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Abstract
The combined use of photosensitizer (PS) and light to kill cancerous and microbial cells
has emerged as photodynamic therapy (PDT), and photodynamic antimicrobial
chemotherapy (PACT), respectively. PSs are known to generate reactive oxygen species
(ROS) on photo excitation that has the ability to kill cells. Moreover, recent studies
indicate that PACT agents have been useful for light induced water disinfection. The
PSs can be organic compounds, transition metal complexes, bioconjugates or
nanoparticle systems. The recovery of homogeneous PS by adsorption from disinfected
water is important to obtain water free of microbes and PS. Ruthenium complexes as
PSs for visible light water disinfection and their removal from water after disinfection
have not been studied. A photostable PS which retains its activity after adsorption, and
does not leach is desirable. Furthermore, nano hybrid systems of PS and nanoparticles
are known. However, their effect on bacterial photoinactivation has not been well
studied. Light emitting diodes (LEDs) are emerging as suitable and promising light
sources for photoinactivation of bacteria. A brief introduction on all the above facts is
presented in chapter 1. Gap in the literature, on the use of PSs for photoinactivation of
bacteria is presented in chapter 1. Two ruthenium complexes namely,
[Ru(bpy)2(phendione)]**, [Ru(phendione)s]** have been demonstrated to kill both Gram-
positive and Gram-negative bacteria in water using LED as visible light source. These
complexes were also effectively removed from water using activated carbon (AC) and
silica, and these results are presented in Chapter 2. Further, ruthenium complexes
([Ru(bpy)2(phendione)]*, [Ru(bpy)s]**) adsorbed onto AC were shown to inactivate
bacteria without leaching of complexes and reused for at least 5 cycles (Chapter 3).
Nano hybrid systems consisting of positively charged [Ru(bpy)s]** and negatively
charged Ag-GSH showed the ability to completely photoinactivate both Gram-positive
and Gram-negative bacteria in water. The results reveal that the [Ru(bpy)s]**
concentration required for photoinactivation in presence of Ag-GSH was significantly
reduced as compared to only complex (Chapter 4). Visible light irradiation of both
Gram-positive and Gram-negative bacteria in presence of [RuCl(bpy)>(ATPh)]" resulted
in complete photoinactivation of bacteria (Chapter 5). MB adsorbed onto magnetic
hydrogen titanate nano sheets (MB+FHTNS) was shown to completely photoinactivate

bacteria for at least 5 cycles (Chapter 6).
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1.1. Introduction:

1.1.1. Photochemistry:

Visible light is part of the electromagnetic radiation (EMR) received from sun (Figure
1.1). Visible spectral region (400-750 nm) of EMR is perceived by human eyes [Stochel
et al., 2009] and this energy drives the various photobiological processes on earth i.e.,
photosynthesis, phototropism, phototaxis, photoperiodism [Szacitowski et al., 2005,
Milgrom, 1997, Wolken, 1998, Suppan, 1994, Bensasson, 1999, Stochel et al., 2009].
Ultraviolet (UV) radiation that fall in the wavelength range of 100-400 nm, have
harmful effects, especially UV-C (200-280 nm) can permanently cause cell damage and
lead to cell death. Most of UV-C radiation is absorbed by the ozone layer of the earth’s
atmosphere [Stochel et al., 2009]. The relatively longer wavelength radiation (750-2500
nm), i.e., the infrared (IR) rays are absorbed by earth’s surface and clouds and re-
emitted to atmosphere. Also, certain gases in atmosphere like CO,, CH,4, water vapours
etc. absorb IR rays and radiate them in all directions that are responsible for maintaining

atmosphere and surface of earth warmer [Szacitowski et al., 2005].

0.0001-0.1A 0.001-100A 2.5 um-100cm 1 m-100km
cosmic rays gamma and X-rays
J U
( 100-400 nm 750-2500 nm w
|
g ik
(400 nm Visible Light 750 nm)

Figure 1.1: Representation of spectrum of electromagnetic radiation (EMR).

In general, molecular photochemistry is a branch of chemistry concerned with the study
of physical changes, and chemical reactions of molecules caused by absorption of light
[Rohatgi-Mukherjee, 1986, Turro et al., 2009]. Usually, UV (100-400 nm), Visible
(400-750 nm) or IR (750-2500 nm) radiations cause the photophysical and
photochemical changes of organic and inorganic molecules [Szacitowski et al., 2005,
Balzani et al., 1996, DeRosa et al., 2001, Stochel et al., 2009, IUPAC Gold Book].
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The two laws of photochemistry are:

1. First law or Grotthuss-Draper law: Light must be absorbed by a molecule for
photochemical reactions to take place.

2. Second law or Stark-Einstein law or photoequivalence law: For each photon of light
absorbed by a chemical system, only one molecule is activated for subsequent

reaction.

Quantum Yield (®) represents the efficiency of a photochemical reaction. It is defined
as “number of moles of a reactant disappearing or number of moles of a product
forming per einstein of monochromatic light absorbed (1 einstein = 1 mole of photons)
[DeRosa et al., 2001, Rohatgi-Mukherjee, 1986, Turro et al., 2009].

OO = moles of reactant consumed or product formed

moles of photons absorbed

Where, one mole of photons = 6.023 x 10?® photons or 1 einstein.

Quantum yield can vary from 0 to 1. The unity quantum vyield represents an ideal
photochemical reaction and it is the theoretical maximum [Kornblum, 2010, Bansal,
1998].

1.1.2. Fundamental photochemical processes:

A molecule has quantized electronic energy states. The electronic ground state of the
molecule is a singlet state (Sp). Absorption of a photon (hv) causes excited singlet states
(Figure 1.2). Photon absorption is followed by a rapid vibrational relaxation (vr). Higher
excited states can undergo vr that causes the molecule to reach its first electronic excited
state (S;). S; state can return to Sy state by radiative fluorescence (f) or non radiative
internal conversion (ic). Sy can convert to first excited triplet state (T1) by intersystem
crossing (isc) with high quantum yield. Excited molecule in T; state can release energy
by radiative phosphorescence (p) or return to Sp by non radiative (nr) mode. Photon
absorption by a molecule changes its electronic distribution and is represented by
Jablonski diagram (Figure 1.2) [Szacitowski et al., 2005, Balzani et al., 1996, DeRosa et
al., 2001, Rohatgi-Mukherjee, 1986, Turro et al., 2009, Wainwright, 2009, Stochel et al.,
2009, Jablonski, 1933, Elumalai et al., 2002].
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Figure 1.2: Fundamental photochemical and photophysical processes.

1.1.3. Photochemical processes in metal complexes:

The electronic transitions in a metal complex are represented in Figure 1.3. There are

four main types of transitions that are possible in metal complexes.

(i) L-L: Ligand-Ligand transition. In this type of transition, electron is usually excited
from ligand = orbital to ligand ©n* orbital. LL is also called as ligand-field transition.

(if) d-d: d-d transition. This represents metal centred transition, where an electron is
excited from a metal ion d orbital to an unoccupied metal ion d orbital. d-d
transition usually occurs in transition metal complexes.

(iii) LMCT: Ligand to Metal Charge Transfer. In this type of transition electron is
excited from ligand to metal.

(iv) MLCT: Metal to Ligand Charge Transfer. This transition is characterised by

transfer of electron from metal to ligand.
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Ligand
o* orbital

Ligand

d-d

n* orbital
e, orbital
Metal d {! 9
orbitals 1 t,, orbital
MLCT

Ligand
L-L norbital

Ligand
LMCT ¢ orbital
Figure 1.3: Electronic transitions in transition metal complexes.

1.2. Review of literature:

1.2.1. Generation of reactive oxygen species (ROS) by photoactive molecules:

A photoactive molecule (PM) in ground state absorbs light of suitable wavelength and
forms singlet excited state (PM*(S;)) that could also undergo isc to form triplet state
(PM*(Ty)), as represented in equation 1 and as shown in Figure 1.2. Usually, T, state

has relatively longer lifetime (in ys range) as compared to S; state (in ns range) [DeRosa

et al., 2002]. The T, state can transfer electron to oxygen and produce superoxide (O, )
free radical (equation 2) (Figure 1.4) that is called as Type | mechanism [Bilski et al.,
1993, Ma and Jiang, 2001, Huang et al., 2012, Sperandio et al., 2013]. It is important to

note that, O, ~ can also undergo secondary reactions, to produce hydrogen peroxide

(H20,) and oxygen (equation 3), in presence of an enzyme called superoxide dismutase

(SOD) [Castano et al., 2004]. Moreover, O, also reduces metal ions such as iron (Fe**)

and copper (Cu?") present in cells. These reduced metal ions (Fe?*, Cu*) break the
oxygen—oxygen bond in H,O, to form hydroxyl radical ( OH) and hydroxide ion (OH")

(equation 4) [Castano et al., 2004]. Further, O, " itself is not very reactive in biological
systems. H,O, in micromolar quantities is also not very harmful [Neyens and Baeyens,

2003, Pignatello et al., 2006]. However, the decomposition to hydroxyl radical is
deleterious to cells [Neyens and Baeyens, 2003, Pignatello et al., 2006]. OH is highly

reactive and damage most of the biomolecules. Hydroxyl radicals can cause lipid

5
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peroxidation, mutations in nucleic acids, oxidation of carbohydrates and damage amino
acids (e.g. convert phenylalanine to m-tyrosine and o-tyrosine) [Wainwright, 20009,
Girotti, 1985, Bachowski et al., 1994, Bachowski et al., 1991, Buchko et al., 1993].

] .
PM (Sg) — 3= PM*(S) e PM*(T1) oo )
e~ transfer N -
PM*(Ty) + O3 PM* + O3 " eoooreeecceersericee @)
. .. SOD
02 + 02 —— H202 + 02 ............................................ (3)
M+ [ ]
HyOp — 3 2HO + OH oo (4)

Where M* = Fe?*, Cu*

Typel Free Radicals

S = . O, me— ‘OH, O; ~, H,0,
PM /
T, — Oxidation of
i — . 1y biomolecules
T = by ROS
v b= |2 T
N
] Typell
PM 4o t
SC \ 4 11 —vV—V— v Vv 329 ()2
Photoactive molecule Oxygen

Figure 1.4: Generation of Reactive Oxygen Species (ROS) by photoactive molecule.

Additionally, the T state can transfer energy to oxygen. Dioxygen (O,) occurs as triplet
state naturally in its ground state. Energy transfer from T, of PM* to O, generates
highly reactive singlet oxygen (*O,) (equation 5) (Figure 1.4). The process of formation
of 'O, via energy transfer is referred as Type Il mechanism [Huang et al., 2012,
Sperandio et al., 2013, Castano et al., 2004, DeRosa et al., 2002]. 'O, is a strong
electrophile and oxidizes many cellular enzymes leading to protein synthesis inhibition,
altering DNA structure and disrupting cell membrane integrity [Grune et al., 2001,
Midden and Dahl, 1992, Girotti, 1983, Buchko et al., 1995, Ravanat et al., 1995].

Energy

PM (Ty) + %0, transfer

PM (Sp) + 10, v, (5)
6
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The photoactive molecule can be selectively accumulated in the target tumor tissue, and
the light irradiation of the tumours treated with photoactive molecules can be spatially
and temporally controlled, which generates ROS and selectively kills cancerous cells
[Yoon et al., 2013, Detty et al., 2004]. Thus, the technique of using monochromatic and
energetic laser light beams in combination with photoactive molecule to generate ROS
that Kills the cancer cells is a promising strategy and emerged as photodynamic therapy
(PDT) for cancer treatment [Castano et al., 2004]. Importantly, the application of PDT
against microbes is called photodynamic antimicrobial chemotherapy (PACT)
[Sperandio et al., 2013]. A variety of photoactive molecules have been developed as
photosensitizers (PSs) which has the ability to inactivate human cell lines as well as
microbes such as bacteria etc. [Szacitowski et al., 2005, Stochel et al., 2009,
Wainwright, 2009].

1.2.2. Cellular damage of bacteria in PACT:

Photo-antibacterial action is extremely destructive for microbes because of two main
reasons: (i) multiple sites of attack and (ii) lack of effective microbial defensive
mechanisms [Szacitowski et al., 2005]. ROS lead to non-specific damage to multiple
components of bacteria, such as cytoplasmic membrane, intracellular proteins, and DNA
[Stochel et al., 2009, Wainwright, 2009]. Damage to the cytoplasmic membrane leads to
altered permeability of cellular membranes to potassium and calcium ions, causing
leakage of cellular contents or inactivation of membrane transport systems and enzymes
[Midden and Dahl, 1992, Girotti, 1985]. There is also evidence that treatment of
bacteria with various PS and light leads to nucleic acids (DNA or RNA) damage (Figure
1.5) [Hamblin and Hasan 2004, Grune et al., 2001, Buchko et al., 1993].

Although cells have several natural defenses against ROS, the level of redox imbalance
inflicted by PACT is several orders of magnitude larger than the level or protection
allowed by enzymatic and molecular antioxidant species in the cell [Demidova and
Hamblin, 2004]. Besides, antioxidant cellular enzymes such as catalase and superoxide
dismutase are inactivated by singlet oxygen [Hamblin and Hasan 2004]. The above facts
reveal that an important benefit of PACT is the absence of microbial resistance and,
thus, a similar efficacy against conventional drug-sensitive and drug-resistant microbial
strains [Hamblin and Jori 2011].
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Figure 1.5: Cellular damage of bacteria by ROS.

The highly reactive ‘OH radical can be scavenged by mannitol, melatonin, a-tocopherol
and glutathione [Matés et al., 2012, Reiter et al., 2000, Girotti, 2001, Murata et al.,
1986, Taylor et al., 1980]. A few O, quenchers are sodium azide, histidine, cholesterol,
B-carotene, imidazole, a-tocopherol, tryptophan and reduced glutathione [Perotti et al.,
2002, Girotti et al., 2000, Song et al., 1999, Henderson and Miller, 1986]. Singlet
oxygen can also be spectrophotometrically detected using probes such as 2-amino-3-
hydroxypyridine (AHP) and 1,3-diphenylisobenzofuran (DPBF) (Figure 1.6) [Komagoe
et al., 2001, Amat-Guerri et al., 1999, Gomes et al., 2013, Pia Donzello et al., 2012].
The absorbance of the probes reduces in the presence of 'O, due to the oxidation and
consequent fading of the probe [Wainwright, 2009]. Change in absorbance of AHP and
DPBF is monitored at their Amax, 318 nm and 414 nm respectively.
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Figure 1.6: Probes for spectrophotometric detection of singlet oxygen and their possible
products formed after reaction with singlet oxygen, (A) 2-amino-3-hydroxypyridine and (B) 1,
3-diphenylisobenzofuran.

1.2.3. Effect of photogenerated ROS on Gram-positive and Gram-negative
bacteria:

In the 1990s, it was reported that there was distinction in susceptibility between Gram-
positive and Gram-negative bacteria towards PACT [Dahl et al., 1988]. The high
susceptibility of Gram-positive species was explained based on cell wall composition.
The cytoplasmic membrane of Gram-positive bacteria allows PS to cross as it is
surrounded by a relatively porous layer of peptidoglycan and lipoteichoic acid (Figure
1.7) [Hamblin et al., 2004, Maclean et al., 2009, Dahl et al., 1988].

On the other hand, in case of Gram-negative bacteria the cell envelope consists of two
cytoplasmic membranes that are separated by peptidoglycan-containing periplasm
(Figure 1.7). The outer membrane forms a physical and functional barrier between the
cell and its environment. In the outer membrane, several different proteins are present;
some of them function as pores to allow passage of nutrients, whereas others have an
enzymatic function or are involved in maintaining the structural integrity of the outer
membrane and the shape of the bacteria. This extra outer membrane may provide
resistance to Gram-negative bacteria against ROS generated during photolysis [Hamblin
et al., 2004, Maclean et al., 2009, Dahl et al., 1988].
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Figure 1.7: Diagrams illustrating differences in membrane structure between (A) Gram-positive

and (B) Gram-negative bacteria.

A good photosensitizer for PDT or PACT should be a single substance with constant
composition and a high degree of chemical purity, nontoxic in the dark, and sufficiently
photostable under physiological conditions [Guo et al., 2010, Li et al., 2011,
Szacitowski et al., 2005, Stochel et al., 2009, Detty et al., 2004]. As the efficiency of
photosensitizer depends on the photophysical properties of the first excited triplet state,
this state should be generated with a high quantum vyield (®) and have an appropriate

energy and long enough lifetime to allow efficient energy or electron transfer to the
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oxygen molecule [Szacitowski et al., 2005, Stochel et al., 2009]. Each photosensitizer
molecule can typically produce 10%-10° molecules of ‘O, before being degraded through
photobleaching by O, or by some other process [DeRosa et al., 2002]. Photosensitizers

can be both, organic compounds or inorganic metal complexes.

1.2.4. Organic photosensitizers:

A

OCH, OCH,

Figure 1.8: A few organic photosensitizers (A) Rose Bengal, (B) Rhodamine B, (C) Methylene
Blue, (D) Curcumin.

Organic photosensitizers are molecules with highly conjugated structure that absorb
light. Some examples are dyes such as Rose Bengal, Methylene Blue, Rhodamine B and
Curcumin and others (Figure 1.8). Photoexcitation of these dyes generate singlet oxygen
with appreciable quantum yield. PDT action by these dyes is generally due to singlet
oxygen based Type Il mechanism. These dyes have also been reported to inactivate
microbes. Singlet oxygen destroys conjugation which results in reduction of the ability
to absorb visible light, and over the time these photosensitizers undergo bleaching
[DeRosa et al., 2002]. It has been shown that stability and water solubility of Curcumin

increases when it is bound to polyvinylpyrrolidone (PVP-C). PVP-C can be used for
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disinfection of wounds and employed in aseptic production of foodstuffs [Winter et al.,
2013].

A EaOZC CO,Na
0__
o n
0]
B H-N OR
0]

Figure 1.9: Structures of a few clinically accepted photosensitizers. (A) Photophrin, (B)
Levulan, where, R=H, methyl, hexyl, benzyl, (C) Foscan.

The first accepted photosensitizer for PDT is Photofrin, which is a mixture of
hematoporphyrin monomers, dimers, and oligomers (Figure 1.9 (A)) [Szacitowski et al.,
2005, Stochel et al., 2009, Detty et al., 2004]. 5-aminolevulinic acid (Levulan) and its
methyl (Metvix), hexyl (Hexvix), and benzyl (Benzvix) ester derivatives (Figure 1.9
(B)) [Lang et al., 2001, Wachowska et al., 2011, Wan and Lin, 2014] are precursors of
protoporphyrin  IX. The synthetic m-tetrahydroxyphenylchlorin (mTHPC, Foscan)
(Figure 1.9 (C)) [Rezzoug et al., 1998, Coutier et al., 1999, Kniebthler et al., 2013] has
been accepted for clinical applications [Szacitowski et al., 2005, Stochel et al., 20009,
Detty et al., 2004]. In general, porphyrins, chlorins, bacteriochlorins, phthalocyanines,
naphthalocyanines, and texaphyrins (Figure 1.10) are the various clinically relevant
photosensitizers for PDT or PACT [Ali and van Lier, 1999, Nyman and Hynninen,
2004, Detty et al., 2004, Szacitowski et al., 2005, Stochel et al., 2009].
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e
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Figure 1.10: Representative figures of clinically relevant photosensitizers (A) Porphyrin, (B)
Chlorin, (C) Bacteriochlorin, (D) Phthalocyanine, (E) Naphthalocyanine, (F) Texaphyrin.

1.2.5. Transition metal complexes based photosensitizers:

Metal complexes can act as photosensitizers via both Type | and Type Il mechanisms.
Photochemical excitation of transition metal complexes by visible and UV light
generates electronic excited states under moderate reaction conditions (ambient

temperature and pressure) [Hennig et al., 1999].
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Some of the transition-metal complexes are photochemically stable, have long lived
triplet state and high efficiency of producing ROS on visible light irradiation [Balzani et
al., 1996]. In particular, the assembly of ligands around the central metal makes it
possible to design transition metal complexes with multiple functions, such as water
solubility, biological compatibility, and phototoxicity [Szacitowski et al., 2005, Stochel
et al., 2009, Detty et al., 2004, Balzani et al., 2001, Hammarstroem et al., 2010, Goss et
al., 1985, Rengifo-Herrera et al., 2007, Villen et al., 2006]. For example, ruthenium (1)
complexes of polypyridyl ligands such as bipyridine and phendione are highly
photoactive and have been reported to show energy and electron transfer on excitation.
The excited ruthenium complexes can from various ROS as described in equations 5-9
[Lei et al., 2011, Gao et al., 2006, Yavin et al., 2004, Concepcion et al., 2007, Abdel-
Shafi et al., 2004, Mulazzani et al., 1994, Garcia-Fresnadillo et al., 1996].

hv
Ru(ID—/— Ru(ll) (5)
*Ru(ll) + O, — Ru(I) +10, ., (6)
hv
Ru(ll) + O, — Ru(lll) + O™ i (7)
O, + OZ_L HoOp o (8)
Ru(lll)
HZOZ — 3 2HO i, (9)

[Ru(bpy)s]**, where bpy (2,2'-Bipyridine) is polypyridyl bidentate chelating ligand, is a
well known photoactive metal complex (Figure 1.11 (A)). The bpy complexes of
ruthenium absorb light intensely in the visible part of the spectrum. The electronic
transitions are attributed to MLCT [Smith et al., 2003], which could result in photo-

redox reactions.

Quantum vyield of singlet oxygen formation by [Ru(bpy)s]** depends on the solvent.
Some of the values described with different solvents are as follows: 0.22 in D,0, 0.41 in
water, 0.56 in acetonitrile, 0.73 in CD3OD and 0.87 in methanol [DeRosa et al., 2002].
The complex has been studied in many areas such as PDT, water disinfection, and solar
(photo voltaic) cells [Lei et al., 2011, Gokulakrishnan et al., 2013, Gao and Bard, 2000].
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MLCT visible light excitation of Ru(ll) polypyridyl complexes containing phendione as
ligand (Figure 1.11 (B, C)), results in charge-separated excited species which generates
Ru(lll) and ligand centred radicals [Concepcion et al., 2007, Goss et al., 1985,
Campagna et al., 1999]. The charge-separated excited species undergo fast radiation-
less decay to ground state resulting in quenching or reduced luminescence [Zhou et al.,
2010, Chouai et al., 2005], which is not favourable for the formation of singlet oxygen
[Garcia-Fresnadillo et al., 1996, Zhou et al., 2010, Chouai et al., 2005, DeRosa et al.,
2002].

A

Figure 1.11: Structure of a few Ru polypyridyl complexes showing visible light MLCT
excitation, (A) [Ru(bpy)s]**, (B) [Ru(phendione)s] **, (C) [Ru(bpy).(phendione)] **.

1.2.6. Bioconjugates as photosensitizers:

The third generation of PSs for PDT represent a class of molecules in which a PS is
conjugated to carrier molecules for specific targeting to tumor cells. These carrier
molecules include monosaccharides [Zheng and Pandey, 2008], peptides [Shadidi and
Sioud, 2003], low density lipoproteins (LDLs) [Polo et al.,, 2002], antibodies
[Vrouenraets et al., 2000], nanoparticles (NPs) [Chatterjee et al., 2008] and polymers
[Greco and Vicent, 2008]. Developing conjugates of PSs with saccharides help in
targeting carbohydrate-binding molecules, which are known to express on the surface of

many tumor cells [Zheng and Pandey, 2008, Liu and Rabinovich, 2005]. It was found
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Figure 1.12: Structures of photosensitizer-carbohydrate conjugates. (A) Pyropheophorbide 2-
deoxyglucosamide (Pyro-2DG), (B) 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a
(HPPH)-Gal, (C) Purpurinimide-lactose.

that carbohydrate conjugates (Pyropheophorbide 2-deoxyglucosamide, Purpurinimide-
lactose, HPPH-Gal) showed higher binding affinity than the corresponding non-
conjugated PSs (Figure 1.12) [Zhang et al., 2003, Pandey et al., 2007, Zheng et al.,
2009]. Additionally, peptides and proteins can also be used to enhance the uptake of PS-
carrier conjugates by tumor cells [Gariépy, 2001, Tarragé-Trani et al., 2006]. It was
reported that the conjugate with the peptide linker (Pyro-GDEVDGSGK), tended to
specifically accumulate into the tumor cells as compared to that without the peptide
linker [Stefflova et al., 2007, Chen et al., 2007]. Also, PS have even been targeted to

16



Chapter 1

sub-cellular components like nucleus by conjugating PSs to peptides like poly-L-lysine
and nuclear localization sequences (NLS) peptide [Ogura et al., 2005, Tijerina et al.,
2003] (Figure 1.13). Moreover, a conjugate of PS Chlorin ¢ and peptide poly-L-lysine
was able to efficiently kill both Gram-positive and Gram-negative bacteria on
illumination with red light [Soukos et al., 1998]. Furthermore, LDL conjugated to PS
can be used to target membrane of tumor cells that over express LDL receptors [Zheng
et al., 2002, Nikolaeva et al., 2010] (Figure 1.14).

HyCa

. ocC

C—Clv=Asn-Clu=Val—Asn-Clv=S er-Clv=T v

” Gly—Asp-Glu—Val—-Asp-Gly—Ser-Gly Ii)s LW/L_\'S-L_\'s-L}'s—L}'s—Lys—Lys—Lys-Lys—L_\'s*

0 NH, N
Lys—Lys—Lys-Lys-Lys-Lys—Lys—Lys-Lys-

Figure 1.13: Structures of PSs conjugated to peptides. (A) Pyropheophorbide -
GDEVDGSGK, (B) Chlorin ¢ — poly — L — lysine.

CH,

HiC
CH,
A
HyC cH,
NH
\/\0
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Figure 1.14: Structures of PSs conjugated LDLs. (A) Chlorin ¢ — cholesterol, (B)
Pyropheophorbide — Cholesteryl Oleate Amine 4.
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1.2.7. Nanoparticle systems as photosensitizers:

Development of visible light active PSs for water disinfection is important from the
view point of utilising a major part of solar spectrum for bactericidal action [Blanco et
al., 2009, Boyle et al., 2008]. Solar-driven photocatalytic disinfection systems at the
nano-level can be of three types: doped-TiO,, dye-sensitised TiO, and composite

inorganic nanomaterials [Zhang et al., 2010].

Figure 1.15: Development of visible light active semiconductors. (A) Doping of TiO, with ions,
(B) Photosensitization of TiO, with a photosensitizer, (C) Composite inorganic nanomaterials.

TiO, doped with nitrogen, carbon or sulphur absorbs wavelengths in visible region
(Figure 1.15 (A)). This is an advantage over neat TiO, which absorbs in near UV region
(< 400 nm), in utilising sunlight [Li et al., 2009, Sakthivel et al., 2004, Miyauchi et al.,
2004, Yu et al., 2005, Huo et al., 2008, Rengifo-Herrera et al., 2008]. Further, in another
study, the nitrogen doped TiO, was modified with palladium and it was found to
enhance visible-light photocatalytic disinfection of bacteria as compared to neat TiO,
[Wu et al., 2008].

Dye-sensitization is one of the most popular and economical processes for improving
the TiO, photocatalyst performance [Zhang et al., 2010]. A few sensitizers that have
been used are [Ru(bpy)s]**, Eosin and Safranine. The PSs on excitation, direct electron
injection into conduction band of TiO, photocatalyst [Jin et al., 2006, Hussein and
Alkhateeb, 2007, Jin et al., 2007, Yao et al., 2008, Hashimoto et al., 1988]. The redox
potential of the excited state (S*) of PS should be lower than the conduction band edge
of the semiconductor. The electron transfer from S* to the conduction band can occur
with subsequent reduction of the oxidized form of the sensitizer (S™) by an electron
donor, D. The sensitizer is therefore regenerated, and the catalytic cycle is closed. The
semiconductor plays only the role of a support, mediating electron transfer to the
acceptor, A (Figure 1.15 (B)) [Szacitowski et al., 2005]. To cite one example, Yao et al.
doped TPPN into TiO, thin films by a sol-gel method. Such dye-sensitized TiO, thin
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film exhibited visible light-induced bactericidal effects on phytopathogenic bacteria,
killing 90% cells in ~60 min [Yao et al., 2007].

The coupling of a photocatalyst with a metal forms composite inorganic nanomaterials
and these can be developed as effective visible light photocatalysts. Visible light
irradiation leads to charge separation only in the semiconductor of lower band gap
(SEM 1). Then an electron can be transferred to the conduction band of the second
semiconductor (SEM 11) and later used in reduction of the electron acceptor. On the
other hand, oxidation of D takes place at the surface of the first semiconductor (Figure
1.15 (C)) [Szacitowski et al., 2005]. The main advantages of such systems are
suppression of the recombination process, efficient charge separation, activity upon
visible light irradiation and increased yield of the catalytic reaction. For example,
Ag/AgBr/WO03-H,0, Agl/TiO, and Ag/AgBr/TiO, are visible-light active photocatalysts
and were used to efficiently kill E. coli and S. aureus. This effect was attributed to
combined advantages of a plasmon photocatalyst and a composite photocatalyst. The
photogenerated electrons were transferred to Ag NPs and were separated from the holes
in the valence bands of AgBr and WOj3-H,O or TiO,. The separated holes thus
produced, oxidized the bacteria [Hu et al., 2006, Hu et al., 2007, Wang et al., 2009].

1.2.8. Charge transfer complexation between photosensitizers and nanoparticles:

A charge transfer complex is an association of two or more molecules in which
electronic charge is transferred from electron donor to electron acceptor. The resulting
electrostatic attraction provides a stabilizing force for the charge transfer molecular
complex [Rohatgi-Mukherjee, 1986]. A few examples of charge transfer complexes
between photosensitizers and nanoparticles have been reported [Franzen et al., 2002,
Glomm et al., 2005, Huang and Murray 2002, Glomm et al., 2004]. Stephen et. al., have
reported the photoinduced charge separation between Ru(bpy)s and capped metallic NP
(such as Au, Ag) [Glomm et al., 2002] (Scheme 1). Additionally, combination of
photoactive molecules such as porphyrin and chlorophyll, with silver nanoparticle (Ag
NP) are also known to produce the charge-separation states upon photoexcitation
[Barazzouk et al., 2004, Murphy et al., 2011].
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[Ru(bpy)s]** — NP — [Ru(bpy)s*]** (MLCT) - NP —»
[Ru(bpy)s]*" —~ NP~ —— [Ru(bpy)s]** — NP

Scheme 1: Electron transfer between [Ru(bpy)s]** and NP.

In order to form the electrostatic interaction between [Ru(bpy)s]** complex and Ag NP,
the Ag NP was quoted with negatively charged species (Figure 1.13). Glutathione
(GSH) is one such ideal candidate as it has a thiol functional group which strongly binds
to Ag NP surface. This biomolecule also has charged functional groups (carboxylate and
amine) which promote water solubility and interaction towards biostructures [Taglietti
et al., 2012, Amato et al., 2011, Pallavicini et al., 2010] and [Ru(bpy)s]** complex
[Franzen et al., 2002]. The biological ligands such as peptides, proteins,
oligonucleotides and carbohydrates attract attention due to their well-defined

interactions in living systems [Wigginton et al., 2010, Singh et al., 2009].
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Figure 1.16: Structure of silver nanoparticle bound to glutathione.
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1.2.9. Antimicrobial activity of Ag NPs:

Ag NP exhibit enhanced antimicrobial effects due to high surface-to-volume ratio of
NPs, which provide a substantial and sustained contact with the bacterial cell [Feng et
al., 2000, Jose Ruben et al.,, 2005, Lee et al.,, 2007]. However, for biological
applications, Ag NPs have to be coated with molecules such as GSH, such that they are
soluble in water based systems, do not aggregate in physiological conditions like high
salt concentration and favor interactions with biosystems such as bacterial membranes
[Wigginton et al., 2010, Singh et al., 2009]. Additionally, surface modifications of NPs
improve their targeting and enhance cellular uptake. However, coating with GSH
reduces the antibacterial activity of the Ag NP [Amato et al., 2011]. Furthermore, a few
studies show that antimicrobial activity of Ag NPs may also be due to slow release of
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silver ions in medium of interest [Feng et al., 2000, Wu et al., 2009, Holt and Bard,
2005, Pallavicini et al., 2010]. Interestingly, antimicrobial activity of silver ions has
been well known for many years [Silver et al., 1996]. Silver ions kill microbial cells by
binding to electron-donor groups in biological molecules including sulphur, oxygen,
thiol groups, etc. and inhibiting the essential enzymatic functions such as permeability
and respiration [Jain et al., 2009, Leung et al., 1992, Kokura et al., 2010, Roe et al.,
2008, Egger et al., 2009, Varghese et al., 2013, Mirjalili et al., 2013, Thanh et al.,
2009,].

1.2.10. Photochemical disinfection of water using photosensitizers (PACT and PDT
agents for water disinfection):

Availability of clean drinking water is a major concern throughout the world.

Contamination in water can be caused by unplanned sewage disposal to surface and

ground water [Kemper, 2004, Coetser et al., 2007, Weber et al., 2002]. The sewage

contains microbes such as bacteria, viruses, fungi, algae and parasites. Of the above

mentioned microbes, bacteria are the cause of most infections and diseases to humans

and animals [Montgomery and Elimelech, 2007, Shannon et al., 2008].

The important techniques used for water disinfection of bacteria include UV light,
chlorination, ozonation, and chemical treatments using sodium hypochlorite, H,O, etc
[Tomas, 1990, Legrini et al., 1993, Sioi et al., 2006, Zhang et al., 2010, Magaraggia et
al., 2011]. UV light, especially UV-C is a very potent germicide. UV-C irradiation of
nucleic acids leads to formation of dimers of pyrimidine residues that result in RNA and
DNA damage with cell death [Gurzadyan et al., 1995]. However, the penetration depth
of UV radiation in aqueous medium is very less [Magaraggia et al., 2011]. Additionally,
prolonged exposure to UV irradiation is hazardous to human skin. Particularly, UV-C is
a potent carcinogen [Yin et al., 2013, Legrini et al., 1993]. Therefore, UV light based

disinfection is an energy consuming method, and careful handling is required.

Chlorine is a very potent antimicrobial agent and has low cost [Szewzyk, et al, 2000].
However, exposure to chlorine causes irritation in nose, eyes, throat and skin. If chlorine
enters the body, it forms acids further harming the cells [Gopal et al., 2007, Magaraggia
et al., 2011]. On the other hand, ozonation is more effective than chlorination against
microbes and has a short contact time (~ 10-30 min). However, implementing ozonation

on a large scale is not economically favorable [Khan et al., 1985, Francis, 1988,
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Magaraggia et al., 2011]. There are also a few mechanistic problems like dissolving
ozone (O3) on a large scale, photolyzing it efficiently and less reactivity of O3 towards
unsaturated compounds [Legrini et al., 1993]. To overcome a few problems, ozonation
is coupled with UV photolysis. Oxidative degradation using Osz-UV is better as
compared to either using O3z or UV alone [Khan et al., 1985, Prat et al., 1990, Francis,
1988]. Moreover, chlorination, ozonation and chemical disinfectants produce harmful
disinfection byproducts (DBPs) such as endoperoxides or trihalomethanes or haloacetic
acids [Legrini et al., 1993, Zhang et al., 2010].

In order to address these problems, novel methods for water disinfection are being
actively studied. One of the methods is utilizing full sunlight spectrum, taking advantage
of deeper penetration of visible light. Solar disinfection (SODIS) combines the effect of
light and heat energy of sunlight and is effective in cleaning water with high turbidity,
but is constrained by weather and geography [Lui et al., 2016, Loeb et al., 2016, Hunter,
2009, Fewtrell, et al., 2005, Chaidez et al., 2004, Meierhofer and Wegelin, 2002]. The
other method can be the use of photosensitizers for driving photochemical reactions and
generation of ROS that are deleterious to cells [Yin et al., 2013, Zhang et al., 2010,
Magaraggia et al., 2011]. Photosensitisers were mainly employed as PDT or PACT
agents. Recently, PACT agents are gaining attention for water disinfection under visible
light. Both, organic and inorganic photosensitizers can be used for disinfection of waste
water. Photogeneration of ROS using visible light sensitizers, in both homogeneous and
heterogeneous systems has been developed.

1.2.11. Recovery of photosensitizers by adsorption:

The word “adsorption” was coined by a German physicist Heinrich Kayser [Kayser,
1881]. Depending on the type of interactions, adsorption can be of two types:
physisorption (usually involving weak Vander Waals interactions) or chemisorption
(characteristic of covalent bonding) [Filho and Carmo, 2006, Mohan et al., 2006, Atkins
and Paula, 2013].

The adsorbents must have a large surface area that gives the adsorbent a high capacity
for adsorption. Some of the common adsorbents used are silica gel, activated carbon
(AC), activated alumina and zeolites [Filho and Carmo, 2006]. After disinfection of a

water sample is complete, these adsorbents can be used to remove the disinfectant.
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Silica gel is chemically inert, non toxic, porous and amorphous form of SiO,. Silica is
used for drying air (remove moisture) and control humidity and in research laboratories
for separating compounds using column chromatography. Chemical modifications on
the surface of silica with chelating agents are often done to increase its efficiency. Silica
surface is covered with hydroxyl groups, SiOH, called silanol groups and its interior is
connected by siloxane groups (Figure 1.14) (Si-O-Si) [Peri et al., 1968, Filho et al.,
2006]. Moreover, silica can also be used as one of the potential inorganic materials for
water treatment [Kannan et al., 2008, Repo et al., 2009, Ahmed et al., 1992].

o HO OH
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Figure 1.17: Structure of surface and interior of a silica gel particle.

Another example of a versatile adsorbent is Activated carbon. AC is highly porous, non-
polar, amorphous cheap solid prepared from carbonaceous material like coal, wood or
nutshells. It is the most widely used adsorbent as it has large volume and high surface
area. AC is used for making high vacuum, remove impurities from sugar, preparation of
gas masks and waste gas and water treatment. It was first used for water treatment in US
in 1930 for elimination of taste and odor from contaminated water. The surface of AC
has oxides, hydroxyl, aldehyde and carboxyl groups (Figure 1.15). Adsorption capacity
depends on AC properties, adsorbate chemical properties, temperature, pH, ionic

strength, etc [Moreno-Castilla, 2004, Mohan et al, 2006, Daud et al, 2010].
O COOH OH

Figure 1.18: Diagrammatic representation of functional groups present on surface of activated
carbon.
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Apart from the above facts, it is also important to note that activated carbon is generally
used as a final filter for purification of water [Kuznetsova et al., 2007, Gonzalez-Serrano
et al., 2004, Mohan et al., 2006, Gupta et al., 2009]. Activated carbon treatment can
effectively remove taste and odour causing compounds [Gupta et al., 2009, Chen et al.,
1997], chlorinated substances [Pavoni et al., 2006, Urano et al., 1991] and transition
metal ions and complexes [Mohan et al., 2006, Jusoh et al., 2005, Kasaini et al., 2000,
Kim, 2004].

Adsorption isotherms are usually used to describe the process of adsorption (equation
10). An isotherm is a graph between the amounts of adsorbate on the adsorbent as a
function of concentration of adsorbate at a constant temperature [Atkins and Paula,

2013]. )
Adsorption

A + B —_—
Adsorbate Adsorbent Desorption

The two main isotherms used to describe adsorption are Langmuir and Freundlich. The
Freundlich isotherm was first published by Freundlich and Kuster in 1906 and describes
equilibrium on heterogeneous surfaces (equation 11, 12).

O = KeColM (non-linear form) ......... (11)

0. = log K¢ + % log C, (linear form) ............... (12)

where, Kg is adsorption capacity constant, n is adsorption intensity constant, ge is
amount of substance adsorbed per unit weight of adsorbent at equilibrium (mg/g) and C.

is equilibrium concentration of adsorbate (mg/l) [Mohan et al., 2006].

Irving Langmuir derived the isotherm in 1918. Langmuir isotherm describes equilibrium

on homogeneous surfaces (equation 13, 14).

Q°bC, .
= non-linear form) ......... 13
e 1bC, ( ) (13)
G 2 L c (linear form) (14)
% - 0% oo Ce  (linearform) ...

where, e is amount of solute adsorbed per unit weight of adsorbent (mg/g), Ce is
equilibrium concentration of solute in solution (mg/l), Q° is monolayer adsorption

capacity (mg/g) and b is constant related to free adsorption energy [Mohan et al., 2006].
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1.2.12. Light emitting diodes:

A large variety of light sources can be used in photochemistry. These can be artificial
(lamps, lasers) or natural light (sun), coherent (laser) or non-coherent (sun, lamps),
monochromatic or polychromatic, operating continuously or pulsed [Stochel et al.,
2009, Calin et al., 2009].

Both coherent and non-coherent light sources are used for PDT and PACT depending
upon the application and the target. Some of them are lasers, xenon lamps, mercury
lamps, UV lamps, LEDs, etc [Stochel et al., 2009, Calin et al., 2009]. Lasers are
coherent sources of light and are monochromatic. They can be used as pulsed or non-
pulsed sources of EMR. However, they are expensive. Two main lasers used are He-Ne
laser and semiconductor laser. Lamps and LEDs are a source of non-coherent light.
Lamps can be further classified as those with continuous spectrum (incandescent or
xenon arc lamps) and those with spectrum in bands (gas discharge or metallic vapour
lamps). Xenon and mercury lamps produce a lot of heat. They have a high luminosity
and a continuous spectrum in UV-Vis-IR region. UV and heat filters have to be applied
to study the effect of only Vis region. UV light is harmful as it can damage DNA.
Therefore, to handle UV lamps trained personnel are needed [Wainwright, 1998, Calin
et al., 2009, St. Denis et al., 2011].

LEDs are light in weight, easy to handle, cost effective, less energy consuming light
sources. They don’t generate a lot of heat and can be used at room temperature when
combined with a heat sink (a metal plate). LEDs can be custom manufactured according
to the need or the absorption maxima of the photosensitizer. In other words, they can be
tailor-made as either monochromatic or polychromatic [Wainwright, 1998, Maclean et
al., 2009, Chen et al., 2011].

1.3. Gaps in existing research:

1.3.1. Ruthenium complexes as PSs for water disinfection:
Ruthenium complexes co-ordinated with polypyridyl ligands such as bypyridine,
1,10-phenanthroline, phendione and dppz are well known. These ligands have
been known as very good chelating agents for transition metal complexes. They
exhibit MLCT and LMCT transitions in the complex form. In vitro DNA

damaging studies of some complexes in presence of redox active co-reactants
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such as H,0; is known. However, their photoinduced effect on bacteria and DNA
is recently being studied in presence of visible light, without the use of any co-
reactant. The effect of these metal complexes on photoenhanced antimicrobial,
and DNA damaging activities for water disinfection is not known.

1.3.2. Removal of homogeneous PSs from water after disinfection:

1.3.3.

Although, photosensitizers have potential for water disinfection at relatively
lower concentrations, their removal from water bodies is desirable for obtaining
water free of microbes and photosensitizers. Therefore, photoactive molecules
capable of inactivating microbes, as well as the removal of photoactive molecules
using common adsorbents such as activated carbon and silica are important for
water decontamination. Importantly, removal of Ru(ll) polypyridyl complexes

from aqueous media by activated carbon and silica have not been reported.

Adsorption of PSs on suitable supports to develop heterogeneous PSs for
water disinfection:

Homogeneous PSs effectively inactivate bacteria. However, their removal is very
important to render water usable after disinfection. To avoid this removal,
heterogeneous PSs for water disinfection are preferred and are being recently
developed. However, a heterogeneous PS which is photostable, does not leach in
water, retains the activity after adsorption and does not need autoclaving after

disinfection is not known.

1.3.4. Nano hybrid systems for photoinactivation of bacteria:

[Ru(bpy)s]** and Ag NPs are known to form nano hybrid systems. Plasmonic
properties and surface functionalization of Ag NPs with biomolecules like GSH
improve their targeting and cellular uptake efficiency. However, the effect of
nano hybrid of [Ru(bpy)s]**, and GSH coated Ag NPs (Ag-GSH-Ru) on

photoinactivation of bacteria is not known.
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1.4. Objectives of the proposed research:

The proposed research aims:

1. Preparation of photoactive ruthenium complexes of polypyridyl ligands.

2. Investigation on photoenhanced antibacterial activity of ruthenium polypyridyl
complexes.

3. Development of heterogeneous ruthenium complexes of polypyridyl ligands for
visible light water disinfection.

4. Modification of nanoparticles (like TiO,, Ag, Au) with photosensitizers and peptides
and study their antibacterial activity.

1.5. Thesis structure:
Chapter 1: Introduction

Chapter 2: Visible light water disinfection using [Ru(bpy).(phendione)](PFs)..2H,0
and [Ru(phendione);]Cl,.2H,0 complexes and their effective adsorption onto activated

carbon

Chapter 3: Effective water photodisinfection using ruthenium polypyridyl complexes

adsorbed onto activated carbon

Chapter 4: Enhanced photoantibacterial activity of [Ru(bpy)s]** complex in presence of

glutathione coated silver nanoparticles
Chapter 5: Photo antibacterial activity of [RuCl(bpy).(ATPh)]CI

Chapter 6: Heterogenized methylene blue on hydrogen titanate nanosheets as effective

visible light active photosensitizer for water disinfection

Chapter 7: Conclusions and future scope of work
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Chapter 2

Visible light water disinfection using
[Ru(bpy).(phendione)](PF¢),.2H,0 and [Ru(phendione);]Cl,.2H,O

complexes and their effective adsorption onto activated carbon

Highlights:

1.

2.

Complete photoinactivation of bacteria by ruthenium polypyridyl complexes.
Visible light emitting diode array used for photoinactivation of bacteria.

Loss of cell integrity due to membrane damage on photolysis.

Effective adsorption of complexes onto activated carbon.

Promising photosensitizers for visible light water disinfection.

Graphical abstract figure:
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2.1. Background:

Visible light active photosensitizers such as porphyrins [Caminos et al., 2008, Hamblin
et al., 2004, Tavares et al., 2011], phthalocyanins [Hamblin et al., 2004, Spesia et al.,
2009], porphycenes [Ragas et al., 2010] and ruthenium polypyridyl metal complexes
[Lei et al., 2011, Manjon et al., 2008, Rengifo-Herrera et al., 2007, Villen et al., 2006]
show excellent photoantimicrobial activity which is mainly attributed to photochemical
generation ROS (chapter 1, section 1.2.4, 1.2.5). These compounds are mainly studied
for their applications as PACT agents. On the other hand, potential non-therapeutic
applications of photosensitizers have also been indicated in a few reports [Manjon et al.,
2008, Rengifo-Herrera et al., 2007, Villen et al., 2006, Kuznetsova et al., 2007, Cooper
et al., 2002, Acher et al., 1977, Schafer et al., 2000]. Recently, M. A. F. Faustino and A.
Almeida groups have reported the feasibility of PACT agents as an alternative to
inactivate fish pathogenic bacteria in aquaculture systems, and emphasis that cationic
porphyrin can cause effective photoinactivation of bacteria in water bodies [Arrojado et
al., 2011]. Although, photosensitizers have potential for water disinfection at relatively
lower concentrations, their removal from water bodies is desirable for obtaining water
free of microbes and photosensitizers [Kuznetsova et al., 2007]. Therefore, photoactive
molecules capable of inactivating microbes, as well as the removal of photoactive
molecules using common adsorbents such as activated carbon are important for water
decontamination. Earlier, it has been reported that irradiation of Ru(ll) polypyridyl
complexes generate Ru(l11) species, and highly reactive hydroxyl radicals that cause non
specific DNA damage [Yavin et al., 2004]. Importantly, visible light inactivation of
bacteria by ruthenium polypyridyl complexes in aqueous media and adsorption of these
complexes by activated carbon and silica have not been reported.

Here we aimed to study the effect of photolysis of [Ru(bpy).(phendione)](PFg)2.2H,0
and [Ru(phendione);]Cl,. 2H,0 on Gram positive and negative bacteria. Adsorption of
[Ru(bpy)2(phendione)]®*, and [Ru(phendione)s]** using environment friendly

adsorbents, activated carbon and silica were investigated.

2.2.  Materials and methods:
2.2.1. Materials:
Ruthenium trichloride hydrate, 2,2'-bypyridine, 1,10-phenanthroline, lithium chloride,

sodium chloride, disodium hydrogen orthophosphate, sodium dihydrogen phosphate,
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sodium azide, potassium chloride, ethanol, glutaraldehyde, hydrochloric acid, N,N-
Dimethylformamide, Dichloromethane, silica (60-200 mesh) and activated carbon were
purchased from SD Fine Chemicals Limited, India. Ammonium hexafluorophospate
was purchased from Sigma Aldrich, India. 2-amino-3-hydroxypyridine and 1,3-
diphenylisobenzofuran were supplied by Alfa Aesar. Nutrient broth, agar-agar and D-
mannitol were obtained from Hi Media, India. DNA isolation kit was purchased from
SRL, India. Gel loading buffer and agarose were obtained from Bangalore Geneli, India.
Filter membranes (0.45 um) were procured from Millipore, India. Double distilled water
was used for all experiments. Escherichia coli (NCIM 2345) (E. coli), Pseudomonas
aeruginosa (NCIM 2581) (P. aeruginosa), Staphylococcus aureus (NCIM 2127) (S.
aureus) and Bacillus subtilis (NCIM 2545) (B. subtilis) were obtained from National
Collection of Industrial Microorganisms (NCIM), National Chemical Laboratory Pune,

India. Phendione was prepared as reported earlier [Goss et al., 1985].

2.2.2. Complex preparation:

[Ru(bpy)2(phendione)](PF¢)..2H.O and [Ru(phendione)s]Cl,.2H,O were prepared and
characterised spectrophotometrically (JASCO V-570 UV/Vis/NIR Spectrophotometer),
as reported earlier [Goss et al., 1985]. Appropriate amount of complexes was dissolved

in water to get stock solution.

2.2.3. Visible light source:

LED array was used as visible light source, purchased from Kwality Photonics,
Hyderabad, India. LED array consisted of 3 x 8 LEDs. Warm white light emitting
Polywatt PowerLEDs (KLHP3433WW), having Amax at 450 and 625 nm (Figure 2.1)
were used for all studies. Output angle = 120 degree. Average Luminous flux = 60
lumen. Luminous intensity = 19098.59 millicandela. Fluence rate was measured using

Ophir PD100 Nova Il power meter.

2.2.4. Antibacterial studies:

Cultures were grown in NB at 37 °C to attain log phase in a shaking incubator. Bacterial
suspension was then centrifuged at 1000 g for 15 min and supernatant was discarded.
Pellet was resuspended in 10 mM phosphate buffered saline (PBS) and used as stock. 2
ml of 10’ CFU/ml cells in PBS containing appropriate concentration of complex in
quartz cuvettes were photolysed (Figure 2.2 (A)). Control had 10" CFU/ml cells in

reaction mixture without complex. Dark controls (10’ CFU/mI cells with appropriate
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concentration of complex) were covered with aluminium foil to protect from light
(Figure 2.2 (B)). 100 pl aliquots of reaction mixture were withdrawn every 20 minutes
during photolysis, serially diluted, and plated on NB agar plates. Plates were incubated
for overnight at 37 °C and colonies were counted to obtain cell viability Vs time plots.
Effect of bacterial cell concentration (10° - 108 CFU/ml) on photoinactivation of E. coli
by complexes was also studied. All the tests were done in triplicates. Intensity of light
was optimised by adjusting the distance between light source and surface of quartz
cuvette containing bacterial cell suspension. E. coli and P. aeruginosa were exposed to
light at the fluence rate of 95 mW/cm?. S. aureus and B. subtilis were exposed to light at
the fluence rate of 60 mW/cm? and 48 mW/cm?, respectively. Under these photolytic

conditions the light alone had no effect on cell viability.

\’? w Day light
~ o Natural white
= g Warm white
3 £
a =
n =
-E :a /

A
T O
=3
400 600 800

Wavelength (nm)

Figure 2.1: Spectral characteristics of the warm white LED (orange line).

Figure 2.2: Visible light LED array photolysis setup used for photoinactivation of bacteria (A)
irradiation condition, (B) dark condition.
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Stability =~ of  [Ru(bpy)a(phendione)]®*,  and  [Ru(phendione)s]**  was
spectrophotometrically followed by recording absorption spectra. Briefly, 10" CFU/mI
E. coli cells in PBS containing 10 uM of [Ru(bpy)2(phendione)]** or [Ru(phendione)s]**
were incubated under light and dark conditions for 120 minutes. Absorption spectra of
these suspensions were taken after filtering through 0.45 pum PTFE filter. It was

observed that complexes were not adsorbed to this filter.

2.2.5. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
bacterial inactivation:

Stock solution of sodium azide (a known singlet oxygen quencher) was prepared in
distilled water. 2 ml of 10° CFU/mlI cells in PBS containing 10 pM of complex and 25
mM sodium azide in quartz cuvettes were photolysed for 120 minutes. Only quencher
with bacteria was also exposed to light, as controls. Quencher in presence of
[Ru(bpy)2(phendione)]** and [Ru(phendione)s]** was incubated under dark conditions,
as dark controls. Similarly, mannitol (a known hydroxyl radical scavenger) was used to
study the effect of hydroxyl radicals in presence of [Ru(bpy)(phendione)]** and
[Ru(phendione)s]**. 100 ul aliquots from each reaction mixture were serially diluted and

plated to find the effect of quencher/scavenger on cell viability.

2.2.6. Detection of singlet oxygen:

Spectrophotometric detection of singlet oxygen was done as reported, using AHP and
DPBF [Komagoe et al., 2001, Amat-Guerri et al., 1999, Gomes et al., 2013, Pia
Donzello et al., 2012]. [Ru(bpy).(phendione)]**, and [Ru(phendione)s]** (10 pM) in
PBS containing AHP (200 uM) was exposed to light. Rose Bengal (10 uM) with AHP
(200 uM) was studied as positive control for singlet oxygen. Spectra were recorded
during photolysis at every 2 minute interval. Change in absorbance of AHP was
monitored at its Amax 318 nm. In the case of DPBF, DMF:H,0 (9:1) solution containing
either [Ru(bpy)2(phendione)]** or [Ru(phendione)s]** (10 uM) and DPBF (50 pM) was
exposed to light. Spectra were recorded during photolysis at every 1 minute interval.

Change in absorbance of DPBF was monitored at its Amax 414 nm.

2.2.7. Analysis of cell integrity:
LIVE/DEAD® Baclight™ Bacterial Viability Kit (Invitrogen™ Molecular Probes®
L7012) has two dyes, SYTO9® (green fluorescence) and propidium iodide® (PI) (red

fluorescence), which stain nucleic acids. SYTO9 can enter both live and dead cells and
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gives green fluorescence. PI can enter only those cells in which membrane is damaged.
Once it enters the cell, P competitively binds to nucleic acids over SYTQO9 and gives a
bright red fluorescence. Thus, intact cells give green fluorescence whereas cells with
damaged membranes exhibit red fluorescence [Salmi et al., 2008]. E. coli cells were
treated with [Ru(bpy).(phendione)]**, and [Ru(phendione)s]** (10 uM), under dark and
light conditions, for 120 minutes. Cells were then centrifuged and pellet was
resuspended in 0.85% saline and 1:1 (v/v) dye mixture (SYTO9® and P1®) was added.
Suspension was incubated in dark for 15 minutes, as per manufacturer’s instructions. A
small amount (10 ul) of the suspension was then placed on slide and covered with
coverslip, avoiding air bubbles. Slides were then visualized under fluorescence
microscope (Nikon Eclipse Ti-U, Nikon, Japan) with excitation wavelength of 480 nm
(SYTO9) and 490 nm (P1).

2.2.8. Scanning Electron Microscopy (SEM) analysis:

E. coli cells in PBS were exposed to light for 120 minutes with and without (control)
complexes (10 uM). Suspensions were then centrifuged at 5000 rpm for 10 minutes and
cell pellet was washed with PBS. The obtained cells were resuspended in a minimum
quantity of PBS and spread on a coverslip. Coverslips were then incubated for one hour
in 2% glutaraldehyde for fixing cells. Smears were then washed with PBS and
dehydrated using ethanol series in the order: 10%, 25%, 50%, 75%, 90% and 100%
[Cahan et al., 2008]. Dried cells were coated with platinum by JEOL JFC-1600
Autobine sputter. Images were taken using JEOL JSM-6360LV SEM at a voltage of
around 10kV.

2.2.9. invivo genomic DNA extraction:

E. coli cells were treated with [Ru(bpy).(phendione)]**, and [Ru(phendione)s]** (10 uM)
in presence of light for 120 minutes. Only cells were also photolysed for 120 minutes, as
light control. Bacterial suspensions were centrifuged to obtain cell pellet, followed by
extraction of DNA using bacterial genomic DNA isolation kit (SRL, Biolit™ BTK007),
according to manufacturer’s instructions. Extracted DNA was mixed with gel loading
buffer and loaded in agarose gel. Samples were run on a 10 cm, 1% agarose gel for 3
hours at 60V. Gel was stained with Ethidium bromide (1 mg/ml) and visualized using

Gel documentation system (Biorad GelDoc™ XR).
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2.2.10. Adsorption of complexes by activated carbon and silica:

Activated carbon (0.75 and 1.5 mg/ml) was suspended in aqueous complex solution
(10-30 uM range) and was thoroughly mixed. Suspension was then centrifuged at 5500
rpm for 3 minutes to settle the adsorbent. Supernatant was carefully transferred to quartz
cuvette, and absorption spectrum was recorded to find the free complex remaining in

supernatant and thus, determine adsorption of complex by activated carbon.

Silica (1.5 and 3 mg/ml) was suspended in aqueous solution of complex (5-30 uM
range) and thoroughly mixed. Silica was allowed to settle and absorption spectra of the
solutions were recorded at different time intervals to find the free complex remaining in

supernatant and thus, determine adsorption of complex by silica.

Experiments were carried out at room temperature, in triplicates. Data was fitted to first
order decay Kinetics using Origin lab 6.1 (at 440 nm for [Ru(bpy).(phendione)]** and at
466 nm for [Ru(phendione)s]**) and rate constants were determined. Percentage
adsorption for adsorbents was calculated by plotting C/C, Vs time (C = concentration at
a given time, C, = initial concentration). Experimental data for adsorption of
[Ru(bpy)2(phendione)]**, and [Ru(phendione)s]** by activated carbon and silica were
analysed using Freundlich equilibrium adsorption isotherm (equations 10 and 11,
chapter 1) [Mohan et al., 2006]. Adsorption capacity (Kg) and adsorption intensity (n)

constants were calculated.

2.2.11. Desorption of complexes:

100 mM KCI, 10 mM KCI and water at pH 4 (adjusted using HCI) were used for
desorption studies. Silica saturated with complexes (silica 1.5 mg/ml containing 8.8 uM
[Ru(bpy)2(phendione)]®* or 4.7 uM [Ru(phendione)s]**) was mixed thoroughly with
appropriate solution. Amount of metal complexes desorbed into the solution was
determined spectrophotometrically by following the increase in absorbance of
complexes over the time. Kinetics of desorption was monitored at 440 nm for
[Ru(bpy)2(phendione)]** and at 466 nm for [Ru(phendione)s]**. Equation 1 was used to
calculate percentage of desorption.

Desorption ratio (%) =
a

where, my is mass of desorbed complex into solution and m, is mass of complex
adsorbed by adsorbent [Laus et al., 2010, Wang et al., 2009].
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2.3.  Results and discussions:

2.3.1. Photoinduced antibacterial activity:

Visible light photolysis of bacteria in presence of either [Ru(bpy)2(phendione)]** or
[Ru(phendione)s]** resulted in complete inactivation of bacteria (Figure 2.3, 2.4).
Complexes had no effect on cell viability under dark conditions (Figure 2.3, 2.4). Time,
fluence rate, total light dosage and effective concentrations for complete
photoinactivation of both Gram positive and negative bacteria are summarised in
Tablel. Based on the above results, order of susceptibility of bacteria towards photolysis

in presence of [Ru(bpy).(phendione)]**, and [Ru(phendione)s]** is given as:
B. subtilis> S. aureus > E. coli> P. aeruginosa

Photolysis of Ru(ll) polypyridyl complexes is known to produce singlet oxygen, and
generate other ROS (equation 5-8, chapter 1) [Lei et al., 2011, Gao et al., 2006, Yavin et
al., 2004, Concepcion et al., 2007]. Singlet oxygen and ROS are known to cause cell
damage [Caminos et al., 2008, Hamblin et al., 2004, Tavares et al., 2011, Spesia et al.,
2009, Ragas et al., 2010, Lei et al., 2011, Arrojado et al., 2011, Manjon et al., 20009,
Manjon et al., 2010]. This fact indicates that reactive species generated on photolysis of
Ru(11) complexes could attack cell and cause cell damage.

Importantly, the above results showed that Gram-positive bacteria (S. aureus and B.
subtilis) were more susceptible towards photoinactivation than Gram-negative bacteria
(E. coli and P. aeruginosa). Gram-negative bacteria have a peptidoglycan layer between
its outer and inner membrane. Outer membrane acts as a barrier between cell and its
environment, maintaining cell integrity. This extra outer membrane may provide
resistance to Gram-negative bacteria against reactive species generated during
photolysis [Hamblin et al., 2004]. However, in case of Gram-positive bacteria the
relatively porous layer of peptidoglycan and lipoteichoic acid surrounding cytoplasmic
membrane, lack extra outer membrane, and is more susceptible to reactive species.
Earlier, such difference between Gram-positive and Gram-negative bacteria was
observed [Hamblin et al., 2004, Maclean et al., 2009]. Thus, the results indicate that
photolysis of [Ru(bpy).(phendione)]*, and [Ru(phendione)s]** have the ability to cause
inactivation of both Gram-positive and Gram-negative bacteria by generating reactive

radicals.
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Table 2.1: Complete photoinactivation of bacterial cells in presence of [Ru(bpy).(phendione)]**,
and [Ru(phendione)s]** using visible light LED at 37 °C.

Name and [Ru(bpy).(phendione)]* [Ru(phendione)s]**

type of Time® Fluence Light Conc®  Time* Fluence Light Conc®
bacteria rate®  dosage’ rate®  dosage’
Gram-negative

E. coli 100 95 570 10 120 95 684 10
P. aeruginosa 120 95 684 20 120 95 684 20
Gram-positive

S. aureus 80 60 288 5 80 60 288 5
B. subtilis 60 48 172.8 5 60 48 172.8 5

®min, "mwW/cm?, ©J/cm?, ‘uM

Effect of concentration of [Ru(bpy).(phendione)]** and [Ru(phendione)s]** on
photoinactivation:

Effect of concentration of [Ru(bpy)z(phendione)]** and [Ru(phendione)s]** on visible
light inactivation of both Gram-negative bacteria and Gram-positive bacteria in presence
of [Ru(bpy).(phendione)]** and [Ru(phendione)s]** was studied. 5 pM of either
[Ru(bpy)2(phendione)]** or [Ru(phendione)s]** caused ~4 log reduction, and 10 pM
caused 7 log reduction in cell viability of Gram-negative bacteria, E. coli within 140
min (Figure 2.3 (A)). Moreover, the other Gram-negative bacteria, P. aeruginosa
showed ~1.5 log reduction at 5 uM of either [Ru(bpy).(phendione)]** or
[Ru(phendione)s]**, ~3.5 log reduction at 10 uM, and 7 log reduction in cell viability at
20 pM, within 140 min (Figure 2.3 (B)). On the other hand, Gram-positive bacteria, S.
aureus showed ~5 log reduction at 2.5 pM of either [Ru(bpy)z(phendione)]** or
[Ru(phendione)s]**, and 7 log reduction in cell viability at 5 uM, within 140 min (Figure
2.4 (A)). Additionally, 2.5 pM of either [Ru(bpy).(phendione)]** or [Ru(phendione)s]**
caused ~5 log reduction, and 5 uM caused 7 log reduction in cell viability of Gram-
positive bacteria, B. subtilis (Figure 2.4 (B)).
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Figure 2.3: Cell viability Vs Light dosage (Time) plot of [Ru(bpy).(phendione)]** (C1) and
[Ru(phendione);]** (C2) for Gram-negative bacteria (A) E. coli and (B) P. aeruginosa.
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Effect of initial cell concentration on photoinactivation of E. coli by
[Ru(bpy).(phendione)]** and [Ru(phendione)s]**:

Effect of initial concentration of cells on photoinactivation of E. coli by
[Ru(bpy)2(phendione)]** and [Ru(phendione)s]** revealed that complete inactivation
was achieved within 120 minutes when initial concentration was 10’ CFU/ml cells and
significant inactivation (~7 log reduction) was achieved within 120 minutes when initial
concentration was increased to 10 CFU/mlI cells (Figure 2.5). The time for complete
inactivation was reduced to 60 minutes on decreasing the initial concentration to 10°
CFU/ml cells (Figure 2.5). These results reveal that the complexes are promising

photosensitizers for inactivation of E. coli [Demidova et al., 2005].

Photostability of complexes:

Importantly, effective photoinactivation of bacteria was achieved using LED array as
visible light source. LEDs are preferred owing to their low energy consumption, and are
safe to handle. They are compact, and also known to have long life time [Maclean et al.,
2009, Chen et al., 2011]. Under these photolytic conditions, both the complexes were
found to be photostable in presence or absence of E. coli cells (Figure 2.6, 2.7),

indicating that complexes are effective for visible light inactivation of bacteria.
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Figure 2.5: Dependence of photoinactivation of E. coli, in presence of (A)
[Ru(bpy).(phendione)]** and (B) [Ru(phendione)s]** on cell concentration.
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Figure 2.6: Stability of (A) [Ru(bpy).(phendione)]** and (B) [Ru(phendione)s]** under light
irradiation. Absorption spectra of the filtered solutions of [Ru(bpy).(phendione)]** (10 uM) and
[Ru(phendione)s]** (10 uM), with and without E. coli cells.

41



Chapter 2

0.6

Ru(bpy),(PD) (Dark)
Ru(bpy),(PD) + cells (Dark)

0.5-

0.4

0.3

Absorbance

0.2

0.1

0.0 T T T
300 400 500

Wavelength (nm)

0.6

Ru(PD), (Dark)
Ru(PD), + cells (Dark)

0.5

0.4

0.3

Absorbance

0.2

0.1+

= \_—/\

300 400 500

0.0

Wavelength (nm)
Figure 2.7: Stability of (A) [Ru(bpy).(phendione)]** and (B) [Ru(phendione)s]** under dark
conditions. Absorption spectra of the filtered solutions of [Ru(bpy).(phendione)]** (10 uM) and
[Ru(phendione)s]** (10 uM), with and without E. coli cells.
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2.3.2. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
photoinactivation of bacteria:
Effect of quencher/scavenger on photoinactivation was studied using E. coli as model
organism. Photolysis of E. coli by [Ru(bpy)2(phendione)]** (10 pM), and
[Ru(phendione)s]** (10 uM) in presence of sodium azide (25 mM) showed complete
inactivation (Figure 2.8 (A)), similar to that observed in absence of sodium azide
(Figure 2.8 (A)). Importantly, sodium azide (25 mM) alone under light, and also sodium
azide in presence of [Ru(bpy).(phendione)]?*, and [Ru(phendione)s]** under dark
condition had no effect on viability of E. coli (Figure 2.8 (A), 2.9 (A)). Sodium azide is
a well known quencher of singlet oxygen [Tavares et al., 2011, Cormick et al., 2011,
Maisch et al., 2005]. The above results showed that sodium azide was not able to inhibit
photoinactivation, indicating that singlet oxygen is not major reactive species for

inactivation of E. coli.

In addition, there was no significant decrease in absorbance on photolysis of singlet
oxygen probe, AHP (200 pM) in presence of [Ru(bpy).(phendione)]** (10 pM), and
[Ru(phendione)s]** (10 puM), as compared to standard singlet oxygen generator, rose
bengal (10 uM) (Figure 2.8 (B), 2.10) [Komagoe et al., 2001, Amat-Guerri et al., 1999].
Moreover, DPBF (50 uM), singlet oxygen scavenger, was also not degraded effectively
on photolysis in presence of [Ru(bpy)2(phendione)]** (10 uM), and [Ru(phendione)s]**
(10 uM) (Figure 2.8 (B)). However, DPBF was significantly degraded in presence of
rose bengal (10 uM) (Figure 2.11) [Gomes et al., 2013, Pia Donzello et al., 2012]. This
result further emphasize that singlet oxygen is not the major reactive species for
photoinactivation of E. coli by [Ru(bpy).(phendione)]?*, and [Ru(phendione)s]**. Ru(ll)
complexes containing phendione ligands are known to be non-emissive or have reduced
emission at room temperature [Campagna et al., 1999]. MLCT excitation of these
complexes results in charge-separated excited species [Concepcion et al., 2007,
Campagna et al., 1999]. The charge-separated excited species undergo fast radiation-
less decay to ground state resulting in quenching or reduced MLCT luminescence [Zhou
et al., 2010 (ii), Chouai et al., 2005], which is not favourable for the formation of singlet
oxygen [Garcia-Fresnadillo et al., 1996, Zhou et al., 2010 (ii), Chouai et al., 2005,
DeRosa et al., 2002].
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Figure 2.8: (A) Effect of ROS quenchers on photoinactivation of E. coli by
[Ru(bpy).(phendione)]?* (10 uM), and [Ru(phendione)s]** (10 uM). (B) Photodegradation of 2-
amino-3-hydroxypyridine (200 uM) and 1,3-diphenylisobenzofuran (50 uM) in presence of
[Ru(bpy).(phendione)]** (10 uM), [Ru(phendione)s]** (10 uM) and rose bengal (10 uM).
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2+

Figure 2.9: Effect of ROS quenchers on photoinactivation of E. coli by [Ru(bpy).(phendione)]
(10 uM), and [Ru(phendione)s]** (10 pM). A- In presence of 25 mM Sodium azide, B- In
presence of 25 mM of D-mannitol. 1- Light control, 2- [Ru(bpy).(phendione)]** (Dark), 3-
[Ru(phendione)s]** (Dark), 4- [Ru(bpy).(phendione)]** (Light), 5- [Ru(phendione)s]** (Light).
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Figure 2.10: Photodegradation of singlet oxygen (*O,) scavenger, 2-amino-3-hydroxypyridine

(AHP) (200 uM) in presence of [Ru(bpy).(phendione)]** (10 uM), [Ru(phendione)s]** (10 uM)
and rose bengal (10 uM).
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Figure 2.11: Photodegradation of singlet oxygen (*O,) scavenger, 1,3-diphenylisobenzofuran
(DPBF) (50 uM) in presence of [Ru(bpy).(phendione)]** (10 uM), [Ru(phendione)s]** (10 uM)
and rose bengal (10 uM).

Photoinactivation of E. coli by [Ru(bpy)o(phendione)]** (10 uM), and
[Ru(phendione)s]** (10 uM) was investigated in presence of mannitol (25 mM), which
is known to scavenge highly reactive hydroxyl radicals [Tavares et al., 2011, Cormick et
al., 2011, Maisch et al., 2005]. In presence of mannitol no growth inhibition was
observed for [Ru(bpy).(phendione)]?*, and only partial growth inhibition was observed
for [Ru(phendione)s]** (Figure 2.8 (A)). Photolysis of E. coli with mannitol (25 mM)
alone had no effect on cell viability. Moreover, on incubation of cells in presence of
[Ru(bpy)2(phendione)]**, and [Ru(phendione)s]** with mannitol under dark conditions,
also had no effect on viability of E. coli (Figure 2.8 (A), 2.9 (B)). These results
indicated that hydroxyl radicals are scavenged by mannitol, and therefore inhibit
photoinactivation leading to growth of cells. Earlier, it has been reported that irradiation
of Ru(ll) polypyridyl complexes highly reactive hydroxyl radicals that cause non
specific DNA damage [Yavin et al., 2004]. Thus, photolysis of [Ru(bpy).(phendione)]**

and [Ru(phendione)s]** cause oxidative damage to E. coli, leading to loss of cell

integrity.
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2.3.3. Cell integrity analysis:

LIVE/DEAD® Baclight™ assay was performed to determine cell integrity [Salmi et al.,
2008]. Cells incubated with [Ru(bpy).(phendione)]?*, and [Ru(phendione)s]** under
dark conditions showed green fluorescence (Figure 2.12) due to uptake of membrane
permeable SYTO9® dye and its binding to nucleic acids, indicating the cells were
unaffected. On the other hand, cells incubated with [Ru(bpy).(phendione)]**, and
[Ru(phendione)s]** and photolysed, showed red fluorescence due to PI®. Pl can enter
only those cells in which membranes are damaged, and competitively bind to nucleic
acids to produce bright red fluorescence [Salmi et al., 2008] (Figure 2.12). Thus, these
results clearly indicated that cell membrane was damaged, resulting in loss of cell
integrity on exposure to light in presence of [Ru(bpy).(phendione)]?*, and
[Ru(phendione)s]**. SEM analysis also revealed extensive membrane damage and
deformation of cells, on photolysis in presence of [Ru(bpy).(phendione)]**, and
[Ru(phendione)s]** (Figure 2.13). In addition, loss of genomic DNA upon
photoinactivation in presence of [Ru(bpy).(phendione)]?*, and [Ru(phendione)s]** was
also observed (Figure 2.14). This result indicated that membrane damage leads to loss of
DNA. Earlier, such loss of DNA was observed during photoinactivation of E. coli by

porphyrin and phthalocyanine [Caminos et al., 2008, Spesia et al., 2009].
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Dark Light

Figure 2.12: Fluorescence analysis of E. coli cells incubated with [Ru(bpy).(phendione)]** (10
uM) and [Ru(phendione)s]** (10 uM) under dark and light conditions (120 minutes) using
LIVE/DEAD® Baclight™ assay.

Ru(bpy);(PD) Ru(PD);
Figure 2.13: SEM analysis of E. coli (control) and E. coli cells photolysed with
[Ru(bpy).(phendione)]* (10 uM) and [Ru(phendione)s]** (10 pM), (120 minutes)
(Magnification= 18,000 X).

Figure 2.14: Loss of genomic DNA of E. coli on photolysis
in presence of [Ru(bpy).(phendione)]** (10 uM), and
[Ru(phendione);]* (10 uM). Lane no. 1 =
[Ru(bpy).(phendione)]** (Light), 2 = Light control, 3
[Ru(phendione)s]** (Light).
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2.3.4. Adsorption of complexes by activated carbon and silica:

Addition of [Ru(bpy)z(phendione)]** (C, = 10 uM) to activated carbon (1.5 mg/ml)
resulted in about 98% adsorption, and rate of adsorption was determined to be 5.95 x10
2 s (Figure 2.15 (A), 2.17 (A)) (Table 2.3). In case of [Ru(phendione)s]** (C, = 10
uM), percentage and rate of adsorption to activated carbon were determined to be ~94%
and 5.81 x107 s, respectively (Figure 2.15 (B), 2.17 (B)) (Table 2.3). Adsorption was
found to depend on initial concentration (C,) of complex as well as amount of activated
carbon (Table 2.3).The results were analysed by Freundlich adsorption isotherms
(Figure 2.15 (A, B)) (Table 2.2). Freundlich adsorption capacity, K¢ values for
[Ru(bpy)2(phendione)]** and [Ru(phendione)s]** were determined to be 22.74 and 8.26,
respectively (Table 2.2). This result showed that adsorption of [Ru(bpy).(phendione)]**
by activated carbon was better than adsorption of [Ru(phendione)s]**. Adsorption
capacity values determined in present investigation were close to values obtained for
molecules such as phenols, metal ions and other metal complexes reported earlier
[Gonzalez-Serrano et al., 2004, Jusoh et al., 2005, Kim, 2004, Aksu et al., 1999].

Adsorption of complexes was also studied using silica [Zaporozhets et al., 1999].
Addition of [Ru(bpy)(phendione)]** (C, = 10 pM) to silica (1.5 mg/ml) resulted in
about 88% adsorption, and rate of adsorption was determined to be ~9.64 x10° s*
(Figure 2.16 (B), 2.18 (A)) (Table 2.4). In case of [Ru(phendione)s]**, it was observed
that ~47% of [Ru(phendione)s]** (C, = 10 uM) binds to 1.5 mg/ml silica (Figure 2.16
(B), 2.18 (B)) (Table 2.4). Percentage and rate of adsorption were found to depend on
initial concentration (C,) of complex as well as amount of silica (Table 2.4). K values,
for [Ru(bpy)z(phendione)]** and [Ru(phendione)s]** were determined to be 3.62 and
0.57, respectively (Table 2.2). This result also revealed that adsorption of
[Ru(bpy)2(phendione)]** by silica was more effective than adsorption of
[Ru(phendione)s]**. All the above results revealed that adsorption of complexes by

activated carbon was more effective that adsorption by silica.
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Figure 2.15: Absorption spectral changes of (A) [Ru(bpy).(phendione)]** (C, = 10 uM), and
(B) [Ru(phendione)s]** (C, = 10 uM) on adsorption by activated carbon (1.5 mg/ml). Inset a:
Absorption decrease monitored at 440 nm and 466 nm for [Ru(bpy).(phendione)]** and
[Ru(phendione)s]**, respectively, and kinetics of adsorption of complexes with first order fit.
Inset b: C, (mg/l) Vs g. (mg/g) adsorption isotherm with non-linear curve fit.
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Figure 2.16: Absorption spectral changes of (A) [Ru(bpy).(phendione)]** (C, = 10 uM), and
(B) [Ru(phendione)s]** (C, = 10 uM) on adsorption by silica (1.5 mg/ml). Inset a: Absorption
decrease monitored at 440 nm and 466 nm for [Ru(bpy).(phendione)]** and [Ru(phendione)s]**,
respectively, and kinetics of adsorption of complexes with first order fit. Inset b: C. (mg/l) Vs g
(mg/g) adsorption isotherm with non-linear curve fit.
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Table 2.2: Isotherm fitting parameters. Adsorption capacity, Kg and adsorption intensity, n of
activated carbon and silica for [Ru(bpy).(phendione)]**, and [Ru(phendione)s]**.

Adsorbent Complex K n 1/n R?P R%¢

Activated carbon [Ru(bpy).(phendione)]** 22.74 1.55 0.64 0.98676 0.98345
[Ru(phendione)s]** 826 101 0.99 0.94307 0.97859

Silica [Ru(bpy)2(phendione)]** 3.62 1.17 0.85 0.94931 0.99534
[Ru(phendione)s]** 0.57 1.17 0.85 0.93141 0.93495

% C. is expressed in mg/l and in ge mg/g. ® goodness of fit for linear curve fitting.

¢ goodness of fit for non-linear curve fitting.
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Figure 2.17: C/C, Vs time plot for adsorption of (A) [Ru(bpy).(phendione)]** by activated
carbon, (B) [Ru(phendione)s]** by activated carbon.
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Figure 2.18: CIC, Vs time plot for adsorption of (A) [Ru(bpy).(phendione)]** by silica, (B)
[Ru(phendione);]** by silica.

53



Chapter 2

Table 2.3: Rate and percentage of adsorption of [Ru(bpy).(phendione)]** and
[Ru(phendione);]**, by activated carbon.

Condition [Ru(bpy)a(phendione)]”*  [Ru(phendione)s]**
[Complex] Carbon Rate (s7) % Adsorbed  Rate (s') % Adsorbed
(LM) (mg/ml)

10 0.75 5.09 x10%  89.75 3.71x10% 85.59

10 1.5 5.95x10%  98.68 5.81 x10% 93.98

15 1.5 5.21 x10% 97.92 3.47 x10% 93.82

20 1.5 5.97 x10%  97.94 437 x10% 92.55

30 1.5 5.20 x10%  97.59 4.47 x10% 93.29

Table 2.4: Rate and percentage of adsorption of [Ru(bpy).(phendione)]** and
[Ru(phendione);]*, by silica.

Condition [Ru(bpy)2(phendione)]** [Ru(phendione)s]**
[Complex] Silica Rate (s7) % Adsorbed Rate (s7) % Adsorbed
(LM) (mg/ml)

5 1.5 1.94 x10°  83.54 9.61 x10° 42.95

10 1.5 9.64 x10°  87.42 1.11 x10%  47.28

15 1.5 8.87x10°  87.29 1.17 x10%  48.35

20 1.5 1.12x10%  87.39 1.38x107%  39.17

30 1.5 8.94x10°  78.49 1.67 x10% 32.83

10 3.0 1.99 x10%  88.34 1.91 x10% 56.51

Importantly, visible light inactivation of bacteria in combination with adsorption is
important condition for water disinfection using photosensitizers [Kuznetsova et al.,
2007]. The present investigation reveals that [Ru(bpy).(phendione)]** and
[Ru(phendione)s]** have the ability to photoinactivate bacteria, as well as could be

effectively removed from aqueous systems using adsorbents such as activated carbon.

Effective photoinactivation of fish pathogens in aquaculture systems by homogenous
cationic porphyrin has been reported recently [Arrojado et al., 2011]. The authors of this
report have suggested that immobilization/adsorption of cationic porphyrin on
adsorbents has to be performed to avoid its release into the environment [Arrojado et al.,

2011]. Recently, Ru(ll) polyazaheterocyclic complexes immobilized on silicone have
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been shown to cause visible light inactivation of bacteria [Manjon et al, 2009, Manjon et
al, 2010]. Adsorption of bacteria on silicone during photoinactivation may occur and it
was suggested that photosensitizer loaded silicone system may require autoclaving
which could cause leaching of the photosensitizer and affect the durability of the
material [Manjon et al, 2009]. These facts indicate that final treatment of aqueous media
with adsorbents is required to remove the leached complexes and/or photobleached
products. To the best of our knowledge, the present investigation is the first report
which shows that simple water soluble [Ru(bpy).(phendione)]** and [Ru(phendione)s]**
are promising candidates for visible light inactivation of bacteria, with effective

adsorption onto activated carbon in agueous media for easy removal.

2.3.5. Desorption of complexes:

Incubation of silica adsorbed with complexes in 100 mM KCI solution showed increase
in absorbance of complexes (Figure 2.19). This result revealed desorption of complexes.
Desorption of [Ru(bpy)2(phendione)]** was more effective in presence of 100 mM KCI
than in presence of 10 mM KCI (Table 2.5). Desorption of [Ru(bpy)2(phendione)]** was
not effective on reducing pH to 4 compared to 100 mM KCI (Table 2.5). On the other
hand, desorption of [Ru(phendione)s]** from silica was found to be almost similar under
all the three tested conditions (Table 2.5). The results implied that [Ru(phendione)s]**
tends to get desorbed more than [Ru(bpy).(phendione)]** at lower KCI concentration
and pH 4. In case of activated carbon, desorption of complexes was not effective under
the above mentioned conditions, indicating that activated carbon is more suitable for
adsorption of [Ru(bpy).(phendione)]** and [Ru(phendione)s]** than silica in aqueous

media.

Table 2.5: Percentage desorption of [Ru(bpy).(phendione)]** (m, = 8.8 uM), and
[Ru(phendione)s]** (m, = 4.7 uM) from silica (1.5 mg/ml).

Desorption ratio (%)

Eluent
[Ru(bpy).(phendione)]** [Ru(phendione)s]**
100 mM KCI  73.70 59.14
10 mM KCI  25.00 51.34
pH 4 (HCl)  25.79 56.01
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Figure 2.19: Absorption spectral changes (every 2 minutes) during desorption of (A)
[Ru(bpy).(phendione)]** (m, = 8.8 uM) and, (B) [Ru(phendione)s]** (m, = 4.7 uM) from silica
(1.5 mg/ml) in presence of KCI (100 mM). Inset: Kinetics of desorption monitored at 440 nm
for [Ru(bpy).(phendione)]** and 466 nm for [Ru(phendione)s]**.
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2.4. Conclusions:

Micromolar concentrations of [Ru(bpy).(phendione)]** and [Ru(phendione)s]** were
effective for complete visible light inactivation of both Gram positive and negative
bacteria. Gram positive bacteria were found to be more susceptible than Gram negative
towards photoinactivation by complexes. LED array was used as visible light source for
photoinactivation of bacteria. Radical quenching, fluorescence microscopic, SEM and
genomic DNA isolation results revealed that photolysis of [Ru(bpy).(phendione)]** and
[Ru(phendione)s]**, caused oxidative stress and damage to E. coli, with significant cell
membrane damage and loss of DNA, leading to cell death. [Ru(bpy).(phendione)]** and
[Ru(phendione)s]** are better adsorbed by activated carbon as compared to silica.
Importantly, activated carbon is an extensively used adsorbent in water purification. The
study reveals that [Ru(bpy)z(phendione)]** and [Ru(phendione)s]** have the ability to
cause visible light inactivation of bacteria, as well as they could also be effectively
adsorbed by activated carbon. These results imply that [Ru(bpy)z(phendione)]** and
[Ru(phendione)s]** are promising photosensitizers for visible light water disinfection.
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Chapter 3
Effective water photodisinfection using ruthenium polypyridyl

complexes adsorbed onto activated carbon
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3.1. Background:

The availability of clean drinking water is one of the most important problems of the
modern world and especially to India. About 1.2 billion people around the world lack
access to clean water [Kemper, 2004, Coetser et al., 2007, Weber et al., 2002]. Ground
and surface water are easily contaminated with bacteria in many parts of the world
[Montgomery and Elimelech, 2007, Shannon et al., 2008]. Conventional methods of
disinfection of bacteria have their advantages and disadvantages as discussed in chapter
1. Visible light active photosensitizers (PSs) have high quantum yields of *O, generation
and have been reported to inactivate bacteria. However, a few organic dyes have poor
thermal and photochemical stability [DeRosa et al., 2002]. On the other hand, as
discussed in chapter 2, ruthenium polypyridyl complexes are promising PSs for
homogeneous water disinfection, and can be easily removed from water by adsorption
on activated carbon. Importantly, ability of ruthenium polypyridyl complexes adsorbed
onto AC to kill bacteria in water has not been studied. PS complexes adsorbed onto
solid supports have the advantage of easy removal from water. Heterogeneous PSs that
are photostable, and does not leach into water are desirable. All these facts prompted us
to investigate the heterogenization of ruthenium polypyridyl complexes via adsorption
onto activated carbon (AC), and their effect on visible light water disinfection. In this
chapter, [Ru(bpy)z(phendione)]**, and [Ru(bpy)s]** were adsorbed onto AC, are
designated as AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]**, respectively and were

used for photoinactivation of bacteria in water.

3.2.  Materials and methods:

3.2.1. Materials:

Chemicals were procured from SD Fine Chemicals Limited and Sigma Aldrich, India.
Details are mentioned in chapter 2 section 2.2.1.

3.2.2. Complex preparation:

[Ru(bpy)2(phendione)](PFe)..2H,O and [Ru(bpy)s](PFs)2.2H,O were prepared and
characterised spectrophotometrically (JASCO V-570 UV/Vis/NIR Spectrophotometer),
as reported earlier [Goss et al., 1985, Gao et al., 2000].
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3.2.3. Visible light source:
LED array was used as visible light source, purchased from Kwality Photonics,

Hyderabad, India. Details are as mentioned in chapter 2 Section 2.2.3.

3.2.4. Loading of [Ru(bpy).(phendione)]** and [Ru(bpy)s]** onto activated carbon:

Activated carbon (20 mg) was added to 2 ml of complex solution (50, 100, 200, 300
HM) in DW and magnetically stirred for 1 hr. Resulting suspension was centrifuged at
10,000 rpm for 10 min at 20 °C. Absorbance of supernatant was recorded to find
amount of remaining complex after the adsorption. Pellet was washed five times with
DW Dby centrifugation. After five washes, the resulting pellet of
AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** was dried under vacuum at 40 °C for

1 hr. Absorbance of supernatant was recorded after every wash.

Stability of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** in PBS:

5 mg of optimised sample was stirred in 2 ml of 10 mM phosphate buffered saline
(PBS) for ~ 2hr and centrifuged. Absorbance of supernatant was recorded to study
stability of samples and leaching of complexes in the working solution used for

antimicrobial studies.

3.2.5. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
(SEM and EDS):

The samples were analysed by SEM and EDS using FE-SEM (Hitachi 4800 Type-1). X-
max silicon drift X-ray detector with a slit of 20 mm? was used. Small amount of
samples were placed on a double sided carbon tape. No coating was done. The voltage
was in the range 1- 30 kV. The working distance (WD) was set around 15 mm to get all
the counts in EDS. Magnification, kV and WD was same for SEM and EDS. At least
1000 counts were taken for EDS. Surface area = 248.8 m%/g, pore size = 3.5 nm.

3.2.6. Inductively coupled plasma atomic emission spectroscopy (ICP-OES):

In order to determine ruthenium concentration, ICP — OES using ETHOS high
performance microwave digestion system was used. Solid samples (~ 10 mg) were
weighed in Teflon tubes and then 1 ml H,O,, 2 ml HCI, 7 ml HNO3 were added to it and
tubes were placed in sample holders. The program was set such that the temperature
increased from 0 to 200 °C in 20 minutes and stayed at 200 °C for next 20 minutes.
After that, it came down to room temperature in 15 minutes. Therefore, a total of 55

minutes were required to complete the program for microwave digestion. Then the
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digester was opened and ~ 40 ml water was added to increase the volume. For the liquid
samples the probes were dipped in the solution and readings were taken directly i.e. no

digestion was done.

3.2.7. Antibacterial activity:

Antibacterial activity of ruthenium polypyridyl complexes adsorbed to activated carbon
was studied against E. coli (model Gram negative) and S. aureus (model Gram positive).
The bacterial cells were grown in NB broth to attain log phase. The cells were harvested
by centrifugation at 1000 g for 15 min at 25 °C. Cell pellet was resuspended in PBS and
used as stock. In pre-sterilized 10 mm quartz cuvettes, containing 2 ml of 108 CFU/ml
cell suspension in phosphate buffer saline (PBS), required amount of
AC/[Ru(bpy)2(phendione)]** or AC/[Ru(bpy)s]** or AC (control) were added and
magnetically stirred in dark for 30 min and then irradiated with light for 120 min. For
dark controls, the cuvettes were covered with aluminium foil and placed in front of the
light source. Temperature was 35 °C + 2 °C. E. coli and S. aureus were exposed to light
at fluence rate of 95 mW/cm?. Under these irradiation conditions the light alone had no
effect on cell viability. Reaction mix was withdrawn every 30 min, serially diluted and
plated on NB agar plates. Colonies were counted after incubating plates at 37 °C for 24
hours to estimate log reductions of the bacterial count over the time. The effect of
dosage of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** for photo bactericidal
action was investigated. All the tests were done in triplicates.

To reuse the composition of invention, AC/[Ru(bpy).(phendione)]** and
AC/[Ru(bpy)s]** was removed from disinfected PBS. AC/[Ru(bpy).(phendione)]** and
AC/[Ru(bpy)s]** pellet obtained by centrifugation was resuspended in 2 ml of 10°
CFU/ml cell suspension in PBS, and the photo bactericidal experiment was performed,
as mentioned above. The reuse experiments were performed five times (five cycles).
One cycle was performed each day. During the cycles, the pellet was always soaked in
PBS, which was removed just before the next cycle. No autoclaving of pellet was
required. After five cycles the pellet was kept soaked in PBS for another five days at
room temperature. Then the suspension was centrifuged and pellet was reused for the

10th day experiment.
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3.2.8. Effect in simulated ground water:

Photoinactivation of bacteria (E. coli and S. aureus) by ruthenium polypyridyl
complexes adsorbed onto activated carbon was also studied using simulated ground
water (SGW) as medium, under optimized conditions of AC/[Ru(bpy).(phendione)]**
and AC/[Ru(bpy)s]*". To reuse  the composition of invention,
AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** was removed from disinfected SGW.
AC/[Ru(bpy)2(phendione)]** and AC/[Ru(bpy)s]** pellet obtained by centrifugation was
resuspended in 2 ml of 108 CFU/mI cell suspension in SGW, and the photo bactericidal
experiment was performed similar to that in section 3.2.7. The reuse experiments were
performed five times (five cycles). One cycle was performed each day. During the
cycles, the pellet was always soaked in SGW, which was removed just before the next
cycle. No autoclaving of pellet was required. After five cycles the pellet was kept
soaked in SGW for another five days at room temperature. Then the suspension was
centrifuged and pellet was reused for the 10th day experiment. SGW contained a
defined composition of inorganic and organic matter. SGW was prepared by addition of
the following components to DW: Fe(NO3)3;9H,0 (0.24 uM), NaHCO;3; (1.2 mM),
Na,SO,4 (0.34 mM), Na,HPO, (0.28 mM), NaCl (0.86 mM) and resorcinol (9.0 uM)
[Gokulakrishnan et al., 2013].

3.3.  Results and Discussions:
3.3.1. Loading of [Ru(bpy)(phendione)]** and [Ru(bpy)s]** onto activated
carbon:

The UV-Vis absorption spectrophotometer results reveal that 50 and 100 UM complexes
[Ru(bpy)2(phendione)]®*, [Ru(bpy)s]*) were adsorbed completely onto 20 mg of
activated carbon (AC) (Figure 3.1 (A), 3.2 (A), 3.3 (A), 3.4 (A)). These loaded
complexes onto AC are designated as AC/[Ru(bpy).(phendione)]** and
AC/[Ru(bpy)s]**. No leaching of the complex from AC/[Ru(bpy).(phendione)]** and
AC/[Ru(bpy)s]** was observed during washing (Figure 3.1 (B), 3.2 (B), 3.3 (B), 3.4
(B)). 20 mg of AC loaded with relatively higher concentration (200 and 300 uM) of
complexes showed leaching during washing of the ruthenium loaded samples (Figure
3.5 (B), 3.6 (B), 3.7 (B), 3.8 (B)). Therefore, 100 uM complex adsorbed onto 20 mg of
AC (0.95% loading AC/[Ru(bpy).(phendione)]**, 0.86% loading AC/[Ru(bpy)s]*"), that

was not leaching during the washing was used for photoinactivation of bacteria in water.
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Figure 3.1: (A) UV-Vis spectra of [Ru(bpy).(phendione)]** (50 pM) before and after treatment
(1 hr) with activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy).(phendione)]**
after each washing (by centrifugation) with distilled water.
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Figure 3.2: (A) UV-Vis spectra of [Ru(bpy)s]** (50 uM) before and after treatment (1 hr) with
activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy)s]** after each washing (by
centrifugation) with distilled water.
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Figure 3.3: (A) UV-Vis spectra of [Ru(bpy).(phendione)]** (100 uM) before and after treatment
(1 hr) with activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy).(phendione)]**
after each washing (by centrifugation) with distilled water.
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Figure 3.4: (A) UV-Vis spectra of [Ru(bpy)s]** (100 uM) before and after treatment (1 hr) with
activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy)s]** after each washing (by
centrifugation) with distilled water.
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Figure 3.5: (A) UV-Vis spectra of [Ru(bpy).(phendione)]** (200 uM) before and after treatment
(1 hr) with activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy).(phendione)]**
after each washing (by centrifugation) with distilled water.
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Figure 3.6: (A) UV-Vis spectra of [Ru(bpy)s]** (200 uM) before and after treatment (1 hr) with
activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy)s]** after each washing (by
centrifugation) with distilled water.
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Figure 3.7: (A) UV-Vis spectra of [Ru(bpy).(phendione)]** (300 uM) before and after treatment
(1 hr) with activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy).(phendione)]**
after each washing (by centrifugation) with distilled water.

69



Chapter 3

5
A Complex
Supernatant
4 o 286nm 3-87 e [ Supcrmmml.
0.10
é 0.08 4
34 -§ 0.06
é 0.04

286nm 0.01842

300 400 500 600 700 800
Wavelength (nm)

Absorbance

&86nm 0.01842
0 T 1 1 1 - r 1 |
200 300 400 500 600 700 800

Wavelength (nm)
0.18
B Washl
Wash2
0.15 — Wash3
Wash4
WashS5
0.12
5]
&
=
2 0.094
2 0.
e
7 2]
=
< 0.06 -
0.03 1
0.00 4 . - Y T\\L"\’T‘“ _—_'I-
300 400 500 600 700 800

Wavelength (nm)

Figure 3.8: (A) UV-Vis spectra of [Ru(bpy)s]** (300 uM) before and after treatment (1 hr) with
activated carbon (20 mg). (B) Absorbance of supernatant of [Ru(bpy)s]** after each washing (by
centrifugation) with distilled water.
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3.3.2. Stability of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** in PBS:

Absorbance of supernatant showed no feature of complex spectra after washing
AC/[Ru(bpy)2(phendione)]** and AC/[Ru(bpy)s]** in PBS for 2 hr (Figure 3.9). This
further emphasised that there was no leaching for the optimized condition (100 puM
complex adsorbed onto 20 mg of AC), and the adsorbed complexes were stable at given
conditions. These results indicated that AC/[Ru(bpy).(phendione)]** (0.95% loading)
and AC/[Ru(bpy)s]** (0.86% loading) could be used as supported solid photosensitizers

for photoantibacterial studies.
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Figure 3.9: Absorbance of supernatant showing stability of samples and no leaching of
complexes in working solution (PBS) for bactericidal studies.

Further, ICP-OES analysis for the supernatant and washed solutions of the optimized

condition (100 uM complex adsorbed onto 20 mg of AC) showed no ruthenium content.
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3.3.3. Characterization of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** using
SEM:

SEM analysis of activated carbon showed highly porous structures Figure 3.10 (A). The

material was porous even after adsorption of complexes as shown in Figure 3.10 (B, C).
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Figure 3.10: SEM analysis of (A) only Activated carbon, (B) AC/[Ru(bpy).(phendione)]** and
(C) AC/[Ru(bpy)s]*".
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3.3.4. Characterization of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** using

EDS:
A
Spectrum C @) Total
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Figure 3.11: EDS spectra of (A) only Activated carbon, (B) AC/[Ru(bpy).(phendione)]** and
(C) AC/[Ru(bpy)s]*".

EDS analysis of only activated carbon confirmed the presence of only carbon and
oxygen elements, with carbon being 93.85 weight% and oxygen 6.50 weight% (Figure
3.11 (A)). Peak around 2.6 keV corresponding to X-ray energy of Ru(ll) was not
detected as loading was less than 1% in AC/[Ru(bpy).(phendione)]** and
AC/[Ru(bpy)s]**. The samples mainly contain carbon (~90%) and oxygen (~8%)
(Figure 3.11 (B, C))

3.3.5. Photoantibacterial activity in PBS:

Visible light photoantimicrobial activity of Ru(ll) polypyridyl complexes adsorbed onto
activated carbon was studied against E. coli (model Gram-negative bacteria) and S.
aureus (model Gram-positive bacteria). 2.5 mg/ml of AC/[Ru(bpy).(phendione)]**
(0.95% loading) showed 8 log reduction of E. coli cell viability within 90 min, under
visible light irradiation (Figure 3.12). Similar results were obtained in the case of
AC/[Ru(bpy)s]**  (0.86% 3.13). Under dark
AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** had no effect on cell viability (Figure

loading)  (Figure conditions
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3.14 (A)). These results reveal that both AC/[Ru(bpy)(phendione)]** and
AC/[Ru(bpy)s]** are effective for visible light photoinactivation of bacteria. On
reducing the dose of AC/[Ru(bpy)(phendione)]** and AC/[Ru(bpy)s]**, the ability to
photoinactivate bacteria also reduced (Figure 3.12, 3.13). Further, on reducing the
loading of complexes (i.e., 0.48% for [Ru(bpy).(phendione)]** and 0.43% for
[Ru(bpy)s]?"), a reduction in inactivation efficiency was also observed (Figure 3.12,
3.13).

No growth inhibition of E. «coli was observed on irradiation of
AC/[Ru(bpy)2(phendione)]** in presence of mannitol, indicating presence of hydroxyl
radicals. Significant growth inhibition of E. coli was observed on irradiation of
AC/[Ru(bpy).(phendione)]* in presence of sodium azide, indicating that singlet oxygen
may not be the major species produced on irradiation of AC/[Ru(bpy)z(phendione)]**.
Earlier, ruthenium complexes containing phendione ligands have been shown to
produce charge-separated excited species that undergo fast radiation-less decay to
ground state resulting in quenching or reduced MLCT luminescence [Zhou et al., 2010
(it), Chouai et al., 2005], which is not favourable for the formation of singlet oxygen
[Garcia-Fresnadillo et al., 1996, Zhou et al., 2010 (ii), Chouai et al., 2005, DeRosa et al.,
2002]. In case of AC/[Ru(bpy)s]**, partial growth inhibition of E. coli was observed in
presence of mannitol as well as in presence of sodium azide, indicating that both
hydroxyl radicals and singlet oxygen are involved on irradiation of AC/[Ru(bpy)s]**
[Tavares et al., 2011, Cormick et al., 2011, Maisch et al., 2005]. [Ru(bpy)s]** is known
to produce both hydroxyl radicals and singlet oxygen on irradiation [DeRosa et al.,
2002].

Furthermore, 10° S. aureus cells were completely photoinactivated within 120 min in
presence of AC/[Ru(bpy).(phendione)]** (0.95% loading) and AC/[Ru(bpy)s]** (0.86%
loading). Under dark conditions AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** had
no effect on cell viability (Figure 3.14 (B)). These results reveal that
AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]**, has the ability to photoinactivate

both Gram-positve and Gram-negative bacteria.
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Figure 3.12: Photo bactericidal activity with respect to dose of AC/[Ru(bpy).(phendione)]
against E. coli, in PBS. (A) Kinetics of bacterial inactivation at different doses of 0.95% loaded

sample (solid lines) and 0.48% loaded sample (dotted lines). (B) Comparison of cell viability at
90 min of irradiation for the 0.95% loaded sample and 0.48% loaded sample.
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Figure 3.13: Photo bactericidal activity with respect to dose of AC/[Ru(bpy)s]** against E. coli,
in PBS. (A) Kinetics of bacterial inactivation at different doses of 0.86% loaded sample (solid
lines) and 0.43% loaded sample (dotted lines). (B) Comparison of cell viability at 90 min of
irradiation for the 0.86% loaded sample and 0.43% loaded sample.
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Figure 3.14: Bactericidal activity of optimized compositions against (A) E. coli and (B) S.
aureus under light and dark conditions with PBS as medium.

78



Chapter 3

Effect of initial cell concentration on photoinactivation of E. coli by
AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]**:

Effect of initial concentration of cells on photoinactivation of E. coli by
AC/[Ru(bpy)2(phendione)]** (0.95% loading) and AC/[Ru(bpy)s]** (0.86% loading)
revealed that complete inactivation was achieved within 90 minutes when initial
concentration was 10" or 10®° CFU/ml cells (Figure 3.15). The time for complete
inactivation was reduced to 60 minutes on decreasing the initial concentration to 10°
CFU/ml cells (Figure 3.15). These results reveal that the complexes are promising

photosensitizers for inactivation of E. coli.

Reuse of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]**:

Importantly,  AC/[Ru(bpy).(phendione)]**  and  AC/[Ru(bpy)s]**  showed
photobactericidal activity for a few cycles i.e. 5 consecutive cycles, one cycle per day
for 5 days totally and the final assay at the 10™ day (Figure 3.16). These results indicate
that AC/[Ru(bpy).(phendione)]** (0.95% loading) and AC/[Ru(bpy)s]** (0.86%
loading), can be reused. Further, ICP-OES results also indicate no leaching of
complexes from AC/[Ru(bpy)z(phendione)]** (0.95% loading) and AC/[Ru(bpy)s]**
(0.86% loading) and disinfected aqueous medium (PBS) is free of ruthenium.
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Figure 3.15: Dependence of photoinactivation of E. coli, in presence of

(A) AC/[Ru(bpy).(phendione)]** (0.95% loading) and (B) AC/[Ru(bpy)s]** (0.86% loading) on
cell concentration.
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Figure 3.16: Photo-bactericidal activity of optimized compositions with PBS as medium under
light irradiation for a few cycles (A) shows bactericidal activity of AC/[Ru(bpy).(phendione)]**
and (B) shows bactericidal activity of AC/[Ru(bpy)s]**.

81



Chapter 3

3.3.6. Photoantibacterial activity in simulated ground water:
AC/[Ru(bpy).(phendione)]** (0.95% loaded) and AC/[Ru(bpy)s]** (0.86% loaded) also
caused photoinactivation when simulated ground water was used as medium, under
visible light irradiation. Complete photoinactivation of 10° cells was observed within
120 min, under optimized conditions (Figure 3.17). Importantly, photo bactericidal
activity of AC/[Ru(bpy).(phendione)]** and AC/[Ru(bpy)s]** was observed for a few
cycles i.e. 5 consecutive cycles, one cycle per day for 5 days totally and the final assay
at the 10" day with SGW as medium under light irradiation (Figure 3.18). Further, ICP-
OES results also indicate no leaching of complexes from AC/[Ru(bpy).(phendione)]**
(0.95% loading) and AC/[Ru(bpy)s]** (0.86% loading) and disinfected aqueous medium
(SGW) is free of ruthenium.

8 —m— AC+Ru(Bpy),(PD)
—e— AC+Ru(Bpy),

Log CFU/ml
=

0 30 60 90 120 150
Time (min)

Figure 3.17: Time taken for bacterial inactivation by the composition of the invention when
simulated ground water (SGW) is used as a medium.
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Figure 3.18: Photo-bactericidal activity of optimized compositions with SGW as medium under
light irradiation for a few cycles (A) shows bactericidal activity of AC/[Ru(bpy).(phendione)]**
and (B) shows bactericidal activity of AC/[Ru(bpy)s]**.

All the above results indicate that photoactive ruthenium polypyridyl complexes
adsorbed to activated carbon as heterogeneous photosensitizers can be used as effective

water disinfection agents under visible light irradiation. The results also show that the
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complexes can be reused. Recently, Manjon et al., reported water disinfection using Ru
complexes supported on porous silicones. However, the supported systems had to be
autoclaved prior to next use, and the complexes leached from the supports during
autoclaving process [Manjon et al., 2009]. In the present investigation it was observed
that AC/[Ru(bpy)2(phendione)]** (0.95% loading) and AC/[Ru(bpy)s]** (0.86% loading)

can be reused without the requirement to autoclave.

3.4. Conclusions:

25 mg/ml  of  AC/[Ru(bpy)z(phendione)]*  comprising 237 pug of
[Ru(bpy)2(phendione)]** (0.95% loading), and 2.5 mg/ml of AC/[Ru(bpy)s]**
comprising 21.5 pg of [Ru(bpy)s]** (0.86% loading) was able to completely inactivate
10°® bacteria in PBS under visible light irradiation within 90 min. The above composition
was also able to completely photoinactivate 10° bacteria in SGW within 120 min.
Importantly, AC/[Ru(bpy)z(phendione)]** and AC/[Ru(bpy)s]** could also cause
complete photoinactivation for 5 consecutive cycles in both PBS and SGW. These
results indicate that AC/[Ru(bpy)z(phendione)]** and AC/[Ru(bpy)s]** can be promising
visible light water disinfection agents.
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Chapter 4

Enhanced photoantibacterial activity of [Ru(bpy)s]** complex in

presence of glutathione coated silver nanoparticles

Highlights:

1. Complete photoinactivation of bacteria by [Ru(bpy)s]** complex and Ag-GSH NPs.
2. Visible light emitting diode array used for photoinactivation of bacteria.
3. Loss of cell integrity due to membrane damage on photolysis.

4. Photobactericidal efficiency of [Ru(bpy)s]** complex is significantly improved.

Graphical abstract figure:
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4.1. Background:

Murphy et al., used porphyrin based photosensitizers to obtain prophyrin-silver
nanoparticles (Ag NPs) hybrid structures, where photoinduced electron transfer between
the porphyrin and Ag NPs was observed [Murphy et al., 2011]. Pramod et al., employed
ruthenium trisbypyridine complex as photosensitizer to obtain ruthenium complex-Au
NPs hybrid systems [Pramod et al., 2006]. Glomm et al., have reported that the MLCT
photoexcitation of [Ru(bpy)s]** adsorbed onto Ag NPs, resulted in energy and electron
transfer from [Ru(bpy)s]** to Ag NPs. The electron transfer is represented in scheme 1
[Glomm et al., 2005].

[Ru(bpy)g,]2+ — Ag NP ﬂ>[ Ru(bpy)g*]2+ (MLCT)-AgNP ——»

[Ru(bpy)s]** — Ag NP~ — [Ru(bpy)s]** — Ag NP

Scheme 1: Electron transfer between [Ru(bpy)s]** and Ag NP.

Importantly, photoexcited states and charge-separated states in nano hybrid systems
may produce photosensitised ROS in presence of dissolved oxygen that cause cell death.
Nevertheless, study on the ability of MLCT photoexcitation of [Ru(bpy)s]** adsorbed
onto Ag NPs to generate ROS and induce inactivation of bacteria has not been studied.
Moreover, it has been reported that Ag NP capped with glutathione peptide (Ag-GSH)
was stable, and bind to the bacterial surface membrane, but the antibacterial action was
significantly reduced due the glutathione coating and other factors such as prevention of
the release of Ag" ions [Taglietti et al., 2012, Amato et al., 2011, Pallavicini et al.,
2010]. Thus, Ag-GSH may be useful as carrier of cationic photosensitizer, such as
[Ru(bpy)s]**, towards the bacterial membrane, and may enhance the photoinactivation

of bacteria by [Ru(bpy)s]** complex.

These reports indicate that nano hybrid systems consisting of a photo-donor bound to
Ag NP may act as effective PACT agent. All the above facts prompted us to investigate
the ability of [Ru(bpy)s]** to photoinactivate bacteria in presence of stable Ag-GSH
nanoparticle (Ag-GSH-Ru nano hybrid systems) under visible light irradiation

condition.
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4.2. Materials and methods:

4.2.1. Materials:

Silver nitrate, sodium borohydride, trisodium citrate were purchased from S D Fine
Chemicals Limited, India. L-glutathione reduced (GSH) was purchased from Sigma
Aldrich, India. Details are as mentioned in chapter 2, section 2.2.1. Double distilled

water (DW) was used for all experiments.

4.2.2. Complex preparation:
[Ru(bpy)s](PFs)2.2H,0 was prepared and characterised spectrophotometrically (JASCO
V-570 UV/VisINIR Spectrophotometer), as reported earlier [Gao et al., 2000].

Appropriate amount of [Ru(bpy)s]** was dissolved in DW to get stock solution.

4.2.3. Visible light source:
LED array was used as visible light source, purchased from Kwality Photonics,

Hyderabad, India. As mentioned in chapter 2, section 2.2.3.

4.2.4. Synthesis of Ag NP coated with GSH:
Ag NP coated with GSH was prepared as reported earlier [Taglietti et al., 2012, Amato
et al., 2011]. All the glasswares were acid washed and rinsed thrice with DW before

using. The procedure is briefly described below.

Ag NP preparation:

To 100 mL of ice cooled DW the following ice-cooled solutions were added in sequence
under vigorous stirring: 1 mL of 1% (w/v) AgNO3; solution (10 mg in ImL DW), after
one minute 1ml of 1% (w/v) sodium citrate (10 mg in ImL DW) and, after 1 more
minute, 0.75 mL of a mixture of 0.075%w NaBH, and 1%w sodium citrate (10 mg
sodium citrate + 0.75 mg NaBH; in 1 mL DW). After the last addition of mixture,

stirring was immediately stopped, in order to avoid coagulation.

Coating Ag NP with GSH (Ag-GSH):

Coated NPs solutions were prepared by adding the capping agent, GSH to the
synthesized citrate-capped NPs suspension, followed by centrifugation at the
appropriate pH. During titration of GSH against Ag-citrate capped nanoparticle, the
localized surface plasmon resonance (LSPR shift) (395 to 400 nm) was observed at
approximately 0.03 equivalents of GSH with respect to [Ag']. This indicated that 0.03

equivalents of GSH with respect to [Ag*] bind to the Ag nanoparticle, as reported earlier
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[Amato et al., 2011]. The slight shift to 398 nm on further increasing the concentration
of GSH is attributed to the formation of complex of excess GSH with Ag® in the
solution. Thus, 0.03 equivalents of GSH with respect to the total silver concentration
were added. 102.75 mL of the above prepared Ag-citrate capped nanoparticle
suspension ([Ag'] = 572.9 uM) was rapidly added to 0.54 mg of soild GSH (17.187
uM). The solution was kept at room temperature (25 °C) for about 15 min and the pH of
the solution was manually set to 3 by adding standard HNOs; (1 M) before
centrifugation. Ag-GSH was precipitated by centrifugation at 8000 rpm for 15 min. The
obtained pellet was washed three times with DW. The washed pellet was dried at 30 °C

for 10 min under vacuum.

4.2.5. Preparation of nano hybrid systems of ruthenium adsorbed Ag NP solution:

Earlier, nano hybrid systems were prepared by mixing the appropriate concentrations of
PS with NPs [Murphy et al., 2011, Glomm et al., 2002]. Briefly, aqueous solutions of
[Ru(bpy)s]** complex and Ag-GSH were thoroughly mixed with appropriate
concentrations to obtain the Ag-GSH-Ru nano hybrid systems. Ag-GSH-Ru nano hybrid
was also freshly prepared in PBS with bacteria for antibacterial experiments under dark

and light conditions.

2.0
Ru(Bpy),
Ru(Bpy),+Ag-GSH
1.5 1
o
=
«
N’
Z
‘a2 1.0
=
Y
N
=
o
0.5+
0.0 T T |
550 600 650 700
Wavelength (nm)

Figure 4.1: Fluorescence measurement of [Ru(bpy)s]** (0.5 pM) and Ag-GSH-Ru (Ag-GSH (10
ug/ml) + [Ru(bpy)s]** (0.5 pM)).
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Fluorescence of [Ru(bpy)s]** (0.5 uM) alone and [Ru(bpy)s]** (0.5 M) mixed with Ag-
GSH (10 pg/ml) was measured at Ae = 450 nm in PBS using JASCO FP 6300
spectrofluorometer. The fluorescence of [Ru(bpy)s]** complex in the nao hybrid was
significantly quenched as compared to free complex (Figure 4.1). Earlier, quenching of
luminescence by nanoparticles has been shown for systems such as citrate-capped Au
and Ag nanoparticles, and Ru(ll) and Os(I) complexes [Huang and Murray, 2002,
Glomm et al., 2002].

4.2.6. Antibacterial activity of Ag-GSH-Ru and Ag-GSH:

The bacterial cells were grown in NB broth to attain log phase. The cells were harvested
by centrifugation at 1000 g for 15 min at 25 °C. Cell pellet was resuspended in PBS.
Ag-GSH was suspended in PBS and [Ru(bpy)s]** dissolved in sterilised DW. Required
volumes of Ag-GSH suspension and [Ru(bpy)s]** solution were mixed to obtain Ag-
GSH-Ru nano hybrid systems in a pre-sterilized 10 mm quartz cuvettes containing 10°
CFU/ml cell suspension in PBS. The total volume was 2 ml. The cuvettes were kept in
dark for 30 min and then irradiated with light for 90 min. For dark controls, the cuvettes
were covered with aluminium foil and placed in front of the light source. Temperature
was maintained at 35 °C + 2 °C. The reaction mix was withdrawn every 30 min, serially

diluted and plated on NB agar plates.

Colonies were counted after incubating the plates at 37 °C for 24 hours. All the tests
were done in triplicates. To study the effect of dose of Ag-GSH and [Ru(bpy)s]** on
bacteria, different [Ru(bpy)s]°* and Ag-GSH concentrations were used. 10 pg/ml of Ag-
GSH and 0.5 uM [Ru(bpy)s]** was fixed as the optimised concentration/ combination
and were used for experiments such as scavenging, fluorescence microscopic and SEM
analysis. Effect of bacterial cell concentration (10° - 108 CFU/mI) on photoinactivation
of E. coli by 10 pug/ml of Ag-GSH and 0.5 pM [Ru(bpy)s]** was also studied. Earlier 15
pg/ml Ag-GSH alone was shown to cause 3 log reduction on incubation for ~20 hours
[Amato et al., 2011]. Also it is not desirable to use high concentration of Ag NP. Based
on these facts the maximum concentration of Ag-GSH was fixed at 10 pg/ml at which

Ag-GSH has no effect on bacterial viability.

Intensity of light was optimised by adjusting the distance between light source and

surface of quartz cuvette containing bacterial cell suspension. E. coli and S. aureus were
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exposed to light at the fluence rate of 95 mW/cm? and 60 mW/cm?, respectively. Under

these photolytic conditions the light alone had no effect on cell viability.

4.2.7. Membrane binding of Ag-GSH-Ru, Ag-GSH and [Ru(bpy)s]** to E. coli cells:
Membrane binding of Ag-GSH-Ru, Ag-GSH and [Ru(bpy)s]** to E. coli cells was
spectrophotometrically followed by recording absorption spectra. Briefly, 108 CFU/mI
E. coli cells in PBS containing 10 pg/ml of Ag-GSH or 10 uM of [Ru(bpy)s)]** were
incubated for 120 minutes. Absorption spectra of these suspensions were taken after
filtering through 0.45 pm PTFE filter. It was observed that complex did not adsorb to
this filter.

4.2.8. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
bacterial inactivation:
Sodium azide and D-mannitol were used as singlet oxygen quencher and hydroxyl
radical scavenger, respectively to study their effect on antibacterial activity of Ag-GSH-
Ru. 25 mM of the quencher, 10 pg/ml Ag-GSH, 0.5 pM [Ru(bpy)s]** and 108 CFU/mI
cells were suspended in PBS and incubated in dark for 30 min and then irradiated for 90
min. Dark controls were covered with aluminium foil and placed in front of the light
source. The reaction mix was withdrawn after 90 min irradiation, serially diluted and
plated on NB agar plates. Colonies were counted after incubating plates at 37 °C for 24

hours.

4.2.9. Analysis of cell integrity:
E. coli cells in PBS were irradiated with and without (control) Ag-GSH-Ru. Cells with
Ag-GSH-Ru were covered with aluminium foil as dark controls. Details are as

mentioned in chapter 2, section 2.2.7.

4.2.10. Scanning Electron Microscopy (SEM) analysis:
E. coli cells in PBS were irradiated with and without (control) Ag-GSH-Ru and
complex. Cells with Ag-GSH-Ru were covered with aluminium foil as dark controls.

Details are as mentioned in chapter 2, section 2.2.8.

4.3. Results and discussions:

4.3.1. Photoinactivation of bacteria by Ag-GSH-Ru nano hybrid:

Visible light irradiation of 10® Gram-negative (E. coli) bacterial cells in presence of Ag-
GSH-Ru (Ag-GSH (10 pg/ml) and [Ru(bpy)s]** (0.5 uM)) caused complete inactivation
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of bacteria within 90 min (Figure 4.2 (A), 4.3 (A)). On the other hand, visible light
irradiation of 10® Gram-positive (S. aureus) bacterial cells in presence of Ag-GSH-Ru
(Ag-GSH (10 pg/ml) and [Ru(bpy)s]** (0.5 pM)) caused complete inactivation of
bacteria within 60 min (Figure 4.2 (B), 4.3 (B)). Ag-GSH (10 pg/ml) in combination
with complex (10 uM) had no effect no cell viability under dark conditions (Figure 4.2,
4.3). Moreover, Ag-GSH (10-200 pg/ml) alone had no effect on cell viability under
light and dark conditions, on both E. coli and S. aureus (Figure 4.4). Importantly,
[Ru(bpy)s]** (20 uM) alone also had no effect on cell viability under dark conditions, on
both E. coli and S. aureus (Figure 4.5). Thus, all the above results reveal that the hybrid
system i.e., the combination of Ag-GSH and Ru complex, and light has the ability to

photoinactivate both Gram-positive and Gram-negative bacteria in water.

The effect of the amount of Ag-GSH and [Ru(bpy)s]** on photoinactivation was studied.
Varying the Ag-GSH concentration between 1 and 10 pg/ml with concentration of Ag-
GSH maintained at 10 pg/ml, also showed an increase in log reduction of E. coli from 5
to 8 was observed within 90 min (Figure 4.2 (A)). Similarly, for S. aureus within 60
min, an increase in log reduction from 5 to 8 was observed (Figure 4.2 (B)). Moreover,
varying the [Ru(bpy)s]** concentration between 0.1 and 0.5 pM with concentration of
Ag-GSH maintained at 10 pg/ml, showed an increase in log reduction of E. coli from 6
to 8 was observed within 90 min (Figure 4.3 (A)). Similar trend was observed for S.

aureus within 60 min (Figure 4.3 (B)).

Earlier, Lie et al., have shown that Ru complexes alone can act as a PS for inactivation
of bacteria [Lei et al., 2011]. In the present investigation, we have found that
concentration as high as 10 pM of PS [Ru(bpy)s]** alone was able to completely
photoinactivate E. coli in water within 120 min (Figure 4.5 (A)). It is important to note
that, the effective concentration of the PS [Ru(bpy)s]** required for photoinactivation
was reduced to ~20 times in the presence of Ag-GSH (Figure 4.2 (A), 4.3 (A)). In case
of S. aureus, 5 pM of [Ru(bpy)s]** alone was able cause complete photoinactivation
within 90 min (Figure 4.5 (B)). However, the effective concentration of [Ru(bpy)s]**
required for photoinactivation was reduced to ~10 times in the presence of Ag-GSH
(Figure 4.2 (B), 4.3 (B)). Thus, the results reveal that S. aureus is more susceptible
towards photoinactivation than E. coli in presence of Ag-GSH-Ru. Earlier, such

susceptibility of Gram-positive bacteria during photoinactivation have been explained
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by differences in membrane compositions between Gram-positive and Gram-negative

bacteria, as discussed in chapter 1 section 1.6, and chapter 2 section 2.3.1.
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Figure 4.2: Antimicrobial activity of Ag-GSH-Ru at variable Ag-GSH (1-10 pg/ml) and fixed

complex concentration (0.5 uM) under dark and light conditions against (A) E. coli and (B) S.
aureus.

92



Chapter 4

Dark incubation

. E. coli
p—(
=
S~~~ 4 _
E —m— 10.0uM Dark
@) —®— 5.0uM Dark
= —A— 1.0uM Dark 3
o) 24 |[~¥—0.1uM Light
0.2uM Light
—<4—0.3uM Light
—»— 0.4uM Light
0J |—®—0.5uM Light ¥

I
-30 0 30 60 90

Bg. {ﬁ E\ -
Dark incubation f ;
S. aureus
6 -
E
S 4+ |—m—10.0uM Dark
€2 —@— 5.0uM Dark
C; —A— 1.0uM Dark \
=] —wv—0.1uM Light 7
- 24 0.2uM Light
—4—0.3uM Light
—p—0.4uM Light
—8—0.5uM Light 3
0 ® I»

1
-30 0 30 60 920
Time (min)

Figure 4.3: Antimicrobial activity of Ag-GSH-Ru at fixed Ag-GSH (10 pg/ml) and variable
complex concentration (0.1 uM to 0.5 uM) under dark and light conditions against (A) E. coli
and (B) S. aureus.
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Figure 4.5: Antimicrobial activity of [Ru(bpy)s]** alone under dark and light conditions against
(A) E. coli and (B) S. aureus.
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Effect of initial cell concentration on photoinactivation of E. coli by Ag-GSH and
[Ru(bpy)s]**:

Effect of initial concentration of cells on photoinactivation of E. coli by Ag-GSH-Ru
(Ag-GSH (10 pg/ml) + [Ru(bpy)s]** (0.5 uM)) revealed that complete inactivation was
achieved within 90 minutes when initial concentration was 10" or 10° CFU/mI cells
(Figure 4.6). The time for complete inactivation was reduced to 60 minutes on
decreasing the initial concentration to 10° CFU/mI cells (Figure 4.6). These results
reveal that the complexes are promising photosensitizers for inactivation of E. coli.

It has been shown that electron transfer (from MLCT state of complex to surface of
nanoparticle) occurs between plasmon of Ag NP (acceptor) and ruthenium complex
(donor) (scheme 1) under visible light irradiation [Franzen et al., 2002]. Thus, the
present results indicate that the Ag-GSH-Ru hybrid system formed may generate ROS
under visible light irradiation could kill bacteria. The effect of scavengers on

photoantibacterial activity was studied and the results are presented in section 4.3.2.
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Figure 4.6: Dependence of photoinactivation of E. coli, in presence of Ag-GSH-Ru (Ag-GSH
(10 pg/ml) + [Ru(bpy)s]** (0.5 uM)) on cell concentration.
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Membrane binding of Ag-GSH-Ru, Ag-GSH and [Ru(bpy)s]** to E. coli cells:

The absorbance of Ag-GSH-Ru nano hybrid (Ag-GSH (10 pg/ml) and [Ru(bpy)s]** (0.5
p1M)) decreased on incubating it with E. coli for 120 min (Figure 4.7 (A), 4.8).
Similarly, the absorbance of Ag-GSH (10 pg/ml) also decreased on incubating it with E.
coli for 120 min (Figure 4.7 (B), 4.8). On the other hand, the absorbance of [Ru(bpy)s]**
(10 uM) did not significantly reduce as compared to Ag-GSH-Ru and Ag-GSH, on
incubation with E. coli for 120 min (Figure 4.7(C), 4.8). These results indicate that Ag-
GSH-Ru nano hybrid and Ag-GSH have the ability to bind bacterial membrane, whereas
[Ru(bpy)s]** binding was insignificant. Earlier, it has been reported that Ag-GSH has
the ability to bind bacterial membrane [Amato et al., 2011]. Decrease in the absorbance
for both, Ag-GSH-Ru and Ag-GSH, was almost similar, indicating that the adsorption
of [Ru(bpy)s]** onto Ag-GSH did not alter the membrane binding affinity of Ag-GSH
(Figure 4.8).

4.3.2. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
bacterial inactivation:

Effect of singlet oxygen quencher and hydroxyl radical scavenger on bacterial
inactivation was studied using sodium azide and mannitol respectively [Tavares et al.,
2011, Cormick et al., 2011, Maisch et al., 2005]. Growth was observed in presence of
both, indicating that both singlet oxygen and hydroxyl radicals are responsible for
photoinactiavtion of bacteria (Figure 4.9). The quencher/scavenger alone under dark and
light conditions and, quencher/scavenger in presence of Ag-GSH-Ru did not affect cell
viability under dark conditions. [Ru(bpy)s]** is a well known photosensitizer that
generates both singlet oxygen and hydroxyl radicals on irradiation [DeRosa et al.,
2001].
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Figure 4.7: Membrane binding of (A) Ag-GSH-Ru and (B) Ag-GSH to E. coli cells.
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Figure 4.7: Membrane binding of (C) [Ru(bpy)s]** to E. coli cells.
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Figure 4.8: Percentage decrease in absorbance of Ag-GSH-Ru, Ag-GSH and [Ru(bpy)s]*,
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Figure 4.9: Effect of singlet oxygen quencher and hydroxyl radical scavenger on antibacterial
activity of Ag-GSH-Ru (Ag-GSH (10 pg/ml) + [Ru(bpy)s]** (0.5 pM)) under dark and light
conditions against (A) E. coli and (B) S. aureus.
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4.3.3. Cell integrity analysis:

LIVE/DEAD® Baclight™ assay and SEM analyses were performed to determine cell
integrity [Salmi et al., 2008]. Only cells irradiated with light, and cells in presence of
Ag-GSH-Ru under dark conditions showed green fluorescence due to uptake of
membrane permeable SYTO9® dye, indicating live cells. Cells irradiated in presence of
Ag-GSH-Ru showed red fluorescence due to PI®, indicating membrane damage and loss
of cell integrity (Figure 4.10). SEM analysis also revealed extensive membrane damage,
on irradiation of cells with visible light in presence of Ag-GSH-Ru (Figure 4.11). The
results indicate that singlet oxygen and other ROS are produced during irradiation of
[Ru(bpy)s]** with visible light, and damage cell membrane and lead to cell death.
Earlier, Ag-GSH has also been shown to penetrate cells and interact with cell
components and cause cell damage [Amato et al., 2011]. Thus, a combined effect of the
two components of the system studied here, leads to effective photoinactivation of
bacteria. Additionally, the combination considerably reduced the amount of both Ag-

GSH and [Ru(bpy)s]** used, and time involved for complete photoinactivation.

Control Dark Light

Figure 4.10: Fluorescence microscopic analysis of membrane damage by Live/Dead Baclight
kit using SYTO9 and Propidium iodide against E. coli by Ag-GSH-Ru (Ag-GSH (10 pg/ml) +
[Ru(bpy)s]** (0.5 uM)). Green Fluorescence = Live cells, Red Fluorescence = Dead Cells.
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Control Light

Figure 4.11: Scanning electron microscopic analysis of membrane damage against E. coli by
Ag-GSH-Ru (Ag-GSH (10 pg/ml) + [Ru(bpy)s]** (0.5 pM)).

4.4. Conclusions:
It has been demonstrated that the combination of 0.5 pM of [Ru(bpy)s]** and 10 pg/ml

of Ag-GSH was effective for killing 108 bacterial cells within 90 min, under visible light
irradiation using LED array as light source. The Ag-GSH hybrid systems i.e., the
combination of positively charged ruthenium complex and negatively charged Ag-GSH
caused complete photoinactivation of both Gram-negative and Gram-positive bacteria in
water. Scavenging, fluorescence microscopic and SEM results reveal that ROS
generated during irradiation, cause significant cell membrane damage and lead to cell
death. The effective concentration of [Ru(bpy)s]** for photoinactivation of bacteria was
significantly reduced (~10 time for S. aureus and ~20 times for E. coli) in presence of
Ag-GSH.
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Photo antibacterial activity of [RuCl(bpy).(ATPh)]CI
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Photo generated singlet oxygen and hydroxyl radicals kill bacteria.
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5.1. Background:

Ruthenium complexes are known as effective visible light active photosensitizers [Lei et
al., 2011]. Earlier, it has been shown that [RuCl(bpy).ATPh]" complex (Figure 5.1)
bound to gold nanoparticle could be used as fluorescent probe for NO that is important

in biological systems [Diaz-Garcia et al., 2009].

SH

Figure 5.1: Structure of [RuCl(bpy).ATPh]CI.

The [RuCl(bpy),ATPh]* complex may generate ROS on visible light irradiation. Thus,
we aimed to study the photoantibacterial effects of [RuCI(bpy),ATPh]" in water.

5.2. Materials and methods:

5.2.1. Materials:

4-Aminothiophenol (ATPh) and L-glutathione reduced (GSH) were purchased from
Sigma Aldrich, India. Other details are as mentioned in chapter 2, section 2.2.1. Double

distilled water was used for all experiments.

5.2.2. Complex preparation:

Briefly for [RuCl(bpy),ATPh]", commercial RuC13.3H,O (780 mg, 2.98 mmol),
bipyridine (936 mg, 6 mmol), and LiCl (840 mg, 20 mmol) were heated at reflux and
stirred magnetically in reagent grade dimethylformamide (25 ml) for 8 hours. After the
reaction mixture was cooled to room temperature, 100 ml of reagent grade acetone was
added and the resultant solution cooled at 0°C overnight. The solution was filtered to
yield a red to red-violet solution and a dark green-black microcrystalline product. The
solid was washed three times with 5-ml portions of water followed by three 5-ml

portions of diethyl ether, and then it was dried by suction to obtain [Ru(bpy),C1,].2H,0.
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[Ru(bpy).C1,].2H,0 and ATPh were dissolved in methanol in 1:1 molar ratio and
magnetically stirred for 2 hrs. The reaction resulted in a precipitate. The precipitate was
centrifuged at 5000 rpm for 5 min and supernatant discarded. The pellet obtained was
washed thrice with cold distilled water. The washed pellet was then dried under vacuum
at 40 °C for about 1.5 hrs. The dried dark-violet [RuCl(bpy).ATPh]CI (Figure 5.1) thus
obtained was kept in a closed microfuge tube.

5.2.3. FTIR analysis:
FTIR spectrum of [Ru(bpy).]** and [RuCl(bpy).ATPh]" has been recorded using IR

Affinity-1 Shimadzu by press pellet technique. The samples were mixed with activated
KBr and pellet was made.

Coordination of ATPh ligand to [Ru(bpy),]** was studied by FTIR spectroscopy.
Appearance of the two IR bands in the range 2500-2700 cm™* indicates the presence of
SH group of the attached ATPh ligand. The appearance of broad NH-stretching
vibrations at 3432 cm™* and NH-bending band at 1627 cm™* (Figure 5.2) indicates the
amino group of ATPh ligand. The band at 1319 cm?, indicates C-N stretching in
primary-amine of ATPh ligand. These IR results are in accordance with earlier reports
[Diaz-Garcia et al., 2009, Al Abdel Hamid et al., 2011].

B
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Figure 5.2: (A) Comparative FTIR spectrum of [Ru(bpy).]** and [RuCl(bpy),ATPh]*. (B) Inset:
Enlargement of the SH bands in [RuCIl(bpy),ATPh]" in the frequency range 2500-2700cm ™.
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5.2.4. Visible light source:
LED array was used as visible light source, purchased from Kwality Photonics,

Hyderabad, India. Details are as mentioned in chapter 2 Section 2.2.3.

5.2.5. Antibacterial studies:

Antibacterial activity of [RuCl(bpy),ATPh]" was studied against E. coli (model Gram-
negative) and S. aureus (model Gram-positive). Details are as mentioned in chapter 2,
section 2.2.4.

5.2.6. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
bacterial inactivation:
ROS quenching experiments using sodium azide (singlet oxygen) and mannitol

(hydroxyl radical) [Tavares et al., 2011, Cormick et al., 2011, Maisch et al., 2005] were

performed against E. coli. Details are as mentioned in chapter 2, section 2.2.5.

5.2.7. Detection of singlet oxygen:
Spectrophotometric detection of singlet oxygen was done as reported, using AHP
[Komagoe et al., 2001, Amat-Guerri et al., 1999, Gomes et al., 2013]. Details are as

mentioned in chapter 2, section 2.2.6, using AHP as probe.

5.3. Results and discussions:

5.3.1. Photoantibacterial activity:

Visible light irradiation of 10® E. coli cells using LED array in presence of
[RuCl(bpy),ATPh]" (50 uM) resulted in complete inactivation of E. coli within 120 min
(Figure 5.3 (A)). On reducing the concentration of [RuCl(bpy).ATPh]",
photoinactivation efficiency was reduced (Figure 5.3 (A)). [RuCl(bpy).ATPh]" had no
effect on cell viability under dark conditions. Additionally, complete inactivation of 10°
S. aureus cells was also observed within 90 min for 50 uM of [RuCl(bpy),ATPh]" on
visible light irradiation (Figure 5.3 (B)). On reducing the concentration of
[RuCl(bpy),ATPh]"*, photoinactivation efficiency was reduced (Figure 5.3 (B)). It is
evident that Gram-positive bacteria, S. aureus is more susceptible towards
photoinactivation in presence of [RuCl(bpy).ATPh]" as compared to Gram-negative
bacteria, E. coli. Such differences in susceptibility of Gram-negative and Gram-positive

bacteria have been reported earlier, and are discussed in chapters 1, 2 and 4. Thus, these
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results indicate that [RuCIl(bpy),ATPh]" has the ability to inactivate both Gram-negative

and Gram-positive bacteria in water under visible light irradiation.

Effect of initial cell concentration on photoinactivation of E. coli by
[RuCl(bpy),ATPh]":

Effect of initial concentration of cells on photoinactivation of E. coli by
[RuCl(bpy),ATPh]* (50 uM) revealed that complete inactivation was achieved within
120 minutes when initial concentration was 10" or 108 CFU/mlI cells (Figure 5.4). The
time for complete inactivation was reduced to 90 minutes on decreasing the initial
concentration to 10° CFU/mI cells (Figure 5.4). These results reveal that the complexes

are promising photosensitizers for inactivation of E. coli.

5.3.2. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
photoantibacterial activity:

Photoinactivation of E. coli (model organism) by [RuCl(bpy),ATPh]" (50 pM) was
carried out in presence of sodium azide (singlet oxygen quencher) and D-mannitol
(hydroxyl radical scavenger) (each 25 mM) [Tavares et al., 2011, Cormick et al., 2011,
Maisch et al., 2005]. Partial growth inhibition was observed for both sodium azide and
D-mannitol (Figure 5.5). Furthermore, AHP was used as probe to detect singlet oxygen
generation on visible light irradiation in presence of [RuCl(bpy).ATPh]*" [Komagoe et
al., 2001, Amat-Guerri et al., 1999]. There was ~10% decrease in absorbance of the
probe on photolysis in presence of [RuCl(bpy),ATPh]" as compared to ~80% in
presence of standard singlet oxygen generator, rose bengal (Figure 5.6). The above
results indicate that both singlet oxygen and hydroxyl radicals are responsible for killing
bacterial cells on visible light irradiation in presence of [RuCl(bpy),ATPh]".
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Figure 5.3: Antimicrobial activity of the [RuCl(bpy),ATPh]" against
(B) S. aureus under dark and visible light irradiation.
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Figure 5.4: Dependence of photoinactivation of E. coli, in presence of [RuCl(bpy),ATPh]" on
cell concentration.

8 - Il I I

I Ee

. é C+Q (L) %

_ % ;

Al . %
&) / T

AN /

= / ) /

N /

? ?

0 - ; —=F— % / =% /
ium azide (25mM) QuenCher D-Mannitol (25mM)

Figure 5.5: Effect of singlet oxygen quencher (Q) and hydroxyl radical scavenger (Q) on
photoinactivation of E. coli by [RuCl(bpy),ATPh]" (C).
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Figure 5.6: Photodegradation of singlet oxygen (*O,) scavenger, 2-amino-3-hydroxypyridine
(AHP) (200 uM) in presence of [RuCl(bpy),ATPh]" and rose bengal, monitored at 318 nm.

5.4. Conclusions:
50 uM of [RuCl(bpy),ATPh]" kills 8 log E. coli cells within 120 min under visible light

irradiation. Additionally, 50 uM of [RuCl(bpy).ATPh]" also kills 8 log S. aureus cells
within 90 min under visible light irradiation. Scavenging experiments indicate that both
singlet oxygen and hydroxyl radicals are responsible for photoinactivation of bacteria.
Comparison of [RuCIl(bpy),ATPh]" with other investigated ruthenium complexes reveal
that the [RuCl(bpy).ATPh]" with ATPh ligand require higher dosage for complete
inactivation of bacteria. The results reveal that [RuCl(bpy).ATPh]" has the ability to
completely inactivate both Gram-negative and Gram-positive bacteria under visible

light irradiation using LED as light source.
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Chapter 6

Heterogenized methylene blue on hydrogen titanate nanosheets as

effective visible light active photosensitizer for water disinfection

Highlights:

1. Complete photoinactivation of bacteria by MB+HTNS and MB+FHTNS.
2. Visible light emitting diode array used for photoinactivation of bacteria.
3. MB+FHTNS can be used efficiently for at least five cycles.

4. Photo generated singlet oxygen and hydroxyl radicals kill bacteria.

5. Promising heterogeneous photosensitizer for visible light water disinfection.
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6.1. Background:

Heterogeneous photosensitizers (PSs) for water disinfection are gaining attention in
recent years [Manjon et al., 2009]. Heterogeneous PSs are easy to remove from
disinfected water, thereby causing minimum secondary pollution [Kuznetsova et al.,
2007]. Earlier, hydrogen titanate (H,TizO;) nanosheets (HTNS), has been shown to
adsorb and effectively remove methylene blue (MB) from water [Hareesh et al., 2012].
HTNS was prepared by hydrothermal treatment in an autoclave [Hareesh et al., 2012].
Organic PS like MB is known to generate singlet oxygen and hydroxyl radicals on
visible light irradiation, and Kill bacteria [DeRosa et al., 2002]. However, the effect of
heterogeneous PS, (MB is adsorbed onto HTNS) on photoinactivation of bacteria, has
not been studied. HTNS can be integrated with iron to form magnetic nano sheets
(FHTNS) (5 wt% of y-Fe,O3). FHTNS can be easily removed from water by applying
magnetic field. Earlier, as discussed in chapter 3, inorganic ruthenium based metal
complexes adsorbed onto activated carbon, were shown to be efficient water
disinfection agents. Here we investigated the effect of an organic PS as heterogeneous
PS (MB+HTNS and MB+FHTNS) on visible light inactivation of bacteria in water.

6.2. Materials and methods:

6.2.1. Materials:

MB was purchased from Sigma Aldrich, India. Details are as mentioned in chapter 2,
section 2.2.1. Double distilled water was used for all experiments. HTNS (H,TizO;) and
FHTNS (5 wt% of y-Fe,O3) were prepared as reported earlier [Hareesh et al., 2012].
BET specific surface-area of HTNS is 402 m? g and FHTNS is 300 m? g™. Pore
volume of HTNS is 0.34 cm® g* and FHTNS is 0.33 cm® g™. Saturation magnetization
of FHTNS is 3.9 emu g™,

6.2.2. Loading of MB on HTNS and FHTNS:

10 mg of either HTNS or FHTNS was added to 10 ml of MB solution (100 uM) in DW
and magnetically stirred for 1 hour. Resulting suspension was centrifuged at 5,000 rpm
for 5 min at 20 °C. The obtained pellet was dried overnight at 60 °C. Absorbance of
supernatant was recorded to find the amount of MB remaining after the reaction. The
percentage loading obtained was 3.07% for MB+HTNS and 2.77% for MB+FHTNS.
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6.2.3. Visible light source:
LED array was used as visible light source, purchased from Kwality Photonics,

Hyderabad, India. As mentioned in chapter 2 Section 2.2.3.

6.2.4. Antibacterial studies:

Photoinactivation of bacteria by MB+HTNS (3.07% loaded) and MB+FHTNS (2.77%
loaded), was studied using PBS as medium. Details are as mentioned in chapter 2,
section 2.2.4 and chapter 3, section 3.2.7.

6.2.5. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
photoantibacterial activity:

ROS quenching experiments using sodium azide (singlet oxygen) and mannitol

(hydroxyl radical) [Tavares et al., 2011, Cormick et al., 2011, Maisch et al., 2005] were

performed against E. coli. Details are as mentioned in chapter 2, section 2.2.5.

6.2.6. Detection of singlet oxygen:

Spectrophotometric detection of singlet oxygen was done as reported, using AHP
[Komagoe et al., 2001, Amat-Guerri et al., 1999, Gomes et al., 2013]. Details are as
mentioned in chapter 2, section 2.2.6, using AHP as probe.

6.2.7. Effect in simulated ground water:

Photoinactivation of bacteria by MB+HTNS (3.07% loaded) and MB+FHTNS (2.77%
loaded), was also studied using SGW as medium, under optimized conditions. Details
are as mentioned in chapter 2, section 2.2.4 and chapter 3, section 3.2.7.

6.3. Results and discussions:

6.3.1. Loading of MB on HTNS and FHTNS:

The UV-Vis absorption spectrophotometer results reveal that 95.799 uM MB was
adsorbed onto HTNS, and 86.495 uM MB was adsorbed onto FHTNS (Figure 6.1).
Importantly, these loaded samples designated as MB+HTNS (3.07% loaded) and
MB+FHTNS (2.77% loaded), showed no leaching on washing indicating that these

heterogenized samples can be used for photoinactivation of bacteria in water.
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Figure 6.1: UV-Vis spectra of MB (100 uM) before and after treatment (1 hr) with HTNS (10
mg) and FHTNS (10 mg). Absorbance of supernatant was recorded after centrifugation.

6.3.2. Photoantibacterial activity:

Visible light photoantibacterial activity of MB adsorbed onto HTNS or FHTNS was
studied against E. coli (model Gram-negative bacteria). 1 mg/ml of MB+HTNS (3.07%
loaded) showed 8 log reduction of cell viability within 30 min and, 1 mg/ml of
MB+FHTNS (2.77% loaded) showed 8 log reduction of cell viability within 20 min
(Figure 6.2). HTNS and FHTNS alone under light and dark conditions had no effect on
cell viability (Figure 6.2). Moreover, MB+HTNS, and MB+FHTNS also had no effect
on cell viability under dark conditions (Figure 6.2). These results reveal that
MB+HTNS, and MB+FHTNS are effective for visible light photoinactivation of
bacteria. On reducing the dose of MB+HTNS, and MB+FHTNS, the ability to
photoinactivate bacteria also reduced (Figure 6.3). 10 uM and 20 uM of MB alone
caused 8 log reduction in cell viability within 20 min. On reducing the concentration of
MB alone to 5 uM and 2.5 pM, the time required for 8 log reduction in cell viability

increased to 40 min (Figure 6.4).
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Figure 6.2: Bactericidal activity of MB+HTNS, and MB+FHTNS against E. coli under light
and dark conditions.

—m— MB+HTNS 0.25
—e— MB+FHTNS _0.25
—A—MB+HTNS 0.5
—w— MB+FHTNS 0.5
MB+HTNS 1.0
—<4— MB+FHTNS_1.0

Log CFU/ml

0 10
Time (Min)

Figure 6.3: Photo bactericidal activity with respect to dose of MB+HTNS, and MB+FHTNS
against E. coli.
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Figure 6.4: Photo bactericidal activity with respect to dose of MB against E. coli.

Effect of initial cell concentration on photoinactivation of E. coli by MB+HTNS,
and MB+FHTNS:

Effect of initial concentration of cells on photoinactivation of E. coli by MB+HTNS
(3.07% loaded) revealed that complete inactivation was achieved within 30 minutes
when initial concentration was 107 or 10® CFU/ml cells (Figure 6.5 (A)). The time for
complete inactivation was reduced to 20 minutes on decreasing the initial concentration
to 10° CFU/ml cells (Figure 6.5 (A)). Similarly, effect of initial concentration of cells on
photoinactivation of E. coli by MB+FHTNS (2.77% loaded) revealed that complete
inactivation was achieved within 20 minutes when initial concentration was 10’ or 10°
CFU/ml cells (Figure 6.5 (B)). The time for complete inactivation was reduced to 10
minutes on decreasing the initial concentration to 10° CFU/ml cells (Figure 6.5
(B)).These results reveal that the complexes are promising photosensitizers for

inactivation of E. coli.
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Figure 6.5: Dependence of photoinactivation of E. coli, in presence of (A) MB+HTNS and
(B) MB+FHTNS on cell concentration.

117



Chapter 6

Reuse of MB+HTNS, and MB+FHTNS:

Importantly, MB+FHTNS showed photobactericidal activity for 5 consecutive cycles
(Figure 6.6) and MB+HTNS showed photobactericidal activity for 3 cycles (Figure 6.6).
These results indicate that MB+HTNS, and MB+FHTNS, can be reused.
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Figure 6.6: Photo-bactericidal activity of MB+HTNS, and MB+FHTNS at optimized
conditions under light irradiation for 5 cycles in PBS.

6.3.3. Effect of singlet oxygen quencher and hydroxyl radical scavenger on
photoantibacterial activity:
Effect of quenchers/scavengers was studied using sodium azide and mannitol [Tavares
et al., 2011, Cormick et al., 2011, Maisch et al., 2005]. Cell growth was observed in
presence of both the quenchers, indicating that both singlet oxygen and hydroxyl
radicals are involved in the photoinactiavtion of bacteria (Figure 6.7). The scavengers
alone and, scavengers in presence of MB+HTNS, and MB+FHTNS had no effect on cell
viability under dark conditions. MB is a well known photosensitizer that generates both
singlet oxygen and hydroxyl radicals [DeRosa et al., 2001]. Furthermore, AHP was used
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as probe to detect singlet oxygen generation on visible light irradiation in presence of
MB and MB+FHTNS [Komagoe et al., 2001, Amat-Guerri et al., 1999]. There was
~55% decrease in absorbance of the probe on photolysis in presence of MB+FHTNS as
compared to ~90% in presence of MB alone (Figure 6.8). The above results further
indicate that both singlet oxygen and hydroxyl radicals are responsible for killing

bacterial cells on visible light irradiation in presence of MB+FHTNS.
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Figure 6.7: Effect of scavengers on antibacterial activity of MB+HTNS, and MB+FHTNS
under dark and light conditions against E. coli.

6.3.4. Photoantibacterial activity in simulated ground water:

MB+HTNS (3.07% loaded) and MB+FHTNS (2.77% loaded) also caused
photoinactivation when simulated ground water (SGW) was used as medium, under
visible light irradiation. Complete photoinactivation of 10° cells was observed within 40
min, under optimized conditions (Figure 6.9). Importantly, photo bactericidal activity of
MB+HTNS (3.07% loaded) and MB+FHTNS (2.77% loaded) was observed for 5

consecutive cycles, with SGW as medium under light irradiation (Figure 6.10).

119



Chapter 6

100 - —mE— FHTNS+MB
R —e— only MB
A= 80 -
;:
=) \
=
= 60 I
i
2 40 -
_
X
20 - \-
L - b
1 1 1 1 I 1
0 2 4 6 8 10

Time (min)

Figure 6.8: Photodegradation of singlet oxygen (*O,) scavenger, 2-amino-3-hydroxypyridine
(AHP) (200 uM) in presence of MB and MB+FHTNS, monitored at 318 nm.
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Figure 6.9: Photo-bactericidal activity of MB+HTNS, and MB+FHTNS at optimized conditions

under light irradiation in SGW.
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Figure 6.10: Photo-bactericidal activity of MB+HTNS, and MB+FHTNS at optimized
conditions under light irradiation for 5 cycles in SGW.

6.4. Conclusions:

MB adsorbed onto HTNS and FHTNS had the ability to photoinactivate bacteria under
visible light irradiation by LED array. 1 mg/ml of MB+HTNS (3.07% loaded) and 1
mg/ml of MB+FHTNS (2.77% loaded) completely inactivated 108 CFU/mlI cells within
30 and 20 min, respectively. Importantly, MB+FHTNS was also able to cause
photoinactivation for 5 continuous cycles. Scavenging results showed that both singlet
oxygen and hydroxyl radicals are responsible for photoinactivation of bacteria. These
results reveal that MB+FHTNS is a promising heterogeneous PS for visible light water

disinfection, and can be reused.
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Conclusions

Visible light active photosensitizers (PSs) are actively studied in the field of
photodynamic therapy (PDT) and photodynamic antimicrobial chemotherapy (PACT).
Recent studies reveal that the PSs, which act as PDT or PACT agents, can also be
applied for environmental purposes like water disinfection. In the present work, the
ability of ruthenium polypyridyl complexes to inactivate bacteria under homogeneous
and heterogeneous conditions was studied. An introduction on the current research and
existing gaps on the use of visible light active PSs for inactivation of bacteria is
presented in chapter 1. In chapter 1, the basics of photochemistry of PSs, generation of
reactive oxygen species (ROS) by PSs and their effect on biological systems such as cell
membranes, nucleus, nucleic acids, etc. have been discussed. Additionally, different PSs
and their conjugates capable of generating ROS have been reviewed. Various visible
light sources such as lasers, lamps and light emitting diodes (LEDs) are also discussed

in chapter 1.

Chapter 2 describes visible light water disinfection using simple ruthenium polypyridyl
complexes ([Ru(bpy)z(phendione)]**, [Ru(phendione)s]**) and their effective removal
from water using adsorbents such as activated carbon and silica. LED array was used as
light source to kill both Gram-positive and Gram-negative bacteria. 10 uM of complex
was required to completely inactivate E. coli within 120 min, 20 uM for P. aeruginosa
within 140 min, 5 uM for S. aureus within 100 min, and 5 uM for B. subtilis within 80
min. ROS caused significant membrane damage and loss of DNA, leading to cell death.
The study reveals the ability of ruthenium polypyridyl complexes for photoinactivation

and their easy removal using adsorbents that are used in water treatment.

Chapter 3 illustrates the ability of ruthenium polypyridyl complexes
([Ru(bpy).(phendione)]**, [Ru(bpy)s]**) adsorbed onto activated carbon to inactivate
both Gram-positive and Gram-negative bacteria under visible light. The heterogeneous
complexes (2.5 mg/ml of AC/complex1 comprising 23.7 pg of [Ru(bpy).(phendione)]**
(0.95% loading), and 2.5 mg/ml of AC/complex3 (0.86% loading) comprising 21.5 ug
of [Ru(bpy)s]**), were found to be reusable for at least five cycles in both phosphate
buffer saline (PBS) and simulated ground water (SGW). For the first time the study

reveals that photoactive ruthenium polypyridyl complexes adsorbed to activated carbon
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as heterogeneous photosensitizers are promising water disinfection agents under visible

light irradiation.

Chapter 4 explains the effect of Ag-GSH-Ru nano hybrid systems of [Ru(bpy)s]** and
silver nanoparticle (Ag NP) on bacteria under visible light irradiation. Both Gram-
positive and Gram-negative bacteria were completely killed the PS nano hybrid systems.
The study reveals that effective concentration of PS ([Ru(bpy)s]°") required for
complete photoinactivation was considerably reduced (~10 times for S. aureus and ~20

times for E. coli) as compared to inactivation of bacteria by only PS.

Chapter 5 describes visible light antibacterial effect of [RuCl(bpy).(ATPh)]* complex.
The scavenging experiments indicate that the [RuCIl(bpy)2(ATPh)]* can generate both
singlet oxygen and hydroxyl radicals on visible light irradiation. [RuCl(bpy).(ATPh)]"
has the ability to photoinactivate both Gram-positive and Gram-negative bacteria in

water.

Chapter 6 illustrates the ability of organic PS methylene blue (MB) adsorbed onto
hydrogen titania nano sheets (HTNS) (3.07% loading) for visible light photoinactivation
of bacteria in water. Iron integrated HTNS (FHTNS) is magnetic. MB adsorbed onto
FHTNS (MB+FHTNS) (02.27% loading) can be reused for at least five cycles for
photoinactivation. The study reveals the potential of MB+FHTNS as potential visible
light water disinfection agent, which could be magnetically removed after disinfection

of water.

Based on all the results, the main findings of the present study are (i) Identification of
ruthenium polypyridyl complexes as effective visible light active PSs for both Gram-
positive and Gram-negative bacteria in water, (ii) removal of ruthenium based PSs using
common adsorbents like AC and silica from disinfected water, (iii) conversion of
homogeneous PSs to heterogeneous PSs by simple adsorption, (iv) identification of
heterogeneous ruthenium polypyridyl complexes as effective visible light active PSs for
water disinfection, (v) the ability of a nano hybrid systems as effective visible light
active PS for visible light inactivation of bacteria, (vi) heterogenized MB for rapid water

disinfection.
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Future scope

The results presented in this thesis reveal the potential of visible light active
photosensitizers (PSs) for inactivation of both Gram-positive and Gram-negative
bacteria. In chapter 2, it is shown that ruthenium complexes viz.,
[Ru(bpy)2(phendione)]**, [Ru(phendione)s]** at micromolar concentrations are effective
PSs for visible light water disinfection. Chapter 2 also reveals that the trace amount of
ruthenium complexes can be removed from water using simple adsorbents like activated
carbon and silica that are used in water treatment. The present study indicates that
ruthenium complexes are promising PS candidates for water disinfection. The
photoinactivation of other bacterial species by ruthenium complexes can be studied.
Recently magnetic adsorbent has been used in water treatment. The removal of
ruthenium complexes by magnetic adsorbents may be attempted for easy removal of PS
by application of magnetic field. Heteronuclear polypyridyl ruthenium complexes have

also been reported and their photoantibacterial activities could be studied.

One major finding of this thesis is that the photoactive ruthenium polypyridyl
complexes ([Ru(bpy)z(phendione)]?*, [Ru(bpy)s]**) adsorbed onto activated carbon as
heterogeneous PSs, can be used as effective water disinfection agents under visible light
irradiation (chapter 3) and these complexes were reusable. The photodynamic
inactivation of other microbes in water by these heterogenized complexes can be studied

for household point of use (POU) application.

Chapter 4 reveals that Ag-GSH-Ru nano hybrid systems of [Ru(bpy)s]** and Ag NP
significantly reduces the effective concentration of PS ([Ru(bpy)s]**) required for
complete photoinactivation (~10 times for S. aureus and ~20 times for E. coli) as
compared to photoinactivation of bacteria by only PS. The potential of the nano hybrid
systems as visible light PACT agent for selective killing of bacteria in presence of other

cell lines may be evaluated.

Chapter 5 reveals the ability of [RuCl(bpy).(ATPh)]* to photoinactivate both Gram-
positive and Gram-negative bacteria in water. The thiol group of ATPh provides
opportunity to functionalize the ruthenium complex to thiol binding NPs. Thus,

additional research could be carried out to form a nano hybrid between negatively
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charged Ag-GSH and positively charged [RuCl(bpy)2(ATPh)]*. The effect of the nano

hybrid on visible light inactivation on bacteria will be studied.

Chapter 6 reveals the ability of MB adsorbed onto FHTNS as heterogeneous PS for
complete photoinactivation of bacteria in water. The heterogeneous PS was reusable.
The photoinactivation ability of the heterogeneous PSs can be studied to develop POU

water treatment for house hold applications.

All the chapters implied the use of LED array as visible light source for
photoinactivation of bacteria. These results highlight the potential for future research on

the design and development of LED arrays for photoinactivation of microbes.
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