macromolecular length and therefore sensitive to length
variations. Hence these are unambiguously employed as the
most critical investigation tool to assess the binding model in
the solution phase. In general intercalation causes an increase
in viscosity of DNA solution due to lengthening of DNA helix as
the base pair pockets are widened to accommodate the binding
molecule® or in other words the binding molecules invade the
helix to imbibe into it irregularly and to increase its length.
These shape and size deformations lead to the increase in
viscosity. The partial or non-classical intercalator which bends
the DNA helix due to the presence of uneven opening of strands
by intercalation to exposed base pairs reduces the viscosity
concomitantly. Conversely, the compounds that exclusively
bind in the DNA grooves by partial intercalation and/or non-
classical intercalation, typically produce less pronounced
(positive or negative) or no change in viscosity of DNA solution
under the same conditions. Such surface/or groove binders may

1534 | RSC Adv, 2025, 15, 1527-1539

invoke either regularity in the helix by filling surface gaps or
contraction of double strands by neutralizing the polyanionic
negative charge, concomitantly resulting in slight increase or
even decrease in relative viscosity of DNA. This compactness
and aggregation of DNA helix with binding molecule reduces
the number of independently moving macromolecules and
resultantly lowering of the solution viscosity. Moreover the
compounds which interact with DNA via electrostatic binding
mode have either no influence on the DNA viscosity'® or
decreased degree of relative DNA viscosity.*®

Initially viscosity of DNA solution (7,) in buffer was deter-
mined at 310 K at human blood pH i.e., 7.4 and body temper-
ature (310 K). Then specific viscosity contribution (n) of
different aliquots of each investigated compound into the
constant concentration of DNA solution were determined by the
standard addition method. The results were presented as (n/
n0)"? versus (r).

(i) ‘r is the ratio of the concentration of test compound and
DNA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(ii) “»’ is the viscosity of DNA in presence of compound and
‘ne’ is the viscosity of free DNA.

The relative kinematic viscosity of DNA both in the absence
and presence of the test compounds were separately calculated
from the following equation:

t— 1y
ty

(6)

n=

where t is the observed flow time of the DNA containing solution
and ¢, is the flow time of 0.1 molar phosphate buffer.

© 2025 The Author(s). Published by the Royal Society of Chemistry

On increasing the amount of test compound, the relative
viscosity of DNA increased steadily which indicated that the
minor groove binding mode is the dominant binding mode.
This indication was consistent with the results of photophysical
titrations/UV spectral finings. Thus, hydrodynamic studies of all
compounds also supported the minor groove binding mode
because the effect of an increasing Schiff base concentration on
the DNA viscosity was less pronounced as shown in the Fig. 6.
This minor increase of DNA viscosity on addition of test
compounds is the confirmatory aptitude of groove binders as
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the test compounds were either invoking regularity in the DNA
helix by filling surface gaps and result in small increase in
relative viscosity of DNA or engaging in the DNA surface binding
with their sterically bulky size affecting an increase in DNA
viscosity. This compactness and aggregation of DNA helix with
binding molecule reduces the number of independently moving
macromolecules and resultantly lowering of the relative
viscosity.”® Here several steric factors are tempting to inhibit
classical intercalation into the base pairs. Overall the
compounds bind to DNA by groove binding through non-

1536 | RSC Adv, 2025, 15, 1527-1539

classical intercalation with minor widening and no net
increase in the counter length of the ds-DNA strands. The order
of increasing degree of viscosity which solely depends the
binding affinity of compound to DNA is as follows:

HSB2 < HSB4 < HSB5 < HSB3 < HSB6 < HSB1.

The viscometric studies provided a compelling argument for
groove binding as observed through the results of photo-
physical studies.

Very interestingly the slight increase or no change in
viscosities measurements is not only the indication of groove

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Binding constant values for HSB1-DNA, HSB2-DNA, HSB3-DNA, HSB4-DNA, HSB5-DNA and HSB6-DNA complexes from UV-

spectrophotometric data at 7.4 and at body temperature (310 K)*

Photophysical properties Schiff base-DNA adducts

Absorption
maxima (A max)

Chromic effect/change in absorption intensity

Compound  Free Bound  Free Bound  H% (hypo/or hyperchromicity)  Binding constant KyM '  Free energy (—AG) kJ mol "
HSB1 263 263 0.626  0.712 13.74% (hyperchromicity) 5.13 x 10" 27.95
HSB2 387 387 0.499  0.310 37.33% (hypochromicity) 8.31 x 10° 23.26
HSB3 258 258 0.834  1.073 28.74% (hyperchromicity) 9.1 x 10° 34.02
HSB4 259 259 0.824  1.043 26.58% (hyperchromicity) 3.5 x 10° 32.94
HSB5 261 261 0.91 1.33 37.78% (hyperchromicity) 4.09 x 10 27.37
HSB6 265 265 1.163  1.213 4.29% (hyperchromicity) 7.49 x 10° 23.05

“ K¢ - binding constant; AG - Gibbs free energy.
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Fig. 6 Plot of relative specific viscosity vs. [compound]/[DNA] for
HSB1, HSB2, HSB3, HSB4, HSB5 and HSB6 at pH 7.4 and 310 K.

binding mode but also foreshadows the pronounced hyper-
chromism and hypochromism with no bathochromism or
hypsochromism of the compounds in the presence of DNA."

4 Conclusion

Based on net results of spectroscopic and hydrodynamic
measurements for ds-DNA interaction studies with the investi-
gated Schiff bases and the overall structural outlook of the
compounds it is concluded that all the compounds interact with
DNA through minor groove binding predominantly. The
binding constants of all the Schiff bases were in the order of
10°-10°. The photophysical as well as hydrodynamic findings of
the ds-DNA binding studies remained not only comparable and
consistent to each other but also in good agreement with the
results of in vitro anti-cancer studies. Among these compounds,
three (HSB3, HSB4 and HSB1) displayed significant potency
against the SW-480 cell line than the others. Whereas HSB3
demonstrated exceptional anticancer activity as compared to
the standard drug Doxorubicin. Additionally, the same Schiff
base had the highest binding affinity in terms of binding
constant values.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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