’ y ROYAL SOCIETY
. . OF CHEMISTRY
Sensors & Diagnhostics -

View Article Online

View Journal | View Issue

Label-free optical bio-sensing of hon-cancerous
and cancerous tissues from mice: distinct
spectroscopic features of thiazole oranget
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Abnormal cell growth leading to cancer is a major concern and warrants an easy and early diagnosis
strategy. In this regard, spectroscopic distinction of non-cancerous and syngeneic cancerous tissues has
been demonstrated by label-free fluorescence and circular dichroism (CD) spectral features of a probe
dye, thiazole orange (TO), on binding to genomic DNAs isolated from the respective tissues. An enhanced
fluorescence intensity and a distinct induced CD band of TO in the presence of DNAs from cancerous
tissues (primary & metastatic sites) were recognized. The observations, validated in three syngeneic models,
namely, Swiss albino fibrosarcoma, BALB/C WEHI-164 fibrosarcoma and C57BL/6J melanoma, conclusively
documented the differences and offer a facile, effective, and label-free optical method for the diagnosis of
cancer tissues. To the best of our knowledge, this is the first study wherein an optical probe was used to
show differences in the CD signatures of genomic DNA isolated from normal and tumor tissues of a
murine model and it is expected to have potential implications in the design and development of
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Introduction

Unbridled cell growth coupled with invasive properties leads
to cancer which is the second largest cause of disease-
associated death in the world." The only way to overcome
such rapid and wide disease progression is to devise new
approaches that permit cancer detection at a primitive stage.
Currently, clinical methods employed for cancer diagnosis
can be grouped under four major categories, such as
biochemical tests, imaging tests, biopsy and genomics/genetic
tests.>™® Although a colossal amount of research has led to
the development of commercially successful bioassay kits,”®
the quest to design unconventional bio-detection methods
still exists. Among them, fluorescence-based bio-sensing has
gained considerable interest and remained in the forefront of
advanced research for distinguishing cancerous from non-
cancerous cells.” ™" This approach can further be classified as
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label-based and label-free biosensors. Label-free biosensors
(LFB) have several reported advantages over the conventional
label-based detection, as there are no complex procedures
involved and the molecules are free to interact in their native
form. LFBs involve non-covalent interactions between the
fluorescent probe and the bio molecules and are devoid of
multiple purification steps required in the labelling methods.
Interaction-induced emission light-up on preferential binding
of fluorescent probes or emission quenching has led to the
development of cost-effective and versatile LFBs. In this
context, SYBR Green, rhodamines, fluorescein derivatives,
diamond nucleic acid dye etc. have been attempted and
explored in detail, especially for quantitative PCR applications

and DNA sequencing.'>"?

Apart from such wide-ranging DNA-dye interaction
studies, the focus on dye-induced dynamic structural
conformations of DNA strands and their distinct

spectroscopic features has received immense attention in
recent years, due to their varied applications in theranostics.
In this context, the formation and stabilization of various
putative non canonical G-quadruplex structures in human
genome have been addressed in detail for cancer diagnostics
and its therapeutic intervention.'* With the emerging
perception that DNA from cancerous and non-cancerous
tissues may differ in the context of secondary structures or
conformations,">'® we planned to explore subtle differences,
if any, among the DNAs isolated from the respective tissues
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towards developing a clinically-viable label-free optical tool
for cancer detection. Considering a range of commercially
available fluorescent/fluorogenic molecular probes, we
focused on thiazole orange (TO, Scheme 1) as its fluorescence
behaviour shows dramatic changes on binding to DNAs,"**®
micelles,”® lipid vesicles,”® deep eutectic solvents>" and
macrocyclic hosts.>”*® TO, a cyanine dye, is an important
biological sensor and is a well-established intercalator of
DNAs."”'® For the past 30 years, TO has garnered large
research interest because of its weak emission background
signal and remarkable ‘turn-on’ fluorescence response, being
controlled by its intramolecular torsional movement coupled
with photo-isomerization between the benzothiazole and
quinoline moieties.**

In aqueous solution TO exists as a monomer, a dimer or
higher aggregates and is weakly fluorescent (& = 2 x 107%)

which is attributed to nonradiatively-coupled torsional
motion between the heterocyclic benzothiazole and
quinolone moieties.'”**?*242¢  However, on restriction

through the rigidity imposed on its structure, the quenched
emission intensity gets revived and results in a remarkable
fluorescence enhancement. With regard to this, we were
curious to find whether the photophysical behavior of TO
gets modulated differently upon binding to genomic DNAs
from cancerous and non-cancerous tissues! Though the
interaction of TO with ss/ds-DNA"'® and G-quadruplex
DNA'”'® and its utility in monitoring DNA hybridization and
in vivo fluorescence imaging have been reported,'™?” there is
no such study on the optical differentiation of cancerous
versus non-cancerous tissues based on probe binding to the
respective genomic DNAs.'>'® Herein, we demonstrate
spectroscopically distinct label-free methods to distinguish
cancerous and non-cancerous tissues through the interaction
of their isolated genomic DNAs with an optical probe, TO. On
the one hand, the fluorescence emission of TO displayed a
significantly higher emission enhancement with the DNAs
from cancerous tissues; on the other hand, the circular
dichroism (CD) measurements of TO-DNAs showcased
distinct spectral features in their induced-CD (ICD) bands
originating from DNAs from cancerous tissues as against
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Scheme 1 Schematic representation of the spectroscopic
differentiation of DNAs from non-cancerous and cancerous tissues
using fluorescence enhancement and circular dichroism of the thiazole
orange (TO) probe.
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those from non-cancerous tissues. These novel findings are a
proof of concept to show that TO exhibits distinguishable
optical signatures (fluorescence intensity enhancement and
induced CD band) upon interaction with genomic DNAs
extracted from cancerous and non-cancerous tissues. Thus, it
provides a basis for a hypothesis that it is possible to design
a diagnostic strategy which can provide fast and real-time
assessment of carcinogenesis by just using the circulating
tumor DNA from blood, urine and other biofluids.?

Results and discussion

Subcutaneous fibrosarcoma tumors in Swiss albino and
BALB/c strains and subcutaneous melanoma in the C57BL/6]
strain of mice were developed as per the standard
protocol.?*3° Of these, the murine fibrosarcoma tumor is
well-documented for its metastasis to distant organs like
liver. Liver/skin tissues of control mice from each strain were
used as a representative of syngeneic non-cancerous tissue.
Genomic DNAs were isolated from primary (subcutaneous)
and metastatic sites (liver, on subcutaneous injection) of
cancerous tumor-bearing mice and non-cancerous liver/skin
tissues from control mice (isolation of genomic DNA,
Experimental section) of each strain. The purity of the
genomic DNA was checked by means of the absorbances at
260 and 280 nm and by monitoring the 260/280 ratio. Only
the DNA samples which had their 260 nm/280 nm
absorbance ratio in the range of 1.6-1.8 were considered for
studies.®* In the discussions here, DNA isolated from the
skin of the control C57BL/6] mouse is denoted as N-DNA and
that from the subcutaneous melanoma tumor tissue of the
same strain is denoted as M-DNA. DNA from liver tissues of
the control BALB/c mouse is denoted as BL-DNA and that
from subcutaneous tumor mass (primary fibrosarcoma site)
of the same strain is denoted as WT-DNA. Similarly, DNA
isolated from the liver of the control Swiss albino mouse is
denoted as SL-DNA, and that from subcutaneous tumor mass
(primary fibrosarcoma site) of the same strain is designated
as FT-DNA.

The absorption spectrum of TO (~4 pM) in Tris-HCI] (pH
7.4) solution displayed an absorption maximum at around
500 nm (Fig. 1A), corresponding to the monomeric form of
TO having a weak shoulder at around 475 nm, corresponding
to its dimeric form."”"® The TO solution showed significant
changes in the absorption spectrum upon addition of DNAs
from non-cancerous or cancerous tissues. During titration,
when the concentration of DNA was very low (0.2-0.4 uM),
the absorbance of TO at A, 500 nm decreased and the
spectrum became broad (Fig. 1), indicating dimerization/
aggregation of the cationic dye on the phosphate backbone
of the DNA strands, and this is seen to be similar for the
DNA from non-cancerous (BL-DNA) and cancerous (WT-DNA)
tissues. Subsequently, when the concentration of BL-DNA
was increased beyond 0.4 uM, the absorbance of TO was
regained along with a slight bathochromic shift of ~2 nm
(Fig. 1A and S1A and S2A, ESIf), having a weak absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00154c

Open Access Article. Published on 01 November 2022. Downloaded on 3/13/2026 4:39:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

0.08

(A) y

Absorbance
{14/1000)

450 500 550 600 650
Wavelength (nm)

(B) i

0.06

b4
o
2

Absorbance

e
S

S Y S
450 500 550 800 850 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

0.00

Fig. 1 Absorption spectra of TO (~4 uM) at different concentrations
of (A) [BL-DNA]/uM: (1) 0, (2) 0.2, (3) 2 and (4) 6; (B) [WT-DNA]/uM: (1)
0, (2) 0.4, (3) 0.8 and (4) 29. Steady-state fluorescence spectra of TO
(~4 pM) at (C) [BL-DNA]/uM: (1) 0, (2) 0.1, (3) 0.2, (4) 0.6, (5) 2, (6) 3, (7)
4, (8) 6 and (9) 9; (D) [WT-DNA]/uM: (1) 0, (2) 0.4, (3) 0.8, (4) 2, (5) 3, (6)
4, (7) 6, (8) 9, (9) 12, (10) 16, (11) 21 and (12) 29; insets of (C and D)
show the binding isotherms of TO with the respective DNAs: (a) non-
cancerous BL-DNA and (b) cancerous WT-DNA. The above data set is
representative of the individual mice of the BALB/c strain.

shoulder at ~540 nm. However, when the concentration of
DNA from cancerous tissue (WT-DNA) was increased beyond
0.4 pM, the TO spectrum became narrower with a larger
bathochromic shift of ~10 nm (Fig. 1B and S1B and S2B,
ESIt). Following this, the fluorescence properties of the
respective samples were examined.

The fluorescence spectrum of TO (lex 465 nm) in aqueous
solution displayed the characteristic weak emission of
monomeric TO having an emission maximum at ~525
nm."”'®2%2% The emission intensity presented a remarkable
upsurge on gradual addition of the DNAs (cancerous or non-
cancerous), indicating considerable binding interaction
between TO and the DNA strands. However, the enhancement
factor was much higher with the DNAs from cancerous tissues.
Fig. 1C and D show the fluorescence titration spectra,
respectively, for non-cancerous BL-DNA (210 + 97-fold intensity
enhancement at 525 nm) and cancerous WT-DNA (735 + 44-
fold enhancement) from the BALB/c strain.

Similar measurements with DNA of non-cancerous (N-DNA)
and cancerous (M-DNA) tissues from the C57BL/6] strain
showed 92 + 6-fold and 687 + 26-fold enhancements,
respectively (Fig. S3, ESIf). The measurements with the
genomic DNAs from non-cancerous (SL-DNA) and cancerous
(FT-DNA) tissues of the Swiss albino mouse also showed 102 +
7-fold and 505 + 57-fold emission enhancements, respectively
(Fig. S4, ESIY). Strikingly, in all the above cases, as presented in
Fig. 2, the fluorescence enhancement factor was found to be
significantly (P < 0.01, n = 3) higher for the DNAs of cancerous
origin as compared to the DNAs from non-cancerous tissues,
irrespective of the mouse strains investigated here (Table 1). To
confirm that the spectral features observed here belong to
DNA-TO complexes, we have recorded the excitation spectra by
choosing the emission wavelength to be three different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The fluorescence enhancement factor of TO in the presence of
DNAs isolated from non-cancerous and syngeneic cancerous tumor
tissues of (primary and secondary metastatic sites) different mice
strains. The results are presented as the mean * SD of three mice per
strain (n = 3). *P < 0.01 as compared to noncancerous tissue within
each strain by an unpaired one-tail t-test.

Swiss Albino

wavelengths, ie., 528, 550 and 600 nm of two DNA-TO
complexes, especially SL-DNA:TO and FT-DNA:TO systems,
and the spectra are given in Fig. S5 in the ESL{ Apparently
there is no change in the shape and peak position of the
excitation spectra which match well with the absorption spectra
of the complexes. The excitation spectra correspond to the
monomeric form of TO irrespective of DNAs from normal and
tumor tissues. We have also performed fluorescence emission
measurements of TO:DNA systems at varying excitation
wavelengths and the spectra are given in Fig. S5 in the ESL} In
this case also, there is no change in the shape and peak
position of the excitation wavelength dependent emission
spectra. In other words, this distinction in the emission
enhancement of TO would offer a facile label-free method for
the differentiation of cancerous and non-cancerous tissues.
The fluorescence intensity changes were analyzed by
following a modified Benesi-Hildebrand equation®® in the
respective binding isotherms displayed in the inset of
Fig. 1(C and D) (also insets of Fig. S3 and S4, ESIT). Since the
DNA structures have different modes of binding, it is difficult
to assign the stoichiometry of the TO-DNA complex as well
as to determine the binding constant values. Usuallya 1:1 or
1:2 stoichiometry is found to be applicable for native DNAs
(considering the base pair concentration) which are very
much dependent on conditions such as concentration and
other structural contributions. In this work, we have
determined the apparent binding constant considering a 1:1
complex formation between TO and DNA (base pair
concentration) and the modified Benesi-Hildebrand model
best fit to a 1:1 model, however, a 1:2 binding interaction
cannot be ruled out completely. The apparent binding
constant value for a 1:1 stoichiometry was estimated by
considering the following complexation equilibrium;

DNA +TO = DNA-TO (1)

where K; is the apparent binding constant for the formation
of a 1:1 complex. At any concentration of DNA, the observed
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Table 1 Binding constant values and fluorescence and anisotropy parameters of TO on complexation with normal and tumor DNAs isolated from

cancerous and non-cancerous tissues of different mouse strains

Mouse Binding Fluorescence Fluorescence lifetime  Rotational correlation
strain Origin of DNA constant K* (M) enhancement factor  (average) (z) (ns) time 7, (ns)
C57BL/6] N-DNA (normal) (8.7 + 2.1) x 10°* 92+ 6 1.61 + 0.08 7.60 + 0.30
M-DNA (tumor) (1.51 £ 0.07) x 10° 687 + 26 1.72 + 0.06 1.50 + 0.07
BALB/c BL-DNA (normal, liver) (1.26 £ 0.12) x 10> 210 + 97 1.41 + 0.07 2.81 + 0.14
WT-DNA (fibrosarcoma tumor)  (1.21  0.02) x 10> 735 + 44 1.80 + 0.08 6.42 + 0.30
WL-DNA (tumor, liver) (1.85+0.03) x 10° 516 + 48 1.92 + 0.09 8.41 +0.33
Swiss albino ~ SL-DNA (normal, liver) (3.7 £ 0.5) x 10° 102 +7 1.61 + 0.07 3.92 +0.18
FT-DNA (fibrosarcoma tumor) (1.1 + 0.02) x 10° 505 + 57 1.81 + 0.08 8.90 + 0.35
FL-DNA (tumor, liver) (1.2 +0.1) x 10° 489 + 24 1.42 + 0.07 8.31 +0.33

“ The binding constant value is representative of the individual mice of each strain. The fluorescence enhancement factors are presented as

the mean + SD of three mice per strain (n = 3).

fluorescence intensity, I, corresponds to the combination of
the fluorescence intensities arising from the free TO and
DNA-TO complex and is directly proportional to their
respective concentrations in the solution. Therefore, it can be
written as

0 [TO} eq
[TO],

[DNA-TO),,,

o, S

Iy =1I¢ + Ipna-to
where I is the fluorescence intensity of free TO without DNA
and Ipna-to is the fluorescence intensity when all the TO
molecules are complexed with DNA in a 1:1 stoichiometry.
[TO], and [DNA], are the total concentrations of TO and the
DNA used. One can rearrange eqn (2) into a modified Benesi-

Hildebrand equation as in eqn (3):**

7o — It® + Inna-ToK1[DNA],
f 1+ K, [DNA],

(3)

The binding constant values were estimated and are shown
in Table 1. The binding interactions are relatively strong with
binding constants of the order of 10° M™* with all the DNAs
irrespective of the mouse and strain.

With regard to the excited state properties, TO in aqueous
medium displays a very short lifetime of the order of few
picoseconds and cannot be monitored with the time-
resolution of the time-correlated single-photon counting
(TCSPC) instrument used for the present work.'®**>* The
excited state lifetime of TO, a rigidity dependent fluorogenic
dye, is very short lived due to the highly feasible non-
radiative relaxation channel in the form of torsional motion
among the benzothiazole and quinoline moieties. Any
hindrance in the form of viscosity or rigidity displays a
pronounced effect on the decay, and a multiexponential
behavior is usually observed for medium viscosity/rigidity
cases. However, with the addition of a 200-400 nanomolar
concentration of DNA, the decay traces became measurable
in nanosecond time resolution and were multiexponential in
nature, accounting for many competitive deactivation
pathways. The lifetime became significantly longer and the
traces obtained for BL-DNA/WT-DNA bound TO systems are
displayed in Fig. 3 (see Fig. S6-S8, ESI} for other DNA strains

150 | Sens. Diagn., 2023, 2,147-154

along with their fitted and residual traces). The average
excited state lifetime of TO increased from 1.4 ns to 1.8 ns on
moving from normal DNA to tumor DNA and the values
evaluated for the DNA-TO system from all other mouse
strains are listed in Tables 1 and S1, ESLf The increased
fluorescence intensity and lifetime of TO indicates that the
probe experienced enhanced rigidity on binding to the DNAs
and restricted the nonradiatively-coupled torsional motion in
TO. Alternatively, the microenvironment of the probe can also
be inferred from the changes in the depolarization of the
excited state of the probe due to changes in its hydrodynamic
molecular volume on localization into the DNA.>> The
rotational correlation time (z,) obtained from the time-
resolved anisotropy measurements of BL-DNA/WT-DNA
bound TO (Fig. 3, insets) became slower in the presence of
DNAs and provided 2.8 ns and 6.4 ns, respectively, indicating
the varied rigidized local environments experienced by the
probe TO. Similarly, variations in the 7, values among the
DNA samples from other mouse strains were also
documented and the results are tabulated in Table 1.

On the other hand, CD spectroscopy is one of the most
useful techniques to assess the conformational changes in
DNAs and proteins. The CD spectra of DNAs isolated from non-
cancerous and cancerous tissues in Tris buffer (10 mM, pH 7.4)
in the presence and absence of TO have been recorded (Fig. 4
and S9, ESIT). In the first case, the CD spectrum for BL-DNA
(non-cancerous) showed a positive CD band having a

15 20

15 20 0

8 Time(:wﬂs) Time1((r)1$)
Fig. 3 Transient decay traces of TO (lex = 445 NnM, lem = 535 Nnm) with
(A) BL-DNA: (1) 0.1 uM and (2) 9 uM, and (B) WT-DNA: (1) 0.4 uM and
(2) 29 uM. The dotted black line L represents the instrument response
function (IRF). Insets: Time resolved anisotropy traces recorded for (A)
TO-BL-DNA and (B) TO-WT-DNA systems for evaluating the rotational
correlation time, z,.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00154c

Open Access Article. Published on 01 November 2022. Downloaded on 3/13/2026 4:39:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

2 (A)
30000
s
£ 20000 |
o
£
[&]
pod 10000 |
T
£ 1
K Sy
-10000 { ) M \ .
300 400 500 600
Wavelength {nm)
_ 15000 (B)
5
-510000 H
o 2
£
o
& 5000 -
kel
€
~ 0 A A 1 A FastAOVAY
o / A A AV LAY}
-5000 |-

300 400 500 600
Wavelength (nm)

Fig. 4 Circular dichroism (CD) spectra of (A) (1) BL-DNA (200 uM) and

(2) BL-DNA (200 uM):TO (100 pM), and (B) (1) WT-DNA (200 pM) and

(2) WT-DNA (200 pM):TO (100 upM). The above data set is

representative of the individual mice of the BALB/c strain.

maximum at around 272 nm (Fig. 4A), attributed to base
stacking, and a negative band having a maximum at ~245 nm
originates from the polynucleotide helicity, which are the
characteristic peaks for the B-form of DNA.**** Upon addition
of TO, the CD spectrum displayed a decrease in the trough
intensity at ~245 nm and nominal changes in intensity at 300
nm, however, an intense bisignate band appeared in the visible
region where TO absorbs. The positive band at ~451 nm and a
sharp negative band at ~415 nm is understood to be
originating from an induced circular dichroism (ICD) effect
due to the interaction of the achiral TO with the chiral DNA.
The origin of the ICD band is attributed to the strong exciton
coupling between two TO bound to the DNA and the larger ICD
intensity is indicative of a nonaligned TO dimer geometry*® on
BL-DNA (non-cancerous). The development of similar ICD
bands was also seen for N-DNA and SL-DNA from non-
cancerous tissues (Fig. S9(A and B), ESI{). These comparable
CD features generalize and confirm the strong binding
interaction of TO with the nearly similar binding templates
provided by the DNAs from non-cancerous tissues.

However, in the case of DNAs isolated from cancerous
tissues, the CD spectrum of TO showed striking differences;
instead of the sharp bisignate ICD band, the spectrum
displayed only a broad positive band in the 400-550 nm
region. As shown in Fig. 4B, the CD spectrum recorded for
the WT-DNA: TO system from BALB/c fibrosarcoma displayed
a broad ICD band with a maximum at ~457 nm.

A similar ICD spectral profile was also observed for the
FT-DNA:TO system from Swiss fibrosarcoma (Fig. S9(C),

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

ESIf). Though with the M-DNA:TO system (C57BL/6]
melanoma) (Fig. S9D, ESIf), the positive ICD band was
different with a narrower profile, still it was found to be
different from the bisignate band observed for its
corresponding N-DNA (Fig. S9A, ESIf). These bands appeared
at a much red shifted region (~516 nm, Fig. S9D, ESIf)
commensurate with the absorption changes observed due to
complexation for M-DNA (Fig. S1(B), ESIf), pointing to the
localization of TO in a different microenvironment of the DNA.
Thus, the CD spectral measurements clearly differentiated the
ICD bands of TO as originating from binding to DNAs from
non-cancerous tissues or from cancerous tissues. It is also
worth mentioning here that the DNAs from cancerous and
noncancerous tissues of different mice (n = 3) within the same
strain displayed reproducible CD patterns as described above.
Certainly, spectral distinction in the ICD bands of DNA:TO
systems is also established to be genuine and reproducible,
irrespective of the mouse strain and is recommended as a
fingerprint check for the differentiation of DNAs from
cancerous and non-cancerous tissues.

To further authenticate the results obtained from the
optical measurements of fluorescence and CD,
histopathological validation of the non-cancerous (liver
tissues) and cancerous tissues (fibrosarcoma tumor mass)
from which the studied DNAs were isolated was carried out.
The representative histological images of non-cancerous
(liver) and cancerous tumor tissues (fibrosarcoma) from Swiss
albino and BALB/c mice are presented in Fig. 5 and S10 in
the ESLf respectively. Fig. 5 shows the representative
histological images of non-cancerous (liver) and cancerous
tumor tissues (fibrosarcoma) from Swiss albino and BALB/c
mice. The image of tumor tissues displayed an altered
morphology (as evidenced by the presence of a round cell
tumour, a high mitotic index of 16-20 per hpf, ~20% tumor
necrosis, mildly (++) neutrophilic & lymphocytic necrotic
parts and a high vascularity with 8 to 10 vessels per hpf) as
compared to the distinct morphology (elongated cells with no
abnormalities) observed in the non-cancerous  tissue.
Conclusively, the images recorded from the histopathological
study corroborate well with the proposed fingerprint
signatures from the fluorescence and CD measurements
carried out using the DNAs extracted from these respective
tissues and the findings are summarized in Scheme 1.

Inquisitively, we have extended these studies to metastatic
organs (liver, on subcutaneous injection) or secondary sites.

Fig. 5 Representative images of H&E-stained tissue sections of non-
cancerous liver (A) and fibrosarcoma (B) tissues of Swiss albino mice.

Sens. Diagn., 2023, 2,147-154 | 151
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The DNAs extracted from the liver tissues of fibrosarcoma-
bearing BALB/c and Swiss albino mice were denoted as WL-
DNA and FL-DNA, respectively. The changes in the absorption
spectra (Fig. S11A and S12A, ESIt) and the ~500-fold emission
enhancement of TO (Fig. S11B and S12B, ESI}) upon addition
to WL-DNA or FL-DNA were found to be in good agreement
with the changes observed in TO with DNAs extracted from
primary cancerous sites. Moreover, a broad positive ICD band
also appeared in the 400-460 nm region with peaks at ~434
nm for WL-DNA: TO and ~457 nm for FL-DNA: TO complexes
(Fig. S11C and S12C in the ESL;j respectively), identifying them
as DNAs of cancerous origin. These results further emphasize
that the herein demonstrated method may also be valid for
metastatic sites. Having established enhanced rigidity and
differences in the induced chirality, it would be of immense
interest to explore the mechanistic aspect of the probe dye
binding to plausible sequence specific canonical/non-canonical
forms of DNAs, such as G-quadruplexes, long range loops, AT
rich domains, and major/minor grooves, providing diverse
microenvironments for DNAs from cancerous and non-
cancerous tissues. Our earnest efforts are on in this direction.

Experimental
Materials

Thiazole orange, sodium chloride, EDTA, proteinase K,
ethidium bromide (EtBr), molecular biology grade agarose,
DNase free RNase, isopropanol, chloroform and isoamyl
alcohol were obtained from Sigma-Aldrich. Tris(hydroxymethyl)
aminomethane and glacial acetic acid were obtained from SRL
Chemicals Private Limited, India. Sodium dodecyl sulphate
was purchased from HiMedia, India.

Methods

Animal maintenance. For the experiments, seven to eight
week old male BALB/c, Swiss albino and C57/BL6] mice
weighing approximately 20-25 g and maintained under a
standard environment (temperature, pressure and humidity)
at the animal house facility of the Bhabha Atomic Research
Centre, Mumbai were used. The temperature of the room was
20 + 2 °C with 65-70% humidity and a 12 h/12 h light/dark
cycle. The animals were fed with normal mouse chow and
water ad libitum and kept in a polypropylene cage containing
sterile paddy husks as bedding. The experiments were
conducted following the ethical guidelines of the Animal
Ethics Committee of BARC with prior approval.

Absorption, fluorescence and circular dichroism
measurements. Optical absorption and steady-state
fluorescence spectra were recorded using a Shimadzu UV-
vis-NIR spectrometer (UV-3600 Plus, Tokyo, Japan) and an
FS5 spectrofluorometer (Edinburgh Instruments, UK),
respectively.  Fluorescence lifetime and  anisotropy
measurements were carried out using a time-correlated-
single-photon-counting (TCSPC) spectrometer (Horiba Jobin
Yvon IBH, UK). In the present work, a 445 nm diode laser
(~100 ps, 1 MHz repetition rate) was used for sample
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excitation and a PMT was used for fluorescence detection.
In the deconvolution analysis wherever a faster component
was observed, considering the limitation of the time
resolution, we fixed the value at 40 ps (ref. 18 and 22) with
varying amplitudes and these are marked in the Table S1.}
During the fitting process in some of the cases, the y*
value is found to be somewhat higher (Table S1t) and is
due to a fluctuation in the prompt profile and also due to
a contribution from scattering developed during the DNA
titration. Circular dichroism measurements were carried
out using a BioLogic spectrometer (MOS-500). The spectra
were measured in the wavelength range 200-650 nm using
a quartz cuvette having a 1.0 mm path length. The
scanning speed of the instrument was set to 100 nm
min™', and the response time used was 200 ms. The
concentration of the genomic DNA used was 200 pM in
Tris buffer (10 mM, pH ~ 7.5), and the TO solution used
was 100 pM in Tris buffer. Each spectrum was an average
of three measurements at 25 °C.

Development of syngeneic models of fibrosarcoma and
melanoma. All animal experiments were conducted following
the ethical guidelines of the Animal Ethics Committee of
BARC with prior approval. A serially transplanted
fibrosarcoma originally developed by subcutaneous injection
of a chemical carcinogen like 6,12-dimethylbenzo(1,2-b:4,5-b")
dithionaphthene and WEHI-164 cells in Swiss albino and
BALB/c strains, respectively, of mice used as donor mice.
Similarly, a serially transplanted melanoma originally
developed by subcutaneous injection of B16F10 cells in
C57BL/6] mice used as donor mice. For the experiment, 10-
15 day old tumours from donor mice were excised and
crushed and a single-cell suspension was prepared in a sterile
environment. About 100 pl of this murine fibrosarcoma and
melanoma single-cell suspension (2 x 10° cells) in phosphate
buffer saline (PBS) was then injected subcutaneously in the
right flank of recipient mice of the respective syngeneic
strains. The tumors were allowed to grow for 15 days and
subsequently the mice were sacrificed by cervical dislocation,
and the tumor mass (primary site) along with the liver were
excised immediately for DNA isolation.>*” The non-tumor
bearing mice from Swiss albino, BALB/c and C57BL6] strains
represented the control mice and scarified to collect liver/
skin for DNA isolation. A total of six mice per strain
comprising three control mice and three tumor bearing mice
were employed in the study.

Processing of tissues for DNA isolation and
histopathology. Immediately after the extraction, tumor, liver
and skin tissues were perfused with ice cold PBS to remove
any entrapped blood. A small portion from the tissues was
fixed in 10% buffered formalin, processed to prepare paraffin
blocks, and cut into sections of 5 um thickness using a
microtome. The tissue sections were further subjected to
hematoxylin and eosin (H&E) staining and examined under a
light microscope for histological examination. The remaining
tissues were immediately processed for the isolation of
genomic DNA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Isolation of genomic DNA. Genomic DNA was isolated by
the NaCl-isopropanol salting out method. In brief, tissues were
minced using 500 pL of lysis buffer containing 10 mM Tris-HCl
(pH 7.4), 20 mM EDTA, 200 mM NaCl, 0.5% SDS and 100 pg
mL™" proteinase K and incubated overnight at 37 °C in a water
bath. The lysates were then centrifuged at 14 000 rpm at 28 °C
for 5 minutes. The supernatant was transferred into fresh tubes;
equal volumes of isopropanol and 25 pL of NaCl were added
and incubated overnight at -20 °C. On the next day, samples
were centrifuged at 14000 rpm at 28 °C for 30 minutes. The
resulting nucleic acid pellet was dissolved in 200 puL of 1 M Tris,
digested using 2.5 uL RNAse A (overnight incubation at 37 °C)
and purified using the phenol:chloroform:isoamyl alcohol
method. The purity of genomic DNA was checked by measuring
the absorbance at 260 and 280 nm and subsequently calculating
the 260/280 ratio. Only the DNA samples which had their 260/
280 ratio in the range of 1.6-1.8 were considered for further
experimentation.”® Agarose gel electrophoresis was also
performed to check the quality of the genomic DNA. The
concentration of DNA was calculated by using eqn (4):

DNA (ug mL™") = 50 x O.D. at 260 nm x Dilution factor (4)

Subsequently, considering the average molecular weight of
the double strand (ds) base pair as 650 g, the concentration
of DNA was expressed as molarity.*®

Statistical analysis. The study was repeated in three mice
per strain. The statistical significance between the groups
was checked by a t¢test and P < 0.01 was considered
statistically significant.

Conclusions

In summary, the need for a facile spectroscopic method to
distinguish normal and cancer tissues was addressed. We
demonstrate a reliable distinction in the fluorescence and
circular dichroism spectral features of a probe dye, TO, on
binding to the genomic DNAs isolated from non-cancerous
and cancerous tissues. The method, demonstrated with three
syngeneic models, namely, Swiss albino fibrosarcoma, BALB/
¢ WEHI-164 fibrosarcoma and C57BL/6] melanoma,
conclusively documented a significant increase in
fluorescence intensity with DNAs from cancerous tissues,
both from primary and metastatic sites. In the CD data, a
bisignate ICD band of TO was seen for the DNAs of non-
cancerous origin, however, only a positive ICD band was seen
with DNAs from cancerous tissues, irrespective of mouse
strains. To the best of our knowledge, this is the first study
wherein an optical probe was used to show differences in the
CD signatures of genomic DNA isolated from normal and
tumor tissues of a murine model and it is expected to have
potential implications in the design and development of
diagnostic markers. In a broad perspective, these cost
effective, label-free optical methods, a combination of both
fluorescence and circular dichroism measurements, has
potential to be used for the diagnosis of cancer.
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