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A molecule, methyl(10-phenylphenanthren-9-yl)sulfane (MPPS), with a straightforward structure, has been
synthesized, characterized, and explored as a new fluorescent probe for microheterogeneous systems. The
photophysical properties of MPPS have been studied through experimental and theoretical calculations
using the range-separated hybrid functional CAM-B3LYP in conjunction with a 6-311++g(d,p) basis set.
Theoretical calculations show that the freely rotating phenyl ring forms a 94° dihedral angle with the
phenanthrene ring in the ground state. Experimentally found two absorption bands correspond to the
n— 7w and ® — 7 transitions supported by the frontier molecular orbital calculations. Two excited
singlet states, E-1 and E-2 (the former being more stable than the latter in the gas phase), exist with
dihedral angles between the phenyl and phenanthrene rings as 142° and 133°, respectively, in the gas
phase. Two emitting states in a condensed medium of varying polarities are supported by the steady-
state fluorescence and fluorescence intensity decay data. Emission energies, fluorescence intensities,
and excited singlet state lifetimes change with the polarity of the solvents. To support that the free
rotation in the molecule is responsible for these changes, the fluorescence properties of another
molecule, methyl(10-(o-tolyl)phenanthren-9-yl)sulfane (MTPS), with restricted rotation of the substituted
benzene, i.e., o-tolyl ring have been studied. The fast-intensity decay component of MPPS is ascribed to
the conformer in the E-1 state. The molecule has proved to be an excellent polarity probe explored to
determine the critical micelle concentrations (cmc) values of different surfactants, which agree well with
the literature reports. Different regions of binding isotherm (specific, non-cooperative, cooperative, and
massive binding) of a gemini surfactant, 12-6-12,2Br~ with bovine serum albumin (BSA) have been
successfully demonstrated by the steady-state and time-resolved fluorescence and fluorescence
anisotropic properties of MPPS. Docking results show that MPPS resides in the hydrophobic pocket of
BSA. The fluorescence quenching of BSA by MPPS reveals the location of Trp residues of BSA. Thus,
a polarity and molecular rigidity-sensitive fluorescent molecule, MPPS has been presented here that can
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1. Introduction

Fluorescent probes have been extensively used to characterize
different microheterogeneous systems such as micelles,"*®
reverse micelles,” ™ vesicles,'” proteins,***'* and their structure
and dynamics,*® and protein's interactions with several
bioactive molecules.*'**®* Molecules with intramolecular charge
transfer (ICT) fluorescence properties have been utilized to
demonstrate proteins’ unfolding in the presence of denaturing
substances.™>* The fluorescence probe technique has garnered
immense popularity in studying a surfactant's micellization/
adsorption properties,*?* polymer-surfactant interactions,>?®
protein-surfactant interactions,'®*” etc. Saha and co-workers*?
have  used  trans-2-[4-(dimethylamino)styryl]benzthiazole
(DMASBT), showing TICT properties as a fluorescent biomarker
to demonstrate the unfolding of a protein, bovine serum
albumin (BSA) by gemini surfactants, 12-4-12,2Br~ and 12-8-
12,2Br and their binding isotherms with BSA. The choice of
a suitable probe to study a particular system is important.
Depending on the polarity of a probe molecule, the binding/
solubilizing site of the probe is changed, and accordingly, the
fluorescence properties are altered. For example, the polarity of
the solubilizing medium affects the fluorescence quantum
yields of molecules like pyrene and pyrene-3-carboxaldehyde,®
and therefore, the fluorescence behavior in micellar and non-
micellar solutions alters. Such fluorescence fluctuations con-
cerning surfactant concentration were used to determine the
critical micelle concentration (cmc) of different surfactants.?
Protein-surfactant interactions form a substantial basis for
pharmaceutical, food processing, and biochemistry applica-
tions.*>** Globular proteins, denatured by different surfactants,
undergo changes in protein conformation, which often inter-
rupt biological functions, leading to diseases like neurological
disorders.** BSA (molecular weight ~66.5 kDa) possesses 583
amino acid residues within a single polypeptide chain. It
contains nine loops supported by 17 disulfide bonds, which
fringes in three domains, I, II, and III. Each domain again has
two sub-domains, namely, A and B. Out of the two tryptophan
(Trp) residues, Trp-134 exists in a hydrophilic subdomain, and
Trp-213 resides in the hydrophobic pocket.** There is negligible
fluorescence from the tyrosine (Tyr) residues in BSA, and BSA's
fluorescence is majorly due to the Trp residues having an exci-
tation at 295 nm.** BSA interacts with various amphiphilic
biological molecules and plays a pivotal role in physiological
function.*® Substantial research has been carried out on
protein-surfactant interaction.**** Although the binding
isotherm related to the binding between conventional surfac-
tants and protein has been broadly studied, there is ample
scope for exploring the binding isotherm of ionic gemini
surfactants because they possess unusual structures corre-
sponding to their conventional counterparts. Gemini surfac-
tants comprise two hydrophobic chains and two polar
headgroups. The headgroups remain covalently linked by
a spacer group at heads.*>*" As they are more surface-active, they
bear a greater affinity towards protein than their conventional
single-chain counterparts.** Several extrinsic fluorescent probes
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have often been used to investigate protein-surfactant interac-
tions.***> The polarity probes demonstrated the binding inter-
actions between protein and surfactants, emphasizing the
microenvironment changes of the tryptophan residues of the
protein involved, frequently supported by fascinating theoret-
ical approaches* and biological activity studies.*®

Geometry optimization and electronic structure calculations
for a synthesized fluorescent probe molecule at both ground
and excited states, considering the effect of solvent polarities,
have implications for supporting the experimental observa-
tions. Computational approaches using density functional
theory (DFT) have often been proposed and utilized to shed
light on the ground and excited state calculations of large
systems.***®

Phenanthrene is one of the essential classes of polycyclic
aromatic hydrocarbons found in numerous biologically active
molecules, including natural products.***® Notably, phenan-
threne derivatives indeed possess intriguing electronic and
optical properties, making them valuable components in
various materials and devices.*~*> Moreover, phenanthrenes are
also utilized as fluorophores or fluorescent probes for various
systems.>*"®

Being motivated by the unique characteristics of phenan-
threnes and their wide range of applications, in this work,
a couple of phenanthrene-based molecules, ie., methyl(10-
phenylphenanthren-9-yl)sulfane (MPPS) and methyl(10-(o-
tolyl)phenanthren-9-yl)sulfane (MTPS) have been synthesized
and applied as new fluorescent probes (Fig. 1). Although the
synthesis of MPPS was reported earlier,* the synthesis of MTPS
is reported here for the first time. Both the molecules are simple
phenanthrene derivatives bearing a -SMe and an aryl functional
group in the 9, and 10 positions, respectively. The only differ-
ence between these two molecules is an extra methyl group in
MTPS in the phenyl ring, which is purposefully designed to
increase the rigidity in the molecule due to the high energy
barrier of the C-C single bond rotation in between the phen-
anthrene and o-tolyl (substituted phenyl) ring.

The molecule MPPS was initially utilized to explore its sol-
vatochromic properties. The probe's absorption and fluores-
cence properties altered based on the polarity of the medium,

Me Me

Me
(MPPS) (MTPS)

(a) (b)

Fig.1 Molecular structures of (a) methyl(10-phenylphenanthren-9-yl)
sulfane (MPPS) and (b) methyl(10-(o-tolyl)phenanthren-9-yl)sulfane
(MTPS).
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which were further explained by some theoretical calculations
using Density Functional Theory (DFT) and Time-Dependent
Density Functional Theory (TD-DFT) methods. The ground
and excited state geometry optimization and electronic struc-
ture calculations were performed using the range-separated
hybrid functional CAM-B3LYP in conjunction with the 6-
311++g(d,p) basis set. Along with the calculations in the gas
phase, the effect of solvents of different polarities, carbon
tetrachloride (CCl,), methanol (MeOH), acetonitrile (ACN), and
water (H,O) have been investigated using the polarisable
continuum model (PCM) based on the integral equation
formalism (IEFPCM) variant. The frontier molecular orbital
(FMO) calculations depict the electronic configurations in the
gas phase. The two conformers of MPPS are identified in the
excited states, E-1 and E-2, with the former being more stable
than the latter in the gas phase.

The molecule MPPS has been utilized through experimental,
theoretical, and docking studies to present it as an efficient
polarity and rigidity probe to demonstrate the aggregation of
surfactants of various types (cationic, anionic, and non-ionic)
and estimation of their critical micellar concentration (cmc),
the location of Trp residues of BSA and their accessibility to
a fluorescence quencher, and the binding isotherm of a gemini
surfactant, 12-6-12,2Br~ with BSA. The steady-state fluorescence
and fluorescence anisotropy and the time-resolved fluorescence
and fluorescence anisotropy data of MPPS have been success-
fully utilized to further support the binding isotherm at
different regions, such as specific, non-cooperative, cooperative,
and massive binding. The theoretical results on the changes in
the dihedral angles of MPPS in two excited states, E-1 and E-2
with the polarity of solvents have been utilized to explain vari-
ation in fluorescence intensity, decay components, and their
weightages during denaturation of BSA by 12-6-12,2Br . To
support the fact that free rotation of the phenyl ring of MPPS
leading to the coplanarity between the phenyl and phenan-
threne rings is responsible for the enhancement of fluores-
cence, another molecule, methyl(10-(o-tolyl)phenanthren-9-yl)
sulfane (MTPS) (Fig. 1) with restricted free rotation has been
synthesized. Its theoretical calculations are carried out, and
lifetimes in native BSA, and BSA in the presence of different
concentrations of surfactants have been measured.

It has been noted that the fluorescence properties of MPPS
are sensitive not only to the polarity but also to the rigidity of the
microenvironment. Thus, the molecule can be successfully
utilized as a fluorescent probe for various microheterogeneous
systems. Despite notable advancements in this area, the devel-
opment of a single fluorescent probe to sense both the polarity
and the rigidity of various microenvironments is not very
common in the literature.

2. Experimental section

2.1. Materials & methods

2.1.1. Materials used for solvatochromic, and micro-
heterogeneous system study. Bovine serum albumin (BSA) with
a purity of 98%, dodecyltrimethylammonium bromide (DTAB)
having >97% purity, sodium dodecyl sulfate (SDS) with >99%
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purity, Triton-X 100 and quinine sulfate [purity = 99%] were all
procured from Sigma Aldrich and used as received. The
different spectroscopic grade solvents, such as hexane [purity >
99%], cyclohexane [purity = 99.5%], carbon tetrachloride
[purity = 99.9%] were obtained from SRL, India and dioxane
[purity = 99.8%], ethyl acetate [purity = 99.8%], methanol
[purity = 99.8%], and ethanol [purity = 99.9%] were obtained
from Spectrochem Pvt. Ltd. 2-(4-(2-hydroxyethyl)-1-piperazinyl)-
ethanesulfonic acid (HEPES) buffer was obtained from SRL,
India. Sulfuric acid (H,SO,) [purity = 99.99%] and sodium
hydroxide (NaOH), received from SRL, India, were used as ob-
tained. The gemini surfactant, 12-6-12,2Br, was prepared using
the reported method, supported by suitable FT-IR and NMR
data.®

2.1.2 Procedures for the synthesis of probes. Materials
used for the synthesis and characterization of the probes are
given in the ESIT under general experimental information. The
designed 9-methylsulfonyl phenanthrene derivatives i.e., MPPS
and MTPS were synthesized by following one* of our recently
developed synthetic methods to access chalcogenyl
phenanthrenes®** using DMSO as the source of methylsulfenyl
group (SMe). The synthetic route to MPPS and MTPS is pre-
sented in Scheme S1 in the ESI¥.

The structures of MPPS* and MTPS were confirmed by "H
and *C Nuclear Magnetic Resonance (NMR) (Fig. S1t) spec-
troscopy and High-Resolution Mass Spectrometry (HRMS).?”9¢*
The detailed experimental procedures for all three steps to
access MPPS and MTPS are provided in the ESLt

2.1.3 Methods for theoretical calculations. All the elec-
tronic structure calculations were performed using the
Gaussian 16 program package® at the Density Functional
Theory (DFT) and Time-Dependent Density Functional Theory
(TD-DFT) levels.®**® The calculations are performed using the
range-separated hybrid functional, CAM-B3LYP,* in conjunc-
tion with 6-311++g(d,p) basis set.”””* The cartesian coordinates
of the optimized geometries obtained at the CAM-B3LYP level
using 6-311++G(d,p) basis set are given at the end of the ESI
(Table S8%1). Default convergence criteria and parameters as
available in the Gaussian 16 program package have been used
for all calculations.®® The ground state geometries were opti-
mized at the CAM-B3LYP/6-311++g(d,p) level. Single-point
energy calculations were performed to determine the vertical
excitation energy using the TD-DFT method at the CAM-B3LYP/
6-311++g(d,p) level. Geometry optimization of the lowest singlet
excited state (S;) was carried out using the TD-DFT method at
the CAM-B3LYP/6-311++g(d,p). Harmonic vibrational frequency
analysis was performed to ensure that the optimized geometries
are the minima on the potential energy surfaces. Emission
energy has been calculated with zero-point energy correction.
The effect of solvation with acetonitrile, carbon tetrachloride,
methanol, and water has been investigated using the polar-
isable continuum model (PCM) based on the integral equation
formalism (IEFPCM) variant.”

2.1.4 Preparation of samples for solvatochromic study. For
the solvatochromic study, a 0.5 mM stock solution of the MPPS
molecule was prepared in pure methanol. Then, this solution
was poured into a 2 mL sample vial and left for a few hours for
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complete evaporation of methanol, and then the compound was
dissolved in respective solvents with its concentration
uniformly maintained at 5 uM. Each sample had a final volume
of 2 mL. Lastly, their fluorescence spectra were recorded, and
the data was analyzed to investigate the solvatochromic effects
of the MPPS molecule in detail.

2.1.5 Preparation of samples for the determination of
critical micelle concentration (cmc). Stock solutions of DTAB
(300 mM), SDS (300 mM), Triton-X 100 (5 mM), and 12-6-
12,2Br~ (10 mM) were prepared in the Milli-Q water. Then,
maintaining a constant concentration of 5 pyM MPPS from its
0.5 mM methanolic stock solution, the surfactant concentration
was subsequently increased for each of the MPPS-surfactant
systems. The final volume of each sample was adjusted to
2 mL using the same Milli-Q water. Once the samples are
prepared, they are analyzed spectrofluorimetrically to deter-
mine the value of each surfactant's critical micelle concentra-
tion (cmc).

2.1.6 Preparation of samples for the study with BSA and
BSA-surfactant systems. Freshly prepared 10 mM HEPES buffer
solution in Milli-Q water was used for the BSA sample prepa-
ration after adjusting to pH 7.4. NaOH and H,SO, were used for
pH adjustments of the buffer solution. Stock solutions of BSA
(0.5 mM) and 12-6-12,2Br”~ (10 mM) were prepared in the pH-
adjusted HEPES buffer. Then, each stock solution was care-
fully degassed for 15 minutes by purging pure nitrogen gas
before its usage. For the quenching studies, maintaining BSA at
5 uM, the concentration of MPPS was increased from (0-25) uM
from its 0.5 mM methanolic stock solution. This was performed
at two different conditions, one in the absence of 12-6-12,2Br™
and the other in the presence of 0.3 mM of 12-6-12,2Br™. As for
the 25 pM MPPS solution, 5% methanol was present, therefore,
for all other samples used for the quenching study, 5% meth-
anol was added to make the uniform effect of methanol to the
system. Each sample was made up to 2 mL using the HEPES
buffer. For the BSA unfolding experiment, BSA and MPPS
concentrations were fixed at 5 uM each, and 12-6-12,2Br  was
increased in the range of (0-0.9) mM. Each sample was adjusted
to 2 mL with a presence of only 1% methanol. Then these
samples were utilized for steady-state fluorescence and fluo-
rescence anisotropy, time-resolved fluorescence, and fluores-
cence anisotropy of MPPS to characterize the unfolding/binding
isotherm of 12-6-12,2Br~ with BSA. Samples for the other
molecule MTPS for measuring intensity decays and lifetimes in
BSA at different concentrations of 12-6-12,2Br~ were prepared
following the same procedures.

2.1.7. UV-visible absorption and fluorescence measure-
ments. Each stock solution underwent meticulous degassing
using pure N, gas for 15 minutes before utilization to remove
dissolved oxygen. JASCO (Model V-650) UV-vis spectrophotom-
eter was used for absorption measurements of 190-800 nm, and
Fluorolog-TM (Horiba Scientific) spectrofluorimeter was used
for steady-state emission measurements. A quartz cuvette with
a Teflon stopper is used in each case to avoid the evaporation of
volatile solvents. Every fluorescence spectrum was corrected for
instrument sensitivity and to avoid any possible inner filter
effect. The slit width for both slits was set at 3 nm for
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fluorescence measurements with a fixed scan rate, and the
emission range was 340-600 nm with an excitation wavelength
in a particular solvent corresponding to a longer wavelength
absorption peak maximum of MPPS/MTPS. For some samples,
the spectra shoot up if a slit width greater than 3 nm is set. The
steady-state anisotropy measurements were carried out on the
same spectrofluorimeter using polarizers with excitation and
emission wavelengths of 330 and 395 nm, respectively. The
time-correlated single photon counting (TCSPC) fluorescence
measurements were conducted on a Horiba DeltaFlex™
Modular fluorescence lifetime system. A picosecond diode laser
of 330 nm (NanoLED 330L, IBH, UK) was utilized as the light
source, having an instrument response function (IRF) of about
177 ps. The fluorescence signals (Ae, = 395 nm and 365 nm for
MPPS and MTPS, respectively) were detected at magic angle
(54.7°) polarization using a Picosecond Photon Detection
Module (PPD850). A software called EzTime was utilized to
analyze the decays. x” criterion significantly gave an overview of
the accuracy of the fits while the residuals of the fitted function
to the data were visually inspected to reconfirm it. The time-
resolved fluorescence anisotropy, r(f) measurements were
carried out on the same TCSPC instrument using polarizers.
Other detailed information about the TCSPC measurements is
given elsewhere.”””* The fluorescence quantum yields were
determined with respect to that of quinine sulfate in 0.1 N
H,SO, by calculating the area under the fluorescence bands of
both MPPS/MTPS in different solvents and quinine sulfate."

2.1.8. Circular dichroism (CD) spectral measurements. The
far-UV CD spectra were recorded on Jasco-J 1500 spec-
tropolarimeter in the 190-260 nm wavelength range, main-
taining a scan speed of 50 nm min ' and a spectral bandwidth
of 2.5 nm for each spectrum. A quartz cuvette with a path length
of 0.1 cm was used to record the CD measurements. The
background correction was done by subtracting the buffer
spectrum from each spectrum recorded for all BSA systems.

All measurements were carried out at room temperature
(298.15 £ 1 K).

2.1.9. Molecular docking. A molecular docking study was
carried out using a glide module in the Maestro interface of the
Schrodinger software (Schrodinger LLC., NY, v2022).”>7® The
protein selected for the docking study (PDB ID: 4F5S) was
downloaded from the protein databank (https://resb.org) and
prepared using the protein preparation wizard of the
software.”” The preparation was carried out by adding
hydrogens and missing residues using a prime module’ and
optimizing the 3D structure by minimizing the protein using
an Epik module at pH 7.0 £+ 2.0.” Since the protein lacks
a co-crystal ligand, active site search was carried out using the
site-map analysis module of the software, and the highly scored
site was used to generate a grid box of 10 A*> dimensions using
receptor-grid generation wizard.”” The ligands (MPPS and
MTPS) were sketched in the 2D sketcher of the maestro inter-
face and prepared using the LigPrep module to obtain a 3D
structure, which was further utilized to carry out the molecular
docking studies in extra precision (XP) mode” using the opti-
mized potential for liquid simulations 2005 (OPLS_2005) force
field.*

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


https://rcsb.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra05565a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 August 2024. Downloaded on 4/2/2026 2:55:15 PM.

(cc)

Paper
5 0 h N H OO TN A
o ©« T L I B )
Qg_8 —~| eSS
S S| HHHHHHHAH
= - —| oo 0w wvonw
55 20 2l @R QN H R
= U 2 NN Ao B 8N
O un .
0w +
Q%O_
A= - ® MmO ©®
w2z [ NN ¥ Y
n O = @ SoSsSssssaS
€ 0 0 &
S ) HHHHHHHAH
L9 E S oo o oa N
2o 3 L AR TS g A
%:E 3 R T IR o
ox 2@
CQ,E o O In O F A
0 > x | @ A
S o © = — —
0 ®© 0
ST Q
£ 0 c —
U € O a
L O3 =
o c o o~ © ® ~
O ot O fay S QOO ®INOAN
Eca <= A ANANN A=A
o Q
S~ ©
T x C e~~~ —
Ex— NN SN
S o2 eeceseece<
=) S oocoo o oo
ETT = HHHHHHHAH
xg% S C O™ T IL O
o=z = 2SS ecS<S
g - 7| S8 3SS
o= N R
m\l'g-, S|l N o N0
o= 2 o N =N AN
S oS HHHHHHHH
0 € w NS I =S =
e = COHN®AQON
S o F O M AN QqC
n = n
0 0T
o C
o3 — e~ ————
5 ® 0 A~ AN YN R
25 a R R=-R=-E=]
>0 S sssSssso
~ o 9 S S
ég-og = _H_H+IH+IH+IH
© C Z N —= O NN <t
S 2 =l 2329
© ;e @ AN SSSSS S
=C 3 AN 0O O ®
93 Sl et A S
g ow HHHHHHHAH
~ 25 = O =N M
s € MO ANMA A ®
05 3 NN A
QQ._;
c —~ £
o N ®
o & a NO O WO A O
= = SN M A DD
2z o ®NBL O DN
53 B e A
3L c ScsSs3S3S 3
Qv ,
© T A
ggc\. —
fﬂf:'z E
o e g
R =
= %
[ Y] 3 T NO NN
UJmE' Ex = =]
= ~ <+ ¥ Mmoo F
Cw 2
n O &
599 P e e e e
Q5 2] N ooy o
= E 0 ] 9 ¥ Q9 0ag 9
= w MmN oo n o
_‘_,q_)ED —_ e D D
c = £ W aemH 0N O N
© o AN A A A O
4;,,{(]) = NN N NN onN NN
2SO —~ mm, =
5 < e =) oo N T v 0N
oL 9 = S B e
T gc o f 8 F S S S
gq)wm o —
s s ] O ¥ N Y 0O T ™
S>0R |2 I Y mQBmin
® ES ~ NN AN
637—'“
S € E
= 0
5 8 ® < A F AL OO W
c 245 w A4SV M
s 072 NN NS S AN D
Q®>’m a0 N
©
46 ¢
m‘DBE
530 ¢ >
L - O =
© o™ <
£ o0%¥m =)
3« =
cC= 21 e .
[ x S T — —_
o %y 2 S = =3 1
> g Se _ 9 =3
2 £C 4 =5 =30
s g 02 e & S
© > C QN o M —_
= = SR=E o
0300 | S| g2 £32 03
al2og | & §8S8 8w
+ O @ ] V0 B S
© C < 8 [3) VO= c ==
e Q2 c| 2§52 3¢E
oS -0 o S8 —S S0 8
£ X0 ® 2 =9 X a5 s
S8E8| 2| 2EEEE28E
— Eo E a2l ToBERASIR

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

View Article Online

RSC Advances

3. Results and discussions
3.1. UV-vis absorption and fluorescence study

UV-vis absorption spectra of MPPS in solvents of different
polarities are recorded and displayed in Fig. S2.f There is
a band with a prominent peak at a shorter wavelength, and
the other band/shoulder with comparatively lower absor-
bance appears at a longer wavelength. These two bands
correspond to the T — 7" and n — 7" transitions, respec-
tively, as supported by the theoretical calculations discussed
below. The values of peak maxima and the corresponding
molar extinction coefficients for shorter and longer wave-
length absorption bands are tabulated in Table 1, along with
the dielectric constants of solvents. Solvents of three classes
are chosen: non-polar (cyclohexane, carbon tetrachloride,
dioxane), polar aprotic (ethyl acetate, acetonitrile), and polar
protic (ethanol, methanol, water). The general trend is that
the longer wavelength absorption peak maxima are blue-
shifted with increasing polarity of the solvents. It depicts
that the ground state dipole moment is greater than the
excited state dipole moment, supported by the results of the
theoretical calculations given below. The fluorescence
spectra of MPPS in different solvents have been recorded by
excitation at corresponding absorption peak maxima of the
longer wavelength band and are presented in Fig. 2. The
fluorescence peak maxima values are also given in Table 1.
Initially, the fluorescence peak maxima are blue-shifted with
increasing polarity of the solvents from cyclohexane to
ethanol. The fluorescence peak maximum in ethanol is blue-
shifted by 42 nm compared to cyclohexane. The fluorescence
peak maxima are found to be red-shifted with further
increasing polarity of solvents. The A, of MPPS in water as
a solvent is 38 nm red-shifted compared to ethanol as
a solvent. The Lippert-Mataga plot of Stokes shifts of fluo-
rophore versus the polarity parameters of non-hydrogen
bonding solvents is not shown here as that is done in the
cases of red-shifts of the fluorescence bands with increasing
polarities of solvents which is not the case here. The fluo-
rescence intensities in polar solvents are found to be much
lower than that in non-polar solvents. The relative fluores-
cence quantum yields of MPPS in different solvents have
been calculated and presented in Table 1. It can be seen that
there is a systematic decrease in fluorescence quantum yield
with increasing polarity of the solvents. Compared to cyclo-
hexane as a solvent, the fluorescence quantum yield of MPPS
is decreased by 84.35% in water as a solvent. Thus, the
significant changes in the fluorescence quantum yields of
MPPS with changing the polarity of the solvents, irrespective
of which class they belong to, demand the molecule MPPS to
be an efficient polarity probe. Notably, low fluorescence in
water makes the molecule a potential polarity probe for
biological and other microheterogeneous systems because
the contribution of fluorescence from the fraction of the
probe molecules present in the bulk water would be insig-
nificant. To explain the changes in the fluorescence proper-
ties of MPPS with the variation in the polarity of the solvents,
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Fig. 2 Fluorescence spectra of MPPS in different solvents. [MPPS] =
5.0 uM. Ao« for fluorescence measurements of MPPS in a particular
solvent corresponds to a longer wavelength absorption peak
maximum of MPPS as given in Table 1.

electronic structure calculations have been performed at the
Density Functional Theory (DFT) and Time-Dependent Density
Functional Theory (TD-DFT) levels.

3.2. Theoretical calculations

The global minimum structure of MPPS in the ground elec-
tronic state is presented in Fig. 3(a). The phenanthrene and
phenyl rings in the ground electronic state are almost perpen-
dicular to each other with a dihedral angle ¢,, £ C1-C2-C3-C4
is of 94° in the gas phase. The -S(CHj3) group is found to be
nearly perpendicular to the phenanthrene plane with a dihedral
angle ¢,, £ C2-C5-C6-C7 is of 101°. Two different conformers
are obtained as minima in the electronic excited state and are
presented in Fig. 3(b) and (c). The lower energy conformer in the
excited state (E-1) (Fig. 3(b)) is characterized by ¢, and ¢, of 142°
and 59°, respectively, and is more stable compared to the other
conformer (E-2) by 4 k] mol™* of energy. The structure of E-2
(Fig. 3(c)) in the gas phase is characterized by ¢, and ¢, of
133° and 124°, respectively. The values of dipole moments and
dihedral angles of MPPS in both ground and excited states in
gas phase and condensed media are tabulated in Table 2. As
mentioned, the phenyl and phenanthrene rings are almost
perpendicular in the ground state. However, at both E-1 and E-2
states, the dihedral angles between the phenyl and phenan-
threne rings have been reduced, taking them towards copla-
narity. Though in the gas phase, the E-1 conformer is more
stable than the E-2 conformer, under solvation, the situation
gets reversed, i.e., E-2 becomes more stable compared to E-1.
For example, under solvation in MeOH solvent, the E-2
conformer is found to be 5 k] mol™! more stable than the E-1
conformer. The variation in the energy difference (AE)
between E-2 and E-1 energy levels and the relative energy of E-1
and E-2 in the gas phase and in the solvents of different
polarities are listed in Table S1.1 There is an increasing trend in
the stabilization of E-1 and E-2 states with increasing solvent
polarity with respect to those states in the gas phase. The
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stabilization in a given solvent compared to the gas phase is
higher for E-2 compared to that of E-1. The dihedral angles for
MPPS at the excited states (E-1 and E-2) in the gas phase and
using PCM in MeOH solvent obtained at the CAM-B3LYP/6-
311++g(d,p) level are presented in Table S2.1 The £ C10-C1-C2-
C5 and £ C8-C9-C10-C11 dihedral angle values of the E-1 and
E-2 solvated (MeOH) state are presented in Table S2.f These
angles specify the planarity of the aromatic phenanthrene ring.
In the solvated E-1 state using the CAM-B3LYP functional, the
dihedral angle ZC10-C1-C2-C5 value is —4°, i.e., the carbon
atom (C5) is slightly out of a plane to the aromatic ring. Simi-
larly, the benzene ring gets distorted from planarity by 8° as the
£ C8-C9-C10-C11 dihedral angle value is 8°.

Absorption and emission energies have been obtained from
the theoretical calculations (Table 3) and compared with the
experimental results (Table 1). In the gas phase, the theoretical
excitation energy is 4.26 €V. The absorption maximum in CCl, is
the same as in the gas phase. The absorption maxima are
slightly blue-shifted (4.27 eV) in the other three solvents, MeOH,
ACN, and water, compared to the gas phase/CCl, absorption
maximum. Experimentally, the absorption peak maxima are
blue-shifted with increasing polarity of the solvents (Table 1).
This is because the ground state dipole moments of MPPS in all
solvents are higher than those in the excited state, and the
dipole moment increases with increasing polarity of the
solvents (Table 2). Thus, the theoretical results are in reason-
able agreement with the experimental results.

The theoretical results provide two emission wavelengths
corresponding to the two conformers in the electronically
excited state. The emission energies of the E-1 and E-2
conformers in the gas phase are 3.69 eV (A = 336 nm) and
3.73 eV (A = 332 nm), respectively (Table 3). As stated above, the
E-1 conformer has lower energy than the E-2 conformer in the
gas phase; however, in the condensed phase, it is reversed, and
the E-2 has lower energy than the E-1. The emission energies of
both the E-1 and E-2 conformers are red-shifted under solvation
in CCl;, MeOH, ACN, and water solvents, and this red-shift
increases with increasing polarity of the solvents. Experimen-
tally observed fluorescence peak maxima are in a trend as
follows: there is a blue shift from cyclohexane to ethanol as
solvents followed by a red shift from methanol to water as
solvents (Table 1). To support the fact that the emission occurs
from two different emitting states, the deconvolutions of fluo-
rescence spectra of MPPS have been done and shown for a few
solvents as representatives in Fig. S3.1 It can be seen that in
each case, the fluorescence band is a combination of two bands.
Table S3 presents the peak maxima of two bands in solvents of
different polarities obtained after deconvolution of experi-
mental fluorescence bands. One can see that both the fluores-
cence bands are blue-shifted till ethanol compared to
cyclohexane and then red-shifted with further increasing
polarity of solvents.

Experimentally, it is observed that the fluorescence quantum
yield decreases with increasing polarity of the solvents (Table 1).
To explain this fact, the dihedral angles, ¢, and ¢, of MPPS have
been calculated in the solvents of different polarities in both
ground and excited states (E-1 and E-2 conformers), and are

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

Fig. 3 Optimized geometry of the MPPS molecule in the electronic ground state (a), the excited state of conformer E-1 (b), andthe excited state
of conformer E-2 (c) in the gas phase obtained at CAM-B3LYP/6-311++g(d,p) level of theory.

tabulated in Table 2. It can be seen that for the E-1 conformer,
¢+ reduces, whereas, for the E-2 conformer, ¢, increases with an
increase in the polarity of the solvent. Therefore, for the
conformer in the E-1 state, the coplanarity between the phenyl
and phenanthrene rings is reduced in a polar medium. There-
fore, the deactivation of the E-1 excited state of the molecule
through non-radiative processes occurs, which is enhanced by
increasing the solvent's polarity. Though for the E-2 conformer,
the coplanarity is increased with increasing polarity, the
quantum yield for the combined emission process is calculated.
Thus, the fluorescence intensity is reduced with an increase in
the polarity of the solvent.* To estimate the radiative (k) and
non-radiative (k,,) rate constants of MPPS, and the effect of
solvent's polarity on these processes, the fluorescence lifetimes

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

of MPPS in different solvents have been measured. Fluores-
cence intensity decays in some solvents are shown in Fig. S4.F In
each case, it is noted that the intensity decay is bi-exponential,
with major fast and minor slow components supporting two
species in the excited state. The lifetime values of the fast and
the slow components, the corresponding weightings, and the
average lifetime calculated using eqn S1 (ref. 81) in Note S17
have been given in Table 1. k. and k,, values have been calcu-
lated using eqn S2 (ref. 81) and S3 (ref. 81) in Note S1,f
respectively. It can be seen that with increasing polarity of
solvents, the k, value decreases, and the k,; value increases with
a systematic decrease in the lifetimes of the fast component,
supporting our explanation based on the theoretical results that

RSC Adv, 2024, 14, 25865-25888 | 25871
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the rate of nonradiative process increases with decreasing
coplanarity.

The molecular orbitals of MPPS are presented in Fig. 4.
HOMO is characterized as the lone pair orbital on the sulfur
atom of the -S(CH;) group. The LUMO (w*) is majorly delo-
calized over the phenanthrene ring of the molecule. The theo-
retical excitation energies, corresponding wavelengths,
oscillator strengths, and configurations of excited states are
listed in Table 4. It has been observed that all the excitations are
due to the combined contribution of multiple orbital transi-
tions. The transition from the S, state to the S, state involves
two orbital transitions, HOMO to LUMO+1 (n to ©*), HOMO—1
to LUMO (7 to w*), and HOMO—2 to LUMO (7 to w*). The
contributions of transitions are 45%, 26%, and 18%, respec-
tively. This transition has a very low oscillator strength of 0.001
with an absorption energy of 4.26 V. The transition from the S,
to the S, state has a theoretical absorption energy of 4.41 eV.
This band is mainly associated with the HOMO — LUMO
configuration with a contribution of 56%, indicating a transi-
tion from n to 7v* orbital with an oscillator strength of 0.07. The
lower value of oscillator strength indicates that the n — 7* type
of transition is expected to be less intense. The other transitions
from the S, to S, state are HOMO—1 — LUMO (7 to 7v*) and
HOMO-2 — LUMO (7 to =*), with contributions of 15% and
8%, respectively. The excitation to the S; state consists of
multiple orbital transitions, such as HOMO—2 — LUMO (7t to
m*), HOMO—1 — LUMO (7 to w*), HOMO — LUMO (n to 1*),
HOMO-1 — LUMO (7 to 7t*), and HOMO—2 — LUMO+1 (T to
7*). The oscillator strength of S, to S is 0.04. The excitation Sy-
S5 consists of two kinds of orbital excitation features, HOMO —
LUMO (n to w*) and HOMO—1 — LUMO+1, HOMO-2 —
LUMO+1 (7 to *). The oscillator strength of S, to S5 (f=0.73) is
higher compared to the S, to S, (f=0.33) and S, to S; (f= 0.04)
transitions. The calculated oscillator strength values are in
consistent with the experimentally found molar extinction
coefficients (log € ax) (Table 1). The log € . value of MPPS for
the long wavelength n — 7* transition is smaller than that for
the shorter wavelength © — m* transition in each solvent.

To support the fact that the free rotation of the phenyl ring
enables the molecule to change the dihedral angle between the
phenyl and phenanthrene rings by changing the polarity that
controls the electronic energy, and fluorescence lifetime
(experimental data discussed above and below), etc., we have
synthesized another molecule, methyl(10-(o-tolyl)phenanthren-
9-yl)sulfane (MTPS) (Scheme S11) and done theoretical calcu-
lations. MTPS is the derivative of MPPS wherein a -CHj; group is
present in the ortho position of the phenyl ring of the MPPS.
Unlike MPPS, for MTPS, two ground state conformers (G-1 and
G-2) are obtained (Fig. S5a and b, respectively), and one excited
state conformer (E-1) is obtained (Fig. S5ct). All geometries are
optimized at CAM-B3LYP/6-311++g(d,p) level of theory. The
values of dihedral angles £/ C1-C2-C3-C4 (¢,) and £C2-C5-
C6-C7 (¢,) for the conformers of MTPS in G-1, G-2, and E-1
states in the gas phase and using PCM in CCl;, MeOH, ACN
and water solvents obtained using CAM-B3LYP/6-311++g(d,p)
level are tabulated in Table S4.f Notable observations are as
follows: (1) o-tolyl (substituted phenyl) and phenanthrene rings

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Theoretical excitation energy (Ex), oscillator strength (f), and emission energies of MPPS for E-1 and E-2 conformers in the gas phase and
using PCM in CCly, MeOH, ACN, and H,O solvents obtained using TD-DFT method at the CAM-B3LYP/6-311++g(d,p) level

Excitation energy (Ex) and

Medium oscillator strength (f) Emission energy
Dielectric constants (&) Ex eV (nm) f E-1 eV (nm) E-2 eV (nm)
Gas S, state — 4.26 (291) 0.001 3.69 (336) 3.73 (332)
PCM ccl, 2.24 4.26 (291) 0.002 3.68 (337) 3.68 (337)
MeOH 32.66 4.27 (290) 0.002 3.64 (341) 3.59 (345)
ACN 35.95 4.27 (290) 0.003 3.64 (341) 3.59 (345)
H,0 78.36 4.27 (290) 0.003 3.64 (341) 3.58 (346)

(a)

(b)

J

J

Fig. 4 The frontier molecular orbitals (FMO) of the MPPS in the electronic ground state: (a) HOMO, (b) LUMO, (c) HOMO-1, (d) LUMO+1, (e)
HOMO-2, and (f) LUMO+2, obtained at CAM-B3LYP/6-311++g(d.p) level of theory.

are almost perpendicular in the ground states, G-1 and G-2, in
the gaseous and condensed phases, (2) the E-1 conformer in the
electronic excited state is characterized by ¢, and ¢, of 140° and
62°, respectively in the gas phase. All efforts to optimize the
other structure by changing the relative position of the -CHj;
group always lead to the E-1 structure, and (3) a single
conformer in the excited state is also obtained in the condensed
phase. Though the dihedral angle, ¢, in CCl, is almost the same
as that in the gas phase (139°), in the polar aprotic (ACN) and
polar protic solvents (MeOH and water), this angle is found to
be 74°. The coplanarity between the o-tolyl and phenanthrene
rings in MTPS is less than in MPPS, which says that the free
rotation of the o-tolyl (substituted phenyl) ring is relatively
restricted in MTPS. Fig. S61 presents the fluorescence spectra of
MTPS in the solvents of different polarities. Notably, no extra
band is found after deconvolution of fluorescence spectra. The
table in Fig. S61 displays the absorption and fluorescence peak
maxima and fluorescence quantum yields of MTPS in the
solvents of varying polarities. Like MPPS, the fluorescence peak

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

maxima are blue-shifted with increasing polarity up to ethanol
and then red-shifted from methanol to water. The quantum
yield of MTPS in a given solvent is higher than that of MPPS,
supporting the fact that free rotation about the C-C bond is
responsible for low fluorescence quantum yield. Table S57
presents theoretical excitation energies for G-1 and G-2
conformers and emission energies (E) of MTPS in the gas
phase and using PCM in CCl,, ACN, MeOH, and water solvents.
The emission energies are red-shifted with increasing polarity
of solvents.

To present the molecule, MPPS as a potential polarity probe,
it has been explored to characterize the micelles of different
surfactants (both conventional and gemini surfactants),
protein, bovine serum albumin (BSA), and BSA-gemini surfac-
tant binding isotherm.

3.3. Binding of MPPS with micelles of different surfactants

Fluorescence spectra (not shown here) of MPPS have been
recorded at different concentrations of each of three

RSC Adv, 2024, 14, 25865-25888 | 25873
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Table 4 Theoretical excitation energy E (eV), wavelength 1 (nm),
oscillator strength (f), and electronic configurations for MPPS in the gas
phase obtained using the TD-DFT method at the CAM-B3LYP/6-
3114++g(d,p) level. The contribution in the percentage of the transitions
is written in parentheses

State E (eV) A (nm) f

290

Configuration

S 4.26 0.001  HOMO — LUMO+1 (45%)
HOMO—-1 — LUMO (26%)
HOMO—2 — LUMO (18%)
HOMO—2 — LUMO+1 (2%)
HOMO — LUMO (56%)
HOMO—1 — LUMO (15%)
HOMO—1 — LUMO+1 (4%)
HOMO—2 — LUMO (8%)

5
5
5

HOMO—-2 — LUMOH (5%)
—
—

S, 4.41 281 0.07

S3 4.53 273 0.04 HOMO-2 — LUMO (32%)
HOMO—1 — LUMO (27%)
HOMO — LUMO (16%)
HOMO-1 — LUMO+1 (7%)
HOMO-2 — LUMO+1 (5%)
HOMO — LUMO+1 (47%)
HOMO—2 — LUMO (29%)
HOMO—1 — LUMO (18%)
HOMO-1 — LUMO+1 (39%)
HOMO—2 — LUMO+1 (23%)

HOMO — LUMO (17%)

Sy 5.16 240 0.33

Ss 5.20 238 0.73
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conventional surfactants: dodecyl trimethylammonium
bromide (DTAB), sodium dodecyl sulfate (SDS), Triton X-100,
and a gemini surfactant, 12-6-12,2Br~ at Aex = 330 nm. These
are monomeric cationic, anionic, non-ionic, and dimeric
cationic surfactants, respectively. In each case, the fluorescence
intensities of MPPS at different concentrations of surfactant
have been calculated at 395 nm and are plotted in Fig. 5a-d,
respectively. It can be seen from Fig. 5a-d that the fluorescence
intensity decreases reaches a minimum, and then increases
with increasing concentration of each surfactant. The
minimum appears at [DTAB] = 14.5 mM, [SDS] = 8.02 mM,
[Triton X-100] = 0.21 mM, and [12-6-12,2Br" | = 0.95 mM. These
concentrations are critical micellar concentrations (cmc) of the
respective surfactants. The values are close to the reported cmc
values of 14.7 mM,*>%* 8.20 mM,*> 0.25 mM,*® and 1.03 mM.*° for
DTAB, SDS, Triton X-100, and 12-6-12,2Br ", respectively. Results
thus depict that the fluorescence property of MPPS is very
sensitive to the changes in the microenvironment around it. In
the pre-micellar region, each ionic surfactant acts as a strong
electrolyte. Therefore, with increasing surfactant concentration,
the number of ions gradually increases, resulting in increasing
polarity of the medium. That is why, in this region, the fluo-
rescence intensity of MPPS decreases with increasing surfactant
concentration, as supported by the solvatochromic results. In

[Triton-X 100] (mM)

3 3 |
Y @] 3, (b)
2 & 1 &)
3 °| 3
c 2 o © c o
e ° e
€ 1 [*} 9 £ ]
[} 3 o ]
o @ CcMC=145mM| O 9 _000000°
o Pl S 1 ‘f/ocmc=s.oz mM
S8 10 12 14 16 18 20 S 4 6 8 10 12 14
- [DTAB] (mM) = [SDS] (mM)
3] 3] e
s ° | &

E J [*]
z] o (c)| 2 (d)
® 9 e
S 1 g
‘_E ] & £ - 9
81 % ° ° § )

o 9

§ . 230 CMC =0.21 mM § . 00?0 . °
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S 00 05 10 15 20 2 o0 1 2 3 4
w

[12-6-12,2Br] (mM)

Fig. 5 Fluorescence intensities of MPPS at different concentrations of (a) DTAB, (b) SDS, (c) Triton-X 100, and (d) 12-6-12,2Br™. [MPPS] = 5 uM,

Aex = 330 nm and Aem = 395 nm.
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the case of Triton-X 100, in the pre-micellar region, the fluo-
rescence intensity is reduced, which could be because of the
interactions between the -OH groups of the surfactant mole-
cules and MPPS, before the MPPS molecules trapped inside the
core of the micelles in the post-micellar region. However, once
the micelles start to form above the cmc, the fluorescence
intensity of MPPS increases because the molecules move from
the polar bulk to the non-polar sites of the micelles. The polarity
of the microenvironment around MPPS decreases due to the
solubilization of the MPPS in the micelles.

Notably, the pyrene molecule has been widely used to deter-
mine the cmc of various surfactants.®**® The ratio I3/I; (where I3
and I, are fluorescence intensities at the third (384 nm) and first
(374 nm) vibrational emission peaks, respectively) of pyrene
depends on the polarity of the environment. In all cases, the plot
of I1/I, versus [surfactant] gives a sigmoid curve, which is not very
handy for estimating the cmc. There are several other fluorescent
probes used for the determination of the cmc of surfactants,**°
and biomolecule®® which are also reported to present sigmoid
curves. However, with the present fluorescent probe MPPS, the
changes in fluorescence intensities with [surfactant] are found to
be V-shaped in all types (cationic, anionic, and non-ionic) of
conventional surfactants and a gemini surfactant which is very
rare.*® We could measure the cmc values precisely from the
minima of the plots, which counts as an advantage.

Other than fluorescence intensities, the changes in full
width at half the maximum (FWHM) of a fluorescence band
with varying concentrations of surfactants have been calculated
and plotted in Fig. S7.1 Interestingly, the minimum in the plot
of FWHM (in cm™") versus [surfactant] is obtained exactly at the
same cmc mentioned above for each surfactant. Initially, in the
pre-micellar region, FWHM increases due to the heterogeneity
in the locations of MPPS. Just before cmc, FWHM drops due to
gradual homogeneity in the locations of MPPS as a result of the
solubilization of MPPS in micelles. Above cmc, again, the
heterogeneity increase could be because of the formation of
micelles of varying sizes with increasing surfactant concentra-
tions. At a very high concentration, FWHM again falls, which
could be due to changes in the shapes of micelles.

1350000

[MPPS] = 0 uM

900000

450000

Fluorescence intensity (a.u.)

350 400 450 500
Wavelength (nm)

Fig. 6
fluorescence of BSA by MPPS. A¢x = 295 nm, Aem = 350 nm.
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3.4. Probing microenvironment of tryptophan residues of
the protein, bovine serum albumin (BSA) using MPPS

The binding of the molecule with BSA has been studied to
explore MPPS as a fluorescent probe for a biomolecule. The
fluorescence spectra of native BSA have been recorded at A.x =
295 nm at different concentrations of MPPS (0 to 25 pM) and are
shown in Fig. 6a. Notably, the excitation of BSA at 295 nm
results in fluorescence from the protein's tryptophan (Trp)
residues. It can be seen in Fig. 6a that with increasing
concentration of MPPS, the fluorescence intensity of BSA
decreases, and that of MPPS increases. Therefore, MPPS acts as
a quencher. As MPPS also has a little absorption at 295 nm,
fluorescence from both BSA and MPPS is seen in this figure.
While the fluorescence peak maximum of BSA appears at
~350 nm, the same for a fluorescence band of MPPS is seen at
~363 nm. Fig. 6b displays the changes in fluorescence intensity
ratios, F,/F (where F, and F are fluorescence intensities of BSA in
the absence and presence of MPPS, respectively) of BSA with
increasing concentrations of MPPS. This Stern-Volmer plot
shows a downward curvature indicating the fractional accessi-
bility of Trp residues of BSA to the quencher, MPPS (Fig. 6b).
Two different fractions of Trp residues, Trp-213 and Trp-134,
exist in BSA.®* Trp-213 is located in a hydrophobic pocket, and
Trp-134 resides in a hydrophilic environment i.e., near the
surface of the protein.®* Docking results (discussed below) show
that MPPS binds to the hydrophobic region of the BSA. There-
fore, it is expected that MPPS will be more accessible to Trp-213
than Trp-134. In our earlier study, a blue shift in fluorescence
peak maximum of BSA was noted with the increasing concen-
tration of an extrinsic fluorescent probe, dimethylaminopstyryl
benzothiazole (DMASBT)." It is due to the accessibility of Trp-
134 to DMASBT, as the latter binds to the hydrophilic sites of
BSA. As the fluorescence from Trp-134 occurs slightly at a longer
wavelength than that of Trp-213, thus with the quenching of
fluorescence from Trp-134, the overall peak maximum of BSA
gets blue-shifted. However, in the present case, the blue shift in
BSA fluorescence peak maximum with increasing concentration
of MPPS is not seen, supporting that MPPS quenches fluores-
cence from Trp-213, not from Trp 134.

2.0 =
e
y 161 éﬂ/é
u ; /c}/
1.2 é/
(}/ (b)

10 15 20 25

[MPPS] (nM)

0 5

(@) Fluorescence spectra of BSA in the presence of different concentrations of MPPS; (b) Stern—Volmer plot for the quenching of
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Fig. 7 Modified Stern—Volmer plot for the quenching of Trp residues
in native BSA by MPPS. Ao, = 295 nm, A, = 350 nm.

To quantify the fractional accessibility of Trp residues to
MPPS in native BSA, and to calculate the values of the fraction of
Trp residues accessible to MPPS (f,) and the Stern-Volmer
constant (K,) for the quenching of accessible fractions in the
native protein, the modified Stern-Volmer plot based on eqn S4
(ref. 81) in Note S1} has been made and shown in Fig. 7. The
correlation coefficient of this modified Stern-Volmer plot is
found to be 0.999. The mathematical form of f, has been shown
by eqn S5 (ref. 81) in Note S1.t f; and K, values calculated from
the intercept and the slope of the modified Stern-Volmer plot
after linear fitting of the data are found to be 0.68 and 1.63 x
10® M, respectively. Thus, 68% of Trp residues are only
accessible to the MPPS in native BSA. The Stern-Volmer
quenching constant of the accessible fraction, K, = kq7, = 1.63
x 10° M. Here, kq is the bimolecular quenching rate constant,
and 7, is the lifetime of BSA in the absence of any quencher. The
7, value for BSA protein is reported to be ~10~® 5. Thus, the
kq value is calculated to be 1.63 x 10'® M~' s™'. However, the

View Article Online
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maximum value of kq for a diffusion-controlled fluorescence
quenching process with a biopolymer is known to be ~2.0 x
10" M~ s7'.*® It depicts that the fluorescence quenching
mechanism of the accessible fraction of Trp residues is static in
nature.

The fluorescence quenching of BSA by MPPS has also been
studied in denatured protein. The denaturation of BSA has been
done by using 0.3 mM of 12-6-12,2Br . It has been discussed
below that at 0.3 mM concentration of 12-6-12,2Br, BSA exists in
denatured form. Fig. 8a displays the fluorescence bands of BSA at
varying concentrations of MPPS (0 to 25 pM) in the presence of
0.3 mM of 12-6-12,2Br™. The Stern-Volmer plot obtained using
fluorescence quenching data is shown in Fig. 8b. The correlation
coefficient of this plot = 0.993. Interestingly, no downward
curvature is noted in this Stern-Volmer plot depicting equal
accessibility of all Trp residues of BSA to the quencher, MPPS. It
is expected because the BSA unfolds in the presence of surfac-
tant, and therefore, both Trp residues are exposed to the bulk.
The Stern-Volmer constant calculated from the slope of the plot
after linear fitting of the data = 1.63 x 10® M. Therefore, the
bimolecular quenching rate constant, kg = 1.63 x 10" M " s,
These results show that the MPPS can potentially probe the
localization of intrinsic fluorophores in a protein and the
changes in their microenvironment upon denaturation.

The binding constant (K') of MPPS and the number of
binding sites (n) for both native and denatured BSA have been
calculated from the linear fitting of the data in Fig. S8a and
b based on eqn S6 (ref. 94) in Note S1,} respectively. For native
BSA, the K’ and n values are noted to be 2.75 x 10> M~* and
0.57, respectively. Whereas for denatured BSA, the K’ and n
values are found to be 4.41 x 10* M~ ' and 0.91, respectively. As
compared to native BSA, the binding constant value is
decreased, and the number of binding sites is increased for
denatured BSA. This is because, in the denatured state of the
protein, the binding strength of MPPS molecules is reduced as
the hydrophobic area of the protein is decreased.” It is evi-
denced by the fluorescence peak maximum values of MPPS in
two systems: A = ~350 nm in the presence of native BSA and A =
~337 nm in the presence of BSA and 0.3 mM concentration of

[MPPS] = 0 uM

1200000
(a)
900000 1
600000 - [MPPS] = 25 uM

300000

0

Fluorescence intensity (a.u.)

400 450

350
Wavelength (nm)

500

Fig. 8

10 15 20 25
[MPPS] (1pM)

0 5

(a) Fluorescence spectra of BSA with increasing concentrations of MPPS in the presence of 0.3 mM of 12-6-12,2Br™; (b) Stern—Volmer plot

for the quenching of fluorescence of BSA by MPPS in the presence of 0.3 mM of 12-6-12,2Br . Aex = 295 nm, Aem = 337 Nm.
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the gemini surfactant, 12-6-12,2Br . The blue shift in the band
position of MPPS in the case of denatured BSA is due to its
exposure to a comparatively more polar environment. Also, the
possibility of binding sites may increase with the protein
unfolding, as noted.

3.5. Constructing binding isotherm of gemini surfactant, 12-
6-12,2Br  with BSA using MPPS as a probe

3.5.1. Steady-state fluorescence of MPPS. Since the fluo-
rescence properties of MPPS respond well to the changes in the
microenvironment because of what the cmc of different
surfactants and the locations of Trp residues of BSA could be
measured, the molecule is explored to demonstrate the binding
isotherm of a gemini surfactant, 12-6-12,2Br~ with BSA. The
fluorescence spectra of MPPS in 5.0 pM of BSA have been
recorded at different concentrations of 12-6-12,2Br  at A, =
330 nm. No absorbance for BSA at A = 330 nm ensures that the
fluorescence occurs from MPPS only. The fluorescence intensity
ratios, F/F, (where F and F, are fluorescence intensities of MPPS
in the presence and absence of surfactant at A, = 395 nm) at
different concentrations of 12-6-12,2Br~ have been calculated
and plotted in Fig. 9a. The different regions of the binding
isotherm have been depicted by letters a, b, ¢, and d. Region
a represents the high-energy specific binding of the surfactant
with BSA due to coulombic attractive interactions between
positive charges of surfactants’ headgroups and negative
charges on the protein. As because the BSA has become more
compact in this region,’**® the MPPS feels a more non-polar
environment in the hydrophobic pocket of BSA. As a result,
the fluorescence intensity is increased. It has been observed
experimentally and supported by theory (discussed above) that
the fluorescence intensity of MPPS is increased with decreasing
solvent polarity. The transfer of MPPS to a comparatively less
polar environment in this region is also supported by the red
shift in the fluorescence peak maximum as shown in Fig. 9b.
The red shift in the fluorescence peak maximum with
decreasing polarity and the blue shift in the peak maximum
with increasing polarity of the medium (except for a few highly
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polar solvents) have been noted experimentally and theoreti-
cally, as discussed above. In this region, a maximum fluores-
cence intensity appears at [12-6-12,2Br | = 0.01 mM.

The Far-UV CD spectra with increasing concentrations of 12-
6-12,2Br~ have been recorded. In the case of native BSA, the CD
spectrum displays two distinctive negative bands at 208 and
222 nm, indicative of its o-helical structure®® with an a-helical
content of 60.7%, aligning well with the literature reports.
It suggests a 60-67% range for native BSA's a-helix content. To
quantitatively assess the o-helical, B-sheet, and random coil
components of BSA's secondary structure, analysis was per-
formed using BestSel software within the 200-260 nm range,
and the data obtained are given in Table S6.1 In region a, as
a result of the compaction of BSA, the % o-helix is increased,
which can be seen in Fig. 10. With further increasing concen-
tration of 12-6-12,2Br~, the fluorescence intensity starts
decreasing (Fig. 9a) with a blue shift in peak maximum (Fig. 9b)
before reaching a minimum at 0.06 mM of 12-6-12,2Br™ (region
b). The region b represents non-cooperative (or competitive)
binding between the surfactants and BSA. In this region, the
hydrophobic interactions between the surfactant's tails and the
non-polar part of the protein mostly play a role.*® The protein
molecule unfolds with a decrease in % a-helix (Fig. 10) and an
increase in B-sheet content (Table S61) due to these interac-
tions, and as a result, the probe MPPS gets exposed to the polar
environment. Thus, the fluorescence intensity is quenched with
a blue shift in peak maximum (Fig. 9b). The quenching of
fluorescence intensity in the polar environment has been noted
experimentally and is supported theoretically as discussed
above. Beyond 0.06 mM of 12-6-12,2Br , the fluorescence
intensity of MPPS increases (region c¢) before reaching
a maximum of 0.13 mM of the surfactant. Region c¢ exists due to
the cooperative binding wherein the micelles formed by
surfactants bind along the protein chain, forming a necklace-
bead kind of structure.”**® However, the probe molecules,
MPPS, experience a non-polar environment of hydrophobic
microdomain created by micelles of surfactants.’®®” The
hydrophobic microdomain that is created within the protein

100,101
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Fig. 9 Plots of (a) F/Fo and (b) A%, of MPPS in BSA at different concentrations of 12-6-12,2Br™. [MPPS] = 5.0 uM, [BSA] = 5.0 uM. Aex = 330 nm,

Aem = 395 nm.
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molecule results in the compaction of the protein structure,®>*”
which is supported by the increase in the % of a-helix** (Fig. 10)
along with a decrease in B-sheet content (Table S67). Notably,
micelle formation starts at 0.06 mM concentration of 12-6-
12,2Br~, which is much lower than its cmc value for a solution
without BSA. Similar results were obtained in our earlier work
with the gemini surfactants, 12-4-12,2Br~ and 12-8-12,2Br~
utilizing some other fluorescent probe molecule.”® Thus,
0.06 mM is the critical aggregation concentration (cac) of 12-6-
12,2Br~ in the HEPES buffer solution (pH = 7.4, 10 mM) in the
presence of 5.0 uM of BSA. In region d, due to the massive
binding of surfactants with the protein, the protein molecules
get unfolded, and as a consequence, the fluorescence intensity
of MPPS is once again decreased due to its exposure to the polar
medium with a decrease in % of o-helix (Fig. 10). With further
increases in the concentration of 12-6-12,2Br ™, no change in the
fluorescence intensity occurs as no sites of the protein chain are
left for binding, and saturation of surfactant binding occurs.
Thus, the MPPS molecule has proved to be an excellent polarity
probe for the protein, showing changes in the fluorescence
properties with alterations in the microenvironment.

3.5.2. Steady-state fluorescence anisotropy of MPPS. To
check whether MPPS can probe the changes in the rigidity of the
microenvironment of the protein during binding of 12-6-
12,2Br~ with the BSA, the steady-state fluorescence anisotropy
measurements of MPPS have been carried out. Depending on
the changes in the microenvironment of MPPS in the protein
during the unfolding process, the rigidity of the environment
changes. It affects the free-tumbling motions of the probe. As
fluorescence anisotropy is related to the flexibility of the
microenvironment'*>'** therefore, the fluorescence anisotropy
values of MPPS in 5.0 uM of BSA have been estimated at
different concentrations of 12-6-12,2Br~ and displayed in
Fig. 11. As expected, the fluorescence anisotropy increases with
increasing concentration of the surfactant in the specific
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binding region (region a) as the protein structure gets com-
pacted and the tumbling motion of the probe gets restricted. In
the competitive binding region (region b), the fluorescence
anisotropy is decreased as the BSA unfolds, and the MPPS
molecules experience a flexible environment due to the expo-
sure to the bulk. As mentioned above, due to the rigid micro-
domain formation in the cooperative binding region (region c¢),
the fluorescence intensity increases with a concomitant
increase in the % o-helical content. These results are supported
by the rise in the fluorescence anisotropy with increasing
surfactant concentration in this region. Beyond this region, the
fluorescence anisotropy decreases before reaching a saturation
point due to an increase in the flexibility of the environment
around MPPS as a consequence of the massive binding of the
surfactants with the protein. Not many changes in the fluores-
cence anisotropy in the saturation binding region support that
no further changes in the flexibility of the microenvironment
occur in this concentration range of 12-6-12,2Br™. These results
thus show that the MPPS is a potential molecule to probe the
microrigidity of a biomolecule's environment.

3.5.3. Fluorescence intensity decays of MPPS and lifetime
measurements. The excited singlet state lifetime of the probe
molecule calculated by the analysis of the fluorescence intensity
decay measurements through a time-correlated single photon
counting (TCSPC) method gives valuable information about the
microenvironment and the changes in the microenvironment
during a physical or chemical process.** The intensity decays of
MPPS in 10 mM HEPES buffer (pH = 7.4) in the absence and
presence of 5.0 uM BSA are shown in Fig. S9(a).T The intensity
decays of MPPS in 10 mM HEPES buffer (pH = 7.4) solutions of
BSA (5.0 pM) in the presence of different concentrations of 12-6-
12,2Br~ have been recorded. Some fluorescence intensity decays
of MPPS at representative concentrations in non-cooperative,
cooperative, and massive binding regions of binding isotherm
of 12-6-12,2Br~ with BSA are displayed in Fig. S9(b)-(d),f
respectively. All decays are biexponential, with a major

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Excited singlet state lifetime values of MPPS in different systems of BSA with increasing concentrations of 12-6-12,2Br™. [MPPS] = 5.0

UM, [BSA] = 5.0 pM, Aex = 330 NM, Aerm = 395 nm

[12-6-12,2Br ] (mM) a; 71 (ps) a 75 (ps) (te) (ps) X
0.000 0.92 £ 0.04 166 £ 9 0.08 + 0.03 1534 + 37 281 1.17
0.008 0.92 + 0.03 143 + 22 0.08 £+ 0.03 1558 £+ 12 256 1.14
0.010 0.93 £ 0.04 119 + 29 0.07 + 0.02 1319 £+ 53 207 1.03
0.030 0.96 + 0.02 108 £ 34 0.04 £ 0.02 2105 + 44 188 1.03
0.060 0.99 £ 0.03 96 £+ 18 0.01 + 0.02 1984 + 36 112 1.03
0.090 0.44 =+ 0.04 90 & 17 0.56 == 0.02 256 + 23 182 1.01
0.110 0.44 + 0.03 94 £+ 18 0.56 = 0.03 259 + 32 187 1.02
0.130 0.48 £ 0.04 89 + 14 0.52 £+ 0.04 301 + 41 199 1.05
0.150 0.95 + 0.04 101 + 36 0.05 + 0.04 1270 £+ 55 165 1.12
0.180 0.95 £ 0.03 96 & 19 0.05 = 0.03 1461 =+ 37 164 1.05
0.200 0.95 + 0.02 95 + 24 0.05 £ 0.04 1451 £+ 31 159 1.03
0.250 0.96 + 0.03 95 £+ 19 0.04 £+ 0.04 1791 £ 27 163 1.04
0.300 0.96 £ 0.04 91 £ 27 0.04 £+ 0.03 2319 £ 19 181 1.04
0.400 0.96 £ 0.04 94 + 21 0.04 + 0.03 2120 + 28 175 1.01

contribution from the fast component in most cases. The life- 106

time values of the fast (z;) and the slow (7,) components, the ' \

pre-exponential factors of the fast and the slow components, a, 9

and a,, respectively (except for a few cases that are stated in the A Maxima = 0.13 mM

discussion), and the average lifetime ((t¢)) calculated using eqn = 0.8 '

S1 in Note S17 has been given in Table 5: \‘; Q

The lifetimes of the fast and the slow components of MPPS ~ \0 o

in 10 mM HEPES buffer (pH = 7.4) are recorded from the /‘\‘ @ J—

intensity decay (Fig. S9(a)t) as 107 and 1299 ps with corre- \V 0.6- o-9 0’0’0

sponding weightings as 96% and 4%, respectively, and an

average lifetime as 155 ps (x> = 1.00). Theoretical calculations

reveal the existence of two different MPPS conformers at the 0.4- Q= Minima = 0.06 mM

excited E-1 and E-2 states. As per the experimental results, the

fast component appears to be a major contributor to the decay
(except for a few cases described below). As discussed in detail
below, we ascribe the fast and slow components to the
conformers at E-1 and E-2 states, respectively. Also, the biex-
ponential decay is noted in the presence of 5.0 uM of BSA in
10 mM of HEPES buffer solution (pH = 7.4) (Fig. S9(a)f). The
lifetimes of the fast and the slow components are changed to
166 ps and 1534 ps with corresponding weightings of 92% and
8%, respectively, with an average lifetime of 281 ps. The docking
study discussed below reveals only one MPPS location, i.e., in
the hydrophobic pocket of the BSA. Therefore, it is very unlikely
that the two decay components are due to two different loca-
tions of MPPS in BSA. The average lifetime becomes longer
when MPPS moves from the polar bulk to the hydrophobic
pocket of BSA. Experimental solvatochromic data show that the
fluorescence quantum yield and average lifetime are increased
while the polarity of the environment is reduced. Theoretical
results depict that coplanarity between the phenyl and the
phenanthrene rings is enhanced for the E-1 conformer (majorly
contributing to the decay as a fast component) with decreasing
polarity of the MPPS environment, leading to decreased non-
radiative deactivation of the excited state. As the rates of non-
radiative processes are dropped in the non-polar environment
(supported by lifetime data and radiative and nonradiative rate
constant values in Table 1), the average lifetime of MPPS is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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longer in BSA than in the pure buffer. MPPS, being present in
the hydrophobic pocket of BSA, feels a comparatively non-polar
environment.

The ratios, (t)/(t), (Where, (1) and (1), are the average life-
times in the presence and absence of 12-6-12,2Br ™, respectively)
have been plotted in Fig. 12 shows that the variation in average
lifetimes corroborates well with the steady-state fluorescence
intensities (Fig. 9a) except for the specific binding region. We
did not notice any increase in fluorescence lifetime as expected
in the specific binding region; instead, a continuous decrease in
lifetime occurred till 0.06 mM of the surfactant. This could be
due to the less sensitivity to the microenvironment change in
this low concentration range during specific binding. The
average lifetime of MPPS is decreased when exposed to the polar
bulk medium in the non-cooperative binding region due to the
denaturation of the protein in the presence of surfactants. It can
be seen from the data in Table 5 that, interestingly, in this
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binding region, the lifetime of the fast component is decreased
with a concomitant increase in its weighting, and that of the
slow component has an increasing tendency with a decrease in
its weighting upon addition of surfactants up to 0.06 mM.
Unless the coplanarity is reduced with increasing polarity of the
medium, the fluorescence quantum yield and lifetime probably
won't be decreased (Table 1). As per the results of the theoretical
calculation, between the E-1 and E-2 states, the coplanarity in
the E-1 conformer is reduced, and that of the E-2 conformer is
increased with polarity. That is why the fast and slow compo-
nents are ascribed to the E-1 and E-2 conformers, respectively.
Therefore, it is obvious that the lifetime of the fast component
(conformer in E-1 state) will be shorter, and that of the slow
component (conformer in E-2 state) will be longer upon expo-
sure of MPPS to the polar bulk environment in the non-
cooperative binding region resulting in a decrease in an
average lifetime (to be noted that the fast component is much
more abundant than the slow component). As E-2 is more stable
than E-1, there is a possibility that the E-2 conformer is
undergoing the non-radiative processes due to the close prox-
imity of the triplet state. That could be why E-1 has a more
significant population than E-2, which contributes more to the
decay.

In the cooperative binding region, micelles bind along the
protein chain, forming a necklace-bead kind of structure.'®*"
The average lifetime starts increasing with increasing surfactant
concentration (Table 5 and Fig. 12). It indicates that the probe
molecules, MPPS, are getting transferred to a comparatively
non-polar environment, consistent with the steady-state fluo-
rescence intensity changes (Fig. 9(a)) and lifetime data in
solvents of different polarities (Table 1). A remarkable decrease
in the weighting of the fast component from 99% to 44%, with
a reduction in a lifetime from 96 to 90 ps for an increase in the
concentration of the surfactant from 0.06 to 0.09 mM in the
initial part of the cooperative binding region, is noted. Simul-
taneously, an increase in the weighting of the slow component
from 1% to 56%, with a decrease in the lifetime from 1984 to
256 ps is observed. With a further increase in the concentration
of the surfactant to 0.13 mM, the weighting of the fast compo-
nent is increased to 48% with a decrease in lifetime to 89 ps,
and the weighting of the slow component is decreased to 52%
with an increase in the lifetime to 301 ps. The average lifetime of
MPPS in the presence of BSA and 0.13 mM of the surfactant is
199 ps, which is shorter than that in the native BSA. The
increase in the average lifetime above 0.06 mM of surfactant
infers that the probe molecules, MPPS are moving to
a comparatively non-polar environment. However, that micro-
environment is less non-polar than the hydrophobic pocket of
BSA. Notably, the average lifetime in native BSA is 281 ps. Also,
the lifetime of the slow component is entirely different from
that in the non-cooperative binding region of the BSA-
surfactant system and even in homogeneous solvents. We
suggest that the slow component is not due to the E-2
conformer. However, the fast component is still ascribed to
the E-1 conformer, looking at the similarities between the life-
time values. The steady-state anisotropy (Fig. 11) and rotational
relaxation time (discussed below) show that the binding region
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is more rigid than BSA. In this region, micelles are formed along
the protein chain. Based on the results given here, it is proposed
that MPPS molecules are located in the Stern layer (48%) and
the micelles' core (which is relatively rigid) (52%). The E-1 state
conformer of the MPPS being present in the Stern layer of
micelle gives fluorescence with a lifetime of 89 ps. Another
MPPS species located in the micelles’ core emits fluorescence
with a lifetime of 301 ps. The species present in the micelles’
rigid core contribute to high steady-state anisotropy (Fig. 11)
and slow rotational diffusion (discussed below). Of course, the
hydrophobic microdomain created within the protein molecule
leads to the compaction of the protein structure®*** as sup-
ported by the increase in the % of o-helix (Table S6f and
Fig. 10), which may also have an added role in the changes in
fluorescence anisotropy. To support this fact, a control experi-
ment on the lifetime of the MPPS in the micelles formed by 12-
6-12,2Br~ at a concentration of fifteen times cmc has been
conducted. For MPPS, 7, = 92 ps, a; = 0.46, 7, = 329 ps, a, =
0.54 (x> = 1.19); and, Taverage = 219 Ps,. Excellent similarities
between these values and that in the micelles (0.13 mM 12-6-
12,2Br") in the presence of BSA support that MPPS are present
in the core, and the Stern layer of micelles. These micelles bind
along the BSA chain. Interestingly, the fluorescence properties
of MPPS nicely support the well-known necklace-beads types of
BSA-surfactant complex in the cooperative binding isotherm
region.'?°

In the massive binding region (beyond 0.13 mM and up to
0.4 mM in Table 5 and Fig. 12), the average lifetime is decreased
because the probe molecules, MPPS, are once again exposed to
the polar environment due to the open structure of the protein.
Again, the fast component becomes significantly abundant with
a decrease in lifetime, and the minor slow component's lifetime
is increased as expected from the experimental solvatochromic
data and theoretical results, resulting in a reduction of average
lifetime before reaching saturation, as noted in steady-state
fluorescence results.

It is noteworthy that the possibility of free rotation of the
phenyl ring enables the molecule to alter the dihedral angle
between the phenyl and phenanthrene rings by changing the
environment's polarity. Also, the free rotation has a role in
fluorescence intensity. To support this fact, we have synthesized
another molecule, methyl(10-(o-tolyl)phenanthren-9-yl)sulfane
(MTPS) (Scheme S17), and the results of theoretical calcula-
tions performed on this molecule have been discussed above. It
has been observed that only one conformer of MTPS exists in
the excited state, and the coplanarity between the o-tolyl(sub-
stituted phenyl) and phenanthrene rings is lower than that in
MPPS in all solvents. This is due to the presence of a -CH; group
in the ortho position of the benzene ring in MTPS; the free
rotation of the benzene ring is restricted. The intensity decay of
MTPS is monoexponential in 10 mM HEPES buffer (pH = 7.4)
with a lifetime of 726 ps, which supports the existence of only
one conformer of MTPS in the excited state. Also, this lifetime
value is longer than the fast components of MPPS (107 ps). The
average lifetime of MPPS is 155 ps, much shorter than the
lifetime of MTPS (726 ps). Though the coplanarity of the o-tolyl
and phenanthrene rings is lesser in MTPS, but due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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restricted rotation of the o-tolyl ring, the nonradiative deacti-
vation is less in this case, resulting in a longer lifetime. This is
further supported by the data in Fig. S6F that show that the
fluorescence quantum yields of MTPS in all solvents are higher
than that of MPPS. The lifetime values of MTPS calculated in the
native protein, BSA, and the BSA in the presence of different
concentrations of 12-6-12,2Br  are given in Table S7.t The
intensity decays are biexponential in these systems. The life-
times of both the components and their corresponding
weightings are pretty different and much longer than those of
MPPS in native BSA and the non-cooperative binding isotherm
region of 12-6-12,2Br ™. These differences are more significant in
the native BSA. The average lifetime values are significantly
longer, which infers more restricted rotations in MTPS in all
systems. The lifetime values are distinctly different from those
in the simple HEPES buffer medium. The docking results
predict one binding site of MTPS in BSA (discussed below). As
per theoretical calculations, one species exists in the excited
state in the gas phase and homogeneous solvents that support
a monoexponential decay, as noted in the buffer medium
mentioned above. Thus, based on all these results, the bi-
exponential decay components in BSA and BSA-surfactant
complexes are ascribed to two different conformational
isomers that might exist in the excited states in these systems.

The data in Table S7f show that in the non-cooperative
binding isotherm region, the lifetime of the fast component
of MTPS is reduced with an increase in the weighting, and that
of the slow component almost remains constant with a decrease
in the weighting up to 0.05 mM concentration of the surfactant.
At 0.06 mM of the surfactant, when the protein gets unfolded
and exposed to a polar environment, the lifetimes of both fast
and slow components are reduced drastically, with 96% and 4%
weightings, respectively. The fast component's lifetime is 651
ps, which is close to that in pure buffer (726 ps). It indicates the
fluorescence from the same conformer. However, a minor
component with only 4% weighting could be due to some other
conformer formed in the excited state. Beyond 0.06 mM
surfactant concentration, in the cooperative binding region, the
lifetimes of both components start increasing, reaching
maximum values of the fast and slow components as 1378 and
3638 ps with 96 and 4% weightings, respectively, at 0.13 mM of
surfactant. Like MPPS, we ascribe the major fast component to
the conformer present in the Stern layer of the micelle and the
minor slow component to another conformer that might be
formed from the MTPS present in the core of micelles. To
support this, the lifetime of MTPS has been measured in the
presence of 12-6-12,2Br~ of concentration fifteen times its cmc.
These values are as follows: t; = 1419 ps, a; = 0.97, 7, = 4012 ps,
a, =0.03 (x* = 1.02); and, Tayerage = 1497 ps. These are similar to
those found in BSA with 0.13 mM of the surfactant, supporting
our hypothesis of the presence of MTPS in the micelles of 12-6-
12,2Br bind along the BSA chain. A very low % of MTPS in the
micelles' core compared to MPPS could be due to its structural
rigidity/size. Again, the decrease in the lifetime of MTPS in the
massive binding region with a close lifetime value of the fast
component (~700-800 ps) as that in the pure buffer supports
the denaturation of the protein. Thus like, MPPS, MTPS
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successfully probes the binding isotherm of 12-6-12,2Br~ with
BSA, supporting necklace-bead model in the cooperating
binding region.

3.5.4. Fluorescence anisotropy decays and rotational
relaxation parameters of MPPS. This study gives information
about the rotational motions of the probe molecule and also the
motions of the biomolecules themselves that are responsible for
the depolarization.>*"**'** The rigidity/flexibility of the micro-
environment around the probe molecule has a role in the rates
of rotational diffusion processes and, therefore, the rotational
relaxation time. In this work, the time-resolved fluorescence
anisotropy, r(tf) measurements of MPPS have been carried out
on the same TCSPC instrument using polarizers, and r(¢) values
have been calculated using eqn S7 (ref. 81) in Note S1.1 All
anisotropy decays are found to be monoexponential and the
anisotropy decay function is described by eqn S8 (ref. 81) in
Note S1.7

The anisotropy decays of MPPS in 5.0 uM of BSA in the
presence of different concentrations of 12-6-12,2Br~ in 10 mM
HEPES buffer solution have been recorded. The mono-
exponential decay supports only one kind of rotation and/or
location of MPPS. The docking results show only one binding
site of MPPS in BSA (discussed below). The anisotropy decays of
MPPS at some representative concentrations in different
regions of binding isotherm have been displayed in Fig. 13. The
rotational relaxation parameters such as rotational relaxation
times (1), corresponding relative amplitudes (a,), and limiting
anisotropies (7,) (all explained in Note S1t) calculated based on
recorded anisotropy decays are tabulated in Table 6. 7, of MPPS
in the presence of BSA with increasing concentration of 12-6-
12,2Br~ are shown in Fig. 14. The data show that although the
rotational relaxation times at all concentrations of the surfac-
tant are quite long (~1400 ps to ~1680 ps), the limiting values of
anisotropy (7,) are quite low and much away from the possible
highest value of r, = 0.40. These low values of r, indicate that
the decay component responsible for the depolarization should
occur quite fast. It could be that we missed the fast component
due to the limitation of our instrument. We ascribe this fast
decay to the internal motions of MPPS.'**'** It is to be noted that
this motion is mainly responsible for the depolarization of the
MPPS molecules in the BSA, which can be stated based on the
low value of r,. On the other hand, the comparatively longer
rotational relaxation times that are tabulated in Table 6 could
be due to the protein's flexible segmental motions around MPPS
inside the hydrophobic pocket. The low values of r, with ex-
pected major amplitudes for the fast decay components are in
line with the assignment of Sy-S; transition as the n-m* tran-
sition with a change in transition dipole moments upon exci-
tation. 7, of MPPS in BSA at different concentrations of 12-6-
12,2Br~ calculated after fitting the data to eqn S8 (ref. 81) in
Note S17 are given in Table 6 and plotted in Fig. 14. As expected
7, increases in the specific binding region due to the compac-
tion of BSA, decreases in the non-cooperative region due to the
unfolding of BSA, and once again increases in the cooperative
region as a result of micelles formation leading to compaction
of protein, and lastly decreases in the massive binding region
for the open structure of the BSA.

RSC Adv, 2024, 14, 25865-25888 | 25881
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Fig. 13 Fluorescence anisotropy decays of MPPS at (a) 0 mM (native BSA), (b) 0.06 mM (non-cooperative binding), (c) 0.13 mM (cooperative
binding), and (d) 0.25 mM (massive binding) concentrations of surfactant, 12-6-12,2Br™. [MPPS] = 5.0 uM, [BSA] = 5.0 uM, ¢, = 330 Nnm, A, =

395 nm.

Table 6 Rotational relaxation parameters obtained from the anisot-
ropy decays of MPPS in different systems of BSA with increasing
concentrations of 12-6-12,2Br™. [MPPS] = 5 uM, [BSA] = 5 uM, Aoy =
330 NM, Aem = 395 Nm

[12-6-12,2Br | (mM) o 7, (ps) x* r°
0.00 1.00 £0.03 1614 +£742  1.11  0.18
0.01 1.00 £0.04 1684762 098  0.16
0.03 1.00 £ 0.03 1677 £765  1.01  0.18
0.06 1.00 £0.03 1505683  0.95  0.18
0.09 1.00 £0.04 1621 £726  1.02  0.17
0.13 1.00 £0.02 1678764  1.09  0.18
0.15 1.00 £ 0.04 1550 =698  1.08  0.18
0.18 1.00 £0.04 1552691  0.99  0.18
0.20 1.00 £ 0.03 1432 +£626  1.12  0.18
0.25 1.00 £ 0.04 1409 £606  1.05  0.15

3.6. Molecular docking study

In order to determine a plausible binding site on the BSA
protein (PDB: 4F5S), site map analysis was carried out, which
resulted in a total of five druggable sites (Fig. 15). Among these,
the site with a large volume (site 1) is selected for generating
a grid box, and the same is used for docking MPPS and MTPS
molecules. From the docking results, as shown in Fig. 16, the
glide score for MPPS was found to be —3.102 kcal mol ™" with
a total of three interactions with the fused tricyclic system
forming either w-m stacking or —cation interaction. The three
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Fig. 14 Rotational relaxation time (t,) of MPPS in the presence of BSA
with increasing concentration of 12-6-12,2Br™. [MPPS] = 5.0 uM, [BSA]
= 5.0 uM. Aex = 340 NM, Aery = 395 Nm.

interactions include a m-m stacking interaction with Phe-205
with a bond length of 5.14 A, and two m—cation interactions
each with Arg-208 and Lys-350 with bond lengths of 3.8 A and
3.29 A, respectively. There were no H-bond interactions
observed in our analysis. Notably, Trp-213 residue of BSA is
found [Fig. 16 (2D representation)] nearby, whose fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Sitemap analysis results show various predicted sites on BSA protein (PDB ID: 4F5S).

MPPS
1

MTPS
|

Fig. 16 Molecular docking interactions [2D (left) and 3D (right)] exhibited by the test compounds MPPS and MTPS at the active site of the target

protein (PDB ID: 4F5S).

is quenched by MPPS, as discussed above. In the case of the
MTPS molecule, the docking score was observed to be
—2.438 kcal mol™' with a total of four interactions, which
include a 77 stacking with Phe-205 (5.07 A), t—cation with Arg-
208 (4.23 A) and two with Glu4-78 vig aromatic H-bonds (2.73 A
and 2.74 A).

4. Conclusion

A molecule, methyl(10-phenylphenanthren-9-yl)sulfane (MPPS),
with a simple chemical structure, has been synthesized,

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

characterized and explored as a new fluorescent probe for
microheterogeneous systems. Experimental and theoretical sol-
vatochromic studies have been done to explore the photophysical
properties of MPPS. As per theoretical calculations, the freely
rotating phenyl ring forms a 94° dihedral angle with the phen-
anthrene ring in the ground state. Experimentally found two
absorption bands are characterized as n — © and © — T
transitions as supported by the frontier molecular orbital calcu-
lations. Theoretically, two excited state minima are ascribed to
two conformers at the E-1 and E-2 states (the former being less
stable than the latter in a polar medium). They exist in the gas
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phase with dihedral angles between the phenyl and phenan-
threne rings as 142° and 133°, respectively. Conformers in these
two states are also characterized as emitting species in
a condensed medium, and their emissions are supported by the
steady-state fluorescence and fluorescence intensity decay data.
The dihedral angle between the phenyl and phenanthrene rings
of the conformer of MPPS in the E-1 state decreases, and that of
the conformer in the E-2 state increases with increasing polarity of
the solvents. The changes in the dihedral angles with polarity
affect emission energies, fluorescence quantum yield, excited
singlet state lifetimes, and radiative and nonradiative processes. If
the coplanarity between the phenyl and phenanthrene rings is
enhanced, the fluorescence quantum yield and lifetime increase
due to lesser rates of nonradiative and higher rates of radiative
processes. Out of the two intensity decay components, the fast
component contributes majorly. The fast major component is
ascribed to the conformer in the E-1 state. To support that free
rotation about the C-C bond has a role in fluorescence quantum
yields and lifetimes, another molecule, MTPS, with comparatively
restricted free rotation of the o-tolyl (substituted phenyl) ring, has
been synthesized and characterized. The fluorescence quantum
yields and lifetimes of MTPS are longer than MPPS due to a more
restricted rotation of the benzene ring in the former than in the
latter. The cmec of four different surfactants have been determined
using MPPS as a polarity probe. All cmc values agree well with the
literature reports. The fluorescence quenching of BSA by MPPS
reveals the location of Trp residues of BSA. Different regions of
binding isotherm (specific, non-cooperative, cooperative, and
massive binding) of a gemini surfactant, 12-6-12,2Br~ with BSA
have been successfully demonstrated by the steady-state and time-
resolved fluorescence and fluorescence anisotropic properties of
MPPS. Docking results show that MPPS resides in the hydro-
phobic pocket of BSA. Time-resolved fluorescence anisotropy
results suggest an internal motion of MPPS and motions of the
protein's flexible segment around MPPS in the hydrophobic
pocket of BSA. Steady-state fluorescence anisotropy and rotational
relaxation time of MPPS nicely change with changing the micro-
environment's rigidity during the unfolding of the protein by the
surfactant. So, MPPS has proved to be an excellent microrigidity
probe as well. Thus, a polarity and molecular rigidity-sensitive
fluorescent molecule, MPPS has been presented here that can
potentially be used to monitor the changes in the microenviron-
ment of biomolecules in different processes.
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