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Message from the President and Secretary, ISRAPS

Dear ISRAPS members,

Greetings from the Executive Council of ISRAPS for a very happy & prosperous new year
2023!

We take this opportunity to acknowledge the contribution of all the members who have
actively participated in organizing various activities of ISRAPS.

As in preceding years, ISRAPS has been actively involved in organizing thematic discussion
meetings in the field of radiation and photochemistry. Recently, we have successfully
organized ISRAPS One-day Seminar (hybrid mode) on “Emerging Role of Radiation in
Nanotechnology: Fundamental to Translational Research” on October 15, 2022, at Shivaji
University, Kolhapur, Maharashtra. Experts from leading research groups in the country,
delivered talks in their areas of research.

During the last few months our efforts have been directed towards organizing the National
Symposium on Radiation and Photochemistry (NSRP-2023), which will be held at BITS
Pilani, K. K. Birla Goa Campus, Goa during January 5-7, 2023. On this occasion, ISRAPS
has brought out an ISRAPS bulletin (NSRP-2023 special issue) comprising of research
articles from eminent scientists invited in NSRP-2023. The Executive council of ISRAPS
takes this opportunity to thank all the contributors for making this special issue very
enlightening. On behalf of ISRAPS and the Symposium Organizing Committee, we invite all
the young researchers to share their knowledge in the advanced areas of radiation and
photochemistry in the upcoming NSRP-2023.

We would like to thank Dr. Nandita Maiti and Prof. Mainak Banerjee, Guest Editors of this
special issue for their efforts to bring out a scientifically rich bulletin containing nine articles
of varied interests in the field of radiation and photochemistry.

Finally, we wish to express our sincere gratitude to all the life members for their constant
support, encouragement and active participation in the all the scientific events organized by
ISRAPS.

Dr. Awadhesh Kumar Dr. (Mrs.) J. Mohanty
President, ISRAPS Secretary, ISRAPS
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ISRAP Editar's Dedk...

Radiation and photo-induced processes have attracted enormous attention across interdisciplinary
research areas, viz. chemistry, biology and materials science. Indian Society for Radiation and
Photochemical Sciences (ISRAPS) aims to promote research in these areas by organizing several
symposia, workshops and discussion meetings. During 5% -7" Jan. 2023, ISRAPS is organizing the
15" National Symposium on Radiation and Photochemistry (NSRP-2023) at BITS Pilani, Goa
Campus. It is our privilege to guest-edit a special issue of ISRAPS bulletin, Vol. 35 (1 &2), Jan. 2023
on the occasion of NSRP-2023. This issue contains nine articles in frontier research areas of radiation
and photochemistry. The first article gives a brief perspective on CO» chemistry, discussing its origin,
proliferation, chemical reactions and chemical evolution channels along different radiation tracks. The
importance of vibrational sum frequency generation (VSFG) spectroscopy in probing complex
biological interfaces, which provides in-depth information about the structure and dynamics at the
interface is highlighted in the second article. The third article brings out the significance of matrix
isolation infrared spectroscopy and electronic structure calculations for understanding the
intermolecular interactions between halogenated solvents and alcohols. The photochemistry of a spin-
trapping agent is explored by quantum chemistry in the fourth article. The fifth article demonstrates
the use of Pd(II) complexes of meso-substituted porphyrins as highly efficient photocatalysts for
photo-oxidation processes. The synthesis of biocompatible and water dispersible blue-emitting C-dots
for the selective and sensitive detection of hyaluronic acid (HA) and hyaluronidase (HAase) is
discussed in the sixth article. The application of albumin and gelatine based protein nanoparticles for
drug delivery is demonstrated in the seventh article. The eighth article explores the photophysical
heterogeneity in the distribution of fluorescein on interaction with unilamellar vesicles by
fluorescence lifetime imaging microscopy. The last article summarizes the importance of single
molecule localization microscopy for the accurate determination of position and orientation of the
oscillating dipoles in protein fibril bound dye using defocused orientation and position imaging.

Finally, on behalf of ISRAPS, we sincerely thank all the contributing authors for their kind support.
We also acknowledge ISRAPS for giving us the opportunity to guest-edit this special issue.

Nandita Maiti & Mainak Banerjee
(Guest Editors)

Dr. Nandita Maiti holds a Ph.D. in Chemistry from Indian Institute of Science,
Bangalore. She has received fellowship from Alexander von Humboldt Foundation,
Germany for her post doctoral work. Presently, she is working as a Scientific
Officer (G) at BARC and is an Associate Professor (honorary) at Homi Bhabha
National Institute, Mumbai. Her research work focusses in the frontier areas of
Nano-Raman Spectroscopy that involves the fabrication of novel plasmonic
nanomaterials for the detection of drugs and pollutants, viz. toxic heavy metal ions,
pesticides, food adulterants, etc. using colorimetry and surface-enhanced Raman
scattering. She is involved in the development of simple, user-friendly and cost-effective “Milk
Adulterant-Melamine Testing Kit” for melamine detection in milk samples and nanoparticle loaded
polymeric films for radiosensitization applications. Apart from research, she is involved as an
editorial board member of Spectrochim. Acta A.

Dr. Mainak Banerjee is working as a Professor in the Department of Chemistry
at BITS Pilani- K. K. Birla Goa Campus. He has obtained his Ph.D. form Indian
Institute of Chemical Biology in 20006. After two post-doctoral studies in Pusan
National University and POSTECH, South Korea he joined BITS, Goa as
l Assistant Professor in 2009 and has been working there since then. He is actively
. working in the areas like mechanochemical synthesis, green chemistry,

o molecular sensor, and supramolecular chemistry. He has published more than 60
_ A papers in reputed international journals and has two patents. He has also
authored several review papers. He is an elected member of Royal Society of Chemistry (MRSC)
andrecipient of BK 21 fellowship of Korea Government for Postdoctoral studies.
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A perspective on CO, chemistry in space

Daly Davis** and Sajeev Y.
“Department of Polymer Science, S K Somiya College, Somaiya Vidyavihar University, Mumbai -77
"Theoretical Chemistry, Bhabha Atomic Research Centre, Mumbai -85
*Email: daly@somaiya.edu

Abstract

The ubiquity of carbon dioxide in the universe arouses the greatest curiosity about its origin,

distribution, and astrochemistry. Spectral data from the ISM and experimental modeling of
different astrophysical conditions can be used in the lab to understand the origin of CO, and its
astrochemical channels. The rheology of CO, under different astrophysical environments is a key

objective of various planetary missions. The origin, proliferation, chemical reactions, and chemical
evolution channels of CO, along different radiation tracks are critical not only in astrochemistry but
also in the investigation of origin of life. Low-energy electron-induced chemical reactions offer
excellent means of simulating astrochemistry and prebiotic chemistry of CO..

1. Introduction

Carbon dioxide is ubiquitous in the Universe
[1]. In our solar system CO, is the most
abundant carbon bearing species followed by
carbon monoxide and methanol [2]. It is present
in comets [3] and has been identified in
massive protostars [4], dense clouds and young
stellar objects [5]. CO, 1is also the most
abundant species in the interstellar medium
(ISM) next to water [6]. Recently, James Webb
telescope confirmed the presence of CO, in
exoplanet WASP-39 b [7]. Yet its origin,
proliferation, and astrochemical significance
are not fully understood or investigated [2,8].

ISM is a rich reservoir of simple and complex
molecules. It contains about 180 molecules in
the gaseous state and about 20 molecular
species in the interstellar dust, i.e., condensed
phase [6]. It has been predicted and observed
that CO, exists predominantly in the solid phase
and to a lesser extent in the gaseous state
[9,10]. While pure solid CO, exists in the
amorphous phase below 30 K, above it a
crystalline cubic structure is achieved due to
phase-transition [2, 11]. It has been shown that

crystalline CO; ice is produced due to the slow
deposition of CO, in the ice grain conditions of
the ISM (20-30K) [12]. Based on the existing
spectral observations of CO, from ISM and the
laboratory experiments, it is concluded that the
pure CO; ice in space exists mostly crystalline
[12].

Solid CO, being the major component of the
icy mantle coating sub-micron-sized dust grains
[13], it is very important to understand its
origin, proliferation, rheology, and chemistry
through ISM spectral data and laboratory
experiments under ISM conditions. These data
help in simulating ISM environments for
several occasions such as different space
programs, astronaut training, creating outer
space station environments, designing space
flight etc. Here, we are depicting possible CO;
based theoretical and experimental simulations
which can give better understanding about CO,
chemistry in ISM. Furthermore, we share here a
possibility to unravel space chemistry through
low-energy electron-induced reaction channels
involving CO,.
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2. Discussion
Rheology of outer space

The matter in ISM includes gas in ionic,
atomic, and molecular form, as well as dust and
cosmic rays. In the extreme conditions of ISM
with temperatures ranging between 10 and 100
K, this matter exists in very low number
densities varying from 10 *-10° cm™. Despite
these extreme conditions, more than 200 simple
and complex molecular species are discovered
since the discovery of first
molecule 50 years ago [14].
reactions alone are not able to explain the
molecular abundances in ISM. The chemical
that interstellar  dust
particles, that is to say condensed phase
reactions, are crucial to explain the formation

polyatomic
Gas phase

reactions occur on

of even simple species like most abundant H,
species. Interstellar grains provide the surface
for accreted species to meet and react with each
other. 90% of grain mantle is composed of
water, methanol and CO,. Understanding the
rheology of CO, ice is thus important for
understanding the grain formation and chemical
evolution of ISM.

In solar system all the planets and their moons
are covered with CO; ices [2]. Understanding
the physical processes of material formation
and chemical reactions on planets and satellites
require detailed knowledge of rheological
properties of these ice covers, especially on the
polar regions of the planets and satellites. Ice
rheology is controlled by a number of factors,
including temperature, grain size, porosity and
stress, most of which are highly influenced by
impurities
understanding the form of pure and mixtures of
CO; ices and their rheology at different solar

or crystalline form. Hence

system conditions are very important to do
simulations for different planetary mission. For
example, CO, condensation and sublimation is
a part of CO; cycle on mars. During this

Vol. 35, Issue Number 1&2
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process equatorial CO, is getting deposited near
polar region, and the latent heat released is the
major energy source during these periods [15].
The knowledge on rheology of CO, during this
CO; cycle helps mars mission simulations.
Also, the grain size and rheology on Mars polar
deposits (MPD) which
percentage of CO, ices are important in
modeling flow on Martian surface [16].

includes a large

As indicated earlier, amorphous to crystalline
phase change of pure CO, happens at 30 K, and
above this temperature of ISM conditions pure
CO, exists as crystalline form. However, even
below 30 K, CO; can be formed in crystalline
form depending upon the rate of deposition
[12].
sections of pure crystalline and amorphous CO,
are different [17]. This indicates the importance

The electron induced reaction cross

of data on morphology of CO, during ISM and
solar system simulations. There is also much
less experimental laboratory simulation data on
CO, ice mixtures. Laboratory experiments,
including deposition of CO, with other
molecules such as H;O, methanol, CO at
various ISM and planetary conditions as well as
rheological understanding of grain and ice
formation are the for space
simulation data. It also enables us to understand
the evolution of the pre-stellar phase in the
formation of planets and comets.

requisites

Radiolysis reactions of CO,

Abundance of CO, in different ISM and
planetary atmosphere [1, 18] indicates that in
space CO;, can be formed by various routes
either in gas phase or in solid phase or in a
mixture state. Most of the work suggest an
activation energy barrier mechanism which
further indicates a third body or requirement of
energy source in CO, formation either in ice or
gas form [1, 19]. The laboratory astrochemical
simulations experiment as well as theoretical
calculations proposed different pathways using

2
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different radiational energy sources such as
ultraviolet, X-rays, high energy charged
particles or electrons [19]. Even if the first-time
detection of ISM CO, has been confirmed
through the laboratory simulation of radiolysis
reaction of H,O and CO [20], the exact
mechanism of the oxidation of carbon
monoxide and the intermediates formed in the
process are still dispute.
Experimental observations of HOCO- radical
intermediate of this reaction is not theoretically
supported [1]. That means, even for confirming
the mechanism of the formation of CO; in
space, laboratory and theoretical simulations

under some

are needed. We can create all the simulation
atmosphere in laboratory and study the
mechanism of CO, formation under different
conditions in presence of various ices such as
H,0, CO and other C bearing molecules such
as CH3OH. Detailed theoretical calculations are
also required to remove the ambiguity about the
transient species.

Several other reactions can happen between the
mixtures of ice layers by radiation energy.
Astrochemical laboratory
experiments are designed to explore them.

simulation

Several simulation studies are reported on H,O
and CO; ices. If CO; and H,O are forming ice
together, its lattice formation and neighboring
different in the
occluded state. Depending upon the interactions
in condensed phase and radiation energy, CO;-
H,O mixtures can produce several molecules
such as HCOOH, CH;0H, CH;COOH etc
which are already been detected in the ISM [
2,21]. Secrets of chemical synthesis in ISM lays

interactions can also be

in the ambient conditions of ice mixtures such
as morphology of ice mixture formation at
different ISM temperatures and pressures,
influence of other
Experimental and theoretical Simulation studies
on clathrate and occluded state formation of

gases and ices etc.

Vol. 35, Issue Number 1&2
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CO,- H,O ices are needed to learn unravel the
ISM synthesis.

Detection of chemical species is
depending upon the identification of spectral
lines available from several space mission
spectrometers [20,22]. This identification legs
on the laboratory spectra created under similar
ISM conditions. Even though laboratories
produced gas phase data condensed phase data,
on different synthesis are very less. Several
chemical reactions using CO;
different ambient and energy conditions are
required to decipher the spectral lines obtaining
from ISM as well as understanding the ISM

chemical synthetic routes.

mainly

ices under

Electron induced chemical reactions on CO,
ices

The role of low energy electrons (LEE) in ISM
synthesis has long been studied and reviewed
[23]. Studies revealed that in the ‘“grain
factories” of ISM interactions of ubiquitous
secondary electrons with
molecules or ions can form new species [1]. In
the case of CO, despite different radiation
energies of UV light, irradiation of electron
beams and X-rays in condensed H,O:CO
mixtures produce same chemical products
formaldehyde (H,CO), formic acid (HCCOH)
andCH;0H along with CO; [1]. These leads to
the preposition that all these radiation energy
mechanisms going through secondary route
which involve secondary electrons with very

several existing

low energy. This has been experimentally
validated by electron impact studies by Schmidt
et al [24]. CO; can be produced not only by
H,0 and CO ices, but there are several ways to
form CO; in the ISM [19, 25] such as CO and
O channel. The exact mechanisms of all these
channels are not known. We can use LEE
channel to  study
theoretically and experimentally and it may be
possible to understand the possible mechanisms

these  mechanisms
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of CO;, production in the ISM. Many of the
synthetic routes of CO, formation in the ISM
are demonstrated only using theoretical models
[25]. Feasibility of such reactions can be
studied
experiments.

using laboratory simulation

As mentioned in previous section, CO; ices can
produced complex molecules starting from
formic acid (HCOOH) on the ISM dust grain
These
involving CO; can also be simulated using LEE

surfaces. astrochemical  reactions
induced reactions in the condensed phase. For
understanding such synthetic route properties of
CO,, interaction with LEE in the gaseous state

as well as solid state should be explored.

Considering the possibility of studying
astrochemical synthesis our groups developed a
experimental set up to simulate condensed
phase electron induced reactions in ISM
conditions. One of the reactions we had been
studied is electron attachment on CO; ices. CO,

is deposited in amorphous and crystalline form

under ISM conditions (18 K, 2 x 10 10Torr)
depending upon the thickness of CO, film. The
film characterization is done by reflection
absorption infrared (RAIR) spectrometry. The

study shows that the O desorption from
amorphous phase is considerably larger than
crystalline phase. Also, electron energy for O
desorption from gas phase CO; is different that
of condensed phase
mentioned earlier most of the ISM CO, ices
exists in the solid crystalline condition. This
indicates electron induced chemistry of CO; is
different even in different phases of the CO; in
the ISM condition. Exploring more on the
aspects of atmosphere dependent phases and
their electron induced reactivity will enable us

O™ desorption. As

to understand ISM synthesis in such poor
reactivity conditions with very low temperature
and pressure.

Vol. 35, Issue Number 1&2
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Another electron impact experiment from our
group on formic acid shows the production of
CO; and H; by dissociative electron attachment
channel [26]. Formic acid being the first
complex molecule detected in the ISM and its
formation is proposed from CO, + H, channel.
The information that very low energy electrons
(6 eV) can produce CO; out of formic acid has
a lot of impact on simulation studies on CO,
cycle on mars and other solar plants. It also
helps in other chemical synthesis simulation
experiments in ISM conditions.

Prebiotic chemistry of CO; induced by LEE

The chemical evolution of life, ie., the
hypothesis that life could have evolved from
the physico-chemical
primitive Earth, is the most widely accepted
theory of the origin of life [27,28,29]. Chemical
evolution began with small primary reactants
produced by energy sources on the primitive
Earth and continued over time both in the
atmosphere (gas-phase synthesis) as well as in
the  geochemical
hydrosphere and lithosphere (condensed-phase
synthesis) to form advanced molecules. There
are many possible energy sources that could
have been available on the primitive Earth for
prebiotic synthesis. In 1959, Miller and Urey
suggested that electrical discharge could have
been energy
available for the direct synthesis of advanced
prebiotic molecules on the early Earth [30]. The
electric discharge phenomenon is
copious source of low-energy electrons (LEEs).
indicated that
electromagnetic waves injected by electric
discharges can even precipitate a significant
amount of the low energy electrons out of
radiation belts. The importance of LEE in the
context of prebiotic synthesis comes from the
fact that, upon collision with a primordial
molecule, a low-energy electron (LEE) can

conditions of the

environments of the

the most favorable source

also a

Observations have
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produce chemically reactive radical anions,
which in turn induce chemical reactions that
could be of prebiotic importance.

Short-wave UV (<300nm), is a highly active
part of solar radiation, is another energy source
for LEEs. For example, Sagan [31] analyzed
the flux of solar UV light that penetrated the
earth’s primitive reducing atmosphere. His
indicated that unprotected
microorganisms of the type existing today

analysis

would receive a mean lethal dose at 2600
angstroms within 0.3 seconds. A constant dose
of intense short-wave UV radiation is a source
for the abundance of low-energy -electrons
(LEEs)--one of the most reactive species that
causes the molecular damage-- in a chemical
environment. When multiple subunits of a
chemical environment absorb UVB, they relax
via ejecting LEEs through an
mechanism  known  as
Coulombic decay [32]. The electric discharge
phenomenon and the ionizing radiations are
sources for copious amount of LEEs to the
atmosphere. Observations have indicated that

efficient
intermolecular

electromagnetic waves injected by electric
discharges can even precipitate a significant
amount of the energetic electrons out of
radiation belts [33].

Geometrically bent radical anion of CO,, i.e.,
reductively activated CO, (RACO,),
primary reactant and is believed to be the
precursor
groups and carbon-carbon coupling products in
the prebiotic synthesis of advanced molecules
[34]. Reductively activated CO (RACO,) is a
primary reactant for the prebiotic synthesis of

1S a

of oxygen-containing functional

advanced molecules. However, the RACO,
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Abstract:

In this mini-review article, we discuss the potential application of vibrational sum frequency generation

(VSFQG) spectroscopy to probe complex biological interfaces. We will provide the basic principle of
VSFG spectroscopy and explain why it can exclusively probe different interfaces by giving some
specific examples of air/water interfaces, and interactions of nanoparticles (NPs) with different lipid
membranes. Further, we will explain how VSFG can be used to probe the aggregation and ice
nucleation properties of specific proteins. Combining the heterodyne and time-resolved measurements,
the VSFG experiments can provide in-depth information about the structure and dynamics at different
interfaces. Such information can be useful for various applications from fundamental understanding to

translational research.

1. Behaviour of biomolecules at the interface

Biomolecules such as proteins, peptides, amino
acids, polysaccharides, lipids, and nucleic acids
are important natural machinery as they drive
key biological processes such as sensing, drug
transport, immune response etc. Most of these
processes occurs at the interface of
biomembranes, generally known as biological
interface'. The interfacial water present at these
biological interfaces play an important role in
the hydration of the membranes, proton transfer
to biomolecules etc. which ultimately makes the
biological interface comprising of three
components i.e. water, membranes and
biomolecules®. It is well known that the
processes taking place at interfaces are
distinguished from those in the bulk, and
therefore it is expected that biomolecules may
show a different behaviour at the interface due to
the unique hydrophobic hydrophilic environment
interfacial

present at the interfaces. The

behaviour of such biomolecules can be further
tuned to different interfacial conditions such as
pH, the concentration of biomolecules, and the
chemical potential of a particular interface etc.
Therefore, probing the structure and dynamics of
the biomolecules at the interface may provide a
deeper understanding of the interfacial processes
for the optimization and development of novel
materials for biomedical applications'.

Over the years, several techniques have emerged

such as solid-state NMR, atomic force
microscopy (AFM), surface-enhanced Raman
scattering (SERS), and surface plasmon

resonance (SPR) that give information about
biomolecules adsorbed at interface. However,
the molecular level
structure and dynamic of the biomolecules at the
interface remains poorly understood because of
the difficulties involved in probing extremely
thin interfaces. Recently, the Vibrational Sum

information about the

Frequency Generation (VSFG) spectroscopic
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technique has evolved as an efficient surface-
sensitive tool to monitor the structure and
dynamics of interfacial biomolecules.

2. Sum Frequency Generation (SFG)
Spectroscopy

SFG is a coherent, non-linear spectroscopic
method. It is highly sensitive to interfacial
molecules. It is active in a non-centrosymmetric
medium and possesses the characteristics of
Raman-IR spectroscopy. In SFG two incident
photons of frequency ®; and w, spatially and
temporally combine at interfaces and produce a
photon of summed frequency (w;+w;). The
interaction of the photons and material induces a
polarization within a material which is equal to

P =yWED 4 y@F@ 4 ...

where the first term is responsible for linear
absorption and the second term is for the sum
frequency generation method. The intensity of
the SFG signal depends on the susceptibility
tensor and the electric field of the two incident

2 .
beams Ispg (01 + ©3) = |xP| ELE,. Here y@Pis

a second-order susceptibility term. In a

wi + w

fl]z

Figure 1: Energy-level description of
Sum Frequency Generation.
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centrosymmetric environment, all directions are

()

equivalent and the wvalue of Xijk for two

opposing directions must, therefore, be identical,

viz., )(L.(jk )(EZ)_] _x- However, as )(.(2)

ik is a
third-rank tensor, a change in the sign of the

three subscripts is simply equivalent to reversing
the axis system, )(L.(ﬁ() = — ngi,)—j,—k'

In the VSFG process, two pulsed laser beams,
one tunable infrared and the other visible beam
are used. Here one of the incident beam photons
is in resonance with vibrational transition of
interest and gives characteristics of the molecule.
The electronic analogue of VSFG spectroscopy
known as electronic SFG has a potential to probe
the electronic states present at the interfaces. The
density of state information obtained from ESFG
measurements can be used for optimizing the
efficiency of various optoelectronic devices. We
have also developed ESFG measurements in our
laboratory at IIT Roorkee, but for this article we
have restricted the discussion to VSFG
applications. The intensity of the SFG signal at a
certain frequency is dependent on the non-
resonant signal and resonant signal. The
measured VSFG intensity is proportional to the
square of the second order
susceptibility X(z) of the sample and the
intensities of the visible and infrared beams.

nonlinear

2
Ispg 0»’|X(2)| lyislip (1)

When the frequency of the incident infrared field
i1s resonant with the vibrational mode n, the
VSFG field can be resonantly enhanced. Thus,
the susceptibility x'* consists of non resonant
(NR) and resonant (R) terms®*

A
j=1 (w,R w1)+1’

Ispe a |Ayge™® + XV (2)
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where Angr represents the amplitude of the non
resonant susceptibility, ¢ is its phase, A;j is the
amplitude of the j™ vibrational mode with
resonant frequency ;, and I'; is the line width of
the vibrational transition.

3. Water at interfaces

Water molecules in the bulk are stabilized by a
tetrahedral bonding network with their
neighbours. At interfaces, this molecular
arrangement is not possible, due to increased
surface energy. Each interfacial water molecule
tries to have more number of hydrogen bonds to
minimize the excess surface free energy. This
can be achieved if surface water molecules
assume a hexagonal lattice-type structure, with
the surface terminated by free -OH bonds, which
is the characteristic of the free water-air
interface®. The vibrational spectra of interfacial
water is shown in fig. 2(a), peak at 3700cm™
represents free -OH while peaks at 3200cm™ and

Vol. 35, Issue Number 1&2

January, 2023

3400cm’ correspond to strongly and weakly
hydrogen-bonded water the
interface. The unique structure of interfacial

molecules at
water turns out to be important for understanding
the surface chemistry of mineral-water interface,
atmospheric aerosols, membrane biochemistry
etc. Moreover, anything which passes through
biological membranes has to interact with
interfacial water. The water then determines the
fate of any biomolecule as to how it will interact
with  membranes. The interfacial
molecules facilitate energy transfer between
membrane leaflets of DPPC, which is the most
ubiquitous phospholipid membrane. This was
attributed to the emergence of extended
vibrational modes in the membrane due to the
hydration of lipid head groups’. The presence of
water near the surface of biomolecules is crucial
for maintaining sufficient structural flexibility so
that the necessary motion of biomolecules can
take place.

water

SFL Intemsany

il b T ] T TEN T TN TER i
Wavermmber {cm'p Wavenumber jomn')

TRIK R T i ] i A T =]

Wavenumber {cos ') Wavenumber jom')

Figure 2: Vibrational SFG spectra of water at (a) free water-air interface, showing a peak at 3700
em™ corresponding to free —OH (b) water in contact with quartz surface at pH 1.5, free -OH signal
diminished due to ionization of interface (c) water in contact with quartz at pH 5.6 and (d) at pH
12.3.Reproduced with permission from ref>*. Copyright 1993 by Physical Review Letters.
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Figure. 3: (a) HD-VSFG spectrum in the -OH stretch region of water molecules at differently
charged lipid monolayers, (b) In the presence of positively charged lipid, water dipoles are oriented

away from the interface while, (c) In the presence of negatively charged lipid, water dipoles are
oriented towards the interface.Reproduced with permission from ref ®. Copyright 2010 by American

Chemical Society.

Apart from the free water-air interface, buried
water interfaces can be applied to many surface
sciences such as electrochemistry, micelle
formation, membrane stability etc. For the first
time, Shen et al. presented the SFG spectra of a
fused quartz/water interface under various
conditions®*. The results indicate that interfacial
water molecules can interact with quartz by two
forces: hydrogen bonding and electrostatic
attraction which result from the ionization and
deionization of surface silanol (SiOH) groups.
At a high pH value of 12.3, the surface silanol
groups are all ionized, and the negative surface
charge produced by quartz aligns some water
molecules towards itself giving a strong SFG
signal (fig. 2d). However, if the quartz surface
was neutral (pH 1.5, fig. 2b),
molecules formed hydrogen bonds with quartz
surface pointing their oxygen towards the
surface. In this case, the signal intensity was low
compared to high pH value therefore it was

the water

expected that only 1 or 2 monolayers of water
was oriented. At intermediate pH value of 5.6,
the surface was partially ionized due to which
some of the water molecules are pointing
towards quartz surface while some point away

from it ultimately, disturbing the order of
interfacial water molecules which can be
corroborated to even more decrease in SFG
intensity as compared to pH 1.5 and pH 12.3(fig.

2¢).

The interfacial water structure can undergo an
order-disorder-order pattern depending on the
pH of the bulk solution. At specific pH, when
the surface becomes completely ionized, more
water molecules can be aligned thus giving rise
SFG signal. addition,
surfactants/lipid membranes can also orient
water molecules at the interface depending upon

to an intense In

the charge of lipid membrane. Tahara et al. have
demonstrated that water is oriented differently at
different charged lipid membranes
heterodyne-detected vibrational sum frequency
generation (HD-VSFG) spectroscopy’. The
beauty of HD-VSFG measurements is that they
can provide information about ¥* which is lost

using

in simple VSFG measurements as it measures
|x®|2. The direct measurement of ¥ allows
for retrieval of the phase information in the HD-
VSFG measurements. For the negatively charged
lipid DOPG and DMPS, the Im ' spectrum has
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positive sign (fig. 3) which represent that the
water dipole is oriented towards the interface (H-
up orientation) while for positively charged lipid
DPTAP, the Im 3@ spectrum shows negative
sign which represent that the water dipole is
oriented away from the interface (H-down
orientation). So, the net charge on lipid head
groups governs the net orientation of water
molecules at the interface.

4. Interfacial water mediates the interaction
between Gold Nanoparticles and bio
membranes

The surface charge of gold nanoparticles (GNPs)
influences their interaction with the biological
membranes. It is reported that anionic and
cationic  GNPs  follow  different  cell
internalization pathways, which predominantly
rely on the surface charge of GNPs. The
interactions of NPs with cell membrane are
governed by the nature of the molecules, surface
and solution (Water)
environment. Having considerable attention
aimed at NPs membrane interaction it becomes
important to know the role of interfacial water.

characteristics,

Gahtori ef al. used Vibrational Sum Frequency
Generation (VSFG) spectroscopy to show the
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effect of NPs charge to perturb the interfacial
potential and stern layer configuration at lipid-
water interface’. Cationic and anionic GNPs
were prepared and their interaction with model
lipid membranes (1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG, negative charged), 1,2-
dipalmitoyl-3-trimethyl ammonium-propane
(DPTAP, positively charged), and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC, zwitterionic) was monitored. It was
found that cationic GNPs induced a significant
change in the water spectra when interacted with
negatively charged DPPG lipid (fig. 4a), while
anionic GNPs do not bring any noticeable
change in the water spectra.

For DPTAP being a positively charged lipid
monolayer, there were counter intuitive trends in
the water spectra. Both cationic and anionic
GNPs show depreciation in water intensity,
cationic =~ GNPs more
depreciation compared to anionic GNPs (fig.
4b). The results were explained on the basis of
stern layer configuration. The stern layer formed

moreover show

at DPTAP monolayer consists of charged-lipid-
surface/water/Cl” ions transform to charged-
lipid-surface/water/Cl™ ions/water/cationic GNPs

=]
-

o
o

— DPPG witheut CHPS
—— OPPG it ADKMS
OFPG sl CEMPL

B
"

e

-

e
a

o4

(=]

0.2

Morrnalized S FG indenuity
Rorrnalized SFG nksns ity

L

004

— P TAP without GMPa
— QP TAF with AGHFM
— DFTAP with COMP

— DPPC withoul QP
— DPFPT with AGNPY
Ll — DPPC with CONPa

o
I

5

Normalieed SFG intensity
-
=

.0+ v T ¥ r
7300 400 2800 2800 2TO0 2800 2400

Wavenumbssr fcm |

2300

Th00 000
Wavenumber fom )

0,00 ¥ T r ¥
2100 M08 FHS0 360D ITDD

Wavenumber jcm ')

i 2000 THN

Figure 4: Interfacial water SFG spectra when cationic and anionic GNPs are added in presence of
(a) negatively charged DPPG monolayer (b) positively charged DPTAP monolayer and (c)

zwitterionic DPPC monolayer. Reproduced with permission from ref . Copyright 2021 by American

Chemical Society.
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in presence of cationic GNPs which results in the
cancellation of the net dipole of water molecules
near DPTAP monolayer and SFG intensity of
water In the
presence of anionic GNPs, CI” ions of lipid
membranes be likely pushed toward the lipid

stretch vibrations decreases.

head groups because of repulsion between CI
ions and anionic GNPs thus making the interface
charged DPTAP monolayer/CI
This configuration

positively
ions/water/anionic GNPs.
also results in the decrement of SFG intensity. In
the case of zwitterionic lipid monolayer, DPPC,
it was observed that anionic GNPs enhance the
water SFG intensity (fig. 4c). DPPC composed
of both positive and negative charged head

Vol. 35, Issue Number 1&2
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neurodegenerative disorders such as Alzheimer,
Parkinson diseases. In presence of cell
membranes, the aggregation is extensively
enhanced due to protein misfolding in the
cellular To wunderstand the
molecular-level insights of protein aggregation

environment.

induced by membranes, it is essential to study
the role played by lipid chains, interfacial water
molecules and protein hydration near the
lipid/water interface. Four major factors are
relevant to understand protein aggregation near
the lipid membrane. These are (a)
conformational change in protein while in
contact with lipids, (b) accumulation of protein
at the interface, (c) change in the orientation of

groups with the positive group facing
towards When
anionic GNPs were added to the

the water surface.
monolayer, they attracted toward the
positive head group thereby
neutralizing the effect of positive
charge, in this way only the negative
charge of the lipid remains at the
interface. The effect of neutralization
of charge by anionic GNPs increases
the interfacial water alignment which
results increment of SFG
intensity. Whereas in the presence of a
cationic GNPs, there are only subtle
changes in the dipolar orientation
profile which results almost no change
in the VSFG spectrum. This study
reveals, how interfacial water mediates
the interaction between GNPs with
different lipid membranes.

in an

5. Hydration and lipid-mediated
lysozyme oligomerization at the
model cell membrane

Protein aggregation is a cause of many
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Figure 5: VSFG spectra in the C=0 region for (a)
lysozyme monolayer at pH3 (b)DPPG in presence of
lysozyme at pH 3, peak at 1685 em’™ was attributed due to
the formation of small aggregates of lysozyme(c) DPPG
in presence of lysozyme at pH 1.5,the decrease in intensity
of aggregates was due to the departure of lipid-lysozyme
aggregates domains from the interface.(d-g) VSFG
spectra in the O-D stretching region, as lysozyme was
added to the DPPG monolayer interface, the water
intensity  decreased,  which indicated
dehydration of lipids. Reproduced with permission from
ref*. Copyright 2014 by American Chemical Society.

significant
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protein upon interaction with lipids, and (d)
templating effects of the membrane. Rzeznicka
et al. studied an aggregation of lysozyme
oligomers at a negatively charged DPPG lipid
monolayer while varying the pH” At low pH
conditions, basic amino acids of the protein
backbone get protonated which may increase the
side chain charge repulsions thus exposing the
hydrophobic and aggregation-prone sites to the

water. This facilitates the protein-protein
interaction ~ which  ultimately leads to
aggregation.

It was found that, at the air/water interface,
lysozyme maintains its native structure even at
pH 1.5 because in an acidic environment most of
the amino acids are protonated which induces
repulsion between side chains of lysozyme and
consequently prevents aggregation. However, in
presence of lipids at the air/water interface the
aggregation of lysozyme starts as the solution
pH is reduced (fig.5a-c). The process of

Vol. 35, Issue Number 1&2
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aggregation was mainly derived from the
dehydration of lipids and an increase in lipid
order. The DPPG lipid, being negatively
charged, attracts protonated, positively charged
side chains of lysozyme towards itself, which
can be observed by the interfacial water SFG
spectra (fig. 5d-g) that decreases when lysozyme
is added at the DPPG-lipid/water interface. The
extra added lysozyme molecules adsorb at the
peripheral sites of the DPPG monolayer which
ultimately results in the dehydration of lipids and
an increase in the lipid order. The increase in
lipid order decreases the area occupied by each
lipid molecule which in turn reduces the distance
between lysozyme oligomers adsorbed at the
peripheral sites of DPPG. In this way, lysozyme
molecules act as coupling units which favor
aggregation.

6. Ordered
nucleation

water structure facilitates ice

The ice nucleation process starts when small ice
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Figure 6: (a)VSFG spectra of water near P. syringae bacteria surface, as the temperature was

reduced to 5°C the strongly hydrogen bonded population of water molecules increases(b) time-
resolved SFG spectrum of the bacteria-water interface after excitation with a 2470cm™ pulse, the
signal bleach is very intense in the low-frequency region that corresponds to strongly hydrogen-
bonded water molecules(c)time-resolved bleach for strongly and weakly hydrogen-bonded water

molecules. Reproduced with permission from ref’. Copyright 2016 by American Association for the

Advancement of Science.
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crystal embryos form on the protein surface. The
ice crystals are formed which further facilitated
by the ordered water arrangement at the protein
surface. Protein “inaZ” is a membrane protein,
present at the outer cell membrane of P. syringae
bacteria which is known to form ice crystals
close to the melting point of ice. The bacteria are
used for artificial snow production in winter
sports around the world. For farmers, ice
nucleation can be devastating as it can damage
the crops. To test the model, of forming ice
crystals near the protein surface, experimentally,
Pandey et al studied the interfacial water
arrangement around the ice-nucleating protein
inaZ using SFG spectroscopy’. It was found that
the two conditions favor ice nucleation: (a)
arrangement of water in an ordered structure, (b)
removal of latent heat due to phase transition. To
test the first condition, SFG spectra were taken
in the O-D range. Fig.6a shows the temperature
dependence of interfacial water in the presence
of inaZ protein. When the temperature was
lowered from 22°C to 5°C, the strongly
hydrogen-bonded population of water molecules
at 2390cm™ increased, whereas the weakly

hydrogen-bonded ~ population at  2500cm™
remained unchanged. Also, wusing MD
simulations it was found that, at lower

temperatures the water is ordered which is
mainly driven by hydrophilic end groups of the
protein whereas inner (hydrophobic) regions of
the protein did not show a pronounced effect. So,
the commonly assumed fact that the presence of
only hydrophilic sites promote ice nucleation
was not sufficient to explain the ice nucleating
properties of P. syringae bacteria, but a pattern
of hydrophobic-hydrophilic regions can induce
alignment and thus

optimum  water ice

nucleation.
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Near hydrophilic regions, the water molecules
are strongly aligned and therefore their mutual
dipole-dipole interaction is increased. The strong
hydrogen bonding network promotes energetic
coupling between the dipoles which results in
effectively removing heat away from that region
ultimately promoting ice nucleation. The long-
range coupling of water dipoles has a direct
impact on the removal of latent heat which is the
second requirement of ice nucleation. Using
time-resolved IR pump/SFG probe spectroscopy,
the group has explored the possibility of ice
nucleation by estimating vibrational energy
transfer dynamics of interfacial O-D groups (fig.
6b-c). At 5°C, the energy transfer from weakly
hydrogen-bonded to strongly hydrogen-bonded
water molecules were more efficient in the case
of P. syringae sample compared to the ice-
inactive lysozyme water interface which was
used in control experiments. Therefore, the study
reveals that the mechanism involved in the ice
nucleation of P. syringae bacteria is optimized
for temperatures close to the freezing point of
ice.

7. Conclusion

This review has highlighted the potential of SFG
spectroscopy to elucidate the orientation and
conformation of biomolecules such as
protein/peptides and lipid membranes at the
interface. Depending upon the different surface
environment like the presence of charge and pH
at the interface, there is an average preferential
orientation of water molecules which govern the
organization of biomolecules. The ideas,
concepts, and knowledge learned from these bio
interfaces at such molecular level can be useful
for understanding of complex biomolecular
system.
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Abstract

Molecular level understanding of the non-covalent interactions in solvent mixtures are important as
they are used in different areas of chemistry and chemical processes. Herein, specific interaction
between 1:1 complex of halogenated solvents (CCly and CHCl;) with alcohols (CH;OH and
C,HsOH) have been studied using matrix isolation infrared spectroscopy and electronic structure
calculations. The specific interaction between [CCl,—CH3;OH/C,HsOH] can be twofold: halogen
bond (C-Cl---O) and hydrogen bond (O-H:--Cl), while for [CHCl;—CH;0OH/C,HsOH], the
interaction can be threefold: hydrogen bond (C-H---O), hydrogen bond (O-H:--Cl), and halogen
bond (C-Cl---O). It has been concluded from the experimental and theoretical spectra that 1:1
mixture of [CCl,—CH30H/C,HsOH] is stabilised by only halogen bond interaction while
[CHCI1;—CH3;0H/C,HsOH] is stabilised by both hydrogen and halogen bond interaction. Favourable
formation of the complexes has been explained using natural bond orbital analysis and energy

decomposition analysis.

1. Introduction

Molecular level investigation of weakly bound
clusters is important to understand the solute-
solvent and solvent-solvent interactions,
thermodynamic properties of liquid mixtures,
onset of aerosol formation, and validation of
theoryl. The general understanding of weak
non-covalent interactions in solvent mixtures is
revolved based on hydrogen bond (H-Bond)
bond (X-Bond)
interaction has emerged as another important

interaction*’.  The
propensity of the formation of H-Bond and X-
Bond interaction in a solvent pair with H-Bond
and X-Bond donor-acceptors, is a subject of
great importance. Molecular level information

. . 23
Interaction™". Halogen

weak non-covalent

of the nature of non-covalent interaction is
essential to predict the structure, function, and
reactivity of chemical systems with the options
of forming both H-Bond and X-Bond
interactions. Herein, the competition between

the H-Bond and X-Bond interaction has been
investigated in mixtures of polar protic solvents
(CH;0H and C,HsOH) and non-polar or
hydrophobic polar solvents (CCly and CHCl3).

Mixtures of alcohols with non-polar solvents
are an important class of non-aqueous mixtures
that have been investigated widely to estimate
the and  spectroscopic
properties”. The reaction pathway, kinetics,
and energetics of a chemical reaction is often

thermodynamic

modulated by the physical properties of a
solvent mixture. The mixture of polar and non-
polar solventsare important because mixtures of
alcohols with CCly and CHCIlj; exhibit a large a
deviation from the Raoult’s law. The deviation
from the Raoult’s law has been explained using
the concept of heterogeneity at the molecular
level the
investigation of the 1:1 clusters of alcohols with
non-polar or hydrophobic polar solvents would
provide valuable information about the non-

and self-association. Hence,
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covalent interactions at the molecular level. The
propensity for the H-Bond and X-Bond
interaction is going to define solvent interaction
at the molecular level. Recently, attenuated
total reflection-Fourier transform infrared
spectroscopy of tert-butyl alcohol and its binary
solutions with CCl; and CHCIl; have been
investigated'®. It has been concluded that in
both the solvents, the O—H stretching frequency
is red-shifted compared to the free O—H band.
Hence, CClyand CHCI; are not inert as it is
considered and has some effect on the O—H
stretching frequency of tert-butyl alcohol. The
main aim of the current article is to discuss the
specific interaction at the molecular level
between alcohols (CH3;0H and C,HsOH) and
halogenated solvents (CCly; and CHCls). The
1:1 complexes have been formed under matrix
isolation conditions and studied using Fourier
Transform Infrared spectroscopy. Experimental
observations are supported by
structure calculations.

electronic

2. Experimental and Theoretical methods

All the experiments have been performed using
Matrix Isolation Fourier Transformed Infrared
spectroscopy set-up. CCl,—CH;0H,
CC14_C2H50H, CHC13_CH3OH, and
CHCI13—C,HsOH mixtures were premixed with
Ar and N, in 1:1:5000 ratio. Each mixture was
deposited at 8§ K on KBr window for 60 mins.
The initially deposited matrix is annealed to 35
K (Ar) and 30 K (N;) for 60 min. to form the
1:1 complexes. Afterwards the matrix is cooled
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to 8 K to record the IR spectrum. All the
calculations were performed using Turbomole
v71.3 at the MP2/aug-cc-pVDZ level''. The
stabilisation energy (Dy) has been calculated
with zero point vibrational energy and basis set
superposition error correction. Electrostatic
surface potential (ESP) of the monomers have
been calculated using Multiwfn program
package'”. Nature and origin of the non-
covalent interaction in the complexes have been
investigated using Natural Bond Orbital
analysis  (NBO  6.07) and
Decomposition Analysis (PSI4 '*).

Energy

3. Results and discussion

The plausible electrophilic and nucleophilic
centres on the monomers have been estimated
1). The CClsis
characterised with a positive potential (~18

using ESP plots (Figure

kcal/mol) on the top most part of the Cl atoms
along the C—Cl bond along with a negative
potential of ~3.5 kcal/mol on the lateral sides
of Cl atoms. The CHCl; has a positive potential
of ~35 and ~14 kcal/mol on the H atom and on
top of the Cl atoms, respectively. A negative
potential of ~7 kcal/mol is observed on the
lateral sides of Cl atoms. The ESP of CH;0H
and C,HsOH are similar. A positive potential of
~40 kcal/mol is observed on the H atom of O-
H group while a negative potential (~33
kcal/mol) is observed over the O atom. Possible
binding modes between the molecules is
predicted from the ESP plots. In case of CCly,

possible interactions are C-Cl---O X-bond and

.
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Figure 1: Electrostatic Surface Potential (ESP) plot for all the molecules obtained at the
MP2/aug-cc-pVDZ. All the values are in kcal/mol.
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O-H---Cl H-bond whereas for CHCI; the
possible interactions are C-H---O and O-H:--Cl
H-bond, and C-Cl---O X-bond.

The experimental IR spectra of CCly, CH;0H,
and [CCl4;—CH;OH] mixture are presented in
Figure 2. The asymmetric stretching of C-Cl
(v3) and combination band of (v; + vj4) are
789 cm’' and 767 cm’,
respectively'’. Presence of multiple IR peaks

observed at

are due to the isotope effect. The C-O (vco) and
the O-H (vop) stretching vibrations of CH3;0H
are observed at 1034 cm ' and 3664 cmfl,
respectively.Annealing of the [CH3;0H—-CCly]
mixture results in new peaks those are absent in
the IR spectraof the monomers. In the v3
region, a new peak is observed at 800 cm 'that
is blue-shifted by 13 cm™ from the monomer vs
peak. A new peak is observed at 1029 cm™

Vol. 35, Issue Number 1&2

January, 2023

corresponding to the vco mode and matches
with the position of the vco mode of (CH3;0H),.
The relative intensity of this peak in
[CCl,—CH;30H] much higher
compared to the intensity observed in CH;0H
alone. The 1029 cm™ peak is red-shifted by 5
cm’! compared to the vco of the monomer. A

mixture is

new peak is observed at 3657 cm 'which is
present in the IR spectrum of [CCl,—CH;OH]
mixture at 8 K just after deposition and gains
intensity after annealing the matrix.This peak is
red-shifted by 7 cm ! from the monomer VOH-
All the new peaks observed in the IR spectra of
the mixture are assigned to the formation of the
1:1 complex of [CCl;—CH;3;O0H].

Three minima have been obtained on the dimer
potential energy surface (Figure 2, ii). The most
stable structure corresponds to the X-Bond
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Figure 2: (i) Comparison of the matrix-isolation IR spectra in the N> matrix and simulated IR
stick spectra of thecomplexes obtained at the MP2/aug-cc-pVDZ level of calculation in the vs,
Veo, and voy regions. All the IR spectra are recorded at 8 K. Matrix-isolation IR spectra of
[CCl,—CH;0H] mixture after annealing at 30 K (a), [CCl,—CH;3;0H] mixture after deposition at
8 K (b), CH;0H after annealing at 30 K (c), CCly after annealing at 30 K (d), simulated IR stick
spectra of the complex CM3 (e), CM2 (f), and CMI (g). (ii) Optimised geometry of the three
conformers at the MP2/aug-cc-pVDZ level.
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isomer (CM1) stabilised by C-Cl---O
interaction with stabilisation energy (Do) of
2.30 kcal/mol. The next stable minimum (CM2)
is stabilised by bifurcated H-bond of O-H:--Cl
type (D= 2.00 kcal/mol). The least stable
minimum (CM3) with Dy of 1.70 kcal/mol is
stabilised by single O-H:---Cl H-bond.
Simulated frequency of CM1 predicts a blue-
shift of 12 cm ™' in the v; mode and a red-shift
of 3 and 9 cm ! in the vco and voy modes,
respectively. A blue-shift of 3 and 6 cm 'is
the
respectively, along with a red-shift of 12 cm '
in the vog mode of CM2. A blue-shift of 7 and
5cm

simulated 1n vy and vco modes,

is predicted for the CM3 isomer in the
v3 and vco modes, respectively, while the voy

mode is red-shifted by 14 cm'. The
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experimental IR spectra is compared with the
simulated spectra and is concluded that the 1:1
complex of [CCl;—CH;OH] is formed by C-

CI---O X-Bond interaction in N, matrix.

The experimental IR spectra of CCly, C;HsOH,
and [CCl4—C,HsOH] mixture are presented in
Figure 3. The CCly spectra shows peaks
corresponding to the v; and v; + v4 modes as
described previously. The C,HsOH exists in
anti and gauche conformers in the gas phase'®.
The C-O stretching mode (vco) of C;HsOH is
observed at 1092 cm’
anticonformer of C,HsOH. New peaks are
observed after annealing the [CCl,—C,HsOH]
mixture matrix, those are absent in the

corresponds to the

monomer spectra.In the v; region, a new peak

is observed at 803 cm ' which is 15 cm ! blue-
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Figure 3: (i) Comparison of the matrix-isolation IR spectra in the Ar matrix and simulated IR
stick spectra of the complexes obtained at the MP2/aug-cc-pVDZ level of calculation in the v;
andveo regions. All the IR spectra are recorded at 8 K. Matrix-isolation IR spectra of
[CCl,—C>HsOH] mixture after annealing at 35 K (a), [CCl,—C,HsOH] mixture after deposition
at 8 K (b), C:HsOH after annealing at 35 K (c), CCly after annealing at 35 K (d), simulated IR
stick spectra of the complex CE3 (e), CE2 (f), and CEI (g). (ii) Optimised geometry of the three
conformers at the MP2/aug-cc-pVDZ level.
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shifted compared to the monomer v; peak. A
new peak is observed at the 1086 cm'
corresponding to the vco of the complex.This
peak is 6 cm ' red-shifted compared to the vco

of the monomer. All the new peaks are assigned
to the 1:1 [CCl4—C,HsOH] complex.

Three minima have been obtained on the dimer
potential energy surface (Figure 3, ii)
corresponding to the anticonformer of C,HsOH.
Similar complex structures are also obtained for
the gauche conformer of C,HsOH. Herein, the
discussion is based on structures for the
anticonformer of C,HsOH. The most stable
structure corresponds to the X-Bond isomer
(CEl) stabilised by C-CI---O interaction with
Do of 2.36 kcal/mol. The next stable minimum
(CE2) is stabilised by bifurcated H-bond of O-
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H---Cl type (Do= 1.88 kcal/mol).The least
stable minimum (CE3) with Dy of 1.58
kcal/mol 1is stabilised by single O-H:---Cl H-
bond. A blue-shift of 15 cm' is simulated in
the v; mode and a red-shift of 4 cm ! in the Vco
mode of CEl. A blue-shift of 2 and 3 cmis
predicted for CE2 in thevs and vco modes,
respectively. A blue-shift of 6 and 5 cm™' is
predicted for the CE3 isomer in the v; and vco
modes, respectively. Formation of 1:1 complex
of [CCl;—C,HsOH] by C-Cl---O X-Bond
interaction is concluded in Ar matrix (Figure
3).

The experimental IR spectra of CHCls,
CH3;0H, and [CHCI;—CH3;OH] mixture are
presented in Figure 4. The C—H stretching
(ven) of CHCLs is observed at 3066 cm '.The
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Figure 4: (i) Comparison of the matrix-isolation IR spectra in the N; matrix and simulated IR
stick spectra of the complexes obtained at the MP2/aug-cc-pVDZ level of calculation in the vcy,
Veo, and vom regions. All the IR spectra are recorded at 8 K. Matrix-isolation IR spectra of
[CHCI;—CH3;0H] mixture after annealing at 30 K (a), [CHCl;—CH;OH] mixture after
deposition at 8 K (b), CH;0H after annealing at 30 K (c), CHCI; after annealing at 30 K (d),
simulated IR stick spectra of the complex CHM4 (e), CHM3 (f), CHM?2 (g), and CHMI (h). (ii)
Optimised geometry of the four conformers at the MP2/aug-cc-pVDZ level.
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C-0 (vco) and the O-H (von) stretching modes
of CH;O0H are observed at 1034 cm ™! and 3664
cm ', respectively. New peaks are observed
after annealing [CHCIl;—CH;OH]
matrix those are absent in the monomer

mixture

spectra.In the vcpy region, a new peak is
observed at 3045 cm 'that is 21 cm ' red-
shifted compared to the monomer. Two new
peaks are observed at 1024 and 1030 cm .
These peaks are red-shifted by 10 and 4 cm™'
compared to thevco of the monomer. Two new
peaks are observed at the 3645 and 3657 cm’
in the IR spectrum of [CHCl;—CH3;OH] mixture
just after deposition at 8 K and gains intensity
after annealing the matrix. These peaks are red-
shifted by 19 and 7 cm™' compared to the
monomer voy. All the new peaks are assigned
to the 1:1 [CHCl;—CH3;OH] complex.

Four minima have been obtained on the
[CHCI;—CH;30H]
surface (Figure 4, ii). The most stable structure
corresponds to the H-Bond isomer (CHMI1)
stabilised by C-H---O interaction with Dy of
3.65 kcal/mol. The next stable minimum
(CHM2) is stabilised by bifurcated H-bond of
O-H:---ClI type (D¢ = 1.57 kcal/mol). The third
stable minimum (CHM3) with Dy of 1.25
kcal/mol is stabilised by C-CI---O X-Bond
interaction. The least stable minimum is
stabilised by single O-H:--CIl H-bond with Dyof
1.17 kcal/mol. A red-shift of 10, 1, 3, and 1
cm ! are simulated in the vey mode of CHMI,
CHM2, CHM3, and CHM4, respectively. A
simulated red-shift of 8, 4, and 1 cm ' are
observed corresponding to vco mode for
CHMI1, CHM3, and CHM4, respectively. A
blue-shift of 3 cm™' is simulated for the vco
mode of CHM2. A red-shift of 9, 15, 8, and 19
cm ' are predicted in the voy modefor CHM1,
CHM2, CHM3, and CHM4, respectively.
Experimental IR spectra is compared with the
simulated IR spectra of all the complexes. It has
been concluded that the 1:1 complex of

dimer potential energy
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[CHCI;—CH;30H] is stabilised by C-H---O H-
Bond and C-Cl---O X-Bond interaction in N
matrix.

The IR spectra in the C-Cl stretch (vcer) and
vcyg modes of CHCI;, and in the voy and O-H
bending (doy) vibration modes of C,HsOH in
N, matrix are presented in Figure 5. The vcq
appears at 765 cm ' with splitting due to the
isotope effect. The C,;HsOH exists in anti and
gauche conformers in the gas phase and are
observed under experimental conditions from
the vog peaks at 3652 and 3649 cm_l,
respectively'®. Thermal isomerisation from the
anti to the gauche conformer has been observed
in N, matrix. The ooy for the anti and gauche
conformers appear at 1256 and 1261 cm ',
respectively. Two new peaks are observed at
757 and 777 em” ! for vy mode after annealing
the [CHCl;—C,HsOH] mixture matrix and are
red and blue-shifted by 8 and 12 cm ',
respectively, compared to the monomer vcc.
Two new peaks are observed at 3034 and 3039
cm ! corresponding to the vcy mode of CHCl;
and are red-shifted by 32 and 27 cm ',
respectively, compared to the monomer. Two
new peaks are observed for voy mode at 3639
and 3642 cm™'. These two peaks are red-shifted
by 10 cmflcompared to the voy of the gauche
and anticonformers of C,HsOH. Two new
peaks are observed at 1251 and 1266 cm™ ' for
the 6oy mode those are red and blue-shifted by
4 and 5 cm ' compared to the monomer peaks.
All the observed new peaks are assigned to the
1:1 [CHCI3—C,HsOH] complex.

Three minima have been obtained on the
[CHC13—-C,HsOH] potential energy
surface for both anti and gauche conformers of

dimer

C,HsOH. Herein, the complex structure and
frequencies of
anticonformer is discussed (Figure 5). The most

simulated vibrational

stable structure corresponds to the H-Bond
isomer (CHE1) stabilised by C-H---O H-Bond
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interaction with Dy of 4.47 kcal/mol. The next  assigned to the H-Bond complex (CHE1 and
stable minimum (CHE?2) is characterised by H- CHE2) and X-Bond complex (CHE3),
bond of O-H---Cl type with Dy of 1.86  respectively. The 3034 and 3039 cm™ peaks
kcal/mol. The third stable minimum (CHE3) is corresponding to the vcy mode are assigned to
characterised by C-Cl---O halogen bonding  the CHEl type complex of anti and gauche
interaction with Dy of 1.81 kcal/mol. Simulated  conformers of C,HsOH, respectively. The vcy
harmonic vibrational frequency exhibit a red-  mode of the complexes are simulated at 3040
shift of 12 and 7 cm ' for CHEl and CHE2, and 3047 cm” for the anti and gauche
respectively, and a blue-shift of 9 em ' for  conformer of CHEI type complex, respectively.
CHES3, in the vcey mode. The vey mode is red-  The two peaks at 1251 and 1266 cm™ are
shifted by 26 and 4 cm™' compared to the assigned to the 8oy mode of CHE1 and CHE2,
monomer in CHEI and CHE3, respectively. A respectively. The peaks at 3639 and 3642 cm™'
blue-shift of 2 c¢m™ is simulated in the vey  are assigned to the voy mode of H-Bond and X-
mode for CHE2. The simulated voy mode for  Bond complexes, respectively. Thus, all the
CHE1, CHE2, and CHE3 are red-shifted by 14,  three complexes of [CHCl;—C,HsOH]are being
14, and 4 cm ', respectively. The 8oy mode is  formed in the N, matrix under the experimental
predicted to be red-shifted by 4 cm ' in CHE1,  conditions. Moreover, the signatures of the
blue-shifted by 10 cm™ in CHE2, and no shift ~ complexes of both anti and gauche conformers
in CHE3. The peaks at 757 and 777 cm™ are
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Figure 5: (i) Comparison of the matrix-isolation IR spectra in the N, matrix and simulated IR
stick spectra of the complexes obtained at the MP2/aug-cc-pVDZ level of calculation in the vcgy,
Ver, Oon, and Vog regions. All the IR spectra are recorded at 8 K. Matrix-isolation IR spectra of
[CHCIl;—C,HsOH] mixture after annealing at 30 K (a), [CHCIl;—C,HsOH] mixture after
deposition at 8 K (b), C:HsOH after annealing at 30 K (c), CHCI; after annealing at 30 K (d),
simulated IR stick spectra of the complex CHE3 (e), CHE2 (f), and CHEI (g). (ii) Optimised
geometry of the three conformers at the MP2/aug-cc-pVDZ level.
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of C;HsOH are observed for [CHCl;—C,HsOH].

The intrinsic propensity for the 1:1 complex
formation between alcohols and halogenated
compounds has been investigated to understand
the heterogenous interactions between the
solvent molecules at the molecular level. The
two halogenated solvents used in the work
differ by a chlorine atom. One of the chlorine
atoms of CCly is substituted by a hydrogen
atom in CHCIl;. The CCly is a non-polar solvent
with 7; symmetry whereas CHCl; is a weakly
polar solvent (1.04 D) with C;, symmetry.
Exclusive formation of X-Bond complex
stabilised by C-CI---O interaction have been
identified in the [CClL,—CH3;OH] and
[CCl4—C,HsOH] mixtures. Thus, CCly exhibits
specific interaction of X-Bond type with the
two simplest alcohols. Situation is not so
straight forward for CHCIl; that participate in
non-specific interactions, such as, H-Bond and
X-Bond with CH;0H and C,HsOH. Formation
of both C-H:--O and C-CI---O interactions are
evidenced in case of [CHCI;—CH3;0OH] and
[CHCl3—-C,HsOH] O-
H---Cl H-Bond interaction is also evidenced in
case of the higher alcohol, i.e., C,HsOH.
Natural Bond Orbital (NBO) analysis and
Energy Decomposition Analysis (EDA) have
been performed to understand the nature and
origin of the non-covalent interactions present
in the complexes. In case of the most stable
complex (CMI1) of [CCl4—CH3;OH], the total
charge transfer from CH3;OH to the CCly is 4.28
me. For CM2 and CM3, the total charge
transfer is 8.63 and 9.95 me, respectively.
Partitioning of the energy into the constituent
components shows that CM1 is majorly
stabilised by electrostatics interaction (4.33
kcal/mol) followed by CM2 (2.88 kcal/mol),
and CM3 (2.09 kcal/mol). The total charge
transfer in the complexes of [CCl;—C,HsOH]
mixture are 1.80 (CE1), 11.31 (CE2), and 9.60
(CE3) me. The electrostatic component of the

mixture. Moreover,
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total interaction energy for CE1, CE2, and CE3
are 4.20, 3.26, and 2.66 kcal/mol, respectively.
The four conformers of the [CHCl;—CH;OH]
complex have a total charge transfer of 12.36,
9.83, 2.46, and 11.46 me for CHM1, CHM2,
CHM3, and CHM4, respectively. The
electrostatic component for the four complexes
are 6.85 (CHM1), 1.95 (CHM2), 2.80 (CHM3),
and 1.62 (CHM4) kcal/mol, respectively. The
total charge transfer in the three complexes of
[CHCI;—C,HsOH], i.e., CHEl, CHE2, and
CHES3, 10.71, 14.49, and 0.61
respectively. The corresponding electrostatic
components of stabilisation are 8.47, 2.96, and
3.04 kcal/mol.

are me,

Formation of complexes under matrix isolation
governed by the diffusion
controlled process during annealing. Charge

conditions is
transfer is a predominant factor towards the
stabilisation of hydrogen and halogen-bonded
complexes. Charge transfer is a short-range
interaction between overlapping pair of orbitals
from the two molecules. Charge transfer
the
between the individual molecules is close to the
of the

Diffusion of the trapped molecular species must

interaction dominates when distance

equilibrium  geometry complex.
be influenced by the electrostatic interaction
that is a long-range force. The X-Bond complex
of [CCl,—CH;OH] and [CCl4—C,HsOH] is
dominated by the electrostatic interaction that
leads to the exclusive formation of X-bond
complex under matrix isolation conditions. In
case of [CHCl;—CH;0H] and
[CHCI;—C,HsOH], the charge transfer along
with the electrostatic component is significant
for the H-Bond complexes (CHM1 and CHEL1).
Among the other minima, the X-Bond
complexes (CHM3 and CHE3) are majorly
stabilised by electrostatic interaction and hence,
are formed under the low temperature matrix
isolation experiments. Formation of both CHE2
and CHE3 in case of the [CHCl;—C,HsOH] is
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explained from the almost equal electrostatic
the total
energy. Although, the charge transfer is much

component towards stabilisation
higher in H-Bond complex (CHE2) compared

to the X-Bond complex (CHE3).
4. Conclusion

The current investigation provides a molecular
level understanding of the intermolecular non-
covalent interaction in the halogenated solvent-
alcohol mixtures. Two halogenated solvents,
CCly and CHCI; have been used along with
CH;OH and C,HsOH. Complexes have been
characterised by matrix isolation infrared
spectroscopy  and  electronic  structure
calculations. Formation of the complexes are
monitored by comparing the experimental IR
spectra with simulated frequencies of different
vibrational modes. Exclusive formation of X-
Bond stabilised by C-Cl---O
interaction is observed in the 1:1 mixture of
[CCl4-CH;30H] and [CCly-C,HsOH]. Although,
H-Bond stabilised by O-H:--Cl
interaction is almost equally stable on the dimer

complex

complex

potential energy surface. Formation of both H-
Bond stabilised by C-H---O
interaction and X-bond complex stabilised by

complex

C-Cl---O interaction are observed in the 1:1
mixture of [CHCIl;-CH3;0H] and [CHCl;-
C,H50OH]. Moreover, formation of another H-

bond complex, stabilised by O-H---Cl
interaction 1is also observed in [CHCIs-
C,HsOH] mixture. Charge transfer and
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electrostatic interactions are the two major
the stabilisation and
formation of the complexes under matrix

contributorstowards

isolation conditions. Higher contribution of
electrostatic component in the total stabilisation
energy of the X-Bond complex leads to the
exclusive formation of X-Bond complex in
[CCl4,—CH30H] and [CCl4—C,HsOH] mixtures.
In case of [CHCI;—CH;3;0H] and
[CHCI;—C,HsOH], the charge transfer along
with the electrostatic = components are
significant for the H-Bond complex. The X-
Bond complex are majorly stabilised by
Hence, both the
the low
temperature matrix isolation experiments.

interaction.
are observed under

electrostatic
complexes
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Abstract

This computational work has explored the photochemistry of 3,5,5-trimethyl-1-pyrrolinel-oxide
(3-Me-DMPO), a well-known spin-trapping agent. Similar to the other members of this substituted-
pyrrolinel-oxide series, it forms oxaziridine on photo-irradiation. The subsequent cyclic amide or
lactam was reported to form from oxaziridinewhen the cyclic nitrone was heated to 150°C for 30
min. It was assumed to happen through a [1,2]-H shift. The quantum mechanical studies carried out
in this work has clearly established the mechanisms of both oxaziridine and lactam formationsfrom
3-Me-DMPO. Photo-excitation of this cyclic nitrone system is found to strongly populate the
second excited singlet state (S;) which is dominated by the configuration arising from
theHOMO—LUMO excitation. This vertically excited S, state then undergoes an avoided crossing
(S,/S)). This finally leads towards the low-lying CNO-kinked S¢/S; conical intersection, located
around 65 kcal/mol below the vertically excited S, state, which forms the photoproduct oxaziridine.
The lactam (pyrrolidone) formation takes place from oxaziridine through a transition state on the
ground state surface. This path is characterized by a H-shift to the nitrogen atom from the adjacent
carbon atom of the oxaziridine ring which has established that the earlier prediction about this path
was correct. Few other thermal reaction pathways of this nitrone have been also detected during our

investigations

1. Introduction

Similar to 5,5-dimethyl-1-pyrroline 1-oxide
(DMPO) [1-3], 3-methyl substituted-DMPO (3-
Me-DMPO) is also a spin-trapping agent which
is well-known in the detection of free radicals
[4]. Synthesis of DMPO and its photo-
irradiation studies were first done by Sir
Alexander Todd and his group [5]. Kaminsky
and Lamchen[6-8] investigated the photo-
irradiations and subsequent product formations
of several pyrroline 1-oxide systems where
methyl substitutions were done at different
positions on the ring.They found that an initial
photo-product (oxaziridine) was formed on
photo-irradiation of these cyclic nitrones,
however, the subsequent steps were very

different. Their observation on the post-

oxaziridine formation steps for 2-Me-DMPO
was different from that of DMPO and 3-Me-
DMPO. Photo-irradiation on these latter cyclic
nitrones gave oxaziridines and when the photo-
product was heated (for 3-Me-DMPO heated to
150°C for 30 min.) and then cooled, a solid was
formed, which recrystallized as white crystals.
This product was identified as the cyclic amide
(lactam) or pyrrolidone. They concluded that
due to the unsubstituted 2-position, both DMPO
and its 3-methyl-substituted analogue (3-Me-
DMPO) similarly.  The
formation from oxaziridine was assumed to be
due to a [1,2]-H shift in these two cases.

behave lactam

In recent times,Chattopadhyay and co-workers
explored the photochemistry
oxaziridine-lactam conversion

and
of

have
reactions
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DMPO, 2-Me-DMPO and other substituted-
pyrroline 1-oxides using high-level quantum
mechanical calculations [9, 10]. Their
computational studies have clearly supported
the experimental observations of Kaminsky and
Lamchen [6-8] which has now established the
mechanism behind their product formations.
Presence of low-lying conical intersections [11,
12] in their photochemical reaction paths
leading to the photoproduct formation was
noticed. In fact, similar reaction paths were also
noticed for other cyclic nitrone-like compounds
like 2H-imidazole 1-oxides and 2H-imidazole
1,3-dioxides [13, 14]. This current work is an
attempt to check the photochemical oxaziridine
conversion and the thermal lactam formation
pathways of 3-Me-DMPO system. It will be
interesting to find out whether similar conical
intersection also governs the photochemical
path of this pyrroline 1-oxide system or not.
Moreover, the possibility of a [1,2]-H shift at
the wunsubstituted 2-position for lactam
formation can be investigated, as well. A
schematic diagram of these reactions is shown
below (Figure 1).

Figure 1: A4 schematic diagram of the
oxaziridine and lactam formation from 3-
Me-DMPO

2. Computational Details

In this present work, the quantum mechanical
studies on the 3-methyl-substituted DMPO
molecule are carried out using the Gaussian 09
(and 16) [15], GAMESS-US [16] and Molpro
suite of program [17]. Geometries related to the
photochemical paths (energy minima, conical
intersections) on the potential energy surfaces
(PES) are optimized at the CASSCF/6-31G*
[18-22] level in Gaussian09 and at the Mixed
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Reference Spin-Flip (MRSF) TDDFT level
using BHHYP/6-31G*[23-26] in GAMESS-US
suite of program. Using the latter method, we
were successful in optimizing the excited state
minima, as well. It must be added here that we
have avoided the LR-TDDFT method here as
they may not properly capture the doubly
excited state properties which is tackled
properly by the SF-TDDFT methods. However,
the original spin-flip method (SF-TDDFT) may
suffer from spin-contamination problem.
Therefore, we have employed the Mixed-
Reference Spin-Flip version of this TDDFT
(MRSF-TDDFT) method which does not have
such deficiency. On top of the CASSCF

optimized geometries, dynamic correlation
treatment of CASPT2 level has been
performed[27-29]  through single point

calculations using the Molpro program. The
CASSCF calculations have been carried out
using (4,4) and (6,6) active spaces. Some
important orbitals of the (4,4) active space are
shown in Figure 2. To verify the proposed
reaction paths, we have employed the linear
interpolation in internal coordinate (LIIC) plots
between two geometries at the mentioned spin
flip-TDDFT level. Additionally, radiative
transition [30,31] calculations have been
performed using the GUGA (Graphical Unitary
Group Approach)-based configuration
interaction singles and doubles (CISD)
technique through the GAMESS suite of
program. This GUGA CISD code [32-35] has
been used to perform transition properties
between the two configuration interaction wave
functions at the ground state equilibrium
geometry. In these CISD calculations, the
Restricted Hartree-Fock (RHF)/6-31G* method
calculates the self-consistent molecular orbital
(SCFMO) of the ground states in the first step
and these MOs are used for the configuration
interaction steps.
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The transition states (TS) have been located
using the normal TS technique which is based
on the Berny algorithm[36]. The thermal
oxaziridine-lactam conversion path involving
the TS has been carried out at both CASSCF
and DFT (B3LYP/6-311G*¥*)
calculations. Other thermal reaction paths were
calculated only at the above-mentioned DFT
level of theory. Electrostatic potential-based
atomic charges are calculated using the
Merz—Kollman[37, 38] scheme at different
geometries. For visualization of the output files,
we have used Chem Craft software in this
work.

level of

3. Results & discussions

Photochemical reaction pathway
CASSCF, CASPT2, CISD results

The ground state geometry of 3-Me-DMPO has
been optimized at the CASSCF/6-31G* level.
The important MOs of the (4,4) active space are
shown in Figure 2. The optimized geometries
with the bond lengths are shown in Figure 3.
Studies of transition properties have revealed
that the So-S; is a weakly allowed transition
while the Sy-S; is a strongly allowed one (Table
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excitation. Some contribution from the doubly
excited configuration has been also noticed
here. The allowed Sy-S, transition is associated
with a transition moment value of 3.36 Debye.
On the other hand, the S(-S; transition is

5 <& T o %t ok
- ?!.___ - . - - - ..1- - . " . .-t
4 r—-u;(_.: - w4 IE_/ L. 1
» - - ) i 2& ']
[ L ¥ W F @ Ty
b= . o =
HOMO-1 HOMO LUMO

Figure 2: Important orbitals in the active
space of 3-Me-DMPO

comparatively much weaker.

The low-lying conical intersection (S¢/S))
geometry (Figure 3¢) named as CI, is found to
be responsible for the oxaziridine (OX)
formation (Figure 3b). This CI is situated
around 64 kcal/mol below the vertically excited
S, state. Following its gradient difference (GD)
vectors, the oxaziridine geometry was located
at 2 kcal/mol (Table 2) above the ground state
nitrone geometry (GS).

The atomic charge analysis (Table 3) clearly
indicates that an electronic cloud is transferred

geometry of 3-Me-DMPO

Table 1.Transition properties of Sp-S; and Sy-S> transitions at the ground state optimized

Transition Transition Oscillator VEE VEE
Moment (Debye) Strength (at CASPT2) (at MRSF TDDFT)
So-Si 0.073 0.0002 110 102
So-S» 3.355 0.4861 127 142

1). The vertical excitation energies (VEE)
corresponding to the So-S; and Sy-S, transitions
are found to be 110 and 127 kcal/mol,
respectively, at the CASPT2
calculation (Table 1).

level of

The first excited singlet state (S;) is mostly
contributed by the HOMO-1-LUMO
excitation while the second excited singlet state
(S,) is largely contributed by HOMO—LUMO

from the oxygen atom towards the nitrogen
during the photo-excitation process. During the
nitrone-oxaziridine conversion the CNO ring is
formed where the sp® nitrogen (in nitrone)
becomes sp’ hybridized with a lone pair on it in
oxaziridine.
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GD vectors

DC vectors

Figure 3: Optimized geometries of 3-Me-DMPO (a) ground state GS and (b) oxaziridine OX (c)
CI with respective GD and DC vectors at the CASSCF level.

MRSF-TDDFT results

Though we were able to track the path of
oxaziridine formation from the low-lying CNO-
kinked S¢/S;CI at the CASSCF level, the link

between the vertically excited state and the
mentioned CI was not clear. This is primarily
due to our failure to optimize any minimum
energy geometry on the S, surface or S,/S;

Table 2: Absolute and Relative Energies at CASSCF, CASPT2, MRSF-TDDFT level for
geometries involved in the oxaziridine formation from 3-Me DMPO.
Geometry CASSCF CASPT2 MRSF-TDDFT
Absolute energy Relative Absolute Relative Absolute Relative
(in Hartree) energy energy energy energy energy
(in kcal/mol) (in Hartree) (in kcal/mol) (in Hartree) (in kcal/mol)
GS -401.90825° 0° -403.13982° 0*
-401.97242° 0° -404.2293275 0
Sl - -
minimum -404.1045625 78.29
S
minimum -404.0692959 100.42
CI -401.81354° 59.43° -403.03863" 63.5
-401.83752° 84.65" -404.1117864 73.76
[ -401.94409° 22.49° -403.13555" 2,68
-401.97495" -1.59° -404.2167052 7.92
. b .
?[4,4] active space, "[6,6] active space
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crossing at the CASSCF level. The path
through which S¢/S|CI comes is required to be
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To understand the reaction path, we have
employed the linear interpolation in internal

Figure 4: Optimized geometries of 3-Me-
DMPO (a) ground state GS (b) S> minimum(c)
CI (d) Oxaziridine OX at the MRSF TDDFT
level.

understood. At the MRSF-TDDFT level, we
were able to optimize the minimum energy S,
geometry which is situated around 42 kcal /
mol below the vertically excited S, state (Table
2). We have also optimized the S; minimum at
this level. Finally, we have re-optimized the
So/S; CI at this spin-flip level which almost
resembles the CASSCF CI
Interestingly, the S, minimum geometry and the
CI geometries CNO-kinked
structures. All figures optimized at this spin-flip

geometry.
have similar

level are shown in Figure 4.

Table 3: Atomic charges at different geometries of 3-Me-DMPQO at the Merz-Kollman scheme
GS CI (0),¢

1C -0.4023 1C -0.3355 1C -0.3142

2C 0.5656 2C 0.1197 2C 0.7256

3N 0.3575 3N -0.2169 3N -0.4645

4C -0.3281 4C 0.0174 4C 0.2079

5C 0.3819 5C -0.1959 5C 0.2298

6 C -0.5337 6 C -0.4746 6C -0.4532

7C -0.4763 7C -0.4670 7C -0.5108

80 -0.6114 80 -0.2648 80 -0.2784

19 C -0.3837 19 C -0.4769 19C -0.4198
coordinate  (LIIC) plots between two
" ; _: - - : - o geometries (Figure 5). The plots between the
- ...-I{_k_. ) i b = ad -:‘.&; ve‘rt%cally excited S;/S, geometries and the S,
o ‘J— - ¢ The minimum geometry reveals that near the latter,
- the S,-S; energy gap becomes very low and
() (b) indicates an avoided crossing geometry. To
reach this S,/S; avoided crossing geometry,
. W ¥ the vertically excited S, state must overcome a
:L e gt E . a ".,f: small barrier. The LIIC plots between the
& _‘i... sy @ .‘E‘# &," | Sy/S; avoided crossing geometry and So/S; CI
& - - w clearly reveals a barrier-less path. Finally,
these plots also reveal that the predicted path
© @ between the latter CI geometry and OX

geometry is correct. On the other hand, a
significant barrier has been noticed between
the S; minimum and the CI which indicates a
low probability of this path.

Thermal Reaction pathways

CASSCF and CASPT?2 results

A transition state situated around 43 kcal/mol
above the oxaziridine (OX) structure at the
CASSCF level (Figure 6) has been optimized
which has shown the possibility of lactam
formation through a [1,2]-H shift. The value of
this energy barrier at the CASPT2 level is
around 34 kcal/mol. Though it is possible that
there is a prior step in which the C-O bond first
becomes co-planar with the 5-membered ring
and the second step is the [1,2]-H shift. The
single imaginary frequency of 1612i cm™' leads
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to the N—H bond formation while the C-H bond
breaks and this leads to the pyrrolidone
formation from oxaziridine.

Vol. 35, Issue Number 1&2
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The calculated barrier height is around 53
kcal/mol.

Interestingly, our attempt to locate a transition
state starting from an oxaziridine-type geometry
with a stretched C-O bond has led to a [1,2]-H

M o 1
Travr ¥y =TTy ol
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Figure 5: LIIC plots between (a) vertically excited geometry and S, minimum (S»/S; avoided
crossing) (b) S> minimum (S2/S; avoided crossing) and Sy/S; conical intersection (c) Sy/S; conical

intersection and OX.
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Figure 6: Optimized geometry of (a) transition
state and (b) lactam at CASSCF level.

DFT results

Starting with the same CAS-optimized TS
structure at the B3LYP/6-311G** level, we
have found a transition state geometry (Figure
7) which has a substantially high imaginary
frequency of 1905i cm™ . However, in this case,
the transition vectors indicated an
intramolecular proton transfer from the OH
group to the adjacent nitrogen, a process well-

known as the lactam-lactim tautomerization.

have

shift which forms the lactam. The single
imaginary frequency of 515i cm™ has clearly
indicated this cyclic amide formation. We have
confirmed the reactant (oxaziridine) and the

-y
2 '&_ . ® s i
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Figure 7: TS geometries and IRC plots (a)
lactam-lactim (b)OX-Lactam (c) OX-parent
nitrone (3-Me-DMPQO) conversions.
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product (Lactam) through the IRC analysis on
both sides of the transition state (Figure 7). The
energy barrier at the B3LYP/6-311G** level is
around 42 kcal/mol.

A third transition state on the ground state
surface has been identified at the DFT level of
calculations. This has almost the same energy
value as the previous one and makes a barrier
of 42 kcal/mol with respect to the oxaziridine.
However, it goes towards the parent nitrone
compound as evidenced by the transition
vectors and the IRC analysis.

4. Conclusion

The oxaziridine and lactam conversion
pathways of 3-methyl-substituted DMPO have
been explored using different
mechanical tools. The results indicate that a
low-lying S¢/S; conical intersection with a
twisted CNO moiety is responsible for the
photoproduct (oxaziridine) formation. This
characteristic of the photochemical path is
similar to that of the DMPO and 2-Me-DMPO

quantum
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pathways originating from oxaziridine with
high energy barriers. Overall, the study has
established the mechanism of the nitrone
—oxaziridine—lactam pathway of 3-Me-
DMPO system through a comprehensive
analysis of its low-lying electronic states.
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Abstract

meso-functionalized porphyrins having two different aryl groups have been synthesized. The aryl
groups used were N-butylcarbazole, pentaflourophenyl, and p-cyanophenyl at their meso-positions.
Pd(IT) complexes of these meso-substituted porphyrins were synthesized and used as photocatalysts
for the oxidation of aromatic aldehydes. Pd(II)porphyrins showed good phosphorescence, and

when exposed to light, they produced singlet oxygen. The singlet oxygen generation efficiency of
these porphyrins was measured and found significant. The use of Pd(Il)porphyrins under visible
light and sunlight as photocatalysts in the presence of oxygento oxidize aromatic aldehydes with

high efficiency is demonstrated.
1. Introduction

Various living things include porphyrin as
metal complexes, which are necessary for life.
[1]. The metalloporphyrins are present in
hemoglobin, chlorophyll, and cytochrome 450,
demonstrating different functions like oxygen
transport,  photosynthesis, and electron
transport[2]. The prosthetic groups, which
include iron, magnesium, and cobalt, determine

found in extensive practice in various fields,

including biomedicine, materials science,
catalysis, and supramolecular chemistry [3-6].
One method

photophysical properties and use them in

to enhance the porphyrin's

different applications is to insert various metals
into the molecule's center. Metalloporphyrins
are best suited for oxidation reactions such as
hydroxylation,

epoxidation, carbonylation,

sulfoxidation, etc., of organic substrates [7].

Chart 1: Structure of meso-functionalized porphyrins (Pd1-Pd3).

their roles, which range from oxygen transport
to electron transfer. Artificial porphyrins and
their derivatives have been synthesized and

Porphyrin complexes of ruthenium, iron, and
manganese are efficient catalysts for C-H
oxidation and epoxidation of alkenes with
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aryl groups at the meso-position and
the central metal ion used, can
significantly affect the catalytic
activity of porphyrin macrocycles
[11]. These groups can also have a
good effect on catalytic photo-
oxidation. Careful design of such
systems can enhance electronic
communication and donor-acceptor
(D-A) interactions. Because of their
strong absorption and commendable

quantum Yyields, energy donors in

dyads such as BODIPYs, Aza-
BODIPYs, and corroles; carbazoles
have been wused. [12-16]. The

covalently connected thiophene rings

Chart 2:Structure of meso-functionalized porphyrins

(Pd4-Pd?).

remarkable selectivity and good product yields
[8]. Similarly for the large-scale, biologically

inspired  oxidation of cyclohexane to
cyclohexanone, cobalt(Il)  porphyrin is
employed [9].

Because of the spin rule, molecular oxygen
cannot compete with organic molecules; hence
oxidation using molecular oxygen remains a
problem. Due to the high absorption
coefficient, robust photostability, and triplet
excited states, porphyrin derivatives are notable
photosensitizers in this regard. In the presence
of free-base porphyrins or metalloporphyrins,
which are effective photosensitizers for the
generation of singlet oxygen and selective
oxidations with oxygen can be achieved. Heavy
metals
produce singlet oxygen with the Type I
mechanism. The photo-oxidation of aromatic
and aliphatic aldehydes with various meso-aryl-
modified Pt(Il) porphyrins was reported by
[10]. these
photocatalytic reactions, the TON (turnover
number) ranged from 210 to 970 [10]. Meso-

containing metalloporphyrins can

N. Safari and coworkers For

are proficient moiety to establish
electronic contact between the donor
and acceptor [17]. Since porphyrins
do not absorb in the 200-400 nm, where the
absorption band of carbazole emerges. The
careful excitation of the carbazole as donor
group can be accomplished in D-A systems. As
reported these donor-
acceptors
photocatalysts [17].

in previous work,

have proven to be promising

Here in we discuss the meso-functionalized
carbazole appended A;B; and A;B porphyrins
synthesized in our lab [17-20]. The discussion
includes their DFT, efficiency for catalytic
activity along with singlet oxygen generation.

2. Results and Discussion

In the previous work, we have systematically
provided the synthetic methodology for
producing porphyrins without metals and with
Pd(II) at metal center [17-22]. The A3B type
(three meso-aryl groups are same and one is
different) and A,B; (two meso-aryl groups are
different) type porphyrins are shown in charts 1
and 2, respectively.
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All the palladium porphyrins showed similar
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carbazole as meso-donor groups and the
porphyrin core. However, the broadening in
Pd7 was comparatively more in the (thiophene

characteristics to the reported palladium linked N—butylcarbazole). The wider Soret band
porphyrins during the UV-Vis absorption of Pd7 with the addition of thiophene indicated
1.0-
iy (=) (bl
| Pd1 g
2> 0,84 — 0.8+ —— Pd5
5 | - Pd2 g PdE
8 —Pal 5 —— pd?
£ 0.64 E 0.6-
E ] i \
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Figure 1: Normalized absorption spectra for Pdl- Pd7in toluene.
boosted  electronic  interactions
1404 104
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i i A units; the reason can be vibronic
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4 E o w | .
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= 044 0.4
E E " for bathochromic shifts of the Q
£ 034 0.2+ . .
= bands in porphyrins Pd1-Pd7, these
" 50 R 2 I Y =0 | moieties are known to improve

electronic communication in such D-

Figure 2: Normalized emission spectra of Pd4-Pd?7.

analysis (Figs.1a and 1b) [23]. These palladium
porphyrins  Pd1-Pd7  displayed classic
absorption peaks in between 408—428 nm. As
shown in Table 1, Pd(IT) porphyrins displayed a
Soret band tailed by two Q-bands between 525—
557 nm with significant red = shifts.
Interestingly, all of the porphyrins exhibited a
little widening of the Soret band, pointing to a
possible the

communication  concerning

A systems.

There are potential uses of the phosphorescent
palladium (II) porphyrins in biology and
materials. At ambient temperature, toluene was
used to record the phosphorescence spectra of
the metalloporphyrins Pd1-Pd7. Figure 2
displays the reasonable emission spectra of the
selected porphyrins Pd4-Pd7. The porphyrins
Pd4-Pd7 configurations

have emission




ISRAPS Bulletin Vol. 35, Issue Number [ &2 January, 2023
derivatives has been provided
Table 1: Photophysical data recorded in toluene for porphyrins | . . P
Pdl-Pd7 in our previous work [17-20].
Porphyrin ) 7(nm) 7 (nm) However, to understand the
change in electronic clouds
Pd1 410, 528, 559 413 559,611, 680 . . .. .
P2 153577 556 155 =71 615 652 with different moieties, their
Pd3 413,526, 559 413 561, 613, 665 HOMO-LUMO energy level
Pd4 408, 527, 557 408 707 has been compared, and
PdS 429, 526, 564 425 574, 616, 657 computational data of selected
Pd6 428, 526, 557 428 664, 717 hvri h b h
Pd7 41, 533, 559 413 621, 666 POTPIyTIS have beeh shown
in Table 2. The optimized

comparable to that of the parent porphyrin
PdTPP, with a typical emission pattern in the
559-717 nm range. However, emission spectra
for Pd5 showed multiple peaks indicating a
combined effect of fluorescence, as well as

structures and FMO along with the HOMO and
LUMO states for the selected porphyrins have
been presented in Figs.3-6.

phosphorescence, But in the case of Pd4 one
single phosphorescent peak was observed in
deoxygenated indicating
phosphorescence is dominant as shown in
Fig.2. This can be due to the Pd(II)
porphyrins' quick singlet-triplet intersystem

toluene

crossing; there was very little fluorescence
visible in these spectra. All the porphyrins
(Pd1-Pd7) displayed effective
phosphorescence as a consequence of spin-

an

orbit coupling caused by palladium that

R . .:::M s
‘8. ' ‘J’r
L) :- : F ate %f¢

S = .
o *' .L:;{ 1 lfl .'...-.1 b
ieorB o A )
LTy ::;uv. : 4 -:.h':'b

B T

encourages radiative falling-off from the
triplet state (T;). For reference, selected
photophysical data have been provided in
Table 1.

DFT Studies

Computational studies were conducted to
comprehend the geometrical parameters and
electronic cloud in various HOMO and LUMO
states of Pd1-Pd7 molecules. B3LYP/6-
311+(d) calculation was employed to augment
palladium complexes with pseudo potential
[24]. TD-DFT studies were done to find out
additional details about the light-absorbing
properties, and gain computational insight to
support significant transitions [25]. A detailed
with its

observation of each molecule

Figure 3: The frontier MOs (FMOs) of Pdl, Pd2
and Pd3.

Figure 4: Optimized structure of porphyrin
Pdl1(a) front view, (b) planar view.

The studies done for the meso-substituted A,B,
and As;B type porphyrins suggested that
carbazole and triphenyl appended porphyrins
have shown prominent So—=>S; transitions. The
observation also indicated a shift of the

electronic cloud from HOMO-3-2>LUMO++1 in
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]

Figure 5: Optimized structure of porphyrin
Pd?2 (a) front view; (b) planar view.

Pd6 and Pd7. However, in Pd1 the major
transition occurs from HOMO-2->LUMO+1
and for Pd4 the transitions occur from HOMO-
1>LUMO. The major transition observed for
Pd2 was from HOMO-4->LUMO+2. The
minor discrepancy between theoretical and
experimental absorption maxima was also
detected for Pd1-Pd7 suggested that the basis
set chosen for these molecules was appropriate.
The dihedral angle were also calculated using
computational studies. The dihedral angle of
the meso-triphenylamine group with the
porphyrin plane [C47-C45-C20-C18] in Pdl
porphyrin was estimated to be 66.9°. In Pd3,
the torsion angles observed were [C46-C45-
C20-C21] 66.7° and [C13-C34-C28-C29] 72.2°
between the porphyrin plane and meso-
(N-butylcarbazole groups).
Effective electronic communication can be

substituents

concluded from the results obtained.
Singlet oxygen generation and catalysis

In light of the atom effect,
metalloporphyrins encompassing 4d along with
5d series metals corresponding platinum and
palladium in their core display noticeable inter-
system  crossing  (ISC)  [26]. These
metalloporphyrins can generate 'O, by the type
II pathway. So, porphyrins with heavy metals at
core have been used as catalysts for the photo

activated oxidation reactions of organic

heavy

Figure 6:Optimized structure of porphyrin
Pd3 (a) front view; (b) planar view.

Table 2: Excited state energies and observed
theoretical absorption values for
Pd(I)porphyrins.

Porphyrin | Contribution

A (nm) Exp. A
(nm)
Toluene

410

in

HOMO-3->LUMO
HOMO-3->LUMO+1
HOMO-2->LUMO
HOMO-2->LUMO+1
HOMO-1->LUMO
HOMO-1->LUMO+1
HOMO->LUMO+1
HOMO-4->LUMO+1
HOMO-4->LUMO+2
HOMO-2->LUMO+1
HOMO-1->LUMO
HOMO-1->LUMO+1
HOMO->LUMO+1
HOMO-6>LUMO
HOMO-5->LUMO+1
HOMO-4->LUMO
HOMO-4->LUMO+1
HOMO-3->LUMO
HOMO-3->LUMO+1
HOMO-2->LUMO
HOMO-1>LUMO+1
HOMO—LUMO
HOMO-1-LUMO
HOMO—LUMO+1
HOMO-1-LUMO+1
HOMO-3—LUMO
HOMO-3—-LUMO+1
HOMO—LUMO
HOMO—LUMO+1
HOMO-2—-LUMO
HOMO-3—LUMO
HOMO-3—LUMO+1
HOMO-5->LUMO+1
HOMO-4->LUMO
HOMO-4->LUMO+1
HOMO-3->LUMO+1
HOMO-2->LUMO

Pd1 391.38

Pd2 420 429

Pd3 396 415

Pd4 568 408

Pdé6 528 428

Pd7 417 411

substrates, because of their capacity to produce

singlet oxygen.

Palladium porphyrins (Pd1-Pd7) were studied
for singlet oxygen generation in acetonitrile
saturated with oxygen, to find out the singlet
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Figure 7: Absorbance changes: Rose Bengal
(RB), light exposure(visible light 15 Jem™);

rate of decrease of absorbance at 324 nm.

144 f (]
| w f} raz "
i I — =
e i LI ] - o
} i — 1 — —
E ol Wi 15w ¢
E | I - Ml
L ETE i i ]
4 1 W —— 30 i
bl?“ A wE
i
sa il b
=
e = Y
MO M0 480 A4S0 S50 430 @90 %0 @ A W M mon =
Miswwimnedt i rani Firver feaci

Figure 8: Absorbance changes ofPd2; light
exposure (visible light = 15 Jem™); rate of

decrease of absorbance at 324 nm.

oxygen quantum yields [27-30]. In this solution
DPBF was utilized as an oxygen scavenger, and
absorption parameters were made to track
singlet oxygen formation by Pd(II) porphyrins.
RB was used as standard substance. The
oxygen molecules were stimulated to the
singlet state by the energy transfer from
photosensitizers (Pd1-Pd7) to the triplet ground
state, which then reacted with DPBF. Over a
in the DPBF
absorption band was observed. A visible light

period of time, a decline
source was used to photo-radiate synthesized
porphyrins, the Pd7 showed 68% singlet
oxygen quantum yield in acetonitrile. The other
porphyrins (Pd1, Pd2, Pd3, and Pd5) generated
singlet oxygen between 30% to 57%, indicating
that these porphyrins can function as efficient
photo-oxidation catalysts.

The oxidation of alcohols and aldehydes have
been tested with Pt(II) porphyrins with positive
results; palladium can be seen as a promising
substitute for such reactions, due to its lower

January, 2023

cost compared to other metalloporphyrins.
White light used at room
temperature and palladium porphyrins (Pd1-

sourc€ was

Pd7) were employed to carry out the oxidation
of aromatic aldehydes in aerated medium.
Different electron-rich and electron-deficient
aromatic aldehydes were selected for photo-
oxidation. As compared to the substrates with
electron-donating groups, it was found that
substrates with electron-withdrawing groups
performed better. The data is based on the
reactions carried out and the reaction yields
were obtained after purification.Up to 88% of
the product yield was obtained using PdS for
photooxidation. In the case of tolualdehye and
3-fluorobenzaldehyde, good yields of 62% and
80% achieved. Using Pd7 as a
photocatalyst, up to 99% of the product yield
was obtained under the 24 watts white light
source, with turnover number of 16,500. The
photooxidation of aryl aldehydes was also

WwWeEre

achieved under sunlight, and the maximum
product yield obtained was 97% with a high
turnover (16,100). Compared to PdS5, the Pd7
having pentafluorophenyl and thiophene
appended carbazole at meso positions, worked
better as photocatalysts in visible light and
showed promising results with sunlight.
According to observations from numerous
conducted and reported experiments, Pd1-Pd7
are promising photocatalysts for reactions

carried out in white light and solar light.
3. Conclusion
The meso-functionalized A;B, and A3;B type

Pd(Il)porphyrins The
porphyrins with palladium as central atom

were discussed.

showed substantial phosphorescence and

The
singlet

fluorescence peaks. same porphyrins

produced good oxygen generation
because of the heavy metal effect. This singlet

oxygen was then used to oxidize aromatic
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Table 3: Photo induced oxidation reactions under white aldehydes into ca?boxyhc acids.
light and sunlight by Pd5 and Pd?7. Pd(TD) porphyrins showed
CHO COOH considerable catalysis for photo-
3_“'“"" Ca assisted oxidation processes, as
ght aaurce evidenced by the conversion of
{% Yleld of acld) several aldehydes containing
Vielkle light  Sunlight electron donating and
Alde hyde Acld Pds Pd7 pd? withdrawing groups to their
corresponding acids in
—@—ﬂHﬂ —@—nnnu 82 a7 a7 . .
significant yields.
HEGD—Q—GHG H,ﬂﬂ—@—nnnu ad -1 B0
@—an @‘“ﬂ““ gl o7 96
@—nm @—nnnu 60 75 72
3 F
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Abstract

Carbon dots (C-dots) is an emerging class of nanodots that are highly biocompatible and water
dispersible. In general, these particles are highly fluorescing and can be synthesized from naturally
occurring materials via microwave or solvothermal techniques. In this work, we present the results
of the synthesis and characterization of the C-dots using citric acid as a carbon source and
ethylenediamine as a nitrogen source. A microwave synthesis route has been adopted to prepare
water-dispersible carbon dots at 180°C for 10 minutes. The as-prepared C-dots are characterized
using UV-Vis absorption spectroscopy, photoluminescence, XRD, Fourier transform infrared
spectroscopy, XPS, and z-potential measurements. Further, a label-free assay for monitoring
hyaluronic acid (HA) and hyaluronidase (HAase) levels is designed by utilizing C-dot fluorescence
as a probe. The addition of HA is quantified in terms of fluorescence quenching of C-dots that
occurs as a result of electrostatic adsorption of HA onto the C-dots' surface. In contrast, HA was
decomposed from the C-dots surfaces by the further addition of HAase, and fluorescence recovery
is observed which is used to quantify HAase. The results of the present study illustrate that the C-
dots can be employed as an OFF-ON optical probe with great sensitivity and selectivity for the

detection of HA and HAase.

1. Introduction

The ultra-small carbon nanodots (C-dots), the
latest form of carbon nanomaterial, are now
emerging as a favorable material for many
applications fields including
photonics and bio-sensing [1, 2]. Specifically,
their good biocompatibility has led to their
successful use in the imaging of living cells and
in drug delivery as the small sizes (usually
having a diameter less than 10 nm) of particles

in  various

facilitate easy diffusion into the cells. The
facile synthesis of C-dots approaches often
relies on naturally occurring materials via
various  synthesis  approaches including
microwave or solvothermal techniques [1].
Most of the reported carbon dots comprise

carbon atoms with considerable fractions of
hydrogen, oxygen, and a trace amount of
nitrogen and surface functional groups (e.g.,
carbonyl, carboxyl, and amine
groups) [3-5]. The synthesis,
biocompatibility, tunable emission properties,
chemical inertness, high photostability, good

hydroxyl,
low-cost

intracellular solubility, and environmentally
sensitive emission characteristics of C-dots,
make them a promising material for fabricating
fluorescence-based optical sensors, particularly
for bio applications [6-8].

Being a major constituent of the extracellular
matrix, hyaluronic acid (HA) controls cell
adhesion, migration, and proliferation, also
different functions of tumors are reported to be
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closely linked with HA and it is mainly made
up of repeating d-glucuronic acid and N-acetyl-
d-glucosamine [9]. On the other hand, the
hyaluronidase (HAase) enzyme specifically
degrades the hyaluronic acid by splitting the
internal B-N-acetyl-D-glucosamine linkages. In
addition, the literature suggests that HAase is
considered as one of the cancer markers due to
the over-secretion of HAase in cancer patients
in different types of cancer including bladder,
colon, and prostate. Thus, it is important to
detect HA and HAase selectively with
improved sensitivity [10].

In this work, we present the results of the
synthesis and characterization of the nitrogen-
doped C-dots using citric acid as a carbon
source and ethylenediamine as a nitrogen
source. A microwave synthesis route has been
adopted to prepare water-dispersible C-dots at
180°C for 10 minutes. The as-prepared C-dots

are characterized using UV-Vis,
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photoluminescence, XRD, Fourier transform
infrared spectroscopy, XPS, TEM, z-potential

techniques, from which their structural
information, as well as other properties, are
interpreted. In addition, the excitations
wavelength-dependent, as well as pH-

dependent emission properties of the samples
are investigated. Further, selective sensing for
HA and HAase using these particles was also
demonstrated.

2. Materials &Methods
2.1 Materials

Citric  acid monohydrate (CA) and
Ethylenediamine (EDA), HgCl,, NaAsO,,
Pb(NO3)2, CdClz, MHC12.4H20, CI’C13.6H20,
Mg(NOs3),.6H,0, FeCls, and CoSO4.7H,0 were
purchased from Merck India. All reagents were
analytical and were used without further
purification. All solutions were prepared with

deionized water from a Millipore MilliQ

I g Citric acid + I ml EDA
In 50 mi DI warer

mq

O —Dets emixsion (a
405 nm laser excitation

._

MW hearing (o
180 2C, 10 min, 300 W

C =Dots powder by
hearting (@ §0°C

C =Dois after MW
freafment

4

Purification by dialysis
MWCO=2000, 24 h.

Figurel: Schematic of the synthesis steps of C-dots by microwave method
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system with a resistivity of 18.2 MQ-cm.

2.2 Synthesis of blue-emitting C-dots via
microwave-assisted and  hydrothermal
methods:

The blue-emitting C-dots were prepared based
on the literature with some modifications [11].
In this work, nitrogen-doped carbon dots were
prepared via microwave-assisted synthesis
using the CEM Discover SP Microwave
synthesizer method as shown schematically in
Figurel. In a typical procedure citric acid (1 g)
and 1 ml of EDA were dissolved in 50 ml DI
water. The solution was then transferred into a
microwave vial and heated at a temperature of
180 °C for 10 min at 300 W power. After the
reaction was over, the reactor was allowed to
cool to room temperature naturally. The carbon
dots solution was dialyzed with a dialysis bag
(MWCO=2000 Da) for 24 hours. Finally, black
powder C-Dots were obtained by drying at
80°C.

Vol. 35, Issue Number 1&2
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3. Results & Discussion
3.1 Characterization of C-dots:

The XRD pattern of C-dots given in Figure. 2
(a) illustrate broad diffraction peaks centered at
20 =23.5° and 41.1°, which can be attributed to
the disordered carbon atoms with a high degree
of (002) and (100) planes of the hexagonal
graphite structure. The d-spacing is calculated
by using Bragg's equation (d= nA/2 sinf) and
the values are found to be approximately 3.78
A and 2.19 A for the (002) and (100) peaks,
respectively [12]. The surface functional groups
of the C-dots are detected by FTIR studies.
The recorded FTIR spectra are shown in
Figure 2 (b) illustrating the characteristic bands
of O—H around 3366 cm ', and the stretching
vibration bond of N-H around 3073 cm.
Moreover, the two peaks observed around 1653
and 1558 cmcorrespond to the C = O bond
and N—H bond [11].The z-potential value for
the C-dots in the aqueous solution is measured
using Horiba (SZ-100). The
obtained values are +27.4 mV indicating the
electrostatic stabilization of the C-dots in an

instruments

Intensity (a.u.)

% Transmission

(b)

0 S0 6
20 (Degres)

a0

™1
90 4000 3500

_———
000 2500 2000 1500 1000 500

Wavenumber (em’)

Figure 2:(a) The XRD profile of the blue-emitting C-dots. (b) FT-IR spectrum blue-emitting C-

dots.
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aqueous solution [13].
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Nls peaks could attribute to the 399.78 eV
(Pyrrolic N) and 401.38 eV (Graphite N) and
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Figure 3: XPS spectra of survey scan of C-Dots and deconvolution spectrum of Cls, N1s, and

Ols

The surface composition and elemental analysis
of the C-dots prepared via the MW approach
are investigated using XPS studies. As shown
in Figure 3 (a), the survey spectra show three
predominant peaks corresponding to the carbon
(Cls) at 284 eV, nitrogen (N1s) at 400 eV, and
oxygen (Ols) at 531 eV, respectively. The
deconvolution of the Cls spectrum (Figure 3
(b))of the C-dots indicated the presence of three
types of carbon bonds 284.7 eV (C-C/C=C),
286.15 eV (C-0O-C), and 287.78 eV (C=0). The
deconvolution spectrum (Figure 3(c)) of the

the deconvolution spectrum (Figure 3(d)) of
the Ols peaks could attribute to the 531.38 eV
(C-OH), 532.62 eV (C=0) [11, 14]. The results
obtained from the XPS data for the samples
prepared via the MW method indicate that the
mass percentages of the carbon, nitrogen and
oxygen of the C-dots are 68.3%, 12.7%, and
19%, respectively.
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3.2. Photoluminescence characterizations of
C-dots:

The UV-Vis absorption spectra and emission
spectra of blue-emitting C-dots prepared via the
MW  method using the
spectrofluorometer and the results are shown in
Figures 4 (a) and (b), respectively. Figures 4
(b)illustrate  the excitation and emission
spectrum of the prepared C-dots via the MW
route. The C-dots showed absorption at 210 nm
and ~ 237 nm which can be attributed to the «
— m* transition of the C=C and aromatic C—C
bonds, respectively. The absorption peak at
around 348 nm stems from the n—n* for C = C
and C—N bonds [15]. The inset of Figure 4 (a)
shows the C-dots dispersed in water under
illumination with visible light of wavelength
405 nm (left) and under UV light (right). The
excitation spectrum shows a maximum peak
around 400 nm while monitoring the blue
emission spectra at 450 nm. In addition, it is
found that the blue-emitting C-dots exhibit
excitation-dependent emission as shown in
Figure 4 (b). A change of excitation wavelength
from 350 nm to 450 nm in steps of 10 nm

1S  measured
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shows the broad emission peak and red-shifted
emission from 450 to 550 nm. The red-shift in
emission wavelength can be attributed to the
presence of different energy trapping on the
surface of C-dots [16].The absolute quantum
yield of the C-dots prepared via microwave as
well as hydrothermal methods are measured
using Horiba Fluorolog with an integrating
sphere system, and it is found that the C-dots
prepared via MW techniques have anabsolute
quantum yield of about 41.9%.

3.3. Investigation of fluorescence stability
(Concentration, Time-dependent emission of
C-dots):

The prepared C-dots are further investigated in
detail to understand the influence of
concentration, photobleaching, and pH on the
emission properties. The effect of C-dot
concentration in the range of 0.002 to 1 mg/mL
on the optical emission property is investigated.
From the concentration-dependent emission
shown in Figure 5 (a), it is clear the PL
intensity increases with C-dot concentration
and reaches a maximum value of 0.5 mg/mL of

C-dots and a further increase in the
i e e " o —
i-—-!un:um Specirum .} ta} '._,r e HJ'] ﬁ
—Feinien Spamomen foad = 270
= BOOD - / -
= - | b T [~ 380
£ £ 3 8000 / / T ——— 400
] - £ I/ o % 410
= = f A =
I ] I f‘ﬁ \ 420
i 3 § aono- s
g $°
= E
= -
g 2000
i i i ' T T = ]
200 250 300 350 400 450 500 550 60O 400
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Figure 4: (a) optical properties of blue-emitting C-dots synthesized by microwave. Inset:
picturesof C-dots under daylight (left) and 405 nm (right)). (b) The emission spectra of blue-

emitting C-dots under different excitations.
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Figure 5: (a) Dependence of FL intensity on the concentration of C-dots. (b) Resistance to

photobleaching performance of C-dots.

concentration of C-dots results in quenching of
the PL intensity. The decrease in emission at
higher concentrations can be attributed to self-
absorption and
reported in a previous study [17]. Further, the

collisional quenching, as

time-dependent ~ emission under
continuous irradiation of a 405 nm laser beam
with 8 mW laser power are recorded to
investigate the effect of photobleaching for the

C-dots and the results are shown in Figure 5

spectra

(b). The fluorescence intensity is found to be
changed negligibly and thus demonstrates good
resistance to photobleaching.

3.4. pH-dependent emission studies:

More interestingly, the PL emission of the C-
dots is found to be very sensitive to the pH of
the surrounding medium. The fluorescence
intensity of C-dots (Figure 6 (a) and (b))
reaches the maximum value at pH = 5 but
decreases gradually from pH = 5 to pH = 12.
Meanwhile, a red-shift in the emission peak
from 460 to 490 nm is observed under acidic
pH values from 3 to 5, as shown in Figure 6 (a).
The phenomenon can be attributed to the
protonation and deprotonation of surface

functional groups present on the C-dots. The
photographs of C-dot emission in the pH range
of 3—12 are shown in Figure 6 (c) in daylight
and under 405 nm excitation [18, 19].

3.5. Selectivity and Quantitative
Measurements for HA and HAase:

Detection of HA and HAase was performed at
room temperature. For HA detection, in a 2 ml
vial, 200 pL of C-dots (1 mg/ml) and 100 pL of
PBS are taken and then 100 pL of HA solution
of different concentrations (0.05, 0.5, 5, 50,
500, 5000, 50000 nM) are added to it separately
by following the approach adopted in the
literature [20]. The mixture is then diluted to 2
mL of final volume by adding 1.6 ml of DI
water. The final mixture solution was subjected
to fluorescence measurements. Similarly, for
the detection of HAase, in a 2 ml vial, 200 uL
of C-dots (1 mg/ml) and 100 pL of PBS and
100 puL of 50 uM HA solution, and 100 pL of
HAase solution of different concentrations (50,
100, 1000, 6000 IU). The mixture is then
diluted to 2 mL of final volume by adding 1.5
ml of DI water. The final solution was used for
the fluorescence measurements. To examine the
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Intensity (a.u.)

(b)

Intensity (a.u.)

Figure 6:(a) pH-dependent emission of C-dots, (b) Dependence of PL emission intensity on
different pH (pH 3—12), and (c) Photographs of C-dots emission at various pH solutions with

405 nm excitation

selectivity and specificity of this proposed HA
sensing (as shown in Figure 7 (a)), nine
different ions including Hg2+, As3+, Pb2+, Cd2+,
Mn2+, Cr2+, Mg2+, Fe’" and Co*'are used as
target analytes and compared with fluorescence
signal in the case of HA. The concentration of
HA and other metal ions used here is 50uM,
under optimal conditions. All the emission
spectra are recorded at 405 nm laser excitation.
It is observed that by increasing the HA
concentration from 50 pM to 50 uM, the
fluorescence emission is quenching gradually,
as shown in Figure 7 (b).Reports suggest that,

due to the opposite nature of surface charges,
the electrostatic attractions of C-dots towards
HA, form ground-state complexes resulting in
emission quenching via the transfer of excited-
state electrons of C-dots to HA via a possible
photoinduced  electron (PET)
mechanism [20]. Figure 7 (c) shows the
excellent the
quenching efficiency (Iy/I) and the logarithm of
HA  concentrations with a correlation
coefficient R*=0.99325. Here, 1 is the integrated
intensity at various HA concentrations, I, is the
integrated intensity at 50 uM HA. The limit of

transfer

linear relationship between
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Figure 7:(a) Effect of various ions on C-dots emission. (b) Emission of C-Dots at different
amounts of HA. (c) The plot of the emission integrated intensity versus the logarithmic
concentrations of HA. (d) Emission of C-dots at different amount of HAase.

detection (LOD) for HA sensing is estimated to
be 4.26 pM based on the standard deviation of
the response and slope rule (LOD= 3.3*c/s)
where ¢ is the standard deviation calibration
curve and s is the slope. Further, by introducing
the HAase to the HA and C-dots complex the
enzymatic digestion between HA and HAase
occurred, thus a gradual emission recovery was
found in the range of 50 IU to 6000 IU HAase
concentration, as shown in Figure 7 (d), While
the complete fluorescence recovery is observed
when the HAase concentration reached at 6000
U [20].

4. Conclusions:

The present work demonstrated the synthesis,
characterization, and sensing applications of
carbon dots. The C-dots were successfully
synthesized by using citric acid as a carbon
source and EDA as nitrogen doping sources via
microwave-assisted synthesis and characterized
by using various techniques including UV-Vis
absorption, = XRD, FTIR, XPS, and
photoluminescence technique. C-dots
synthesized via the MW method exhibited blue
emission at 405 nm excitation. Further, MW-
synthesized C-dots exhibited an absolute
quantum efficiency of 41.9%.Further, the
prepared C-dots were employed for the
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concentration,  photobleaching,
dependent emission studies,
sensing for HA and HAase.

and pH-
and selective
The addition of
various concentrations of HA in the range of 50
pM to 50 uM resulted in a linear quenching in
the C-dots emission (with R* value of 0.993)
and the sensor provided a LOD of 4.26 pM. On
the other hand, with the
different concentrations of HAase in the range
of 50 IU to 6000 IU, the C-dot emission
recovery was observed. Thus, the MW-based
C-dots showed better selectivity and sensitivity

introduction of
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Abstract

Present article demonstrates a green method of thermal denaturation involving Pluronic and a
modified chemical cross-linking method involving dithiothreitol (DTT) for the synthesis of
nanoparticles from naturally occurring protein sources such as albumin and gelatin. Curcumin, a

well-established anti-inflammatory drug was entrapped within protein nanoparticles to study the
effects of particle size and particle hydrophobicity on the cellular delivery of entrapped drug. The
results established that the particle size of ~125 nm and hydrophilic lipophilic balance of ~22 is
optimal to achieve maximum intracellular concentration of the entrapped drugs. Finally, attempts

were also made to prepare the nano formulations of anti-cancer drugs like doxorubicin and

irinotecan and to evaluate them using mice models.

1. Introduction

Drug delivery system (DDS) promises to solve
number of issues associated with
conventional therapeutic agents, including their
poor lack  of
capability, nonspecific distribution, systemic
toxicity and low therapeutic [1,2].
Naturally occurring bio-molecules such as

a
bioavailability, targeting

index

proteins are an attractive alternative to synthetic

polymers which are commonly used in
fabrication of DDS Dbecause of their
biocompatibility and biodegradability [3].

Moreover, due to the presence of reactive
groups (thiol,
groups) in their primary structure, protein-
based  nanoparticles can be  surface
functionalised with the target specific ligands

amino and carboxylic acid

[4]. Common methods available for the
preparation of protein nanoparticles are
desolvation, emulsification, high pressure

homogenization, etc [5]. Major disadvantages
with these methods are use of organic solvent

and removal of organic oil from the

Further, the
common stabilizing agent used in previous
studies is glutaraldehyde which can cause
toxicity [6]. Therefore, there is a need to
develop greener methods that can overcome
associated with
Accordingly, our group has worked on the

nanoparticle solution. most

toxicity excipients.
development of physical and chemical methods
of preparing nano-carrier from protein sources
[7-9]. Among protein sources, albumin-based
nanoparticles offer several advantages like
biocompatibility, biodegradability and most
importantly passive targeting at tumor sites via
complementary pathways such as enhanced
permeation retention (EPR) effect, and receptor
(gp60 and SPARC)-mediated transcytosis [10].
Similarly, gelatin is one of the most widely
used proteinaceous polymers in pharmaceutical
formulations for drug delivery applications.
Gelatin is a protein hydrolysate obtained from
acid/base hydrolysis of collagen [11]. It is also
considered as GRAS (generally regard as safe)
to prepare clinical grade drug delivery systems.
Therefore, human serum albumin (HSA) and
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gelatin were chosen as the starting materials in
our studies. Further, curcumin a major chemical
constituent of turmeric has been reported for
[12].
However, its clinical translation as a therapeutic

various  pharmacological activities
drug has been limited due to poor aqueous
solubility, faster cellular metabolism and low
bioavailability [13]. Recently a lot of work has
been reported on the use of DDS for improving
the biological stability and availability of
curcumin. Most of these studies have been done
using inorganic nanoparticles and liposomes
and results have suggested the role of particle
size in controlling the release and cellular
uptake of entrapped drug. Accordingly, it was
aimed to study effects of particle size and
particle hydrophobicity on the cellular delivery
of curcumin through albumin and gelatin based
nanoparticles. The results pertaining to these
studies are briefly summarized in the following
sections. For detailed description, readers are
encouraged to go through our prior publications
[7-9,14-16].

2. Methods

All chemicals with maximum available purity
employed the study. The
characterization of protein nanoparticles was

were in
performed employing dynamic light scattering
(DLS), zeta potential measurement, scanning
electron microscopy (SEM & Cryo-SEM),
transmission electron microscopy (TEM),
grazing incidence attenuated total reflection
Fourier transform infrared spectroscopy
(GATR-FTIR). The binding and interaction of
drug molecules with protein nanoparticles was
studied by UV-visible, fluorescence and
circular dichroism (CD) spectrophotometric
techniques. The cellular uptake and in vitro
cytotoxicity studies were performed in cellular
model (A549) of lung cancer maintained at
Bhabha Atomic Research Center. Fluorescence
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imaging was performed using laser scanning
confocal microscope.

3. Results & Discussion

3.1 Particle of

curcumin loaded albumin nanoparticles

size-uptake correlation

The synthesis of stable HSA nanoparticles of
tunable size is a challenging task for its
successful therapeutic application. In order to
address this, thermal denaturation method was
employed for the of HSA
nanoparticles of different sizes. In brief, the
mixture containing 1% w/v HSA and 5 mM
sodium deoxycholate (NaDC) in phosphate
buffer saline (PBS) was heated at 67 °C and 70
°C for two hours followed by cooling at room
The characterization of particle

preparation

temperature.
size and morphology confirmed the formation
of nanoparticle of hydrodynamic size of 30.0 +
2.2 (HSATI1) and 60.0 = 5.9 (HSAT2) nm,
respectively at denaturation temperatures of 67
°C and 70 °C. To overcome the limitation of
size tunability of above-mentioned physical
method, chemical cross-linking method was
also tested. In brief, 1% HSA solution was
treated with different concentration of
dithiothreitol (DTT, 1 — 10 mM) and NaDC (5 -
30 mM) at 37 °C for 1 hr. After this, 1 ml
ethanol was added drop wise to the solution
with constant stirring and then incubated at
room temperature for approximately 2 hrs. The
results indicated that particle size of HSA
nanoparticles increased with increase in DTT
and/or NaDC concentration. Addition of NaDC
increased the negative surface charge and
improved the stability of HSA nanoparticles.
The reaction condition was optimized by
varying DTT concentration from 0.85 to 3.25
mM and keeping NaDC concentration fixed at
5 mM to obtain HSA nanoparticles of sizes 25
+ 2 nm (HSAnpl), 64 £ 6 (HSAnp2) nm, 125 +
10 (HSAnp3) nm and 234 + 40 (HSAnp4) nm
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respectively (Fig. 1A & 1B). The surface
charge of the HSA nanoparticle
characterized by zeta ({) potential
measurements and the values for HSAnpl,
HSAnp2, HSAnp3, HSAnp4, HSATI and
HSAT?2 were obtained as -12.36 + 0.73, -12.1 +
0.59, -11.96 + .67, -10.88 + 0.6, -13.67 + 0.74
and -11.42 + 0.52 mV respectively. After
optimization of the process to acquire HSA
nanoparticles of desired size, the effect of
particle size on the loading of curcumin was

was

studied and compared with the native protein.
For this, curcumin was encapsulated into HSA
nanoparticle by adsorption method. In brief, the
aqueous suspension containing the HSA
nanoparticles was mixed with the desired
concentration of ethanolic curcumin solution.
The solution was allowed to equilibrate for 15
minutes and unbound curcumin was removed
by dialysis using PBS as dialyzing solvent for
12 hrs. The resulting solution contained
curcumin loaded HSA nanoparticles and was
used for further studies. Amount of curcumin
loaded in estimated by
employing UV-Visible (UV-vis) absorption
technique as reported previously [17]. Drug

the carrier was

loading efficiency was calculated from the ratio
of amount of curcumin entrapped to the amount
of protein taken. The loading efficiency of
chemically prepared nanoparticles followed the
order HSA native < HSAnpl < HSAnp2 <
HSAnp3 < HSAnp4 suggesting that loading
efficiency increased with increasing particle
size. Similar trend was observed for thermally
synthesized HSA nanoparticles (HSATI<
HSAT2). However, in comparison to HSAnpl
and HSAnp2 respectively, the loading
efficiency of HSAT1 and HSAT?2 for curcumin
was lower Further, the interaction of curcumin
with HSA nanoparticles was investigated by
UV-vis and fluorescence spectroscopy. HSA in
native and nanoparticle forms exhibit
absorption in the range of 200 nm to 350 nm
with its absorption maximum at 280 nm, while
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curcumin absorbs in the range of 200 nm to 500
nm with maximum at 420 nm (Fig. 1C). In
order to determine the binding constant, the
absorbance of curcumin-HAS solution at 420

nm was recorded by mixing varying
concentration of curcumin (from 1 - 10 uM)
with fixed concentration of  HAS

(native/nanoparticles). The double reciprocal
plot of the differential absorbance of HSA-
curcumin solution at 420 nm was plotted as a
function of curcumin concentration according
to Benesi-Hildebrand equation (1).

1 1
AAg20nm  KAe420 nm[HSA][CUR]

1
Ag420 nm[HSA]

(1)

Where K is the equilibrium constant, AA420 nm
and Aeso nm are the respective differential
absorbance and extinction coefficient values of
the HSA-curcumin complex at 420 nm, and
[HSA] and [CUR] are the concentration terms.
The ratio of the slope and intercept obtained
from the linear fit of above plots gave the K
values which was in the order of 7 + 0.3 x 10*
M', 1.1 +£06x 10° M, 1.4 +08x 10° M,
21+ 1.1x10°M",6.1+0.2x 10*M"and 9.9
+ 0.7 x 10° M respectively for HSAnpl,
HSAnp2, HSAnp3, HSAnp4, HSATI and
HSAT?2. Comparing these values, it is evident
that the K value of curcumin with HSA
increased with increase in particle size. Notably
chemically prepared HSA nanoparticles
exhibited higher binding constant for curcumin
at a particular particle size. The binding of
curcumin with HSA nanoparticle may be
attributed to the existence of hydrophobic
pocket. This was confirmed by monitoring the
binding of HSA  nanoparticles  with
fluorescence dye like ANS and prodan, which
are used as a reporter to probe hydrophobicity
of a system [18]. Notably, the fluorescence
intensity of ANS and prodan is very low in
aqueous solution. It increased significantly in
presence of HSA nanoparticles. The increase in
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Figure 1: (4) Intensity correlation function of the albumin nanoparticles by DLS. (B) Image
corresponds to TEM of HSAnp3 nanoparticles. (C) Plot corresponds to absorption and
Sfluorescence (inset) intensity of curcumin (10 uM) loaded albumin nanoparticles (HSAnp3). (D)
Figure shows fluorescence of curcumin inside A549 cells treated with 12.5 uM of curcumin
through HSA nanoparticles (HSAnp3) for 10 hrs. DAPI fluorescence indicates the position of

nucleus within cells.

the fixed
concentration of the hydrophobic marker was in
the order HSAnp4 > HSAnp3 > HSAnp2 >
HSAnpl > HSA native form. These results
suggested that increase in the average size of
HSA nanoparticles,
pockets that was responsible for the enhanced
binding of a hydrophobic molecule like
curcumin. Similar analysis also confirmed the

fluorescence intensity at a

increased hydrophobic

presence of higher hydrophobic pockets in
chemically cross-linked nanoparticles HSAnp1
and HSAnp2 as compared to thermally
prepared nanoparticles HSAT1 and HSAT?2

respectively justifying the difference in their K
values. The release profile of curcumin from
HSA nanoparticles was investigated under
reservoir-sink condition (reservoir: pH 7.4
containing 0.1 % Tween 80, sink: pH 7.4) at 37
°C. At earlier time point i.e., till 40 hrs, the
cumulative release of curcumin from HSA
nanoparticles irrespective of its size was slower
than native the
nanoparticles, the release of curcumin was

form. Also, between
found to decrease with increase in particle size.
For example, the percentage (%) of curcumin
released from HSA native, HSAnp1, HSAnp2,
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HSAnp3, HSAnp4, HSAT1 and HSAT2 at 40
hrs was 9.6 +0.4,83+0.4,7.5+0.4,6.0+0.3,
44 +0.2,7.1 £ 0.4 and 6.9 = 0.3 respectively.
However, at a longer time point (96 hrs), the
respective cumulative drug released from native
HAS, HSAnpl, HSAnp2, HSAnp3, HSAnp4,
HSATI1 and HSAT2, estimated was 49.9 0.4
%, 52.5 £ 4.0 %, 57.6 £ 5.3 %, 70.0 = 6.0 %,
65.0 = 5.0 %, 54.8 + 4.0 % and 58.4 +4.1 %,
respectively. Finally, the internalization or
uptake of curcumin loaded HSA nanoparticles
was evaluated in A549 cells (Fig. 1D). For this,
A549 cells were treated with 12.5 uM of
curcumin entrapped in HSA nanoparticles
(HSAnpl, HSAnp2, HSAnp3, HSAnp4,
HSATI1 and HSAT?2) for 10 hrs and the amount
of curcumin in the cell lysate was estimated by
absorbance and fluorescence measurement. The
uptake levels of curcumin through HSA native,
HSAnpl, HSAnp2, HSAnp3, HSAnp4, HSAT1
and HSAT2 after a common treatment period of
10 hrs was estimated as 433 + 25 ng/mg
protein, 604 + 34 ng/mg protein, 703 + 41
ng/mg protein, 876 £ 51 ng/mg protein, 751 +
42 ng/mg protein, 453 + 29 ng/mg protein and
588 + 25 ng/mg protein respectively in
comparison to 419 £+ 31 ng/mg protein of
DMSO Thus,
increased with increase in particle size until ~

curcumin. cellular uptakes
125 nm, and a further increase in the carrier
size decreased the cellular uptake. Moreover,
the comparative study indicated that HSA
nanoparticles prepared by thermal denaturation
method exhibited lesser loading and cellular
delivery of entrapped drug (curcumin) than
those prepared by chemical crosslinking
methods at a given size. Curcumin is known to
be cytotoxic to cancerous cells and therefore
higher cellular uptake is expected to increase its
cytotoxicity. At an early time point of 48 hrs,
the toxicity of curcumin carried by different
HSA nano-carriers exhibited the particle size
effect with HSAnp3 (~125 nm) showing the
maximum toxicity. In conclusion above studies
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together demonstrated the potential of HSA
nanoparticles to increase the bioavailability of a
hydrophobic drug like curcumin and also the
optimal size for maximum cellular uptake.

3.2 Particle hydrophobicity-uptake
correlation of curcumin loaded gelatin
nanoparticles

The next objective was to study the effect of
particle hydrophobicity on the cellular
uptake/deliver of the entrapped drug. In order
to address this use, first the methodology of
preparing gelatin based nanoparticle of varying
hydrophilic and lipophic balance (HLB) was
optimised and subsequently these nanoparticles
evaluated for cellular delivery of
curcumin. In brief, physical method involving

WEre

heating of the aqueous solution of gelatin at 60
°C followed by gradual cooling at room
temperature yielded gelatin nanoparticles.
this, the

concentration of gelatin was optimized to

Having  observed initially

obtain nanoparticles of desired size and
viscosity. The average hydrodynamic size of
the gelatin nanoparticle as estimated by DLS
exhibited a concentration dependent increase
from 339+ 11 nm at 0.5% to 774+ 27 nm at 3%
of gelatin. Most importantly the solution of
gelatin  nanoparticles at concentration >1%
exhibited bigger particle size and resulted in
phase separation in the form of gel. Taken
together, above results indicated that 0.5%
(w/v) is the ideal concentration of gelatin to
prepare
solution phase.

relatively stable nanoparticles in
Further,
hydrophobicity, gelatin at a fixed concentration
of 0.5% (w/v) was mixed with 5-40% (w/w
with respect to gelatin) of Pluronic blend of
varying hydrophobic lipophilic balance (HLB)
of 8, 15, 18 and 22 and processed by thermal
method to yield gelatin-Pluronic nanoparticles.
The Pluronic blend of varying HLB was

prepared by mixing two pure Pluronic P123 and

to vary surface
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F127 of HLB of 22 and 8 respectively in
different weight ratio as presented by equation

2).

w1HLB1+w3HLB;
wi1twy

HLBpiena = (2)

Where, HLByeng 1S the HLB value of the blend,
w; and w; are the respective weights of F127
and P123 and HLB; and HLB, are the HLB
values of F127 and P123, respectively. The
thermal heating of gelatin (above its phase
transition temperature ~37° C) in presence of
pluronic allows the hydrophobic domain of the
to interact with random coil
(hydrophobic moiety) structure of gelatin
leading to its contraction and formation of
stable nanoparticle. The results clearly
indicated that both concentration as well as
HLB value of Pluronic blend dictated the size
of gelatin nanoparticles. For example, the size
of nanoparticles decreased with the increasing

pluronic

concentration (5 to 40%) of Pluronic blend
irrespective of its HLB. Similarly, the size of
nanoparticles decreased with the decreasing
HLB values irrespective of the concentration of
Pluronic blend. Considering that the size of
nanoparticles required for enhanced cellular
uptake is in range of 100-200 nm (as per the
result of previous section), 20% of Pluronic
blend was found to be optimum to obtain
gelatin nanoparticles of desired size range.
Notably, at a fixed concentration of 0.5% (w/v)
gelatin and 20% (w/w with respect to gelatin)
of Pluronic blend, the variation in HLB from 22
to 8 did not cause much change in morphology
(~ spherical) and surface charge (~ -6.5 mV)
while reducing the size of nano-composite to
165 = 097 nm, 161 £ 093 nm, 157 + 086 nm,
145 £ 089 nm and 134 + 074 nm respectively at
HLB 22, HLB 18, HLB 15, HLB 12 and HLB 8§
(Fig. 2A & 2B). Further, the mixing of the
pluronic polymer with gelatin is expected to
cause change the surface
hydrophilicity/hydrophobicity of the nano-

in
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composites. In order to understand this, surface
hydrophobicity was determined by contact
angle measurements using water as solvent.
angle of the gelatin
nanoparticle without pluronic coating was 40. 9

The water contact

+ 0.4°. The coating of pluronic led to increase
in the contact angle of gelatin nanoparticles
from 49. 8 £ 0.8° at HLB 22 (pure F127) to
80.3 + 9.8° at HLB 8 (pure P123). The increase
in the contact angle of HLB 8 coated gelatin
nanoparticle is attributed to the hydrophobic
characteristics of P123 polymer. Together it
suggested that the surface hydrophobicity of
gelatin-pluronic nanoparticles increased with
HLB of
Subsequently, curcumin was entrapped within

decreasing value pluronic.
gelatin-Pluronic nanoparticle of varying HLB
by adsorption method as described in previous
section. It was observed that the loading
efficiency of curcumin into gelatin-pluronic
nanoparticles was dependent on the HLB value
of pluronic blend. The loading efficiency of
curcumin increased with decrease in the HLB
value in the order of HLB 8 > HLB 12 > HLB
15 > HLB 18 > HLB 22. The entrapment
efficiency also followed the same order with
the values of 88.7 + 5.7 % and 98.9 + 8.9 % at
HLB 22 and HLB 8 respectively. The plain
gelatin nanoparticles without pluronic coating
showed the loading as as
entrapment of curcumin. With decreasing HLB
value, the hydrophobicity of the gelatin
nanoparticle facilitated
curcumin to bind with gelatin nanoparticle

lowest well

increased  which

more  efficiently  through  hydrophobic
interaction. This was further confirmed by
the binding between

curcumin and the gelatin-pluronic nanoparticles

estimating constant
using the Benesi-Hildebrand equation (equation
3) and assuming the 1:1 stoichiometry between
and

curcumin nanoparticles.
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1 1

AA420 nm " KAggzo nmlgelatin—pluronic][CUR]
1

Ag€420 nmlgelatin—pluronic]

)

In above equation, K 1is the equilibrium
constant, AAsonm and A&sronm are the respective
differential ~ absorbance @ and  extinction
coefficient values of curcumin bounded to the
nanoparticle at 420 nm, and [gelatin-pluronic]
and [CUR] are the concentration terms. For this
analysis, the concentration of the nanocarrier
was fixed at 0.5% (w/v) and of curcumin varied
from 1-10 uM. The K values obtained from the
ratio of the slope and intercept for plain gelatin
nanoparticles and gelatin-pluronic nanoparticles
of HLB 22, HLB 18, HLB 15, HLB 12 and
HLB 8 were 4.6 £0.1 x 10° M, 4.9+ 0.6 x 10°
M, 50+0.5x 10° M, 55£08x 10°M",
9.3+ 0.7 x 10°M" and 11.5 + 0.9 x 10° M
respectively. Comparing these values, it can be
inferred that the K value of curcumin with the
gelatin nanoparticles increased with decrease in
the HLB value. To account above observations,
fluorescence spectrum of curcumin bound to
also
measured by exciting at 420 nm (Fig. 2C). The
result indicated that the emission wavelength of
loaded gelatin-pluronic
nanoparticle was blue shifted as compared to
those in plain gelatin nanoparticles (without
pluronic). Curcumin bound to plain gelatin

gelatin-pluronic  nanoparticle  was

curcumin into

nanoparticles showed emission maximum at
539 nm whereas emission maximum with HLB
22,HLB 18, HLB 15, HLB 12 and HLB 8 were
observed at 529, 523, 518, 516 and 513 nm
respectively. This blue shift in the emission
increase in emission
that

experienced more hydrophobic environment in

spectra as well as

intensities confirmed curcumin
pluronic coated gelatin nanoparticles. As per
previous reports, the emission maxima of
curcumin can be correlated to the polarity of its

microenvironment [19]. Thus, by comparing
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the emission maxima of curcumin bound to
gelatin-pluronic nanoparticle of different HLB
values with those in organic solvents, the
polarity experienced by curcumin within plain
gelatin  nanoparticles and gelatin-pluronic
nanoparticles of HLB 22, HLB 18, HLB 15,
HLB 12 and HLB 8 were found to be
equivalent to that of water, ethanol, acetonitrile,
Tx-100,
respectively. Further, the existence of higher
hydrophobic pocket in pluronic coated gelatin
nanoparticle was confirmed by monitoring their

serum albumin and  acetone

binding with fluorescence dyes like ANS and
prodan which were used as a hydrophobicity
marker in a system. Fluorescence intensity of
ANS and prodan significantly increased in the
presence of gelatin nanoparticle and the
increase in the fluorescence intensity followed
the order HLB 8§ > HLB 12 > HLB 15 > HLB
18 > HLB 22 > plain gelatin nanoparticle.
These results suggested that the increase in the
number of hydrophobic pockets within gelatin-
pluronic nanoparticle with decreasing HLB
value of pluronic accounted for higher loading
as well as entrapment efficiencies of curcumin.
The release profile of curcumin from different
pluronic stabilized gelatin nanoparticles was
investigated under reservoir-sink condition
(reservoir: pH 7 containing 0.1 % Tween 80,
sink: pH 7.4) at 37 °C. Release of curcumin
from pluronic coated gelatin nanoparticle
followed biphasic pattern marked by initial
slow release up to 30 hrs and then faster release
till the end of experiment (80 hrs).
Additionally, the release of curcumin from
pluronic coated gelatin nanoparticle showed
HLB dependency with decreasing HLB value
in the gelatin nanoparticles facilitated slower
drug release at earlier time points (less than 30
hrs) and higher drug release at later time points.
The effect of HLB on the cellular uptake of
gelatin-pluronic nanoparticles was monitored
by following the delivery of curcumin through
these nanocarriers into A549 cells. According
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to results, the amount of curcumin uptake
estimated through plain gelatin nanoparticles
and pluronic coated gelatin nanoparticles of
HLB 22, HLB 18, HLB 15, HLB 12 and HLB 8
after a common treatment period of 6 hrs was
108 + 9 ng/mg protein, 336 + 18 ng/mg protein,
287 + 15 ng/mg protein, 229 + 13 ng/mg
protein, 188 £ 8 ng/mg protein and 172 + 11
ng/mg protein respectively (Fig. 2D). Thus, the
cellular delivery of curcumin through gelatin-
pluronic  nanoparticles  decreased  with
decreasing HLB value. The cytotoxic effect at
the end of 48 hrs of treatment of bare
nanoparticles and their corresponding curcumin
loaded nanoparticles in A549 cells showed that
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the treatment of Dbare gelatin-pluronic
nanoparticles per se caused cytotoxicity in a
HLB dependent manner. The gelatin-pluronic
nanoparticles of HLB 22 and HLB 8 exhibited
the (~2%) and highest (15%)
cytotoxicity  respectively. Further, in

comparison to bare nanoparticles, curcumin

lowest

loaded gelatin-pluronic nanoparticles showed
cytotoxicity. This is  expected
considering that curcumin is a well-established

higher

anticancer agent and has been shown to reduce
the viability of A549 cells [20]. Notably after
deducting the cytotoxicity of curcumin loaded
gelatin-pluronic nanoparticles with those of
corresponding bare nanoparticles, it was found
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Figure 2: Intensity correlation function of the gelatin nanoparticles (A) by DLS. TEM images
(B) corresponds to the respective gelatin-pluronic nanoparticles of HLB 8 and 22. Plot (C)
corresponds to absorption and fluorescence (inset) intensity of CUR (10 uM) loaded gelatin-
pluronic nanoparticles. Plot D corresponds to laser scanning confocal microscopy images of
A549 cells captured at 10* magnification using 488 nm laser following treatment with 12.5 uM
of curcumin through different carriers (HLB 8 and HLB 22).
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that the ability of curcumin to kill A549 cells
reduced with decreasing HLB of
nanocarriers which could be attributed to the
reduced uptake of curcumin as observed
previously. The

was

lower cellular uptake of
nanoparticles with decreasing HLB was due to
their  hydrophobic with
membrane hampering/slowing their penetration
within cells. Thus, HLB of Pluronic was found

interaction cell

to be an important parameter to be considered
for designing gelatin-based nanocarriers and the
nanoparticles having HLB of 22 were found to
be biocompatible for maximum cellular uptake.
Based on these results, the utility of gelatin-
F127 (HLB 22) nanoparticles for drug delivery
application was investigated using doxorubicin
hydrochloride (Dox) as a model anticancer drug
[15]. Dox is a broad-spectrum anticancer drug
used in the treatment of several types of cancer
[21]. The therapeutical application of Dox is
limited due to its maximum uptake in a non-
target organ, heart leading to cardiotoxicity.
Gelatin-F127  nanoparticles showed high
encapsulation efficiency of Dox (85%), a
sustained acidic pH responsive release profile,
and substantial cellular internalization.
Additionally, Dox loaded nanocarriers (G-Dox)
exhibited prolonged residence in blood as
evidenced by their longer circulation time as
compared to plain Dox. Moreover, G-Dox
exhibited a higher availability of the drug in
plasma as compared to nonspecific organs such
as the heart, liver and kidneys, highlighting its
significance in reducing drug associated side
effects. Finally, the enhanced toxicity of G-Dox
to a WEHI-164 (fibrosarcoma) tumor model as
compared to that of plain Dox under an
identical dosage of 6 mg per kg body weight
(IP) confirmed its potential for chemotherapy
application. In another similar study, the ability
of the gelatin based nanocarriers for target
specific delivery was also tested [16]. For this,
folic acid was conjugated with gelatin followed
by nanoprecipitation in presence of polysorbate
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80 to form folate attached gelatin nanoparticles
(GNP-F) of ~200 nm size. These nanoparticles
were loaded with irinotecan (IRI), another
broad-spectrum anticancer with the loading
efficiency of 11.2 + 0.73%. The IRI loaded
gelatin-folate (IRI-GNP-F) formulation
exhibited faster release of IRI at acidic pH (~5)
than at physiological pH (~7). Further IRI-
GNP-F  demonstrated
cytotoxicity in folate receptor (FR)-positive
HeLa cells than the unconjugated IRI-GNP
nanoparticles targeting.
Subsequently, the antitumor activity of above

significantly  higher

confirming active

formulations in FR-positive fibrosarcoma
(syngeneic) tumor-bearing mice followed the
order of IRI-GNP-F > IRI-GNP > free IRI. The
study that
encapsulation of IRI within folate conjugated of
GNP remarkably improved its circulation half-
life (tl/z). ThU.S,
supported the utilization of gelatin based
nanoparticles for both passive and active

targeting [15,16].

pharmacokinetic indicated

above studies together

4. Conclusions

In conclusion, our studies report the synthesis
and characterisation of novel protein
nanoparticles from biocompatible proteins such
as albumin and gelatin with tunable particle
size of 20-250 nm of spherical morphology.
The drug delivery applications of albumin and
gelatin nanoparticles were optimised using
curcumin as a payload. The results established
that the particle size of ~125 nm and HLB of

~22 is optimal to achieve maximum
intracellular delivery of payload through
albumin and gelatin based nanocarriers

respectively. Lastly, the synthetic methodology
was extended to design the passive and actively
of  well-established
anticancer drugs such as Dox and IRI which

targeted formulations

showed improved circulation half-life as well
as efficacy as compared to plain drugs in mice
models.
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Abstract

Fluorescein (FL) exists in several prototropic forms depending on the pH of the medium. It is
reported theoretically that the fluorescence intensity of FL depends upon the local pH, which, in
turn, is sensitive to the local electrostatic potential in the vicinity of the probe-generated by the
lipid head-group dipole orientation. Interaction of FL with lipid bilayer indicates that distribution of
FL in giant unilamellar vesicles (GUVs) is very heterogeneous. This fundamental work focusses
upon exploring the heterogeneity in the distribution of FL on interaction with GUVs formed by the
zwitterionic lipids molecules of 1,2-Dipalmitoyl-rac-glycero-3-phosphocholine (DPPC).

1. Introduction

The spatial distribution of excited state
lifetimes of fluorescent materials is determined
by fluorescence lifetime imaging microscopy
(FLIM), typically in the nanosecond regime
considering the fluorescence lifetimes of most
ﬂuorophores.l’zA typical FLIM instrument uses
an intensity-modulated or pulsed radiation for
excitation and measures the time-resolved
fluorescence emission. Fluorophore which are
typically used in biomedical applications bear
lifetimes ranging from 1 to 10 ns, which led to
the development of most frequency-domain
FLIM instruments operating between 10 and
100 MHz.? In time-domain measurements, time
correlated single photon counting (TCSPC)
technique is used where one monitors the
arrival time of the first photon after each pulse
at very high time resolution.” The microscope is
generally equipped with a pulsed light source (a

pulsed laser) to perform FLIM in the time-
domain detection.

FLIM is uniquely advantageous compared to
the conventional intensity-based fluorescence
microscopy. While, intensity alone cannot
fluorophore  with  spectral
similarity, fluorescence intensity imaging can
significantly provide information on their
spatial  distribution and can identify
fluorophores with distinct spectral properties
since it deals with the photon count.” Hence,
FLIM s advantageous
identifying changes in the molecular milieus
and understand the fluorophore function and
behaviour.” Because of its uniqueness, FLIM is
largely independent of fluorophore
concentration and hence can identify the reason
for the change in fluorescence intensity, which

discriminate

exceptionally in

could be due to changes in quantum yield, or
the overall fluorophore concentration, or both.
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FLIM measurements are much less affected by
the inner filter effects.®’

The usefulness of FLIM over conventional
microscopy or ensemble level time-resolved
measurements has tempted us to explore the
photophysical heterogeneity induced by the
molecular environment once a fluorophore
interacts with bio-mimicking system, such as,
the liposomes. For this study, we chose
fluorescein (FL), which important
xanthene dye with large
applications. The high absorbance in the visible
region of the spectrum and high fluorescence
quantum yield has made it useful in conjugation
Hence, FL
widely used as fluorescence marker
biosciences.*'® In all the applications, it has
been  observed that the  surrounding
dictates the  photophysical
properties of FL and its derivatives. They

1S an

a variety of

to functional biomolecules. is

in

environment
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typically exist in different structural forms in
different media and hence varied
absorption  spectra, spectra,
quantum yields and lifetimes, responding to the
various pH,H’12 strength of hydrogen bonding,13
and polarity'*of the environment.

give
fluorescence

Depending on the pH of the medium, FL exists
in several prototropic forms (Scheme 1)."> The
carboxyl phenyl in FL is almost perpendicular
to the xanthene ring,16 and therefore is not
conjugated to the xanthene group. Thus, the
ionization and alkylization of the carboxyl is
not expected to influence the absorption
spectrum in the visible region. The ionic forms
of FL are easily soluble in water whereas the
neutral form is sparingly soluble. The easily
aqueous soluble anionic FL does not bind to
anionic surfactants but readily binds to the
cationic ones.'” Interaction of FL with lipid
bilayer and hence the effect on its properties

acidic |

Different forma of FL at various pH

basgic

[ii}

Scheme 1: Different structural forms of FL.
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have also been studied. It was reported
theoretically that the fluorescence intensity of
FL depends upon the local pH, which, in turn,
is sensitive to the local electrostatic potential in
the vicinity of the probe generated by the lipid
head-group dipole orientation.'® This indicates
that distribution of FL at the membrane and
inside the aqueous pool of lipid vesicles may
vary the characteristic properties of FL.
Elaborate study in this aspect is important as
FL bound lipid membranes are widely used in
biological research.'”?’ Here, we have thus
focussed our study on exploring the
heterogeneity in the distribution of FL on
interaction with giant unilamellar vesicles
(GULVs) formed by the zwitterionic lipids
molecules of 1,2-Dipalmitoyl-rac-glycero-3-
phosphocholine (DPPC).

2. Experimental section
Materials

Fluorescein (FL) and 1,2-Dipalmitoyl-rac-
glycero-3-phosphocholine (DPPC) were
purchased from TCI Chemicals (India) Pvt.
Ltd. A 1.21 mM stock solution of FL was
prepared in methanol. High purity water was

Vol 35 Issue Number [ &2
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used throughout the experiment. The
experiment was done in Tris buffer (pH 7.5).

Synthesis of giant unilamellar vesicles
(GUVs)
The GUVs were prepared as reported

elsewhere.”* Briefly, a weighed amount (0.8
mg) of DPPC was dissolved in chloroform (0.1
M) and 20 pL of this solution was added to a
mixture of 980 pL of chloroform and 100—200
puL of methanol. The aqueous phase (5 mL of
Tris buffer) was then carefully added along the
walls of the flask. The organic solvent was
removed by a rotary evaporator under reduced
pressure (60 mm Hg) at 40 °C and 40 rpm. Due
to the different boiling points of chloroform (61
°C) and methanol (64 °C), we observed two
major boiling events. After evaporation for
about 2 min, an opalescent solution was
obtained containing a high concentration of
GUV. The diameter of the GUVs is calculated
to be ~40 um as obtained from FLIM.

Methods

The absorption and emission spectra were
collected using a U-2900 spectrometer from
Hitachi and a QM-40 spectrofluorimeter from
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Figure 1:(a) Absorption and (b) fluorescence spectra of FL with gradual addition of the DPPC
GUVs. The inset shows deconvoluted emission spectrum of FL. Concentration of FL is 3.02 uM.

The sample was excited at 484 nm.
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PTI, respectively. All the slit widths used for
with U-2900 and QM-40
spectrometers were 0.7 mm. The excitation
wavelength was 484 nm. The time-resolved

measurements

fluorescence measurements were performed by
the time-correlated single-photon counting
(TCSPC) technique in a spectrometer from
Horiba Jobin Yvon using a 405 nm NanoLED-
03 (temporal pulse width <70 ps) as the
excitation source and a TBX-04 photomultiplier
detector (IBH). From the measured decay
traces, the lifetimes were analysed using IBH

DAS-6 decay analysis software.

Vol. 35, Issue Number 1&2
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Figure 2: Time vresolved fluorescence

profiles of FL in the absence and presence
of GUVs constituted by 47 uM DPPC.

The FLIM studies were carried out with a
confocal laser scanning microscope (Axio
Observer Al) from Zeiss coupled with a DCS-
120 system from Becker & Hickl (BH) GmbH
for fluorescence lifetime imaging and a
picosecond diode laser (BDL-488-SMC, BH)
with Aex = 488 nm. The scanning was controlled

January, 2023

by a BH GVD-120 scan controller. The BH
HPM-100-40 hybrid detector module in the
DCS120 system was controlled by DCC-100
software. A long pass filter (HQ495LP) was
placed to block the excitation light and a
filter of 525-550 nm
(HQ525/50) was used to monitor the emission.
The TCSPC FLIM system is controlled by the
“SPCM” TCSPC operating software and by the
software of the DCC-100 detector controller.
The emitted light from a selected point of the
sample was collected by the microscope lens,
scanned by the galvanometer mirrors, separated
from the excitation beam, split into two
channels of different wavelengths, and focused
into pinholes in a plane conjugate with the focal

narrow band-pass

plane in the sample. Out-of-focus light was thus
suppressed. The FLIM images were analysed in
SPC Image software for decay measurement at
a particular point of the sample.

3. Results and discussion

Steady state spectroscopic results for

interaction of FL with DPPC

The absorption spectrum of FL in Tris buffer
(pH 7.5) shows two bands at 450 and 485 nm
(Figure 1a). The neutral forms of FL (ii, iii, iv)
have lower wavelength absorption and the
monoanionic forms (v, vi) absorb at higher
wavelengths.?! The neutral FL has a much
lower absorption intensity than the other forms
due to the
modification (iii), which does not absorb in the

formation of the lactonic

Table 1. Lifetime decay data of FL in presence and absence of DPPC GUVs. Values in
parentheses indicate the respective percentage contributions and the y’ values show the
goodness of the fits. The lifetime values are within 2-5% error limit.

System 71 (ns) T2 (ns) v
FL 0.15 (-2) 337 (102) 1.03
FL+47 (M GULV | 0.16 (-2) 3.93 (102) 1.00




ISRAPS Bulletin

visible region.?' This indicates that FL exists
partly in the zwitterionic form (iv), which is
expected to have the same spectrum as the
cation, and as the quinonoid form (i) that
exhibits ~ monoanion  absorption.'  The
absorbance of the monoanionic form increases
with increase in concentration of the DPPC
of the
fluorophore. The neutral form, being sparingly

vesicles indicating solubilisation
soluble in water, will stay in the lipid bilayer
and the monoanionic form will move into the
aqueous core due to enhanced solubility. The
fluorescence emission spectrum of FL also
shows two bands: the more intense band
appears at 510 nm and a very weak shoulder at
545 nm (Figure 1b). These bands are due to the
monoanionic and the neutral forms,
respectively. With gradual addition of DPPC in
the form of GUVs, the band for the
monoanionic form increases in intensity. This
could be due to the conversion of the
monoanionic form to the dianionic form in the
excited state, which can be confirmed from the
resolved fluorescence

time decay

measurements.

Time resolved fluorescence spectroscopy to
consolidate the nature of interaction

The time dependent fluorescence profiles of FL
in absence and presence of the GUV fit
biexponentially indicating existence of two
different species or events in solution (Figure
2). The fit data show a rise component along
with the decay on monitoring at 510 nm
wavelength (Table 1). The rise component
indicates the occurrence of an excited state
event in FL which is supposed to be the
deprotonation of the monoanion to yield the
dianion. The decay time slows down in
presence of GUV indicating longer lifetime of
the dianion in the excited state.
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Fluorescence lifetime imaging microscopy
(FLIM) studies to observe the heterogeneity
of FL in the GULVs

The FLIM image of the FL incorporated DPPC
GUYV shows the inner water pool of the GULV
where distribution of FL can be clearly be seen
(Figure 3). The code indicates
distribution of FL in the aqueous pool and the
decay time varies with the position of the dye.

colour

In has been observed that the green-coded and
orange-coded FL molecules have single-

Figure 3: FLIM image of an FL-
incorporated DPPC GULV. Concentrations
of FL and DPPC were 10 uM and 47 uM,
respectively. The excitation wavelength is
488 nm. The yellow, blue and green circles
are indicating the orange, blue and green
signals in the image.

1.59 ns,
respectively. The blue-coded FL molecules fit
with a double exponential routine and the
lifetimes are 1.01 and 3.24 ns. The fastest
decaying components are mainly populating the

exponential decay in 3.19 and

interior of the water pool and hence presumably
the signals are from the dianions. The green
coded ones are towards the lipid-water interface
and hence showing decay mainly from the
monoanions. The blue-coded molecules mostly
exist slightly below the interface and hence
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exhibit the existence of monoanion and the
dianions.

4. Conclusions

It has been shown that the different protropic
forms of FL readily interact with GUVs formed
from DPPC. The sparingly soluble neutral
forms and the monoanionic forms generally
absorb the radiation. The monoanionic form
converts to the dianions in the excited state due
to loss of one proton from the FL monoanion.
The FLIM image of the GUV shows
distribution of FL at the interface and in the
aqueous interior of the GUV. They show
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Abstract

In and around past one decade, single molecule microscopy has emerged as an elegant technique in
the field of bio-imaging. Single molecule detection can remove the complexity associated with
ensemble measurements techniques as it carries more information about the molecule than the
average measurement. Single molecule localization microscopy achieves super-resolution by
isolating individual emitters by fitting the focused image with appropriate point spread function
(PSF). By slightly defocusing the image, the recorded radiation emission pattern depends both on
the localization as well as the orientation of the dipole emitter. The present paper discusses this
method for accurate determination of position as well as orientation of individual emitters using
defocused orientation and position imaging (DOPI). We have used a home build setup for single

molecule detection, to see orientation of oscillating dipoles, i.e. dye molecules, when bound to hen

egg white lysozyme (HEWL) fibril.

1. Introduction

Proteins are complex macromolecules which
are components of biological
functioning of all living organism. Amyloidosis
is the diseases caused by formation of water
insoluble amyloid by denaturation of the native
proteins & aggregation. This amyloid fibril
shares some common morphological feature but
the native protein does not conserve its native

essential

structural motif. Hen egg white lysozyme
(HEWL) being very close to human lysozyme
is a most studied protein and also shows
formation of amyloid fibril in vitro. This
HEWL amyloid fibril formation study gives the
idea about the mechanism of amyloid fibril
formation which may well be related with
diseases causing amyloid fibril. Although,
different proteins in formation of
different amyloid fibrils but despite of different
amino acid sequencing they share very similar
morphological structure, mainly the cross -
sheet running perpendicular to fibril axis and

result

having hydrogen bonds between N-H and
carbonyl group of amino-acid parallel to the
long fibril axis. A large number of studies
employing a range of techniques have helped to
understand the physico-chemical and structural
arrangements of fibril formation. There are
great efforts to even develop better fluorogenic
probes for sensing amyloid fibrils for research
as well as diagnostic applications. Several
sensitive and specific amyloid-binding dyes
have been extensively used to study the
aggregation of proteins into amyloid fibrils in
vitro and here, we are interested in exploring
their binding to fibril structures for sensing
action.

In this project we attempted to explore the dye
binding sites on fibrils and the orientation of
dye dipole when bound to HEWL fibrils using
single localization
(SMLM) and orientation imaging with home

build single molecule imaging setups. SMLM"~
3

molecule microscopy

describes a family of powerful imaging
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techniques that dramatically improve spatial
resolution over standard, diffraction-limited
microscopy techniques and can potentially
image biological structures at the molecular
scale. SMLM, individual fluorescent
molecules are computationally localized from
diffraction-limited image sequences and the
localizations are used to generate a super-
resolution image or a time course of super-
resolution images. SMLM uses varieties of
techniques for accurately determining the
position of fluorophores. Most of these
techniques involve deconvolution of the images
to identify individual emitters and fitting the
deconvoluted image with appropriate point

In

spread  function’  Techniques such as
fluorescence imaging with one nanometer
accuracy (FIONA) have shown to be useful for
determining the position with nanometer

accuracy.4

But, most of the biological and chemical
processes
rotational motion of molecules. In order to gain
a deeper understanding about function of
molecules and its immediate environment, it is
desirable to have an understanding about both
the position and orientation of single molecules.
By moving the sample towards or away from
the focus of a microscope, the recorded dipolar
emission patterns, i.e. angular distribution of
intensity projection, become dependent on both
the position as well as the orientation of the
emitter.”” By using the fact that emission
for dipoles oriented
are different and by using
appropriate pattern matching methods
fitting the resultant defocused emission
patterns, information can be deduced about the
position and orientation of the emitters. This
method, known as defocused orientation and
position imaging (DOPI),® is applied to
determine the position and orientation of
Rhodamine B (RhB) dye dissolved in poly

involve translational as well as

patterns in different
orientations

for
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vinyl alcohol as reference and then applied with
a hydrophobic dye in presence of fibril
structures. To demonstrate, we use a form of
SMLM termed transient amyloid binding
(TAB)” ' of fluorescent molecules transiently
bound to amyloid fibrils. We detect the
fluorescence photons of Nile Red (NR), whose
quantum yield increases significantly when
exposed to a nonpolar environment, i.e. when
bound to fibrils at the single-molecule level.
Nile red is an uncharged, heterocyclic dye
which is soluble in organic solvents but has
poor solubility in water.

2. Materials and Methods

The standard sample used is 1 pM RhB in 0.1%
poly vinyl alcohol (PVA) spin coated on a glass
substrate. The sample is excited with a 532 nm
DPSS laser of circular polarization, using an
inverted microscope with an objective of
magnification 60X 146 NA. The
fluorescence emission at 550 nm is collected

and

using the same objective and passed through a
dichroic mirror to reject the excitation light and
imaged on to a CCD camera (ANDOR,
Newton) with pixel size 16 pm x 16 pm. The
magnification of the imaging optics is chosen to
be 200. The size of the pixel with this
magnification corresponds to approximately 80
nm. The images are collected with 0.1 to 1 sec
exposure times.

HEWL is known to form amyloid fibril under
denaturing conditions such as in organic
solvent, detergents low pH at high
temperature (37-90°C). Fibrils were prepared
following reported procedure,'’ as described
briefly. A stock solution of HEWL containing
Smg/ml was prepared in Milli-Q water and then
pH of this solution is adjusted to 1.0 using HCI.
The solution is then incubated at 90°C for 9
hours with continuous agitation by a stirrer at

in

300 rpm. After heating, solution is cooled down
to room temperature and then stored at 4°C for
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further The prepared fibrils
appropriately diluted with water (pH ~7) and
imaged using ~50 nM NR dye solution on

use. WEre

cover slip using highly inclined excitation
condition.

3. Dipole Orientation Imaging

The topic of special interest here is to
experimentally determine the spatial orientation
emission dipole. This
information about orientation is important as
single molecule orientation can itself be a probe
for studying photophysics and the arrangement
of the embedding environment/structure.
Among different techniques for determining
single-molecule orientations by fluorescence
imaging, is the detection of angular distribution
of a single-molecule’s fluorescence emission
pattern by deteriorating the image of the
molecule by defined image defocusing. The
intensity distribution of the blurred image
contains information about the molecule’s
emission-dipole orientation. We used this
concept to image surface-bound dyes on fibril
conventional CCD-imaging epi-
fluorescence microscope under laser wide-field
illumination. This method is easy to implement
and allows for fast screening of single-molecule
dipole orientations. For analysis of large
number of molecule orientations, a necessary
pattern recognition algorithm has been used to
localize single-molecule patterns within an
image and determine their three-dimensional
orientation noisy

of the molecule’s

using a

even under low-signal

conditions.

The near-field coupling of an emitting electric
dipole (fluorescing molecule) and a planar
multilayered substrate is well reported in
literature. In short, the emitting molecule is
considered as an ideal oscillating -electric
dipole. To study the interaction of such a dipole
with planar  structure, the
electromagnetic field of this

a emitted
dipole s
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mathematically represented by a superposition
of plane waves. For each plane wave, the
interaction with the planar substrate is
calculated by using standard Fresnel theory,
which in the end gives the desired full
electromagnetic field of the emitter in the
presence of the planar substrate. Finally, by
integrating the Poynting vector of a given
surface, one can then calculate the total energy
flux of the emitted field through the given
surface for detection onto CCDs.

3.1 Brief Theory of Defocused Imaging

A fluorescing molecule can be considered as a
dipole emitter. The radiation pattern emanating

+z

'

e ey

+&-

Figure 1: Spherical coordinate system
where optical axis is the z-axis, 0 is the
angle of the dipole relative to the optical
axis (0 < 0 <90°) and ¢ is the azimuthal
angle (0 < ¢ <360°). This dipole on
excitation emits electromagnetic field
which is a 3D doughnut shape around the
dipole, as a result of dipole oscillations.
When this angular emission field was
projected on a 2D detection plane (like
CCD-imaging epi-fluorescence
microscope)  gives  specific  intensity
pattern for the dipole orientation, i.e. a

in

particular valueof 6 and ¢.

can Dbe
classical

from the molecular emission
theoretically =~ modeled

electrodynamics.'” " Figure 1 shows dipole

using
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Defocused
Image plang

Image plane

EllJl (77) = cos T’[e—inz cosn Fb,s(n)einz cos n]
(- for p waves and + for s waves)

0 is the angle between the dipole axis and the
optical axis. egand e, are the unit vectors
denoting the in-plane and out of plane
polarization components of the electric field,
F;, (1) are the Fresnel reflection coefficients
at the air/glass interface for the s and p waves
and n is the refractive index of glass. After
imaging the radiation pattern onto the CCD
chip, the electric (£;) and magnetic fields (B;)
on the chip can be determined by integration

Figure 2: Schematic for geometry of defocused

imaging. The CCD camera is placed directly

at

the image plane of the optics while defocusing is
done by either moving the objective towards the

solution or by suitably placing the detector

in

defocused image plane in any wide-filed epi-

Sfluorescence setup.

(red double headed arrow) orientation in 3D
space showing polar (#) and azimuthal angles
(¢). The radiation emitted by dipoles shows an
angular distribution proportional to sin’é,
where @ is the angle between the direction of
observation and axis of the dipole.

The imaging geometry considered here is
shown in Figure 2. The polar and azimuthal
angles in the object frame are defined to be
n &y and that in the laboratory frame are
defined to be 6 &¢.

The angular distribution of the electric field
emitted into the glass (considering only the far
field emission) are given by'> '

E(n, ) = e, |cos(6) 3 (n)
+ sin (H)Ell,I (n)cos (1,0)]
+ e [sin O)E! ()sin ()]

With

E#‘(n) = Sinn[e—inz cosn 4 F, (1) einz cos 77]

over the variable .
Nmax

= sin
Bj ) n n bj

The angles 1 and n' are connected through
the magnification M of the imaging optics as
Msiny =nsinn. 8zis the amount of

cosn’

}eikﬁz cos n
ncosn

defocusing. The light intensity on the CCD chip
can be determined from the z-component of the
Poynting vector.

c

S =
8w

e, - (E XB")

This intensity pattern (S) is used to fit the
recorded images using a least square fitting
algorithm'*  to  extract the orientation
information.

3.2 Projection of Emission Intensity on 2D
Detector

Figure 3 shows a dipole oriented at an angle 6
with respect to the z axis which is the optical
axis and at an azimuthal angle ¢. Defocusing is
done along the optical axis. The emission
patterns for dipoles oriented at various angles
(6, ¢) and for various amounts of defocusing
can be theoretically calculated. Various
simulated emission patterns are shown in
Figure 3 and Figure 4. When dipole direction
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Wil

# wily B =15 # =l 4%
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will result in different emission
pattern of the respective oscillating
dipole

In practice, it is these patterns that
are imaged on to a CCD camera. It

is clearly visible that, as € changes
the emission pattern of the circular
fringes, becomes dark because the
dipole orientation going away from
optical axis and, when it became 90°
to the optical axis, the doughnut
shape pattern was visible. Change in
@ shows how the dipole orientation
changes in the plane.

4. Results and Discussion

Figure 3: Simulated dipole emission patterns for various

axial angles 6 under various amounts of defocusing (z

values) for ¢ = 90°.

is along x axis i.e. d= 90° from the optical axis

and ¢ = 0°, the observed emission pattern of

such alignment is doughnut like distribution.

4.1 Demonstration of Dipole
Orientation Imaging with RhB

First we checked our home build setup for
orientation imaging under defocused condition,
and for that we recorded images of RhB in PVA

& =mif o =20 & o liF o w1l o o MY o = 50 v == [ B[]

Figure 4: Simulated dipole emission patterns for various azimuthal angles ¢ at a particular

defocusing (z = 0.5 uym).
And when, dipole is along the optical axis, i.e.
0= 0° and ¢ = 0° emission pattern observed in
such alignment is circular ring field around the
dipole axis. Under focused condition we miss
emission patterns, but
defocused the rather outward
emission fields are collected in to the higher
refractive index media. That is, dipole emission
field in water media of » = 1.33 are efficiently
collected into the cover-slip (of »> 1.5) and
relayed to the objective for projection onto
detector. Different polar and azimuthal angles

these fine under

condition

matrix, spin coated on a cover slip. The sample
is moved in the z-direction from the focus by a
distance of -0.7 um using a motorized scanner
and defocused images are recorded. The
recorded images were parametrically fitted with
the calculated images (shown above) taking the
angles @ and ¢ as fitting parameters. The best
fit parameters obtained by a least square fitting
algorithm14 gives the location and orientation
angles of the dipole. The recorded and fitted
images are shown in Figure 5.
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Simulated Data

Experimental Dats

>,

Figure 5: Defocused fluorescence image of RhB
(in PVA solution) coated onto No. 1 thickness
cover slip is shown on top left. The theoretically
simulated pattern for this recorded image is
shown on the top right corner. The green dots
represent the localization point for individual
dipoles. The reorientation motion of a dye
(marked with white circle) as observed in
different time frames are shown in the bottom
(both

image). The corresponding values of 6 and ¢,

panel experimental and  stimulated
obtained from pattern matching algorithm are
mentioned below the individual dipole images.

4.2 Orientation Imaging NR Bound to Fibril
Structures

Wide field image of fibril in TIRF condition is
shown in Figure 6a. Theoretical data fitting of
small region of the wide field image is done by
Gaussian function fitting, results in super
resolved fibril structure under transient dye
binding condition, cf. Figure 6b.

Confocal intensity and lifetime images of fibril
stained with NR are shown in Figure 7. The
lifetime of NR in all the samples were observed
to be single exponential in the range of 3.0 - 3.5
ns. This indicates that hydrophobic surface on
fibril where NR binds is not appreciably
different. In Figure 7 right graph show the
decay curve of the marked area and also the
lifetime distribution of the whole region.

January, 2023

To record the dipole orientation of dyes
residing on fibril structures, we first recorded
the wide-field image, shown in left side images
in Figure 8 & 9. After selecting a region, we
record images by defocusing into the solution
by around 500 nm. This ensures that maximum
of emission field from the single dipole is
collected through the high refractive index
media (cover slip) and projected on to the
CCD. A representative defocused image,
showing the emission patterns are shown in the
right side in Figure 8 & 9.

Figure 6: Wide field image of fibril labeled
with 50 nM NR (CW 532 nm, TIRF
excitation) is shown on left. The right side
image represents the final processed super-
resolved image (following SMLM-TAB
scheme) of a small region of fibril under
transient binding condition with <10 nM NR.
10,000 frames were recorded with single
molecule PSF density of around 5-10 per 10
um’ image area. Localization of each PSF
with sub-pixel accuracy was performed in
ImageJ (inset) and super-resolved image
was constructed by stacking these 10,000
frames. With our setup, we could resolve
structures up to 50 nm. 100x NA 1.46 oil
immersion objective with cover slip of No. 1
thickness was used for imaging.

Our orientation measurements indicate mostly
in-plane polar angles (6 = 90°) with azimuthal
orientations (¢) aligned to the long axis of
amyloid for NR dye. These results suggest that
NR molecules preferentially bind to surfaces of
B-sheets with their transition dipoles parallel to
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Figure 7: Confocal  Fluorescence-lifetime
imaging microscopy (FLIM) of fibril stained with
NR using pulsed in-tune 535 nm excitation (pulse
width < 10 ps, < 10 uW, pinhole 100 um,
Dichroic 535¢, LongPass 635 nm) and Hybrid
PMT as detector. The pixel and microtimes were
recorded with photon counting card SPC-154.
Lifetime
simpleTAU routines. Decay curve of the marked
region (red circle on FLIM image) along with life
time distribution of the whole region is shown in

images were analysed with B&H

right.

Figure 8: Wide field image of fibril labelled
with 50 nM NR (CW 532 nm, TIRF excitation)
is shown on left. The others are defocussed
image of the same fibril. To observe the single
dipoles from a relatively bright region, we
made time series of defocused images and tried
to see their random blinking in some of the
frames, which are well separated to analyze
their individual patterns to extract angular
coordinates.

the fibril backbones. Further analysis of data to
ascertain the distribution of dye orientation
with respect to the fibril axis is underway.
Advanced setup with improved S/N for faster
acquisition is under development.

Figure 9: Wide field image of fibril
labelled with 50 nM NR (CW 532 nm,
TIRF excitation) is shown on left. And
right image is defocused pattern of the
emission field.

5. Conclusion

To explore the binding of dye on ordered

structures like fibril we have used advance
imaging methods. Dipole orientation of RhB
dyes were first recorded and characterized.
Different fibril samples were prepared and
viewed them under the fluorescence
microscope. It has been observed that surface
chemical environment is similar in all the
prepared  fibrils. =~ Defocused
experiments with fibril using NR clearly
indicate preferential sticking along the fibril
Further for their binding
orientation is under investigation.

imaging

axis. analysis
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