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Introduction

Introduction

The fast and rapid growth of unwanted microbes distributed far and wide in
the environment pose a threat to human health and other animals. These
unwanted and harmful microbes grow and multiply in air, soil and water
causing both environmental and health hazard. Water borne diseases alone
account for millions of deaths annually worldwide [1]. Water borne
transmission of parasitic protozoa has caused the eruption of almost two
hundred human diseases in a span of just 7 years (2004-2010) [2]. The fast
growing global population and contamination of water resources by human
activities and/or industries poses a challenge in achieving clean, microbe-free
water for drinking and other domestic purposes. Scientists worldwide believe
that waterborne diseases are affecting both the developed and the developing
nations [1-4]. Acquiring pure water free of contaminants and pathogens is a
matter of concern which calls for new, effective and low cost water disinfection
techniques.

Conventional disinfection mainly involves chlorination or ozonization. Another
cheap alternative for disinfection is using direct sunlight (SODIS) (solar
disinfection) [4]. But these methods face limitations like production of harmful
by products, involving high cost, limited water volume and time consuming. In
order to overcome these inadequacies, remarkable efforts have been carried out
to develop more effective water disinfection methods than the conventional
systems that will be environment friendly, cost effective and highly efficient [1-
6]. Photocatalytic disinfection of water is gaining much interest as it involves
three components that are individually harmless to the biological environment
namely the photosensitizer, light and molecular oxygen [7].

Some organic and inorganic catalyst on light irradiation in presence of oxygen
produce reactive oxygen species (ROS) like singlet oxygen, hydroxyl radical
(superoxide anion) that are cytotoxic species and are capable of killing bacteria,
fungi and viruses [1, 5, 6, 8, 9]. Not only disinfection, but these ROS can also
cause the oxidation of unwanted contaminants present in water, thereby
carrying out dual function of disinfection and decontamination [1, 10, 11, 12].
Organic dyes like methylene blue, rose bengal, porphyrins and phthalocyanines

are used as photosensitizers [5, 8, 12] for water disinfection while common
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inorganic catalysts are TiOz, ZnO, ZnS, CdS, Fe;Os; and WOs [1, 8, 13, 14].
Among the inorganic semiconductors, TiO, is the most widely used in
photocatalysis.
In consideration with the above theoretical evaluation, the PhD project is aimed
at developing new organic materials that upon light irradiation are able to
produce reactive oxygen species (ROS) especially singlet oxygen, which is
responsible for destroying pathogens in contaminated water. The project is
mainly carried out in the following steps:

e Immobilization of TPP  (5-p-carboxyphenyl-10,15,20-triphenyl

porphyrin) on solid supports :
o Magnetic porphyrin nanoconjugate (SPION-TPP)
o Polymeric porphyrin composite (PVC-TPP)
e Phototreatment of contaminated water using immobilized and free
photosensitizers.

¢ Synthesis of expanded porphyrins and their characterization.
Photodynamic therapy undoubtedly is a potential technique for destruction of
unwanted microbes. But analysing recovery and reusability of photosensitizers
can be an important breakthrough in the field of photodisinfection.
Magnetic nanoparticles are not gaining the required attention in water
photodisinfection although they are used to a greater extent for biomedical
applications. Magnetic nanoparticles can prove to be potential carriers for
photosensitizers as they allow to be recovered at the end of treatment and
thereby reuse the photosenstizer. Here we report a successful immobilization of
TPP on SPION and the evaluation of photodisifection efficiency of the
nanoconjugate.
Another support studied was a common polymer polyvinyl chloride (PVC). To
our knowledge, PVC has not been used in the past as a support for
photosensitizer. The study has proved that PVC can be a promising support for
photosensitizers with high yield of singlet oxygen/ROS generation and
significant toxicity against S. aureus in presence of light
Trial syntheses of new photosensitizers were performed to study the behaviour
of expanded porphyrins. The desired characteristics can be tailored by choosing
the right precursors with different functional groups in expanded porphyrins .
The study performed has given an insight for future modelling of novel

photosensitizers.
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1 Literature Survey

1.1 PHOTOSENSITIZATION/PHOTOCATALYSIS

Photosensitization process or photodynamic therapy (PDT) principally involves
three components namely, the photosensitizer, light and oxygen. On
illumination at appropriate wavelength, the photosensitizer transfers its energy
to molecular oxygen giving rise to reactive oxygen species (ROS) [6, 8, 15-17].
ROS are cytotoxic in nature which enables to employ this phenomenon in
destroying unwanted microorganisms like bacteria, fungi and viruses (Figure
1). These ROS are also capable of oxidizing organic pollutants into CO2 and
water [18].
Depending on the nature of photosensitizer/photocatalyst, the photodynamic
action proceed through type I or type II mechanism or both. Type I mechanism
involves electron transfer from excited sensitizer to substrate molecule or
oxygen yielding free radicals and superoxide ion whereas in type 1l mechanism,

energy transfer between photosensitizer and oxygen produces singlet oxygen

(8].
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1.1.1  VISIBLE LIGHT PHOTODISINFECTION

Organic dyes and photosensitizers are generally absorbed in the visible range
(400-800 nm) and excitation is achieved by one photon transition (hv) from the
ground state (S0) to singlet excited state (S17) eq.1.1. S1° can undergo
intersystem crossing (ISC) to give the triplet excited state (S3) (eq.1.2). The
relaxation of S1" and S3" to ground state results in fluorescence and
phosphorescence, respectively [8, 21] (egs. 1.3 and 1.4). Alternatively, since S3
has a longer lifetime than S1°, it can also undergo radiationless transition by
transferring its energy to another molecule [17]. In the presence of oxygen, the
photosensitizer easily transfers energy to triplet ground state oxygen via type 11

mechanism producing 'Oz (eq.1.5).

S0 + hv— S1* (1.1)
Intersystem crossing (ISC) S1°— S3” (1.2)
Relaxation S1"— SO + hv (fluorescence) (1.3)
53— S0 +hv (Phosphorescence) (1.4)
Or energy transfer S3"+ 30,— S0 + 10, (1.5)
Electron transfer S3"+ O,— S** + Oy*- (1.6)

It is considered that photodamage to cell is predominantly caused by singlet
oxygen via type II reactions [19, 20], but it is also proved that photosensitized
action is caused by both type I and type Il pathways [21, 22]. Ergaieg et al. [21]
have reported that type I reactions had a significant role in inactivation of
Gram-negative bacteria whereas the photoinactivation rate of Gram-positive
bacteria was unchanged even in the absence of superoxide anion. Silva et al.
[23] also have considered the production of O>*-(eq.1.6) and propose that it may
be involved in PDT apoptosis.

1.1.2 UV-BASED PHOTOCATALYSIS

Semiconductors such as TiO,, Fe;Os, WO3, ZnO and CdSe require light energy
in the UV-A (A< 400nm) range to carry out photochemical activity. Such
molecules have a band gap between the valence band and conduction band

which can be activated by light. The light energy to excite the valence electron
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must be higher or equal to the band gap. The band gaps of some
semiconductors are listed in Table 1.1. The different band gaps also suggest the
efficiency of the materials. Larger the band gap more is the photocatalytic
activity of the semiconductor [24].

Table 1.1 Band-gap of some inorganic semiconductors

Semiconductors TiO; (anatase) TiO; (rutile) ZnO SnO, WO; ZnS

Eg (eV) 3.2 3.0 32 3.9 28 37

The energy required for excitation of such electrons lies in the UV region
(A<400nm) [1, 18]. On illumination with sufficient energy, one of the electrons
from the valence band excites to the conduction band forming electron-hole
pair. The photoreactions follow type I mechanism resulting in formation of
radicals (Eqs. 1.7- 1.11). The electron-hole pair can oxidize water yielding HO*
radicals which are powerful oxidizing agents that cause oxidation of pollutants
into CO2 and H>O (Eqgs. 1.12-1.14). The electron in the conduction band can
combine with oxygen to form superoxide radical anion O»°- that can react with
H* to produce hydroperoxyl radical HOO* further protonation of which gives
H>0». These ROS are responsible for the oxidative degradation of contaminants
and disinfection. The generation of singlet oxygen by TiO has also been proved
recently [25, 26]. Konaka et al. [26] have shown that O, is formed by direct
photosensitization or by ion-annihilation of O>*- (Egs. 1.15 and 1.16)
TiOz +hv — hys* + ecs 1.7)
hygt+ HO — HO® + H* (
ecg + 02— Oo- (
0.~ + H* — HOO* (
HOO* + HOO*— H;O, + 02 (
HO* + pollutant — CO, + H>O (1.12)
Oz*- + pollutant — CO, + HO (
HOO:* + pollutant — CO, + H:O (
Direct photosensitization TiO2 + O2— 10, (

(

Ion annihilation TiOy* +Oz°- —10;,
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1.2 PHOTODISINFECTION MECHANISM

It has been known for almost a century that light and photosensitizer can cause
destruction of microorganisms [5], and during these years many have discussed
and some have put forward their results to explain the mechanism of cell killing
[9, 27, 28-31, 22, 32-36]. The photoprocess successfully causes reduction in
survival of bacteria (Gram-positive and Gram-negative), yeast, fungi and
viruses [30]. The accumulation of the photosensitizer in the bacteria was
thought to be the prerequisite for its destruction [9]. Basically, two main
approaches of photokilling were elucidated, (i) Breaking of the cell membrane
and its constituents (ii) DNA damage. Many results have been put forward to
prove that phototreatment induces alterations in the membrane as well as cell
constituents. Depending upon the type of microorganism, the mechanism of
photoinactivation and the cellular targets could vary as discussed in the

following sections.

1.2.1 BACTERIA

The photodynamic effect of TMPyP (Figure 1.2 displays the structure of
different organic photosensitizers and the abbreviations are indicated in
brackets) on four different E. coli strains (Os, WP2 TM9, Bs-1 and TG1) was
studied by Valduga et.al [37]. All the cell suspensions on photosensitization
underwent about 5 log decrease in cell survival after 30 min irradiation. They
observed alterations in the electrophoretic mobility of outer membrane proteins
as well as cytoplasmic proteins. Lactate and NADH dehydrogenases were
readily inactivated by irradiation in presence of TMPyP. Similarly, the activities
ATPase and succinate hydrogenase were impaired. A decrease of plasmid DNA
extracted from irradiated E. coli TG1 cells was also observed. Further, Bertoloni
et al. [30] have studied the mechanism of photosensitizing activity of Hp on S.
aureus. Electrophoretic analysis of visible light irradiated Hp sensitized S. aureus
show that the photoprocess induces a modification consequent to protein-
protein crosslinking formation at the level of cytoplasmic membrane proteins

but not at the level of cytoplasmic proteins. But, changes in both plasmidial and

10
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chromosomal DNA strands were observed both in vivo and in wvitro

photoprocesses at long irradiation time.

1.2.2 FUNGI

Likewise, membrane and intracellular damage is caused by photosensitization
of fungi as well. Lambredhts et al. [38] observed that in dark conditions, the
cationic porphyrin TriP4 binds to the cell envelope of Candida albicans and does
not enter into the cell. Upon illumination, the cell membrane is damaged and
becomes permeable for TriP4 and a lethal damage of the cell occurs. Cationic
porphyrins interact strongly with DNA and cause photocleavage in solution
[33]. Quiroga et al. [34] used TFAP*, TMAP* and TMPyP to study the
photoinactivation of C. albicans. All the cationic porphyrin exhibitied a
photosensitizing activity causing about 3.5 log decrease in cell survival. The
interaction of the porphyins with DNA was confirmed by the alterations in the
spectral properties (mainly Soret band) of the porphyrins. However, their
studies did not find any significant cleavage of isolated genomic DNA in C.

albicans.

1.2.3 PROTOZOA

Ferro et al. [39] studied the inactivation of Acanthamoeba palestinensis
(pathogenic protozoa) with photodynamic treatment with a tetra cationic Zn
(II)-phthalocyanine (RLP068) and found that the survival of the cysts dropped
down considerably. Further, the study on the mechanism of photosensitized
inactivation of A. palestinensis [29] proved that the activities of mitochondrial
enzymes (NADH, SDH and CS) showed no significant decrease, while that of
cytoplasmic enzyme LDH were inhibited upto 35 + 4 %. Transmission electron
microscope images of the trophozoites incubated with 2 pmol I for 10 min and
irradiated for 10 min at 500 Wm-2 (600-700 nm) showed several subcellular sites
to be severely damaged. The cytoplasm was highly vacuolized and various

vesicles surrounded by a membrane were visible while plasma and nuclear

11
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membrane were unchanged in comparison with control cells. Photoinactivation,
thus induces both functional and morphological damage to the microorganism
resulting in its complete destruction.

There are numerous evidences for the interaction of photosensitizers with cell
components and thereby their destruction in presence of light but cell death is
not due to the alteration of intracellular components but the primary cause
being the cell membrane and the cell wall. This is evident because, D.
radiodurans having very efficient DNA repair mechanism easily undergoes
photosensitization [40, 41]. TMPyP-mediated photosensitization of D.
radiodurans [42] revealed the leakage of potassium and magnesium from cells
and a significant loss of phosphate which could be followed as a function of
light dose. Thus, the cell wall is the primary target in photoinactivation and the
destruction of intracellular components is the possible consequence of

membrane damage [40, 43 and 44].

1.2.4 VIRUSES

The primary target in antiviral PDI depends on the type of virus [36]. Envelope
lipids and proteins, caspid and core proteins, DNA and RNA all are the
different components that can be targets of photoproccess [32, 35]. Smetana et
al. [45] studied the photoinactivation of herpes simplex virus type 1 (HSV-1)
with two cationic phthalocyanines and an anionic dye. They observed major
changes in viral proteins in particular glycoprotein D (gD), a structural protein
of the HSV envelope. The inactivation of envelope protein impairs their ability
to enter into host cell thereby reducing viral infection. Non-enveloped T7 phage
effectively undergoes photoinactivation in presence of cationic porphyrins
TriP4 and TMPyP [35]. The porphyrins efficiently bind to DNA even in the dark
but total virus inactivation occurs after illumination. At appropriate doses of
porphyrins, the structural integrity of DNA and viral proteins are affected
leading to reduction in the viability of T7 bacteriophage. The effect of MB on
reverse transcriptase (RT), HIV-1 associated protein p24 and viral RNA in HIV-
1 was studied by Bachmann et al. [32]. RT was completely inhibited after the
whole virus inactivation by MB/light treatment. Also, western blotting and

polymerase chain reaction (PCR) inhibition assay showed alteration in HIV-1
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p24 and the destruction of its RNA. All the results discussed above lead to the
conclusion that phototreatment of viruses in presence of photosensitizers are
effective in their destruction and this could be promising alternative in treating

viral infections.

Q, OH

o

N
=
(CH3)N s N*(CHy),
o
Rose Bengal (RB) 9,14-dicyancbenzo[b]triphenylene Methylene blue (MB) 9,10-anthraquinone-

-3-carboxylic acid (DBTP-COOH) 4-carboxylic acid (ANT)

Figure 1.2 (a) Structures of some aromatic dyes used as photosensitizers

o

R
R
R= © Tris (4,7 diphenyl-1,10-phenanthroline) ruthenium (RDP2’)
Tris (4,4'-diphenyl-2,2'- bipyridine)ruthenium(l)(RDB2*)
R= CgHig Tris (4,40-dinonyl- 1,10-pher ) ium (II) (RBN2*)
B
R= { —5-SO0:Na  Tris (1,10-phenanthrolinyl-4,7-bis ) ruthenate(l1))(RSD*)

Figure 1.2 (b) Ruthenium complexes as photosensitzers
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HiC—N' ) \_NCHs

5,15-Di(N-methyl-4-pyridinium) porphyrin (DMPyP)

14

HO

S 5
N‘_\ QN
el o

OH o

5,15-Di(N-benzyl-4-pyridinium)porphyrin (DBPyP) Hematoporphyrin  (Hp)

R= Ry=R3=R, = A= 4-(3-N,N,N-trimethylammoniumpropoxy)-O(CH,)3N*(CHz)al (A4**)
Ri=R3=A  R,=R4= B = 4-(trifluoromethyl) phenyl- CF; (ABAB?*)

Ri=A R,=R;=R4=B (A;B%)
Ry= Ry=R3=R,4=H 5,10,15,20-tetraphenyl porphyrin (TPP)
Ry= Ry;=R3=R,= SOy Na* 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin(TPPS,,")

Ry= Ry=Ry=R; = @ @ 5,10,15,20 is(4-N,N-diph inophenyl)

porphyrin (TDAP)
R;=R;=R3=R;= COOH 5,10,15,20-tetrakis (4-carboxyphenyl) porphyrin (H,TPPC)
Ri=R;=R3=R;= NO, 5,10,15,20-tetrakis (4-nitrophenyl) porphyrin (TNO,PP)
Ry=Ry=R3=R4= OH 5,10,15,20-tetrakis(p-hydroxyphenyl)porphyrin (p-THPP)
Ry= R;=R3=R4= NH, 5,10,15,20-tetrakis(p-aminophenyl)porphyrin (p-TAPP)
Ry= Ry=Ry=R,= NH* 5.10,15,20 is(4-N.N.N hylanilinium)
TR 2 porphyrin (TMAP#*)

I H 5-(4-trifluorophenyl)-10,15,20-tris(4-N,N,N-

Ry= CF. Ry=R3=R,
1 . R e N . trimethylammoniumphenyl) porphyrin (TFAP3*)

0=8=0 5,10,15,20-tetrakis (N-methylpyridinium-4-yl)
porphyrin tetratosylate (TMPyP)

OR

I 5,10,15,20-tetrakis(1-methylpyridinium-4-yl)
porphyrin tetra-iodide (Tetra-Py*-Me)
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5,10,15-tris (1-methylpyridinium-4-yl)-20-(pentafluorophenyl) porphyrin
triiodide (Tri-Py*-Me-PF)

5,15-bis(1-methylpyridinium-4-yl)-10,20- bis(pentafluorophenyl)
porphyrin di-iodide (Di-Py*-Me-PFopp)

5,10-bis(1-methylpyridinium-4-yl)-15,20- bis(pentafluorophenyl)
porphyrin di-iodide (Di-Py*-Me-PFadj)

5-(1-methylpyridinium-4-yl)-10,15,20- tris(pentafluorophenyl)
porphyrin di-iodide (Mono-Py*-Me-PF)

5-(pentafluorophenyl)-10,15,20-triphenylporphyrin (Tri-Ph-PF)

Tri-meso(N-methyl-pyridinium), meso(N-tetradecyl-pyridinium) porphine
(Tri-Py*-Me-PyTD)

5-phenyl- 10, 15, 20-tris- (N-methylpyridinium-4-yl)porphyrin chloride (TriP4)

S-carboxyphenyl- 10, 15, 20-tris- (N-methylpyridinium-4-yl)
porphyrin triodide (TriP4-COOH)

5,10,15,20-tetra-[4-(3-phenoxy)-propoxy] phenyl porphyrin (H2Pp (a))

5,10,15,20-tetra-[2-(3-phenoxy)-propoxy] phenyl porphyrin (H2Pp (b))

Figure 1.2 (c) Stuctures of wide range of porphyrins available or synthesized
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Figure 1.2 (d) Phthalocyanines

20-(4-carboxyphenyl)-2,13-dimethyl-
3, 12-diethyl-(22p) pentaphyrin (PCCox)

Figure 1.2 (e) Pentaphyrin
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1.3 INFLUENTIAL PARAMETERS IN WATER
PHOTOTREATMENT

1.3.1 PHOTOSENSITIZERS

Several photosensitizers are available that can be employed in
photodisinfection. In order to display superior photodynamic action, the
photosensitizer must fulfil certain criteria. Some properties which must be

possessed by an ideal photosensitizer are listed as follows:

e High absorption coefficient in the spectral region of the excitation light
especially blue light as it is the most penetrating in waters.

e Long lived triplet excited state and high quantum yield for the
generation of ROS (in particular singlet oxygen).

e Photo stability.

e Broad spectrum of action in order to efficiently act on infections
involving a heterogeneous flora of pathogens.

e The photoinactivation mechanism with minimal risk of inducing
selection of resistant strains or promoting the onset of mutagenic
processes.

e Low or no toxicity in the dark.

Organic photosensitizers such as MB, RB, porphyrin related molecules as well
as transition metal complexes (in particular bipyridine and phenanthroline
complexes of Ru (II)) have been the focus of research and development in the
last few years [8, 19, 21,46-48 ]. In order to have an antimicrobial activity in the
broad spectrum, the photosensitizers must effectively kill bacteria (both Gram
positive and Gram negative), fungi and viruses. Gram negative bacteria are
more resistant than the Gram positive bacteria owing to the presence of
complex lipopolysaccharide layer in addition to the thick peptidoglycan cell
membrane which limits the permeability of the photosensitizer into the cell.
Hence disinfection of Gram negative bacteria with organic sensitizers either
require the presence of membrane disrupting agents (cationic polypeptide

polymixin B or EDTA) or that the photosensitizer bears a positive charge so that
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it binds to the negatively charged surface and displace cations thereby changing
the arrangement of lipopolysaccharide resulting in alteration of the barrier
properties of cell wall [49]. Many authors have successfully reported the
inactivation of Gram negative bacteria like E. coli using positively charged
photosensitizers. Merchat et al. [50] while using 4 different meso substituted
porphyrins (2 cationic and 2 anionic) found that the all porphyrins were
effective against Gram positive whereas Gram negative bacteria were almost
insensitive to anionic porphyrins. However, Jemli et al. [51] have reported the
better activity of RB (di anionic) than MB (mono cationic) against fecal coliforms
referring the enhanced activity of the former to better photophysical properties
(high quantum yield of singlet oxygen and better absorption). Nonetheless,
more recent studies proving that cationic dyes are more effective in destroying
Gram negative bacteria are published [48, 52 and 53]. Caminos et al. [54] have
studied the effect of an anionic and four cationic porphyrins with different
pattern of meso-substitution by 4-(3-N, N, N-trimethylammoniumpropoxy)
phenyl (A) and 4-(trifluoromethyl) phenyl (B) groups. They have found that
cationic porphyrins are rapidly bound to E. coli cells with the highest binding
for AsB3* porphyrin (tricationic) and the photosensitized inactivation followed
the order AsB3+> A4t >> ABAB?* > ABs*. Under the same conditions, anionic
sensitizer (TPPS4*) had negligible effect on E. coli. Similar results were obtained
by Hernandez et al. [55] supporting the condition of presence of positive charge
on photosensitizer to inactivate Gram negative bacteria. Providing more
evidence in this area, Lopes et al. [44] show that the number of charge on
photosensitizer and their distribution had clear effect on lipid oxidation and
photoinactivation efficiency in E. coli. The order of total inactivation efficiency
after 270 min of irradiation was Tetra-Py*-Me and Di-Py*-Me-PF.q; with higher
efficiencies followed by Tri-Py*-Me-PF and Di-Py*-Me-PF,pp. Formation of lipid
hydroperoxides and saturated fatty acids (photo-oxidation products) follow a
different order of efficiency. Overall, they conclude Tetra-Py*-Me, Di-Py*-Me-
PF.gj and Tri-Py*-Me-PF were more efficient photosensitizers than Mono-Py*-
Me-PF and Di-Py*-Me-PFopp.
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1.3.2 CONCENTRATION OF PHOTOSENSITIZER

The photocatalytic inactivation rate depends on the concentration of the
photosensitizers used. It is expected that the inactivation rate increases with
increase in photosensitizer concentration. This behavior is actually observed by
many [56, 57, 53, 58, 59,]. Acher and et al. [56, 57] have studied the photoactivity
of MB and RB in water treatment. They reported that microorganisms were
more sensitive to singlet oxygen inactivation than organic pollutants as they
succeeded in destroying sewage coliforms (1.3 x 10° coliforms in 100 ml) with
mild photo-oxidation conditions (3.5 m g L' MB at 68 p E m2 s of sunlight).
Complete bacterial inactivation was obtained with 0.5 mg L with 28 min of
sunlight irradiation. The same group achieved complete destruction of algae at
as less concentration as 0.25 mg L of MB and 0.60 mg L-! of RB. Gerba et al. [60]
have shown that polio virus could be readily photoinactivated by MB (about 4
mg L1 =5 puM) and visible light in 5 minutes of illumination. They have
observed that above 8-9 mg L1 of MB concentration had little effect on the
efficiency and that considerable inactivation occurs in dark above 20 mgL-! of
MB. Similar other studies have shown that small concentrations in the range of
5 to 20 pM are sufficient to achieve efficient disinfection [46, 61 and 62]. Manjon
et al. [63] have studied the photoefficiency of RDP?* and RDB?* on porous
silicone at a loading of 2 g m?2 to inactivate E. coli and E. faecalis. The films
produced 2-3 log reduction in the microbial population with initial
concentration 102 and 10* CFU ml. This efficiency was unchanged regardless

the type of bacteria and their initial concentration.

1.3.3 pH EFFECT

Acher et al. (1990) [64] have found that increasing the pH of the effluent of
waste water treatment plant from 7.1 - 7.6 to 8.6 - 89 improved the
photodisinfection efficiency with MB as a sensitizer. Schéfer et al. [40] also have
observed in photosensitization with RB, a significant decrease in E.coli survival
at higher pH than 7.0. They report that at pH indices below and above pH= 7.0,

the survival of bacteria reduces by several logs. But, at pH=9.6 without the
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sensitizer showed remarkable increase in photoinactivation (the alkaline pH is
rendering toxicity) whereas no photo killing is observed at pH = 7.0 and 4.5 in
the absence of sensitizer. On the other hand, Cooper and Goswami [65], on
changing the pH from 7.0 to 10.0, did not observe any significant change in the
photodisinfection rates by methylene blue. Another factor which influences the
effect of pH is the pretreatment of Gram-negative bacteria with polycationic
agents. Polycations like peptides bind tightly to the negatively charged cell
membrane thereby exchanging divalent cations and changing the physical
arrangement of lipopolysacchharide [66]. While using such polycations, the
sensitizer is bound to the polycation which facilitates the latter’s penetration
into the cell membrane. Nitzan et al. [49] report that decreasing the pH from 8.5
to 6.5 increased the binding constant of deuteroporphyrin (DP) to polycationic
agent polymyxin nonapeptide (PMNP) consequently increases the penetration

of sensitizer into E. coli and P. aeruginosa cell membrane.

1.3.4 INCIDENT LIGHT-WAVELENGTH AND INTENSITY

Organic dyes, aromatic hyrdrocarbons, porphyrin and related compounds,
phthalocyanine and transition metal complexes have strong absorbance in the
UV-visible region with high quantum yield of singlet oxygen [8]. Dyes like MB,
RB and eosin absorb in the visible region (A> 400 nm). It is important to
irradiate the system under study with light of appropriate wavelength so that
the photosensitizer can transform itself to the longer lived triplet state and
transfer its energy to molecular oxygen to generate ROS. Porphyrins and
related compounds however absorb at several wavelengths in the UV-visible
region with the Soret band in the blue region (360-400 nm) enabling to use the
most penetrating blue light in water [8, 67 ,68] and the Q-bands in the red
region (600-800 nm). This makes it possible to use visible light for
photodisinfection as these materials can produce ROS in presence of light of
wavelength ranging from 360- 800 nm. Schéfer et al. [40] have indicated the
wavelength dependence of disinfection. They found a very small effect of the
wavelengths below 435 nm (UVA) and above in the absence of sensitizer than
in the presence of RB. It means that the photocatalytic activity is a combined

action of light and the photosensitizer in the presence of oxygen and the
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contribution of only UV component is negligible. Many researchers have used
sunlight or solar simulated light sources for photodisinfection [47, 57, 51, 63, 64,
69 and 85]. Also, while using organic sensitizers, the intensity of the light is not
a limiting factor for photocatalytic disinfection [57]. Acher et al. [64, 71] carried
out disinfection experiments in all the four seasons of the year, the sunlight
intensity varying from 700 to 2100 pE m-2. In spite of the different sunlight
intensities, they obtained good microbiological results in all the seasons. The
same group [72] carried out photodisinfection under concentrated sunlight
using heliostats to reflect sunlight. Concentrated sunlight (17 x 10* W m?)
caused 5 logs decrease in the microrganisms survival in 3 seconds as compared
with normal sunlight (850 W m-2). Alouini and Jemli [19] have reported increase
in percentage destruction of Ascaris eggs and Taenia with increasing light
intensities from 800 to 5000 W m2 in presence of TMPyP. Cooper and Goswami
[65] have obtained complete destruction of E.coli in less than 10 min with 10 mg
L1 (31 pM) MB with average sunlight intensity of 715 - 775 W m?2. Magaraggia
et al. [70] employed Quartz halogen lamp with UV and IR filters with fluence
rate of 1000 W m? in combination with cationic porphyrins. The
photosensitizers caused reduction in survival of S. aureus, E. coli and fungal
pathogen Saprolegnia spp. after just 20 min irradiation. Jemli et al. [51] carried
out photodisinfection of fecal coliforms using TMPyP, RB and MB under
sunlight (400-700 nm) with fluence rate of 9.5 x 102 W m2. The best result was
achieved by TMPyP at a concentration of 5 pM with 180 min of irradiation.
Carvalho et al. [73] have used white light with intensity of 90 W m-2 and
successfully photoinactivated fecal coliforms in 240 min respectively even at
low concentration of 1 pM of cationic porphyrins (Tetra-Py*-Me, TriP4-COOH).
On the other hand, Orlandi et al. [74] irradiated cultures with 500 W halogen
tungsten lamp (fluence rate 480 W m?) and found that cationic porphyrins
caused considerable log reduction in both laboratory model microorganisms as
well as waste water microflora in 75 min irradiation. Two fold increasing the
irradiation time (i.e. doubling the light dose) resulted in further decrease of only
1 log unit of the monitored microflora. Rossi et al. [46] have used two different
light sources with very low intensities; incandescent light bulb (white light with
UV radiation cut off, 40 W m?) and multi-LED lamp at different fluence rates
(24 W m2 and 40 W m-2). They observe that irradiation with incandescent light

bulb in presence of pentaphyrin PCCox at a fluence of 40 W m2, caused almost
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5 logs reduction in the S. aureus survival within 15 min of treatment and 6 logs
after 60 min while with multi-LED lamp caused only 2 logs in 15 min and
almost 5 logs in 60 min. This indicates that using a wider spectrum of the light
energy (incandescent lamp) is more efficient than a small part of the spectrum
(multi-LED lamp). Also, it is seen that almost halving the fluence rate (from 40
to 24 W m2) does not have a significant effect on the photodisinfection. These
results imply that sunlight can be effectively used for water purification which

emits in the visible range of electromagnetic spectrum.

1.3.5 WATER QUALITY

The presence of contaminants (organic or inorganic), turbidity and the pH of
water all affects the rate of photocatalytic disinfection. The fact that the
photodisinfection efficiency is greatly influenced due to suspended solids,
dissolved oxygen (DO) and pH has been reported by many [75, 19, 56, 64, 51,
72]. In their pilot plant studies, Acher et al. [64] found that the photodisinfection
efficiency fell sharply when the turbidity exceeded 25 NTU. Back in 1977, Acher
and Rosenthal [56] had observed reduction in photodisinfection efficiency as
the colloids in the effluent tend to adsorb the photosensitizer, protect the
microorganism and reduce the light penetration into the waters. However, they
succeeded in reducing the turbidity by flocculating the effluent with bentonite
clay while aiming for the dye removal by the clay. Acher et al. [72] suggest that
the turbidity of the entering effluent should be < 20 NTU for efficient
photodisinfection process. Photodisinfection process proceeds in presence of
the dissolved oxygen in the water to be treated. The minimum DO required for
an efficient disinfection process is approx 2.0 mg O, L1 as per the studies of
Acher et al. [86]. They have also carried out photodisinfection with MB [72]
with varied amount of DO (8 and 35 mg O L1) and found that increasing the
DO from 8 to 35 mg O L-! did not affect the results.
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1.3.6 FREE AND FIXED PHOTOSENSITIZERS

While using photodynamic systems for water treatment, it is worthwhile to use
photosensitizers on a solid support (heterogeneous phase). Employing the
photosensitizer as a suspension or a homogenous solution poses a problem of
removing the photosensitizers from the water. In their preliminary experiments
in 1977, Acher and Rosenthal [56] made an effort to adsorb the dyes on solid ion
exchange resin and natural clays but were unsuccessful in efficient
photodisinfection as the dye-binded resins reacted with ions in the sewage and
released colored compounds. They however chose to carry out
photodisinfection using dissolved MB in water followed by removal of dye
using bentonite. Similarly, Parakh et al. [62] are of the opinion that the removal
of photosensitizers post illumination proves to be efficient in dye separation as
well as adsorb other suspended pollutants. They have employed two water
soluble Ru (II) pyridyl complexes (complex 1 and complex 2) as promising
candidate for light inactivation of bacteria and used activated carbon and silica
as adsorbents to remove the photsensitizers from water. These efforts are worth
mentioning, although scientists are looking forward to adopt heterogeneous
systems. Organic photosensitizers, owing to their wide range of functional
groups available on them and their solubility in water or solvents are much
feasible for immobilization on solid supports. The anchoring of photosensitizers
onto solid supports can be carried out by adsorption [76], polymerization [77],
electrostatic interaction [55] conjugation [78] and click reaction [79]. Many
researchers have carried out the immobilization of photosensitizers on supports
such as magnetic nanoparticles [52, 80], glass [77], resins [81], polymer [82] and
silicones [83]. Savino and Angeli [81] immobilized MB, RB and Eosin covalently
on polystyrene beads and also coated MB on granular activated carbon, silica
gel and XAD-2 polystyrene resin. The adsorption of MB was carried out by
suspending the supports in hot agitated water to which a solution of MB in
water was added till it reached saturation. They found that MB covalently
bonded to polystyrene beads was the best photosensitizers with 97.55%
inactivation of E. coli in 30 min of exposure to electrofluorescent cold white
light. Activated carbon was found to be the best support for the adsorption of

the dye. Jimenez-Hernandez et al. [55] synthesized two cationic Ru (II)
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phenanthroline complexes RDP?*and RBN?¥, and one anionic RSD*. RDP?* and
RBN?* were immobilized on porous silicone cylinders via adsorption in boiling
solutions. RSD* was immobilized via electrostatic interaction on cationic nylon,
cellulose and polyvinilydine difluoride. The sensitizer loading was in the order
of 1-30 mg g of the polymer in all the cases. The excited state lifetimes of
RBNZ* was measured to be 0.3 us and that for RSD4 and RDP?* were in the
range of 2.4 to 4.2 ps. RDP?*on silicone had highest O, quenching efficiency and
singlet oxygen lifetime yielding 5 logs decrease in E. coli and E. faecalis count in
one hour under a solar simulator lamp. RSD*/ cationic polymer systems
produced no disinfection at all. Moreover, photosensitizer leaching was
observed in Nylon and cellulose polymers. Yet in another attempt to achieve
higher sensitizer loading and increase efficiency of RSD#*, they incorporated it
into cationic silicone [47]. Though the surface charge neutralization provides a
promising strategy to enhance its photodisinfection properties, the efficient
loading on to the polymer still remains a drawback for RSD*/ p-Sil. On the
other hand, RDP?* has a high loading on the anionic polymer, longer singlet
oxygen lifetimes and better bacterial inactivation rates. The same research
group in Spain have evaluated the disinfection efficiency using sunlight, 0.8 m?2
compound parabolic collectors and RDP?* on siloxane films (2 mg m?) [75].
They employed two CPC prototypes with different configuration of
photosensitizers, namely co-axial and fin type. With both the photoreactor
designs and regardless the bacteria used, the average bacterial inactivation rate
was calculated to be 2 x 104 and 2 x 10 CFU L1 h-l. They have also studied the
effect of various factors influencing the performance of solar reactors using
immobilized sensitizers on silicone [63] and the effect of dye reloading to water
disinfection with solar reactors [83]. The reloading of the dye on the polymer is
readily achieved and performs better than the original ones. They have
successfully demonstrated that immobilized dyes can be a potential tool for
drinking water disinfection using solar reactors. Loading of the dye on different
polymers have been studied by other researchers as well [61, 82, 84, 85]. Bonnett
et al. [82] have used chitosan membrane to support 2 different porphyrins (p-
THPP and p-TAPP) and a Zn (II) phthalocyanine (ZnPcS), by adsorption,
dissolution and casting and by covalent attachment. Photomicrobicidal studies
on E. coli were conducted using static photoreactor and circulating water

photoreactor systems. ZnPcS/chitosan membrane with a loading of 9 pg cm=2

24



Synthesis and characterization of new organic materials with potential application in water

treatment

gave the best performance with complete disinfection in 90 min of illumination.
These membranes were still 50% effective even after 9 months of storage in the
dark. The drawback of brittle chitosan membrane was also overcome with
reinforced membranes which were prepared by casting the polymer on nylon
net support. Nakonechny et al. [84] studied the disinfection efficiencies of RB
and MB immobilized on polystryrene membranes. 99% enclosure of the
photosensitizer in the polymer was ensured and the films exhibited high
antimicrobial properties against S. aureus and E. coli. An interesting alternative
to prepare immobilized photosensitizers on optically transparent indium tin
oxide (ITO) is reported by Funes et al. [77]. The films were formed by
electrochemical polymerization of a metal free porphyrin TDAP and Pd-
porphyrin (Pd-TDAP) complex on ITO, the two electrochemical active centers
being the porphyrin core and the triphenylamine (TPA) moieties. Also, the TPA
groups undergo radical cation dimerization to produce tetra phenyl benzidine
(TPB). Experiments with these films in solution showed photoxidation of
dimethyl anthracene and L-Tryptophan was observed indicating the presence
of photodynamic action of the polymeric films. In vitro experiments with E. coli
and Candida albicans caused a decrease of = 3 logs and ~ 2.5 logs respectively.
Phthalocyanines of zinc and aluminum were covalently immobilized to nano
amino propyl silica gel by Kuznetsova et al. [61]. In this paper, they have
reported that the photodisinfection efficiencies of photosenstizers immobilized
on nanoparticles are comparable to those in homogenous solutions due the
enormous surface of nanocarriers. However, in such systems the separation of
photosensitizers and increase in turbidity due to silica gel remain the
drawbacks. Such limitations can be overcome by using magnetic nano particles
as supports for the photosensitizers. Photosensitizers on nanomagnets are
successfully prepared and their use and reuse in photodisinfection are
described [52, 86, 87]. Carvalho et al. [52] have synthesized cationic
nanomagnet-porphyrin hybrids and studied their photodisinfection capabilities
against E. coli, E. faecalis and T4-like phage. They have reported good stability of
these hybrids in water and effective antimicrobial activity. The hybrid materials
possess good photostability as well, hence can be efficiently recovered and
reused for photodisinfection. Recycling and reuse capability of such
nanomagnet-porhyrin hybrids were also studied by Alves et al. [80]. Two
nanomagnet-porphyrin hybrids differing in core particle (Fe;Os and CoFexOs)
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were subjected to recycling and reuse along with reuse assays of a non-
supported cationic porphyrin Tri-Py*-Me-PF. Results showed that the hybrids
maintained high bactericidal efficiencies as comparable to the non-supported
porphyrin even after several photoinactivation cycles. The photostability and
the efficiencies retained by these nanomagnet-prophyrin hybrids broaden new

horizons of photoinactivation, in particular for water treatment.

14 ENVIRONMENTAL APPLICATIONS OF
PHOTOSENSITIZATION

1.4.1 DISINFECTION OF WATER

Photosensitization efficiently produces ROS which causes toxic effects in
bacteria leading to their irreversible death by oxidation of cell wall proteins and
membrane disruption [88]. It is nearly a century since the discovery of singlet
oxygen and its use for disinfection has been studied widely. However, its
application for water disinfection gained attention only in the 1970’s (26, 28-31-
). Acher et al. have performed in their various experiments and plant studies,
the disinfection of coliforms, enterococci [71], algae [69] and polio virus [64]
from sewage water, secondary effluent from wastewater treatment plants and
industrial wastewater. More recently, numerous studies have shown that
photodynamic inactivation of water is a successful tool for obtaining microbe-
free water. Table 1.2 lists the different microorganisms that can be
photoinactivated by organic sensitizers. The concentration giving the best
efficiency is indicated in the table although various different concentrations
may have been studied in the corresponding cited references. The
photodisinfection efficiencies of these materials and the type of irradiation used

are also displayed.

Table 1.2
Type of Photosensitizer Light Efficiency
Microorganism dose/irradiance
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Coliforms

MB (4 mg L), RB (10 mg
L) [56]

Tetra-Py*-Me (5pM),
TriP-COOH (5pM), Tri-
Py*-Me-PF (5pM) [73]

Gram negative bacteria

E.coli

MB (5 mg L) [57]

MB, RB, Eosin on PS beads
[81]

MB (10 mg L), RB (10 mg
L) [65]

Tetra-Py*-Me, TMAP*,
TPPSs+-, Hp (10pg ml?)
[41]

TMPyP, Tri- Py-Me-PyTD,
[70]

p-THPP, p-TAPP, ZnPCS
on chitosan (9pg cm2) [82]
RDP2+, RDB2* immobilized
on porous poly(dimethyl
siloxane) (2gm2)[63]

TDAP and its Pd complex
(PdP-film) on optically
transparent indium tin
oxide (ITO) electrodes[77].
TMPyP, MB (0.73 and 3.65
umol L1)[48]

Tri-Py*-Me-PF (5uM) [89]

Hanovia UV lamp
450 W and Sunlight
at 1980 uE m-2
White lamps of 18
W, 90 Wm2

Sunlight, 2,030 uE
m=2
Electrofluorescent
cold white TLE 22 W
Sunlight, 650-900
Wm-2

Tungsten lamps 250
W, 60 Wm?2

Quartz halogen
lamp with UV and
IR filters, 1000 W m2
Halogen lamp 500 W

Solar simulated
reactor in lab and
sunlight for solar
reactor 0.6-0.8 MJ m-
214

150 W lamp, 900 W

m2

High-pressure arc
xenon lamp 300 W,
28 W m?2

13 white light lamps,
each of 18 W and

Complete destruction

83.5 % ,99%,99.8 %
reduction

respectively

9 log reduction

97.55 %, 92.2% and
81.6% respectively

> 99% reduction

4log, 5log, no
reduction and no
reduction
respectively.

6-7 log reduction.

> 2 log reduction

Approx.3 log
decrease with both

film

3 log reduction

TMPyP and MB
caused reduction by
several logs

6 log reduction
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V. anguillarum

V. fischeri

Vibrio

Tri-Py-Me-PF, Tri-Py*-Me-
PF, Tri-Ph-PF) on magnetic
nanoparticles.[52]
DBTP-COOH, ANT on
silica (2.5g L1)[15]
ZnPc(Sph)sClmson
silicagel D/10pM-
ZnChol7),
Al(OH)Pc(Sph)4Clms on
silica gel (D/5pM-AlClmy,
D/5uM-AlCholy, D/5pM-
AlTaury) [61]

Complex 1 and complex 2
(10pM) [62]

DBPyP (5 pM)[126]

PbTepyPc [127]

Tetra-Py*-Me, TMAP*,
TPPSs*, Hp (10pg ml)
(50]

Tri-Py*-Me-PF (5uM) [43]

Tri-Py*-Me-PF (5uM) [89]

Tri-Py*-Me-PF on magnetic
nanoparticles FexO3 and
CoFexOs at (5uM of
nonsupported and 20uM of
nanohybrids)[80]
Tri-Py*-Me-PF (5uM) [89]

fluence rate of 40 W
m=2

White light of 18 W,
40 W m?2

125 W lamp

Halogen lamp, 75 W

m=2

LED array, 950 W m-
2

Artificial white light,
480 W m?

Quartz lamp 1.0 x
10% photons cm2 s
Tungsten lamps 250
W, 60 Wm?2

13 white light lamps,
each of 18 W and
fluence rate of 40 W
m-2

13 white light lamps,
each of 18 W and
fluence rate of 40 W
m-2

White light, 40 W m-

2.

13 white light lamps,

Cationic hybrids
showed 4-5 log
reduction

7 log reduction.

PDI of positively
charged D/5pM-
AlChol7 (95%) was
markedly higher than
negatively charged
D/5uM-
AlTaur7(50%).

7 log decrease.

6 log reduction.
10 log reduction.
5,3,0.5and 0 log
reduction

respectively.

5-8 log reduction

5.5 log reduction.

6-8 log reductions in
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parahaemolyticus, each of 18 W and all bacteria.
Aeromonas fluence rate of 40 W
salmonicida, m2
Photobacterium
damselae subsp.
damselae,
Photobacterium
damselae subsp.
piscicida,
Pseudomonas sp
Gram positive bacteria
S. aureus TMPyP, Tri- Py-Me-PyTD Quartz halogen 5logand 7 log
[70] lamp with UV and reduction
IR filters, 1000 W m2  respectively.
Tri-Py*-Me-PF (5uM) [43] 13 white light lamps,  7-8 log reduction.
each of 18 W and
fluence rate of 40 W
m=2
PCCox (0.05,0.5 and 5 pM) ~ Multi-LED 99.997 % reduction.
[46] monochromatic
lamp 40 W m2
E. faecalis RDP?¥, RDB?* immobilized  Solar simulated 2-3 log reduction.

on porous poly(dimethyl
siloxane) (2gm2)[63]

Tri-Py-Me-PF, Tri-Py*-Me-
PF, Tri-Ph-PF) on magnetic
nanoparticles.[52]
RDB?*/pSil, RDP?*/pSil,
RDP?*/pSil-a (aged for 250
h) and RDP?*/pSil-r
(reloaded with PS after
ageing) [83]

DMPyP (10pM), DBPyP (5
§M) [74]

reactor in lab and
sunlight for solar
reactor 0.6-0.8 MJ m-
211

White light of 18 W,
40 W m?2

Xe lamp, 150 W,
5 MJ m2

Artificial white light,
480 W m

5 log reduction with

all the nanohybrids.

2-3 log reduction

with all materials.

6 log reduction
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E. seriolicida

D. radiodurans

E. hirae

Fungi
Saprolegnia spp.

C. albicans

Viruses

Poliovirus

T-4 like phage

Enterovirus 71

(EV71)

Tetra-Py*-Me, TMAP*,
TPPSs+-, Hp (10pg ml?)
(50]

RB (1-5 ppm) [40]

TMPyP, MB (0.73 and 3.65
umol L) [48]

TMPyP, Tri- Py-Me-PyTD
(10 pM)
[70]

TDAP and its Pd complex
(PdP-film) on optically
transparent indium tin
oxide (ITO) electrodes [77].
ZnPPc* (10 uM) [90]

MB (13 pM)[60]

Tri-Py-Me-PF, Tri-Py*-Me-
PF, Tri-Ph-PF) on magnetic
nanoparticles.[52]

Tetra- Py*-Me, Tri-Py*-Me-
PF (5.0 pM) [91]

MB (0.1 mM) [92]

Tungsten lamps 250
W, 60 Wm2

Xenon lamp, 1000 W,
100 J cm2
High-pressure arc
xenon lamp 300 W,
28 W m?2

Quartz halogen
lamp with UV and
IR filters, 1000 W m2

150 W lamp, 900 W

m-=2

150 W lamp, 300 W

m2

Artificial light, 20 W
m—Z

White light of 18 W,
40 W m?2

White PAR light (40
W m2), sunlight (600
W m?)

LED light source 200
J em2 (2000 W cm?2)

57,4,6log

respectively.

5 log reduction.

8-9 log reduction.

2logand 6 log
reduction

respectively

2.5 log reduction.

5 log reduction.

2.5 log reduction.

Cationic hybrids
cause 6.9 log
reduction.

Both photosensitizers
were able inactivate
T4-like phage to the
limit of detection (>
99.9999%).

>6.5 log reduction
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1.4.2 DECONTAMINATION OF WATER

The solar detoxification of a stable pesticide, bromacil with MB was studied by
Acher et al. [72]. Bromacil was readily decomposed when the ratio of bromacil:
O, was > 1. Gryglik et al. [92] applied photosensitized oxidation to the
degradation of 2-chlorophenol (causes considerable damage to aquatic bodies
and human health). The oxidation was carried out using RB in solution and
immobilized on silica gel and satisfactory results were obtained so as to use this
method for further investigations in purification of water. Phenol and its
chlorinated derivatives were degraded using different phthalocyanines
(AIPHC, ZnPHC, SiPHC and Metalfree PHC) [11, 93] in presence of light.
Among the photosensitizers used, AIPHC was the most active and metal free
PHC was virtually inactive. Also, sulphonation of the benzene rings of these
phthalocyanines render the photosensitizers water soluble [93]. Three zinc
phthalocyanines immobilized on mesoporous aluminosilicate have been
successfully employed in the degradation of pesticides fenamiphos and
pentachlorophenol by Silva et al. [94]. They report 98% conversion of
fenamiphos after 300 min of irradiation into fenamiphos-sulfoxide and
fenamiphos-sulfone. The main photodegradation product of pentachlorophenol
after 300 min of irradiation was 2, 3, 5, 6-tetrachloro-hydroquinone. Recently,
TiO, catalysts photosensitized with porphyrins are investigated for
phototreatment of water [95-97]. Wang et al. [95] report the photodegradation
of 4-nitrophenol wusing functionalized porphyrin-TiO, catalyst. They
synthesized two kinds of meso substituted porphyrins, H>Pp(a) and H>Pp(b)
and their corresponding copper(ll) complexes Cu HoPp(a), Cu HoPp(b). TiO:
based photocatalysts were prepared by dissolving these photosensitizers at
different concentrations in CHCl; and adding to these 1 g of ground TiO,
stirred for 8 h and solvent was removed under vacuum. The most efficient
photodegradation was obtained for an optimal amount of porphyrin equal to 18
umol per 1 g of TiO». The photo efficiencies of the porphyrins impregnated with
an optimal amount of 18 umol per 1 g of TiO; decreased in the order TiO»-
CuH:Pp (b) > TiO»-CuH:Pp(a) > TiO,-H2Pp(b) > TiO»-HoPp(a). Li et al. [84]
have investigated the photodegradation of acid chrome blue K (ACBK) using
TiO; sensitized porphyrins HoTPPC or TNO>PP. Their results indicated that
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there was remarkable effect of HyTPPC-TiO; on degradation of ACBK. Upto
94% of decolorization was observed in 15 min under incandescent lamp with
initial ACBK concentration of 10 mg L. Murphy et al. [97] have also prepared a
composite photocatalyst to photodegrade the pharmaceutical Famotidine. They
absorbed H,TPPC on TiO: by two methods. In method A, H,TPPC was
absorbed onto TiO in methanol at room temperature and in method B, H,TPPC
was absorbed on TiO» in dimethylformamide (DMF) at reflux.
Photodegradation experiments were carried out both under visible light and
solar light irradiation. Famotidine was found to degrade into series of
intermediate products with S-oxide of Famotidine as the major product but
complete mineralization of the drug was not achieved. Also, they have
observed that under halogen lamp, TCPP-TiO; A was more efficient than TCPP-
TiO, B. TCPP alone showed minimal photodegradation and also TiO alone
displayed poor degradtion. Hence, the result was due to the combined action of

composite photocatalyst and not the individual components.

1.4.3 OTHER ENVIRONMENTAL APPICATIONS

The use of photodynamic process along with decontamination and inactivation
in water was also employed to treat infections in fisheries due to invasion by
Saprolegnia spp. by in vivo studies [70]. Treatment of rainbow trout
(Oncorhynchusmykiss) with submicromolar doses of porphyrin causes 10-13%
of decrease in the infection on fishes and complete remission of infection was
induced within 1 week. In a similar study aimed at destruction of fish
pathogens, cationic porphyrin was utilized to test against nine pathogenic
bacteria found in aquaculture systems [43]. 7-8 logs reduction in the bacterial
isolates was observed after 60-70 minutes of irradiation. In another interesting
scope of application RB, MB, safrannin and toluidine blue were employed to
treat corrosion producing biofilms and planktonic bacteria on oil and gas
pipelines [98]. Desulfovibrio vulgaris and Desulfovibrio desulfuricans are well
known for aggravating corrosion on steel and other alloys. The studies show
that photoinactivation using photosensitizers gave better performance than the

commonly used biocide, benzalkonium chloride.
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Enterovirus (EV71) spread on solid surface was inactivated by MB-mediated
photodynamic action by Wong et al. [91]. No detectable virus was noted when
surface-bound EV71 was treated with MB at a light dose of 50 ] cm? after 3
days. MB-PDI also prevented EV71 transmission to mice. 1 day-old mice that
had been in contact with high concentration of EV71 (3x107 pfu) for 4 h
exhibited serum conversion, weight loss and death whereas no infection was
observed in mice exposed to same dose of virus after MB-PDT (0.05 mM, 25 ]
cm?). Ismail et al. [99] employed MB-light-activated antimicrobial coatings for
disinfecting hospital surfaces. MB with or without gold nanoparticles was
coated on silicone polymers. The coated polymers were inoculated with
bacterial suspensions of S. aureus (MRSA) and irradiated with light intensity of
2,305 lux. After 24 hours illumination, both the MB coatings with and without
gold nanoparticles achieved 99.99 and 99.33 % reduction of bacterial
population.

Luksiene et al. [100] studied the possibility to control microbial contamination
of strawberries by Na-Chl. Listeria monocytogenes contamination was reduced by
98% after 30 min of illumination with visible light at 120 W m-2. Naturally
occuring yeasts/microfungi ans mesophiles were also inhibited by 86 and 97 %
thereby increasing its shelf life by 2 days with no negative impact on

antioxidant activity, and phenols anthocyanins or colour formation.

1.5 LIMITATIONS

1.5.1 RECOVERY AND REUSE

One of the drawbacks of photosensitized water treatment that is often discussed
is the recovery of the photosensitizer and its reuse for subsequent treatments.
As discussed earlier, sedimentation, coagulation and filtration processes are
time consuming and expensive. It is important to develop methods for easy
recovery of photosensitizer. The immobilization of photosensitizers on solid
supports like polymers, ITO and nanocarriers seems promising alternative.
However, there are reports on ways to overcome these problems and some

have also treated water on immobilized systems on CPC solar reactors [75].
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Immobilized systems with maximum photosensitizers loading, improved
utilization of available photons and enhanced activity comparable to free
photosensitzers are desirable. Nanocarriers are also advantageous in this regard
as the problem of limited light penetration is reduced to some extent due to the
availability of large surfaces on the nano particles [52]. Another factor limiting
the reuse of photosensitizers is their degradation due to prolonged exposure to
light. MB, RB and some porphyrins have been reported to undergo bleaching
thereby reducing their photoinactivation efficiencies [52, 53]. Photosensitizers
with excellent light stability and capable of absorbin visible light should be
employed.

1.5.2 REISITANCE OF GRAM NEGATIVE BACTERIA

While TiO, proves to be efficient in destroying practically both Gram-positive
and Gram-negative bacteria, organic photosensitizers without positive charge
have failed to destroy Gram-negative bacteria [50, 55]. It is essential to contain a
positive moiety on the photosensitizer or the support carrying the sensitizer in

order to destabilize the Gram negative bacteria wall (as discussed in 1.3.1)

1.5.3 EFFECT OF PHOTOTREATMENT ON  NON-
PATHOGENIC ORGANISMS

At photochemically active doses, the photosensitizers are generally non-toxic to
the large majority of biological system. However, it is necessary to evaluate the
process for toxic effects on non-pathogenic agents. Fabris et al. [101] have
studied the effect of porphyrin doses in the rane of 0.1-10 pM to protozoan
Ciliophora (Colpoda inflate and Tetrahymena thermophili) and the Crustacea
Branchiopoda (Artemia franciscana and Daphnia magna). A. franciscana was very
resistant to phototreatment whereas T. thermophilia was resistant to doses upto 3
uM. On the other hand, C. inflata and D. magna were sensitive to the action of
porphyrin. This poses as a potential drawback as D. magna were senstitive to
the action of porphyrin. This poses as a potential drawback as D. magna is often

selected as a reference standard for assessing the environmental safety.
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Highlighting similar concerns, Arrojado et al. [43] have also suggested a careful
evaluation of environmental impacts of PDT in particular to aquaculture
waters. Renovation of the water at each tidal cycle helps to return the non-
pathogenic bacteria. Since PDT is not selective for pathogenic bacteria, the non-
pathogenic bacteria responsible for turnover of organic matter are also affected.
Moreover, dissolved and particulate matter in water also competes for ROS and
reduces the efficiency of phototreatment. Therefore, while constructing
molecules for photoinactivation purposes, one should also evaluate the toxicity
effects to non-pathogenic microorganisms and other larger living bodies in

water.

1.6 EXPANDED PORPHYRINS

Porphyrins and related compounds are the most chosen and most widely used
photosensitizer for PDT. However, in recent years expanded porphyrins are
gaining attention due to their different photophysical, electronic, co-ordination
properties and reactivities which are evidently superior to porphyrin [102-104].
Expanded porphyrins are compounds containing at least one pyrrolic ring more
than porphyrins [105]. Among the various expanded porphyrins; pentaphyrins,
sapphyrin and smaragdyrin containing 5 pyrrolic units have been studied
extensively during the last few years [106]. These molecules are interesting due
to their potential application in PDT [103, 108], sensing agents [106,107], as MRI
agents, coordination of large metal ions [104] and disinfection [46]. Expanded
porphyrins have an increased degree of conjugation, which shifts their
absorption spectra in the red region (Bathochromic shift) making them feasible
to use light of higher wavelength which is more penetrating in biological
systems [103, 113]. Also, it has been shown that these molecules have short half-
life in biological systems which make them easy to get rid of after a specific
PDT [7].

The 22n electron macrocycles having 5 meso carbons are of the interest in this
project. Few reports of synthesis of such molecules are reported [103, 104, 108
and 110] and fewer are investigated for their photosensitizing ability [103, 108
and 114]. The first such pentaphyrin was synthesized by Rexhausen and
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Gossauer [110], who have performed the condensation of a tripyrrane
dialdehyde with dypyrromethane in presence of hyrdrobromic acid in acetic
acid followed by oxidation with chloranil to give a fully P-substituted
pentaphyrin. Similarly, Krél et al. [108] syntheisized a non-ionic water soluble
pentaphyrin by introducing 4 hyrdroxyl groups at the periphery of the
molecule. They found that the synthesized pentaphyrin caused toxicity in
human T Iymphoma cells at a concentration in the range of pM which is in
comparison with other water soluble, pophyrin-type systems. Comuzzi et al.
[103] successfully synthesized 2 macroccyclic species, one a non-aromatic
isopentaphyrin with 24n electrons and an aromatic pentaphyrin with 22n
electrons. The condensation of tripyrrane dicarboxylic acid with 1,9-diformyl-5-
phenyldipyrromethane in presence of trifluoroacetic acid resulted in the 24n
electron isopentaphyrin, which on oxidation with DDQ resulted in the 22n
electron aromatic macrocycle pentaphyrin. The biological activities of the two
pentaphyrins were evaluated on four different human cell lines and they
observed that the aromatic pentaphyrin had a better uptake by the cells and
also displayed better photodynamic effect. In another study, an isopentaphyrin
namely  20-[[4’-(Trimethylsilyl)  ethoxycarbonyl]phenyl-2,13-dimethyl-3,12-
diethyl-[24]iso-pentaphyrin (PCRed) was synthesized and consequently
metallated by Lu(lll) [114]. On assessment of the bioactivity of the metallated
pentaphyrin, it was found that metallated pentaphyrin displayed significantly
higher cellular uptake and phototoxicity as compared to the non-metallated
macrocycle. Most of the planar, aromatic and non-fused pentaphyrins are p-
alkylated and non-meso substituted [103, 104, 108 and 110] derived from p-
substituted dipyrromethanes and tripyrranes[111,112 and 115]. meso-aryl-
substituted pentaphyrins are forced to take a N-fused conformation with one or
more inverted pyrroles due to severe steric congestion [109,116]. By reducing
one meso substitution on the pentaphyrinic macrocycle, Yoneda et al. [109]
have successfully synthesized a stable tetrakis (pentafluorophenyl) pentaphyrin
by the condensation of a dipyrromethane dialdehyde and a tripyrrane in
presence of p-toluene sulfonic acid and subsequent DDQ oxidation. In this
project we have tried to synthesize a pentaphyrinic macrocycle with 5 meso
carbons. The aim was to synthesize pentaphyrinic macrocycle with pyridine
substitution at meso positions. The pyridine functionality undergoes

quaternization which can give rise to positively charged photosensitizers. The
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positive charge is a prerequisite for photosensitizers to effectively disinfect both

Gram-positive and Gram-negative bacteria.
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2 MATERIALS AND METHODS

21 CHEMICALS AND REAGENTS

All the chemicals and the reagents were purchased from commercial sources
and used as received.

5-(4-carboxy-phenyl)-10,15,20- triphenyl-21H, 23H-porphyrin (CAS 95051-10-
8) was purchased from Frontier Scientific Inc., Logan, UT, USA.
Nanomag®-D-spio  (SPION-NH») were obtained from Micromod
Partikeltechnologie GmbH. The SPION nanoparticles were in the form of
aqueous suspension with NH; surface, 20 nm in size. The solid content was 5
mg/L with 8x10™* particles per ml and 1.6x10% particles per mg. Poly vinyl
chloride (PVC) (high molecular weight) was purchased from Sigma-Aldrich.
12-azido-4,7,10-trioxadodecanoic acid NHS ester (>98%)was purchased from
Cyanagen.

Di n-octyl adipate was purchased from Chem Service inc. di n-butyl adipate,
bis-(2-ethyl hexyl) adipate and di capryl adipate was purchased from Sigma-
Aldrich.

All the other reagents and solvents used were purchased from Sigma-Aldrich

and were of the highest purity commercially available.

2.2 CHROMATOGRAPHIC TECHNIQUES

2.2.1 THIN LAYER CHROMATOGRAPHY (TLC)

TLC was used for monitoring all the reaction pathways. Both silica gel and
aluminium oxide TLC sheets were used depending upon the basicity required.
Silica gel on Al foils/PET sheets and Aluminium oxide on Al foils were
purchased from Sigma-Aldrich. The sample spots were detected by one of the
following:

e UV-absorption
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e Staining with a solution of potassium permanganate.

e Staining with a solution of ammonium molybdate or ninhydrin
followed by charring at 150°C.

e Only charring at 150°C.

2.2.2 COLUMN CHROMATOGRAPHY

Silica gel for column chromatography was purchased from Merck. The type
used was Silica gel 60 (particle size 0.015-0.040 mm).

Aluminium oxide (0.05-0.15 mm, pH = 10£0.5) was purchased from Sigma-
Aldrich.

2.3 SPECTROSCOPIC TECHNIQUES

23.1 UV-VISIBLE MEASUREMENTS

UV-visible measurements were carried out on Varian Cary 50
spectrophotometer. Spectra were measured from 200 to 1000 nm. The
absorbances of samples were either measured by placing them in quartz cell
(path length 1 cm, 3.5 ml capacity) or using a Fibre optic dip probe into the
sample solution. Concentration calculations are carried out following the Beer-
Lambert’s law using the formula in eq.2.1.

A=c¢.c.l (2.1)
A= Absorbance
&= molar absorption co-efficient (L mol! cm?)
¢ = concentration (mol L1)

I = path length of the sample/cuvette (cm)

Absorbances of bacterial cultures were measured with Jasco SSE-343

spectrophotometer at 600 nm.
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2.3.2 NMR SPECTROSCOPY

H NMR spectra were acquired with a Bruker 200 NMR spectrometer (200
MHz). Chemical shifts are reported in ppm with tetramethylsilane (TMS) as an
internal reference. The abbreviations used are: s=singlet, d=doublet,
dd=doublet of doublets, m=multiplet, and br=broad. 1H-HRMAS-NMR
experiments were performed on a Bruker DMX 500 (11.7 T) equipped with an
HRMAS 'H-13C indirect detection probe with gradients on the magic angle.
MAS experiments were performed at spinning rates up to 8 kHz (15 kHz
maximum MAS rotation available) using a 50 mL zirconia rotor. In general,
lyophilised nanoconjugate powder (1-2 mg) was dispersed in deuterated
DMSO (60 mL). Proton spectra were obtained by using 1024 scans for each

experiment. The sample temperature was kept constant at RT.

2.3.3 MASS SPECTROSCOPY

ESI-mass spectra were carried out on a Bruker Esquire 4000 ion-trap mass
spectrometer equipped with a pneumatically assisted electrospray ionization
source, operating in positive mode and negative mode at *+ 110.7 volt of

capillary exit.

24 PHOTOINACTIVATION

241 SETUP

The set up used for illumination experiments is as shown in Figure 2.1 and
schematically representated in Figure 2.2 consists of the following:

e Magnetic stirrer C-MAG MS7 (Ika);

e  Stirring bar (5 x 22 mm);

e Light source (see section 2.4.2);

e Stand with clamp for supporting the light source
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e  Multi-well plate (containing the sample to be illuminated )with 48 wells
of diameter 1 cm and 1.5 ml capacity;

e Power supply US8002A (Agilent).

e Radiometer (DeltaOhm HD 2302.0 connected to an LP 471 RAD probe)

Figure 2.1 Setup of the photoxidation experiments

Blue LED Lamps

Power supply
(Agilent USO02A)

Multi-well plate

v O

Magnetic stirrer

Figure 2.2 Schematic representation of Photodisinfection experiment
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2.4.2 LIGHT SOURCE

In literature one can find different type of light sources used for
photodisinfection experiments (ref chapter 1.3.4 and Table 1.2). In this project
only one type of light source was used for all the illumination experiments in
order to have identical conditions for all the experiments. The lamp used is a
homemade multi-LED (130 blue LEDs TLWB7600 Vishay) with emission
maximum at 470 nm, which is connected to a power supply which regulates the
fluence rate of 24 to 50 W/m? (measured by Delta OHM HD 2302.0 Light

meter).

2.4.3 ILLUMINATION CONDITIONS

As the setup already shown in Figure 2.1 depicts, all the illumination
experiments were carried out at similar illumination conditions which
contained the following;:

e Bacterial culture with the photosensitizer;

e Bacterial without the photosensitizer;

e Dark controls;

e Constant distance between light source and the multi-well

plate.

The samples were exposed to light for a fixed time period ranging from 15
minutes to 180 minutes depending upon the photoefficiency of sensitizer. At
regular intervals aliquots were drawn from each well for analysis (read in detail

in sec 2.5)
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2.5 BACTERIOLOGY

2.5.1 THE MICROORGANISMS

All the different water bodies are contained with several kinds of bacteria
derived from either human or animal metabolism. In this project however, the
target microorganism was grown in-vitro using monocultures. The
monocultures used for the evalution of photodisinfection efficiency contained
the following bacterial strains:
e Staphylococcus aureus ATCC 6538 (Leibniz Institut DSMZ —Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH)
e Escherechia coli DSM 11250 (Leibniz Institut DSMZ —Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
e Streptococcus mutans Clarke 1924 DSM 20523 (Leibniz Institut DSMZ —
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH)
Nutrient Broth N° 2 (Sigma-Aldrich) was used to grow S. aureus and E. coli.
S.mutans was grown in Tryptic Soy Broth (Sigma-Aldrich).
The bacterial strains are cultured in 10 ml of Broth and allowed to grow to the
logarithmic phase at 37°C. The culture is then centrifuged at approximately
3,200 rpm to obtain a pellet of the bacteria culture. The excess medium is
removed using a sterile Pasteur pipette connected to a vacuum pump. The
pellet is resuspended in 0.01 M sterile phosphate-buffered saline (Sigma-
Aldrich) to arrive at a bacterial concentration of 108 CFU/ml. This concentration
was achieved by reaching an optical density of 0.1 at 600 nm for S. aureus and E.

coli and 0.4 for S. mutans.

2.5.2 CULTURE MEDIA

The agar media used for microbiological analyses are available as powders
containing a mixture of ingredients which have to be resuspended in a specific
amount of water and subsequently boil and sterilize.

The following media were used in this project for microbiological analyses:
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e E. coli direct MUG agar (Fluka) suitable for coliforms and selective for
E. coli, which are recognized by colonies those are UV-fluorescent.

e  Mitis Salivarius Agar (Fluka) suitable for streptococci which is made
selective for S. mutans by adding 100 units/L of bacitracin (Sigma
Aldrich) to the medium.

e  Mannitol Salt Phenol Red Agar (Fluka), containing mannitol, sodium
chloride 75% w/v and the pH indicator phenol red selective for S.
aureus.

The desired amount of medium is weighed and dissolved in distilled water.
The mixture is allowed to boil along with continuous stirring and autoclaved
for 20 minutes at 120°C. When the temperature of the mixture reaches 60-80°C,
7 ml of medium are poured into Petri dishes and once they are solidified stored

in sterile packets at 4°C.

When the sample is subjected to microbial analysis, the culture is plated on the
selective agar medium and incubated in a thermostat for sufficient period of
time depending on the type of microorganism. After the incubation period, the
bacterial colonies formed are counted and back calculated to a concentration of
bacteria present in the sample expressed as the ratio between CFU (Colony
Forming Units) and volume of the sample used.

The bacteria are identified through precise morphological characteristics, which
microorganisms assume after contact with the medium in which they are
grown:

e  Coliforms form round white colored colonies on the agar ECD MUG.
This medium helps identify E. coli via fluorescence stimulated by UV at
the wavelength which can hydrolyze the MUG (4-methylumbelliferyl-
B-D-glucuronide) present in the medium to the glucuronide and 4-
methylumbelliferone.

e S.aureus form yellow coloured colonies with a halo around of the same
colour, because the micro-organism is able to acidify the medium and
then turning the pink color of the medium to yellow.

e S.mutans form white to pale yellow colonies with granular surface.
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2.5.3 DETERMINATION OF BACTERIAL COUNT

During the photo-illumination experiments, aliquots of the microbiological
sample were taken out and the concentration of bacteria at regular time
intervals was determined according to the agar-germi method 9215 B proposed
by the Standard methods for the Examination of Water and Wastewater [130].
The analyses were conducted on the monocultures of the bacterial species
mentioned above.

The disinfection and cleaning of the environment and the apparatus used
proved to be very important for the success of the measurement. The procedure
followed was conducted under a microbiological hood, and hence in a sterile
environment. All the equipment and reagents used were previously sterilized at
120 deg for 20 min.

e  Sterile nitrocellulose membranes with porosity 0.45 pm and diameter
4.7 cm (Millipore);

e  Petri dishes (diameter 5 cm);

e  Selective medium;

e Wood's lamp;

e Kovac’s reagent;

e Lighted Magnifying lamp

e  Sterile Pyrex flask of 1 1;

e  Graduated cylinder;

e Distilled water;

e  Thermostat;

e  Micropipette with adjustable volume;

. Pipette controller;

e  Sterile pipette tips.

The steps in the procedure are as follows:

1. The sample under analysis was serially diluted (10-, 102, 103, 104, 10,
10-) with 0.01 M sterile phosphate buffer saline (PBS). This enables to
count an optimal number of colonies on the agar plate typically
between 10 to 100 as the concentration of bacteria in monocultures is
very high (10 to 10-8).
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2. 100 pl of the diluted sample were aliquoted in small doses on the
respective agar medium in Petri: the Petri dish is then agitated
horizontally to distribute the sample over the entire surface available.
The plated Petri was then placed in the thermostat for a time period
suitable for a particular type of bacteria.

3. After the completion of incubation time, the Petri was removed to
count the colonies grown on the agar medium.

4.  The bacterial concentration in the original sample was calculated using
the equation 2.2.

CFU NxD
m -V

(2.2)
Where

CFU = colony forming units

N = number of colonies counted

D = dilution factor

V = volume of the aliquot (in ml)

The bacterial count is generally reported in CFU (Colony Formation Unit) per ml

of the sample.
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3 SYNTHESIS OF MAGNETIC
PORPHYRIN-NANO CONJUGATE
AND ITS PHOTOEFFICIENCY

3.1 INTRODUCTION

Porphyrin based photosensitizers are well known for their photodisinfection
properties. TPP was attached to SPION nanoparticles via Cu-catalysed click
reaction. The aim of immobilization of TPP is to enable the photosensitizer to be

recovered and reused after photoillumination.

3.2 EXPERIMENTAL

3.2.1 SYNTHESIS OF PORPHYRIN-PEG ALKYNE

3.2.1.1 Synthesis of compound 2

propargyl amine

o H
H N //\NHp RT
XOTN\/\O/\/O\)J\OH.O/ O 2
(0]

EDC, HOBT, TEA, dry DCM

2-[2-(BOC-amino)ethoxy ] ethoxy acetic acid o H O\/l?\
(dicyclohexyl ammonium) salt (1) TN AN
YIS

2

Scheme 3.1 synthesis of BOC-protected PEG alkyne (2)
Table 3.1 Reactants and reagents used for synthesis of 2

Material Molecular weight Weight taken (mg)  Moles (umol)
1 444 .61 100 224.29
EDC 191.70 52 270
HOBT-H,O 153 413 270
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TEA 101.19 (d=0.727) 45.45 (62.5pl) 450
Propargyl amine 55.08 (d=0.86) 14.87 (17ul) 270

Compound 1 was taken in a round bottom flask to which 10-15 ml of dry DCM
was added. EDC, HOBT and TEA were added to the solution and stirred for 2-3
minutes. Propargyl amine was added to the mixture and stirred (Scheme 3.1).
In order to render the mixture homogenous, the total volume of DCM required
was ~ 40 ml. The reaction mixture was stirred overnight at room temperature.
The reaction was monitored using TLC (5% MeOH in DCM). After the
completion of the reaction, the reaction mixture was evaporated to remove
solvent to obtain colorless, viscous liquid. The evaporated contents were
purified directly by column chromatography (3% methanol in DCM) without
any prior separation. 57.0 mg (yield 89.23%) of the pure product. TH NMR
spectrum of the product was recorded. NMR (200 MHz, CDCls, 25°C): 8= 1.37
(s, 9 H), 2.21 (t, 2 H), 3.29 (t, 2 H), 3.48-3.67 (m, 7 H), 3.99 (s, 2H), 4.0-4.07 (m, 2
H), 5.00 (brs, 1 H), 7.20 (br s, 1 H)

720
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=
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—329
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f F130

( 120
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Figure 3.1 1TH NMR spectrum of compound 2
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3.2.1.2 Synthesis of compound 3

O
H (o)
O N~ /\/O\)J\ 50%TFA in DCM H-oN O\/lL
0 N/\\ AL NN N N
>r \([)r Ho S RT, 2 hrs © H\
2 3

+ Bu-OH +CO;

Scheme 3.2 Deprotection of 2

8.6 mg (2 equivalents) of 2 was taken in a round bottom flask. To this, 50% of
TFA in DCM were added and the solution was allowed to stand for 2 hours at
room temperature to evaporate CO.. The solution is evaporated followed by co-
evaporation with toluene 3 times.This was followed by co-evaporation with
TEA 3 times. The contents were dissolved in DCM, evaporated and dried on the
pump to ensure the removal of volatile components. The deprotection was
monitored by TLC (5 % MeOH in DCM). The product 3 was used as such for
the next step without any further purification. 'TH NMR (200 MHz, 25°C), 6=
2.24 (t, 1H), 2.69 (br s, 2 H), 3.34 (t, 2H), 3.63 (m, 8 H), 4.00 (dd, 2 H), 4.97 (brs, 1
H)

497
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Figure 3.2 'TH NMR spectrum of compound 3
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3.2.1.3 Synthesis of compound 5

O { Y—cooH
EDC. HOBT, TEA, dry DM

HaN ‘/\O’\’OJN'\

5-(4- Carboxyphenyl) 10,15,20-triphenyi-21
,23H-porphyrin (TPP) 4

Scheme 3.3 Synthesis of TPP-PEG

Table 3.2 Reactants and reagents for synthesis of TPP-PEG

Material Molecular weight Weight taken (mg)  Moles (nmol)
TPP 658.7 10 15.18
EDC 191.7 4.4 22.77
HOBT.HO 153 3.5 22.77
TEA 101.19 3.07 30.36
Compd 3 200 6 30.36

TPP (4), EDC and HOBT were dissolved in dry DCM. TEA was added to this
solution and let stand for few minutes. Compound 3 dissolved in dry DCM was
added to the mixture and the reaction mixture was stirred overnight at room
temperature. The reaction was monitored by TLC (5% MeOH/DCM). The
resulting product was evaporated and purified using column chromatography
(3% MeOH/DCM) to obtain 8.8 mg of TPP-PEG. TPP-PEG was analysed by
UV-visible, 'TH NMR and mass spectroscopy. 'H NMR (200 MHz, CDCls, 20) 6=
-2.79 (s, 2H), 2.26 (t, 1 H), 3.60 (dd, 2H), 3.67-3.7 (m, 6H), 4.10 (s, 2H), 4.12-4.16
(dd, 2H), 7 (br s, 1H), 7.7-7.8 (m, 9 H), 8.15-8.31 (m, 6 H), 8.19 (d, 2H), 8.20 (d,
2H), 8.78 (d, 2 H), 8.34 (s, 4 H), 8.86 (d, 2 H). Molecular weight of 5=841.34,
m/z=841.5 [M+1]+*1
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Figure 3.5 Mass spectrum of compound 5 (TPP-PEG)
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3.2.2 CLICK REACTION BETWEEN PORPHYRIN-PEG AND
SPION

3.2.2.1 Synthesis of SPION-N;

NH,

H.N | . N /\/O\/\O/\,O\/\'ro '\5 r;']
‘ \ degae, - 2 Lo 'e) N-"\“‘ dextran N3
NHS-PEG-N3 -
H,N— O —nH, — N
Na citrate (pH=8) Ny~ e
DIPEA
HNT | Shh, N - N
NH, ‘ % '

Ny
Scheme 3.4 Synthesis of SPION-N3

SPION-N3 (SPION azide) nanoparticles were prepared by the reaction of
SPION-NH, with NHS ester of 12-azido-4, 7, 10-trioxadodecanoic acid in
presence of DIPEA (10 pl) and 2 ml of 0.1 M citrate buffer (pH 7.4). The
reactants were placed in a falcon and rotated overnight and then dialysed
(SpectraPor regenerated cellulose, 3.5 KDa molecular weight cut-off) with pure
deionised water for three to five days with occasionally changing the water. The
resulting SPION-Nj3 solution was diluted to a volume of 10 ml with deionised

water and this solution was used as SPION-N3 stock solution.

3.2.2.2 Click reaction

L7s |
S
Q s N

T\t

TPP-SPION nanoconjugate

Scheme 3.5 Cu(I)-catalysed click reaction between SPION-N; and TPP-PEG

52



Synthesis and characterization of new organic materials with potential application in water

treatment
Table 3.3 Reactive components for SPION-TPP

Material Molecular weight Weight taken (mg) Moles (umol)
Compd 5 (TPP-PEG) 840.34 2.00 2.4
CuSO4+.5H0 249.69 0.30 1.2

Sodium ascorbate 198.11 0.87 4.8
SPION-azide 500 pl

PBS 500 pl

SPION-TPP nanoconjugate was synthesized via Cu (I) catalysed Huisgen 1, 3
dipolar cycloaddition or the “click reaction”. TPP-PEG (1 equivalent) was
weighed into an eppendorf and 1-2 ul of DMSO was added to it. To this, 0.5
equivalent of CuSO4.5H0O and 2 equivalents of sodium ascorbate were added
followed by addition of 500 pl of PBS and 500 pl of SPION-azide. The
eppendorf with the contents was placed on a vibrator and allowed to react
overnight. The contents of the eppendorf were transferred into a molecular
exchange membrane and dialyzed with 500 ml of EDTA (3 times at intervals of
00 hrs, 3 hrs, 1 hr ) followed by dialysis in 5 L water (4 times at intervals of 00
hrs, 15 hrs, 7 hrs and 15 hrs). After this, the membrane along with the contents
was transferred to a falcon containing PBS in which it was dialyzed in order to
change the medium of the contents into PBS. This was done 2-3 times in order
to ensure the medium is fully in PBS. The contents of the membrane were then
removed and UV measurements were carried out to find the concentration of
the nanoconjugate. SPION-TPP in PBS was then stored in the fridge at 5°C.

3.3 RESULTS AND DISCUSSION

The Cu (I) catalysed click reaction was chosen to construct the conjugate
molecule (SPION-TPP) because of its wide range of biomedical applications
[131-133]. Moreover, the hydrolytic and thermal stability of the cycloadduct is
of great interest in the field of bioconjugation. The click reaction has also been
used in the field of porphyrin synthesis and also for their immobilization on
different materials [119, 134]. SPION possessing strong magnetic property and

the triazole with its stability and biocompatibility are efficient carriers for TPP
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and hence were synthesized and studied for their photodynamic effect of

bacterial strains.

3.3.1 CHARACTERIZATION AND CONCENTRATION
DETERMINATION OF SPION-TPP

UV/Vis spectra were measured on a Varian Cary 50 spectrophotometer.
Spectra were measured from 200 to 1000 nm, and PBS was used as the baseline
The TPP conjugation on SPIONs was checked through UV/Vis spectroscopy.
The Q-band changes were the most significant.

In order to calculate the right concentration of nanoconjugate, & for TPP in PBS
was calculated by preparing a series of TPP solution with known concentration.
The UV-visible spectrum for each concentration was recorded and & was
calculated knowing the absorbance of the solution using beer-lambert’s law and
using the equation 2.1. The average of all the calculated € was 1.43 x 10° and this
value was used for further computation and expressed as M1 cm-.

Two methods were used to estimate the concentration of TPP loaded on the
nanoparticles. One method was based on the correction of the TPP-SPION
absorbance (Atppspion) by the SPION absorbance (Aspion). In this approach, the
Beer-Lambert law was applied to (eq. 3.1)

AA = Arpp_spion — Aspion (3.1)

at Amax 422 nm (e=1.43 x 10> M1 ecm?). The second method was based on a
designed [135] deconvolution spread sheet. This procedure allows the complex
absorbance spectrum of TPP-SPIONs to be resolved into individual absorption
bands (Figure 3.6). The peak ascribable to the TPP loaded on SPIONs was
calculated directly, and its absorbance value was used to calculate the
concentration. The concentration values obtained with the two approaches were
in good agreement.

Figure 3.6 (A)The absorption spectrum (black line) of a 6 pM solution of TPP in
PBS is depicted, together with the deconvolution individual bands (red lines)
and the calculated convolution spectrum (light violet line). The TPP Soret band
at 423 nm is composed of two peaks, the highest of which is centered at 425 nm
(log e= 5.20). B) The absorption spectrum (black line) of a solution of SPION in
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PBS (diluted from commercially available SPION-NH, as in SPION-TPP
samples) is shown, together with the deconvolution individual bands (orange
lines) and the calculated convolution spectrum (light violet line). The optimized
data of FWHM and Amax for each deconvolution individual band of TPP and
SPION spectra were used to solve the SPION-TPP spectra. C) Figure reports the
absorption spectrum (dark blue line) of 50 ul of SPION-TPP nanoconjugates in
450 pl PBS, together with the deconvolution individual bands (red lines) and

the calculated convolution spectrum (light violet line).
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Figure 3.6 UV-visible absorption of TPP-SPION and the resolution of individual
peaks

The deconvolution band at 425 nm was used to evaluate the concentration of

TPP clicked to the nanoparticle (log €= 5.20). D) Figure reports the absorption

spectrum of 50 ul of SPION-TPP nanoconjugate in 450 pl PBS, together with the

graphical evaluation of AA (AA = Arpp_spion — Aspion) used to calculate the

concentration of conjugated TPP (log &= 5.20).

55



Synthesis of magnetic porphyrin-nanoconjugate and its photoefficiency

The concentration obtained using the deconvolution method was 3.87 x 107 M
in the diluted solution (50 pl of SPION-TPP nanoconjugate in 450 pl PBS).

Hence, the concentration of the stock solution in terms of TPP = 3.87 n M.

5500

482
474

462
439

—-2.98

5000

4500

4000

3500

3000

2500

2000

1500

~A __“/J‘U.I ‘“ VIM| J"l l\n/‘w'u J\\u‘\“

1000

a1
(500

Figure 3.7 'TH HRMAS-NMR of SPION-TPP. 2 mg of lyophilised nanoconjugate
powder was dispersed in 60 pL of deuterated DMSO (1024 scans at RT)

The incidence of the reaction and the formation of the triazole ring upon
conjugation was also verified through 1H highresolution magic angle spinning
(HRMAS) NMR spectroscopy. As shown in the NMR spectrum in Figure 3.7,
the CH of the triazole was identified as the singlet peak at 9.40 ppm.
Furthermore, as expected, the peaks of the pyrrole and phenyl groups related to
the porphyrin molecule were observed in the aromatic region (from 7.19 to 8.71
ppm) and at negative ppm (-2.98 ppm). Finally, the peaks related to the CH20
group of the short ethylene glycol linker were found between 4.39 and 4.82
ppm. The remaining peaks (0.5-4 ppm) were ascribed to the dextran-coated
SPION and to the deuterated DMSO used as solvent for the NMR experiments
(in addition, the usual broad peak of water related to the solvent was found at
around 3.4 ppm).
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3.3.2 CALCULATION OF NUMBER OF TPP MOLECULES PER
SPION

An estimate of TPP per particle in SPION-TPP was calculated as follows:
According to the TDS of commercial SPION-NH>, the number of nanoparticles
per mL is 8.0x1074.

According to UV measurements, TPP concentration in the SPION-TPP stock
solution (considering all dilution step applied during the synthesis) was found
equal to 3.87 pM.

Thus the number of TPP particles/ mL was 3.87x10-° moles.

As 1 mole is equal to 6.23x10% particles (Avagadro number), 3.87x10 moles =
6.23x10% x 3.87x10- = 2.41x10% particles/ mL of TPP.

This means that 1 mL of SPION-TPP (stock solution) contained 8x103
nanoparticles and 2.41x10% particles of TPP.

Thus the number of TPP per nanoparticle in the SPION-TPP stock solution was
2.41x10%5/8x1013 = 30.12 TPP molecules per nanoparticle.

3.3.3 EVALUATION OF PHOTODISINFECTION EFFICIENCY
OF MAGNETIC SPION-TPP

SPION-TPP was previously synthesized and tested not only as theranostic
agents but also was found to cause photodynamic effect on murine amelanotic
melanoma B78-H1 cells [125]. SPION-TPP possessed 1Cso values in the range of
800 nm, which was similar to free TPP. These results proved that SPION-TPP
can be promising agents for theranostic and PDT applications. Since the singlet
oxygen generating capability of SPION-TPP was similar to free TPP [125], the
application of the same to water disinfection appeared as a potential initiative.

With regard to the above, the photodsinfection efficiciency of SPION-TPP was
tested on bacterial monocultures prepared in the laboratory. The bacterial
strains used for this test were two Gram-positve (S.aureus, S.mutans) and one
Gram-negative (E.coli). The cultures used were in the logarithmic phase of their
growth, which was prepared as mentioned in sec 2.5.3. A specific volume of

SPION-TPP suspension was calculated to reach a 2 ml (total volume) of 0.3 pM
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SPION-TPP solution in the bacterial suspension, which was previously
prepared in sterile 0.01M PBS. 1 ml of this solution was placed in multi-well
plate and placed above a magnetic stirrer and under the light source (blue LED
light TLWB7600 Vishay) having fluence of 48 W m=2. The solutions were stirred
with magnetic stirrer throughout the treatment. Control experiments were
conducted with or without SPION-TPP under illumination as well as in the

dark. The treatment of photo-oxidation was 60, 120 and 180 minutes.

3.3.3.1 Disinfection of S.aureus with SPION-TPP

The effect of photodisinfection on S.aureus with SPION-TPP is shown in Figure
3.8 along with TPP-COOH in solution and the control samples SPION-N3 and
SPION-NHo>. As can be seen SPION-TPP at a very low concentration of 0.3 pM
causes more than 2 log decrease (99.43 % abatement) in the cell survival in 180
minutes. This efficiency of SPION-TPP is close to the percent abatement caused
by free TPP-COOH in solution (99.9999%) (Table 3.4). The non-conjugated
nanoparticles SPION-NH; and SPON-N; cause at the maximum 56.23 %
reduction in S.aureus survival, which is less than one order of magnitude and
has no significant contribution in the total antibacterial efficiency of SPION-
TPP. This proves that magnetic nanoparticles can be reliable carriers for
photosensitizers to provide recovery and reusability of the photosensitizers
after the treatment. Also, as shown in Figure 3.9, the nanoconjugate is not toxic
in dark which is evident that the photodisinfection is due to the formation of

ROS and not due to toxicity of the molecule or the nanoparticles itself.

Table 3.4 Percent abatement of S. aureus (107 CFU/ml as the initial

concentration) with the nanoconjugate

Time SPION-TPP Free TPP-COOH (0.5 SPION- SPION-
(min) (0.3pM) M) NH; N3

60 -3.03 15.15 48.48
120 70.65 99.99375 29.65 9.85
180 99.43 99.9999 54.66 56.23
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Figure 3.9 Toxicity of the materials on S. aureus
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3.3.3.2 Photodisinfection of S.mutans with SPION-TPP

The effect of photodisinfection on S. mutans was carried out in the same
conditions as S. aureus and for the same illumination period (180 minutes).
SPION-TPP caused 95.10488% abatement in S.mutans at the end of the
treatment (Table 3.5). As seen in Fig 3.10, only 1.5 log reduction was seen in the
S. mutans survival after illumination with SPION-TPP. Unlike S. aureus, S.
mutans cultures were found to be less susceptible to photoxidation by
immobilized TPP-COOH over an illumination period of 180 min. On the other
hand, TPP-COOH in solution caused several orders of reduction in the survival
of S. mutans in 60 minutes itself. This can be explained by the fact that S. mutans
posses the ability of forming biofilms ie. they synthesize extracellular
polysaccharides [136] and this reduces the possibility of interaction between the
photosensitizer and the cell membrane. During photodisinfection process, it is
well identified that the primary target in the pathogenic bacteria is it outer cell
membrane and its constituent proteins [37and 60]. Hence, TPP-COOH in
solution which has much lower particle size than SPION-TPP can easily
penetrate or has larger surface to be in contact with the cell wall at the same
concentration and break the cell membrane releasing its constituents and

ultimately resulting in cell death.

Table 3.5 Percent abatement of S. mutans with SPION-TPP and TPP-COOH
SPION-TPP (0.5 TPP-COOH(0.5

Time (min)
M) pM)
60 57.21393 99.9994
120 56.33499 100
180 95.10488 100
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Figure 3.10 Effect of the phototreatment on S. mutans with SPION-TPP and

evaluation of its toxicity

3.3.3.3 Photoillumination of E. coli with SPION-TPP

E. coli, Gram negative bacteria was also tested for photodisinfection by SPION-
TPP. SPION in its original form bears amine functionality. Gram-negative
bacteria are more resistant than Gram-positive bacteria due to the complex
lipopolysaccharide membrane surrounding the cell membrane. In order to
break this kind of barrier, it is either required to have a positive charge on the
photosensitizer or its carrier. However, SPION-TPP does not bear any positive
charge and appropriately as can be seen in Fig 3.11, E. coli is not affected by
photoillumination in presence of SPION-TPP even in 180 minutes. TPP in its
free form was previously tested on E. coli [137] and was found that the E. coli

survival does not reduced with free TPP under light.
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Figure 3.11 Effect of phototreatment of E. coli with SPION-TPP

These experiments show that SPION-TPP can be used for disinfection of water
with the possibility to recover and reuse them after phototreatment (Fig. 3.12).
These trials have not been conducted yet but such nanomagnetic particles are
being studied for their use in photodisinfection of water [54, 96]. Their reuse
properties have also been evaluated and it was found that the nanomagnet-
porphyrin hybrids retained their photodynamic efficiencies even after 6 cycles

of photodisinfection.

@) (b)
Figure 3.12 Photographic pictures of SPION-solutions (a) before (b) after contact

with neodinium magnet.
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4 POLYVINYLCHLORIDE (PVC)
SUPPORTED TPP

4.1 INTRODUCTION

As already discussed in Sec 1, the immobilization of photosensitizers proves to
be more advantageous over free photosensitizers in solution. Solid support like
polymers, nanoparticles and clothes can be used to produce self-disinfecting
materials for medical application, protective clothing, environment (water and
exposed surfaces) etc. Polymeric layers of PS on ITO [77], nanolayer coating of
PS on NiTi alloy [20] and simple mixing of PS with different kinds of porous
polymers [47,110] are the few reports available on supported reactive oxygen
systems. Polymers or plastics find innumerable applications in day to day life
and can prove to be efficient supports for developing singlet oxygen generating
systems. Among the polymers used for support, the most common ones are
polystyrene [81, 84, 117], porous silicones [63, 55, 47, 83] and cellulose [118, 119].
Selecting the right polymer with desired compatibility, porosity and PS
uptaking capacity is an important task. Here we report a simple, easy and non-
tedious technique for incorporating PS onto poly vinyl chloride (PVC).
Polyvinyl chloride (PVC) is one such polymer that has vast application in the
form of sheets, pipes, linings, cling films etc. It is used in the field of electrical,
medicine, packaging, sports material, clothing etc. It is a light but strong, low
cost polymer, has good biological and chemical resistance and available in
flexible and rigid forms [120]. In this project, PVC films were prepared with a
well known and commercially available porphyrin 5-(4-carboxy-phenyl)-
10,15,20- triphenyl-21H, 23H-porphyrin (TPP). Different types of adipates were
used as additives in the polymeric film and interestingly was found that the
adipates play an important role in the morphology of the films and thereby the
photodisinfection ability. The films prepared were tested for their anti-
microbial activity in presence of light and their efficiencies are reported as

abatement percentage.
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4.2 EXPERIMENTAL

4.2.1 IMMOBILIZATION OF PHOTOSENSITIZER (TPP) ON
THE PVC POLYMER WITH DIFFERENT ADIPATES

The PVC films were prepared by simple solution cast technique with
tetrahydrofuran (THF) as the solvent. PVC films with 5% of TPP were prepared
using different kinds of plasticizers/adipates. Also, PVC films without TPP
were prepared as control films to verify the toxicity of the PVC films. The
following different formulations were used to prepare the PVC composites:
Table 4.1 PVC film formulations

Ingredients (mg)

Name
pvC PP Adipate Film Thickness (pm)
TP5-OA 100 5 19.60 (20 pal) 70
TP5-BA 100 5 19.24 (20 pl) 50
TP5-EHA 100 5 18.60 (20 pl) 65
TP5-NA 100 5 00 50
TP5-CA 100 5 20 pl 75
PVC-OA 100 00 19.60 (20 pl) 70
PVC-BA 100 00 19.24 (20 pl) 55
PVC-EHA 100 00 18.60 (20 pl) 45
PVC-NA 100 00 00 50
Where
TP5-OA 5% TPP-PVC film with di-n-octyl adipate (OA)
TP5-BA 5% TPP-PVC film with di n-butyl adipate (BA)
TP5-EHA 5% TPP-PVC film with bis (2-ethylhexyl adipate) (DEHA)
TP5-NA 5% TPP-PVC film without any adipate
TP5-CA 5% TPP-PVC film with di capryl adipate (CA)
PVC-OA PVC films with OA and without PS
PVC-BA PVC film with BA and without PS
PVC-EHA PVC film with DEHA and without PS
PVC-NA PVC film without adipate and PS
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Procedure

100 mg of PVC (high molecular weight) was taken in a 10 ml beaker and
dissolved in 1.5 ml of tetrahydrofuran (THF). To this, 20 pl of di n-octyl adipate
was added and the mixture was stirred till a homogeneous viscous mixture was
obtained. 5 mg of TPP was weighed accurately and added to the polymer
solution. The whole mixture was again stirred for 15 minutes to disperse the
photosensitizer into the mixture very well getting rid of any lumps of TPP. The
polymer mixture was then poured onto glass slides and spread with the help of
a glass rod. The formulation was left to dry in a dark environment to evaporate
the solvent completely. The film thus obtained had dimensions of 3 cm x 2 cm
and thickness of film ranged between 50 to 100 microns. Similarly, all the films
were prepared only changing the type of adipate required. PVC (blank) films
were also prepared following the same procedure excluding the addition of
TPP.

4.2.2 PVC-PHOTSENSITIZER COMPOSITE WITH VARYING
CONCENTRATIONS OF TPP

Photosensitized PVC films with two different concentration of TPP (1% and 5%)
were prepared. Di n-octyl adipate (OA) was the plastizer used in both the films.
A control film without the photosensitizer was also prepared to test the toxicity
of the polymer in light as well as in dark. The formulations of the films

prepared is given in Table 4.2

Table 4.2 Formulation of photosensitized PVC films with different TPP

concentrations
Ingredients (mg)
Name
pvC TPP Adipate Film Thickness (pm)

TP1-OA 100 1 19.24 (20 ) 40

TP5-OA 100 5  19.60 (20 pl) 70

PVC-OA 100 00  19.60 (20 pl) 70
TP1-OA 1%TPP-PVC film with di n-octyl adipate
TP5-OA 5% TPP-PVC film with di n-octyl adipate
PVC-OA 0% TPP-PVC film with di n-octyl adipate
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423 5%TPP-PVC FILMS WITH VARYING CONCENTRATION
OF DI N-OCTYL ADIPATE

In order to evaluate the effect of adipate on the photodisinfection efficiency of
the composite films, TPP-PVC films with 3 different concentrations of di n-octyl
adipate were prepared. The different concentrations of the adipate used were 20

and 40 pl in the total formulation. The formulations are given in Table 4.3

Table 4.3 Formulation for films with varying amount of adipate

Ingredients (mg)

Name

pvC TPP Adipate Film Thickness (pm)
TP-520 100 5 19.60 (20 pl) 90
TP-540 100 5 39.20 (40 pl) 70
PVC-20 100 00 19.60 (20 pl) 70

Pictures of some composite films prepared are shown in Fig 4.1

\\a

@ (b)

-

(c) (d)

3
Figure 4.1 Photographic images (a) PVC with 20 pl OA (b) 5% TPP-PVC with 20
Pl OA (c) 5% TPP-PVC with 40 pl OA (d) 1% TPP-PVC with 20 pl OA
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(g) LTP-540
Figure 4.2 SEM images of (a) PVC film with 20 pl OA x 1000 magnification (b)
PVC film after illumination x 1000 magnification (c) 5% TPP-PVC film with 20
pl OA (d) 5% TPP-PVC film after illumination (e) 1% TPP-PVC film with 20 pul
OA x 5000 magnification (f) 1% TPP-PVC film with 20 ul OA after illumination
x 5000 magnification (g) 5% TPP-PVC with 40 pl OA after illumination.

424 PHOTODISINFECTION EXPERIMENTS WITH PVC
COMPOSITE FILMS

For the photodisinfection experiments, the same setup as shown in Fig 2.1 was
used. All the films prepared as above were tested for antimicrobial activity
under light as well as their toxicities were tested in the dark. Each film was cut
into a circular shape so as to fit into the multi-well (48 well) plate with diameter
of 1 cm and capacity of 1.5 ml. The film so obtained weighed 7 mg. Hence, 7 mg
of each film was used consistently in order to obtain constant concentration of
the photosensitizer in all the experiment. The polymer films prior to
illumination were washed with sterile PBS to remove any traces of free TPP on
the surface of PVC film. UV-visible spectra of the washings were recorded and
was seen that the concentration of TPP in the washings was negligible (<0.1
uM). This also proves that the TPP is successfully incorporated in the PVC
matrix with very less or no free PS on the surface. However, the use of TPP
eliminates the possibility of any free PS activity in solution as TPP is insoluble

in water.
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Volumes of 1 ml of bacterial solution (S. aureus) in sterile PBS at concentration
of 108 CFU ml? were placed in multi-well plate. The films to be tested were
introduced in the bacterial suspensions and the plates were positioned above a
magnetic stirrer and under the light source (blue LED light TLWB7600 Vishay)
having fluence of 48 W m2. The solutions were stirred with magnetic stirrer
throughout the treatment. Control experiments were conducted with or without
PVC films under illumination and on plates with PS-PVC films in the dark. The
treatment of photo-oxidation may have different duration (15, 30, 60, 90, 120
and 180 minutes of illumination) depending upon the concentration of the
photosensitizer.

At regular intervals of treatment time, the survival of microorganisms is
analyzed and expressed as CFU ml?. 50 pl of the bacterial solution under
treatment was aliquoted and diluted in 0.01 M PBS using a dilution factor
optimal for the cultivation of bacteria. From each dilution, 100 pl of bacterial
suspension are collected, seeded in selective media on Petri dishes and
incubated in the dark at 37°C for 18-24 hours.

The same procedure is followed for the control samples to test the activity of
PS-PVC film in the dark, the toxicity of PVC films both in light and dark; and
the vitality of bacterial suspension without photosensitizer, subjected to light or
incubated in the dark. Each test is performed at least in triplicate, the survival
data in terms of CFU ml! are expressed through mean and standard deviation.
The survival rate is calculated in relation to the concentration of bacteria
measured on the control sample subjected to light, to subtract any interfering
toxic effect from the photosensitizer effect.

To exclude the possibility of any photodynamic activity due to some TPP
release into solution during illumination, the TPP-PVC films were suspended in
sterile water and illuminated for similar time duration (90 minutes). Control
tests were conducted by illuminating only sterile water samples and PVC films
in water. The same set of water samples were placed also in the dark. ESI-TIC

chromatograms of all the water samples were recorded [Fig 4.7]
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4.3 RESULTS AND DISCUSSION

43.1 EFFECT OF PHOTOXIDATIVE TREATMENT ON
S.AUREUS BY 5% TPP-PVC FILMS WITH DIFFERENT
ADIPATES

For easy understanding, the films TP-NA, TP-BA, TP-EHA and TP-OA after
illumination will be abbreviated as LTP-NA, LTP-BA, LTP-EHA and LTP-OA,
respectively. Figure 4.1 shows the photographs of the PVC films with and
without TPP. The abatement percentages of the TPP-PVC films with different
adipates are listed in Table 4.4. As can be seen in the table and graphical
presentation of data (Fig 4.3), the presence of adipate and the type of adipate
plays an important role in the photodisinfection ability of the composite films.
TPP-PVC films with no adipate caused 94.1176% abatement in the bacterial
survival at the end of 90 minutes of illumination. LTP5-BA and LTP5-EHA have
similar efficiencies 90.9973% and 92.9885% abatement, respectively in 90
minutes. These three films showed within 1 order of ability to destroy S. aureus
strain. Interestingly, LTP5-OA displays the same order of activity in 30 minutes
of irradiation itself and remarkably causes several orders of reduction (100%
abatement) in the microorganism within 60 minutes of illumination. None of
the films showed any toxicity in the dark (Fig 4.4 and 4.5). Elucidation of the
toxicity of the PVC films without TPP but in presence of adipates helped to rule
out the possibility that the high antibacterial activity of LTP5-OA is due to di n-
octyl adipate itself (Fig 4.5). Such a significant difference in the photodynamic
activity of the different films led to following uncertainties:
¢ The anti-bacterial activity was due to presence of some contaminant in
di n-octyl adipate. This was solved by recording an ESI-mass spectrum
of the adipate (Fig 4.7) molecular weight of d n-octyl adipate = 370.57
m/z= 393.6 [M+1]*1. ESl-mass spectrum showed that the compound
was in the pure form without any contamination
¢ The anti-bacterial activity was due to release of some toxic component
in presence of OA in the film during the irradiation procedure. For this,
the ESI-TIC chromatogram (Fig 4.8) solved the dilemma that there was

no release into the water system during the illumination. The
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chromatogram show that there is no difference between the component
peaks of the blank water samples and the water samples with
suspended PVC films with or without TPP. Also, the figure compares
the chromatograms of samples in the dark.
In addition to the above evidences, it would be interesting to know how the
morphology of polymeric films affects the release of singlet oxygen into the
water system. The following mechanisms can be proposed for the activity of the
TPP-PVC films

e Close proximity of the microorganisms to the surface TPP molecules of
the films disseminating singlet oxygen into the cell structure within its
decay time.

e Slow release of photosensitizer into the bacterial suspension during
illumination.

e Porous voids in the polymer matrix to contain bacterial colonies thereby
providing more contact and time for the singlet oxygen to diffuse and
cause cell death.

The second mechanism of disinfection is not acceptable in water disinfection
systems and also it was proved that there was no release of the PS during the
illumination. If the first proposed mechanism is true, then the films without
adipate and also TP5-BA and TP5-EHA are expected to show similar activity as
TP5-OA at the same concentration of TPP. However, this was not true in this
case as it was observed that TP5-OA and TP5-CA films have significantly
different photodynamic efficiencies with respect to others. Hence, the third
mechanism appears more relevant in this case. A polymer in its glassy state has
its molecules closely packed with strong polymer-polymer interactions making
the polymer rigid and hard. According to Free volume theory of plasticization,
when a plasticizer is added to a PVC it lowers its glass transition temperature
Tg by separating the PVC molecules, adding free volume and making it more
flexible and rubbery [121]. Di n-octyl adipate and di capryl adipate are well
known for their co-solvent properties and imparting flexibility and porosity to
the polymer structure. Both the adipates have a molecular structure with a long
straight chain of carbon skeleton as compared to BA and EHA. Here it is
evident that the molecular structure of the adipate plays an important role in
imparting porous properties to the polymeric films (Fig. 4.6). Hence, it is

capable of providing more free volume into the PVC matrix. The porosity of the
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PS carrier plays a crucial role in the photodisinfection mechanism. F. Manjén
and co-workers have carried out photodisinfection on a large scale using
heterogeneous systems by using porous silicones as PS supports [75, 55, 63].
According to them, porous silicone is optically translucent, mechanically
robust, significantly photostable and chemically inert with excellent interaction
with microorganisms. They have also proved that the lifetime of singlet oxygen
produced by PS in these polymers is higher than in water by 10 times. Also,
polystyrene a porous polymer was used to support RB and MB with a
concentration of 0.1 to 1% of the dye onto to the polymer [84]. At such a low
concentration and considerably lower fluence of irradiated light of 21 W m?,
they found 2-3 log decrease in bacterial count. Also, the bactericidal activity was
higher with a lower initial concentration of bacteria (103 CFU ml?). In this

study, we have used 1% and higher concentration of the dye and fluence of

incident light at 48 W m2.
Table 4.4 Percentage of abatement of the bacteria S. aureus
LTP5-NA LTP5-BA LTP5-EHA LTP5-OA LTP5-CA
30 36.7647  44.51613 46.5517  95.64733 £3.203 99.4476 +1.1481
60 587254  69.54839 76.2835 100 99.9873
90 941176  90.99735 92.9885 100 100
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Figure 4.3 Photodisinfection efficiency of 5% TPP-PVC films containing
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Figure 4.7 ESI-mass spectrum of di n-octyl adipate
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Figure 4.8 ESI-TIC chromatograms of the illuminated water samples
In Figure 4.2 are shown SEM micrographs of PVC films with and without TPP.
Only PVC film with OA (Fig 4.2a) shows a pattern of porous network and it

retains this structure even after illumination (Fig 4.2b). On the other hand,
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addition of TPP causes a smooth effect in the polymeric surface and there can
be seen a more uniform pattern. This change in the morphology can be
explained by the structure of TPP. TPP contains 4-phenyl substituents at the
meso positions and the molecule has a planar structure. The planar structure
with a huge delocalization of electrons is capable of stacking in a parallel array
of molecules and thereby forming a uniform network and this is seen in the
SEM micrographs. This property of TPP possibly contributes to a more uniform

and even network of free volume (Fig 4.2c).

4.3.2 COMPARISON OF PHOTOEFFICIENCY OF 1%TPP-PVC
AND 5% TPP-PVC

The effect of different TPP concentration on the photodisinfection efficiency of
PVC films is shown in Figure 4.2. As can be seen, both 1% and 5% TPP-PVC
films show remarkable efficiency in reducing the bacterial survival. Also, as
expected, increasing the concentration of TPP from 1% to 5% causes an increase
in the abatement of bacterial survival by more than 4 orders at 60 minutes of
irradiation itself. At 90 minutes, the survival of S. aureus dropped by 4 log in
presence of 1% TPP-PVC and by several orders (100 % abatement) in presence
of 5% TPP-PVC.

Another factor to be considered here is the thickness of the films (Table 4.2).
TP1-OA (40 pm) has roughly half of the thickness of TP5-OA (70 um) and as
seen in Figure 4.1, the photograph of LP1-OA reveals that it is almost
transparent and TPP is well incorporated into the PVC matrix. The SEM
micrographs of TP1-OA (Fig. 4.2 (e) and (f)) show a rather smooth structure.
TPP at 1% concentration (w/w) seem to level the irregularity in the PVC. Large
and porous voids are lesser in this film as compared to PVC-OA (Fig. 4.2 (a)
and (b)). This shows that the PS-polymer displayed significant photoefficiency
irrespective of the size of the porous free volume. Even at low thickness and
lower TPP concentration, the efficiency displayed by TP1-OA is appreciable.
Such low concentration of photosensitizer can be used in applications that
require transparent films (e.g. medical devices, packaging, cling films and

protective clothing). Also, as shown in Fig. 4.9 only light has no toxic effect on
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S. aureus colonies and all the dark controls also show no reduction in the

bacterial count in the same duration (90 minutes).

Table 4.5 Percentage abatement of S. aureus with 1% and 5% TPP-PVC

Irradiation time LTP1-OA LTP5-OA
30 82.57528 £ 9.78 95.64733 £ 3.2030
60 96.99165 £ 2.1412 1000
90 99.99375+0.0069 1000

10 s
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Figure 4.9 Effect of 1% and 5% TPP-PVC films on S. aureus in the light and dark

4.3.3 EFFECT OF VARYING CONCENTRATION OF Di n-
OCTYL ADIPATE ON PHOTOEFFICIENCY OF 5% TPP-
PVC

The effect of varying concentration of adipates was studied by preparing TPP-
PVC films with 2 different concentrations (20 ul per 100 gm of PVC and 40 ul
per 100 gm of PVC). The data for photodisinfection efficiency of the two films is
plotted in fig. 4.10. The plot shows that there is a difference of approximately 2
logarithmic orders between the activities of two films. TP540 caused between 3-
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4 log reduction whereas TP520 caused less than 2 log reduction in bacterial
survival with almost an error bar of 1 log for TP520. This difference is less
significant because after 60 minutes of illumination, both the polymeric films
were capable of completely destroying the microbial polulation. However, the
difference calls for an explanation and a rational reasoning can be derived from
the basic properties of OA. Being a well-known and valuable plasticizer, OA
imparts more free volume to the polymer and appropriately increasing the
concentration of OA should increase the porosity of the polymer to a greater
extent. The SEM micrographs also confirm this phenomenon (Fig. 4.2). The
surface of TP540 shows dense network of porous structure which is more than
in TP520. More the number of pores available; higher will be the probability of
bacterial colonies to occupy these voids. S. aureus strains exist in colonies of
about 100 individual cellular components of approximately 0.7 um each.

Table 4.4 Abatement percentages of S. aureus with TP520 and TP540

Irradiation time LTP520 LTP540
30 95.64733 £ 3.2030 99.9552 + 0.0075
60 1000 100 +0
90 1000 100 £0

; Kﬁ
o XA\
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\
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Figure 4.10 Effect of varying concentration of di n-octyl adipate on

photodisinfection of S. aureus
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434 RECOVERY AND REUSE OF TPP-PVC FILMS

All the films used for the evaluation of photodisinfection efficiency were
recovered at the end of the experiment, washed in sterile PBS, dried and stored
at 4°C in the refrigerator away from any kind of light source. Out of the many
films used, 2 films of TP520 were randomly chosen for reuse in
photodisinfection experiments to investigate the photoxidation ability of the
used films. The data (Figure 4.11) reveal that the TPP-PVC films had reduced
activity after the first use in photodisinfection trials. One film used for second
time after 3 weeks showed 3 log reduction whereas the reuse after 5 weeks

caused less than 1 order abatement of S. aureus culture.
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Figure 4.11 Photodisinfection ability of used TPP-PVC films
Many authors have reported to have coated PS-polymeric films in Petri dishes
or other glass containers and carried out the experiments by dispensing
volumes of bacterial solution into the plates. On the other hand, all of the TPP-
PVC composites used in this work for the use and reuse of photodisinfection
experiments were prepared in the form of thin films on glass slides and the
films were removed from the slides prior to illumination. The advantage of
suspending PS-polymer films in the target system is all the surfaces of the film

are involved during the photooxidation process. This implies that maximum
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included PS takes part in singlet oxygen generation and the total effect can be
considered to be proportional to the concentration of PS in the whole film and
not of the PS at only one single surface. Another benefit of suspended film
technique is that once the film is used, the films can be reinforced either by
cleaning the film surface with a solvent or by dissolving the film in THF and
recasting.

In the present work, the light source used was emitting at a single wavelength
(470 nm) and there was no temperature rise in the photodisinfection system due
to the light source or other external factors. This is particularly important
because PVC at higher temperatures and/or UV radiation is known to
decompose releasing atomic chlorine and HCI thereby deteriorating the
material. This problem was eliminated in the present case by using light from
the visible part of electromagnetic spectrum and maintaining lower

temperatures.
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5 Poly vinyl chloride (PVC) supported
pentaphyrin

51 INTRODUCTION

The successful incorporation and high bactericidal effect of TPP in PVC was a
motivation for inclusion of new photosensitizers in PVC matrix. A new
pentaphyrin synthesized and characterised previously in our laboratory was
used to prepare pentaphyrin-PVC films. The pentaphyrin used in this project
was 20- (4-carboxyphenyl) -2, 13-dimethyl-3, 12-diethyl [22] pentaphyrin
(PCCox)[102]. PCCox belongs to a new class of expanded porphyrins with one
pyrrolic unit more than regular porphyrins bearing 5 meso carbon atoms.
Expanded porphyrins are discussed in detail in sec. 1.5. PCCox has already
been investigated for its photodynamic activity in solution and was found to

cause several order reduction of bacterial growth [46].

5.2 EXPERIMENTAL

Procedure

PVC films with 5% pentaphyrin were prepared with varying concentrations of
di n-octyl adipate. The films were prepared following the same procedure as
mentioned in sec. 4.2.1 and the formulations are listed in Table 5.1. The picture

of the films prepared are shown in Fig 5.1

Table 5.1 Formulation of PCCox-PVC films

Ingredients (mg)

Name
pPVC PCCox Adipate Film Thickness (pm)
P-510 100 5 9.5 (10 pl) 75
P-520 100 5 19.60 (20 pl) 60
P-540 100 5 39.20 (40 pl) 70
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Where,

P-510 5% PCCox-PVC film with 10 ul OA
P-520 5% PCCox-PVC film with 20 ul OA
P-540 5% PCCox-PVC film with 40 ul OA

(b) (©)
Figure 5.1 Photographic pictures of (a) P-510 (b) P-520 (c) P-540

5.3 RESULTS AND DISCUSSION

5.3.1 EVALUATION OF PHOTODISINFECTION EFFICIENCIES
OF PCCOx-PVC FILMS WITH DIFFERENT
CONCENTRATION OF ADIPATES

The uniform inclusion of PCCox into the PVC matrix can be seen from Fig. 5.1.
Similar to TPP, PCCox was also very easily incorporated into PVC polymer
films using solution cast technique. But unlike TPP-PVC that had glossy facade,
PCCox-PVC membranes showed more of a matt appearance. The metallic green
colour of solid PCCox was also seen in the films revealing that PCCox did not
undergo any transformation during film formation. Likewise, looking at the
photodisinfection abilities of the films, it was observed that the films have
noteworthy performance.

PCCox has previously been synthesized, studied and proved as a potential
photosensitizer for PDT [103, 46]. During photodisnfection of water, PCCox
was found to be capable of causing 99.997% abatement in S. aureus survival
with blue LED light in 1 hour and 99.99997% abatement in presence of white

incandescent lamp. Studies have now proven that immobilization of
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photosensitizers onto a solid support like polymer does not alter its singlet
oxygen generating capacity and PDT does not occur only due to the
accumulation of the photo sensitizer in the microbial cell [126, 127]. This was
proven in our photoxidation experiments using PCCox-PVC films. As can be
seen in Fig. 5.2, P-520 caused 100% destruction in bacterial count, P-540 showed
99.783% abatement and P-510 was almost inactive in 90 minutes of illumination.
The results showed that a minimum concentration of OA was essential to
trigger the photosensitizing ability of PCCox. As also observed in case of TPP-
PVC, OA played an important role in imparting photosensibility to the
composite films. OA increases free volume in polymer structure and also
enhances the mobility of polymer chains. This improved property of the
polymer probably also causes singlet oxygen to move freely within the network
and ultimately reaching the target cell and causing its death.

The SEM micrographs (Fig. 5.4 (a) and (c)) show that the presence of PCCox
transforms the random structure of PVC (Fig. 4.2 c) into a more organized and
regular pattern of pentagonal network. The free volumes in the composition can
be clear seen and increasing the concentration of OA increases the size of the
voids in the polymer matrix (Fig. 5.4 c). However in this case, increasing the
concentration of OA did not enhance the photoactivity of PCCox-PVC film
rather the efficiency was found to be reduced in presence of higher OA
concentration. On the other hand, the photoactivities of TPP-PVC films were
found to show dependence on concentration of OA. One explanation for the
reduced behavior of P540 can be deduced from the SEM that after illumination
P540 shows a significant change in its morphology. Probably, the surface of
P540 differs from P520 which allows singlet oxygen to disseminate and instead
in P540 the singlet oxygen does not reach the bacteria but remains in the pores
and cause degradation of the PCCox in the film. However, more evidence on
this performance of both the films having same concentration but differing only
in the amount of adipate will be very helpful to carry on the development of
such system.

Fig. 5.4 (e) and (f) show SEM micrographs of S. aureus culture on P-520 film. It
can be seen that the bacterial strains occur as single cellular component (700-800
nm) or in clusters. The bacterial colonies are sufficiently small to rest in the
voids (20 pm) of the polymer network thereby increasing the contact with the

PS. Since a close proximity between the PS and the cells is necessary for
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effective bacterial destruction, the probability of cells to be adsorbed is higher
due to the pores in the polymeric structure. Hence, the singlet oxygen can reach
the cell wall within its half life.

Table 5.2 Percent abatement caused by PCCox-PVC films under

monochromatic blue LED lamp

Time of Percentage abatement (%)
illumination LP-510 LP-520 LP-540
30 11.8024 £15.6486 97.4605 £ 0.78426 76.2484 + 16.7949
60 -236.875+163.125 99.4103 £ 0.4811  86.6984 + 9.4056
90 27.6020 £68.9813 100 99.783 £ 0.1534
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Figure 5.2 Photodisinfection of S.aureus with PCCox-PVC composite films
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the bacterial culture in the dark for similar duration of photoxidative treatment
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5.3.2 PHOTOACTIVITY OF PCCox IN COMPARISON TO TPP-
PVC

The photoefficiencies of P-520 and TP-520 against S. aureus are compared in Fig.
5.5. As can be seen, P-520 was capable to completely destroy S. aureus colonies
in 90 minutes of illumination. On the other hand, TP-520 caused 100%
destruction in 60 minutes itself at the 5% TPP concentration and same
illumination conditions. Nonetheless both the films show high photoefficiency
against S. aureus. At 60 minutes, P-520 caused 3 log reductions (99.4103%) in the
bacterial survival (with an error bar of almost 1 order). The difference in the
activities of the two films can be explained on the basis of light source used.
PCCox (5 pM), in presence of an incandescent lamp caused more than 5-6 log
reduction in S. aureus in 60 minutes of irradiation. Whereas the same
concentration of PCCox caused between 4-5 log decrease in S. aureus survival
when monochromatic blue LED lamp was used [46]. PCCox has a strong
absorption spectrum at 480 nm (Soret band) and at 800 nm (Q-band) and hence
a light source emitting a complete spectrum is necessary to fully excite PCCox.
The incandescent lamp with UV cut-off emitted the whole visible spectrum
When Blue LED lamp is used; only a part of the absorption spectrum is
available to produce singlet oxygen. TPP has a sharp Soret band at 417 nm and
small Q-bands in the region 600-800 nm. The multi-LED blue lamp emiting at
470 nm was sufficient to excite TPP completely and not so in PCCox. This
makes clear the difference between the activities of the two PS-polymeric

composite films.
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PVC has proven to be an easy and efficient carrier for the photosensitizers TPP
and PCCox. In this study, it was also seen that the type of adipate plays an
important role in imparting sensitivity to the films. The results of this study can
be further used to develop methods to disinfect water using immobilized PS on
PVC. Additional trials should be conducted to have a better understanding
about the recovery and reuse of these films. Not only in water disinfection, PS-
polymer inclusion also opens up the opportunity to use such materials in other

anti-microbial applications like coatings, films, protective clothing etc.
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6 Trial synthesis for expanded porphyrins

6.1 INTRODUCTION

Expanded porphyrins can find application in various fields from PDT to co-
ordination chemistry and as sensing agents. With the aim of applying new
materials for photodisinfection of water, pentaphyrinic macrocyle were
synthesized and characterized. The precursors required for the macrocyle were

also synthesized and are discussed below.

6.2 EXPERIMENTAL

6.2.1 SYNTHESIS OF 5-PHENYL DIPYRROMETHANE AND
5,10-DI PEHNYL TRIPYRRANE

Aryl substituted dipyrromethanes and tripyrranes are important precursors for
synthesis of porphyrins and expanded porphyrins. The one pot synthesis of
such compounds is a simple and high yielding route which is being followed
widely [124]. Condensation of benzaldehyde with excess pyrrole in presence of
TFA as catalyst resulted in a mixture of 5-phenyl dipyrromethane (6) and 5,10-
diphenyl tripyrrane (7). Pyrrole (10 eq) was taken in a 3 neck round bottom
flask to which benzaldehyde (1 eq) was added dropwise with bubbling
nitrogen. TFA was added to the mixture and stirred under nitrogen for 15
minutes at room temperature. The reaction route is shown in scheme 6.1. The
reaction was monitored by TLC (15% ethyl acetate in petroleum ether). The
excess pyrrole was evaporated using a rotary evaporator and the dark viscous

material was passed through a silica column to collect 6 and 7 in pure form.
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O H
X7
o
Z/ \5 TFA, N,
+ . —_—
n 15 min, R.T
M.W.= 22229 M.W.=377.19
Benzaldehyde Pyrrole 5-phenyl dipyrromethane 6 5,10-Diphenyl-tripyrrane 7

Scheme 6.1 Synthesis of compounds 6 and 7

Table 6.1 Materials for 6 and 7
Molecular  Milli Weight Density

Materials Volume
weight moles taken (mg) (g cm?)
Pyrrole 67.09 100 6709 0.967 7 ml
Benzaldehyde 106 4 390 1.043 406 pl
TFA 114 0.38 44 1.48 30 ul

H NMR spectra were recorded for 6 and 7 (Figure 6.1 and 6.2). Compound 6
NMR (200 MHz, CDCls, 25°C): 8= 5.4 (s, 1H), 5.88 (m, 2H), 6.13(q, 2H), 6.61 (q, 2
H), 7.26 (m, 5 H), 7.82(br s, 2H).

7.82
7.26
6.61
6.13
5.88
540
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Figure 6.1 INMR spectrum of 5-phenyl dipyrromethane 6
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Compound 7 NMR (200 MHz, CDCls, 25°C): §=5.40 (s, 2H), 5.93 (q, 2H), 6.05 (m,
2H), 6.30 (q, 2H), 6.71 (dd, 2H), 7.44 (m, 10H), 7.97 (br s, 3H).
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Figure 6.2 'INMR spectrum of 5,10-diphenyl tripyrrane 7

6.2.2 FORMYLATION OF 5-PHENYL DIPYRROMETHANE

5-phenyl dipyrromethane was formylated following the Vilsmeier-Haack

reaction.

POCI;, DMF
0°C, N,
4hrs OHC CHO
M.W.=222.29 M.W.=278.11
5-phenyl dipyrromethane 6 5-phenyl dipyrromethane dialdehyde 8

Scheme 6.2 Vilsmeier Haack formylation of 6

650 pl (1.1 eq) of phosphoryl chloride (POCl;) were added dropwise to 4 ml (8)
of dimethyl formamide (DMF) under N flux with stirring at 0°C. This mixture
is Vilsmeier Haack reagent and was used to formylate 6. The dipyrromethane 6

was dissolved in 3 ml of DMF in a two necked flask, cooled and fluxed with No.
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2 ml of Vilsmeier reagent were added to the above mixture and stirred under
N2 atmosphere at 0'C. after 1.5 hours the reaction was brought to room
temperature followed by addition 11.1 ml of saturated sodium acetate
(CH3COONa) solution. The reaction was allowed to stir for 4 hours at room
temperature. The product was extracted using DCM (3 times), washed with
water and brine (3 times). The organic phase was removed, dried using
anhydrous sodium sulphate (Na;SOs) and evaporated to obtain 198.8 mg of
pure product 8 (79.36 % yield). The product was characterized (figure 6.3) by 'H
NMR ((200 MHz, CDCls, 25°C): 8=5.59 (s, 1H), 6.03 (q, 2H), 6.83 (q, 2H), 7.27 (m,
5H), 9.14 (s, 5 H), 10.88 (br s, 2 H)).

10.88
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6.83
6.03
559
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F200
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Figure 6.3 THNMR spectrum of compound 8

Table 6.2 Material stoichiometry for synthesis of 8

) Molecular o Weight Density
Material ) Millimoles Volume(pl)
weight taken (mg)  (gcmd)
Product 6 222 0.9 200
DMF 73.09 50.90 3270.28 0.944 4000
POCIs 153.33 7.00 1073.31 1.65 650
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6.2.3 SYNTHESIS OF 5-PYRIDYL DIPYRROMETHANE AND
5,10-DI PYRIDYL TRIPYRRANE

O\ >
C
18 hrs, 85°C
- - gy BEmwe
\N ﬁ -H,0

M.W.=107.11 M.W.=68.04 M.W.=22337 M.W.=379.46

4-Pyridine aldehyde  Pyrrole 5-pyridyl dipyrromethane 9 5,10-Dipyridyl-tripyrrane 10

Scheme 6.3 Synthesis of compounds 9 and 10

5-pyridyl dipyrromethane (9) and 5, 10-dipyridyl tripyrrane (10) were obtained
by the condensation reaction between pyrrole and 4-pyridine aldehyde (5:1
ratio) at 85 C. Pyrrole was taken in a 50 ml 2 neck flask to which pyridine
aldehyde was added dropwise and the reaction mixture was heated to 85°C.
The reaction was refluxed for 18 hours with continuous stirring. The reaction
was monitored by TLC on alumina (100% ethyl acetate). The excess pyrrole was
evaporated on a rotary evaporator and the viscous residue was passed through
an alumina column for separation and purification of 9 and 10. 9 was eluted out
with only ethyl acetate while 1% methanol in ethyl acetate was used to collect
pure fractions of 10. The two compounds were characterized by H NMR
(figure 6.3 and 6.4). Compound 9 NMR (200 MHz, CDCl3, 25°C): §=5.43 (s, 1H),
6.16 (q, 2H), 6. 70 (q, 2H), 7.09 (dd, 2H), 7.65 (dd, 2H), 8.39 (d, 2H), 8.60 (br s,
2H). Compound 10 NMR (200 MHz, CDCls, 25°C): §=5.32 (s, 2H), 5.74 (d, 2H),
5.80 (s, 2H), 6.07 (q, 2H), 6.66 (dd, 2H), 7.01 (dd, 4H), 8.19 (d, 4H), 9.14 (br s, 3H).

Table 6.3 Reactant stoichiometry for 9 and 10

Molecular ~ Milli Weight Density ~ Volume

Materials )
weight moles  taken (g) (g cm3) (ml)
Pyrrole 67.09 70 47 0.967 4.85
4-pyridinealdehyde 107.11 14 1.5 1.043 1.31
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6.2.4 SYNTHESES OF THE PENTAPHYRINIC MACROCYCLE

The trial syntheses of pentaphyrinic macrocycles were carried out using the
precursors 6, 7, 8 and 10 in different combinations at different times. Three
different syntheses routes were followed:

¢ Condensation reaction between 7 and 8 using TFA as catalyst

e Condensation reaction between 7 and 8 using BF; as catalyst

e Condensation reaction between 6, 7 and 4-pyridine aldehyde

The experimental procedure and the discussion are combined in sec. 6.3

6.3 RESULTS AND DISCUSSION

6.3.1 SYNTHESIS OF MACROCYLE BY REACTION BETWEEN
7 AND 8 WITH TFA AS CATALYST-NO OXIDATION

7 and 8 in equimolar ratios (table 6.4) were taken in a clean round bottom flask
covered with an aluminium foil to protect from light. Dry degassed DCM was
added to dissolve the reactants followed by TFA at room temperature for 20
hours under N> atmosphere (Scheme 6.4). The reaction was monitored by UV-
visible spectroscopy (figure 6.6). The reaction mixture without any further

purification was evaporated and analysed by 'H NMR and ESI-mass

Q

spectroscopy.

TFA,R.T
20 hours

11

M.W:619.76

M.W.=278.31
Scheme 6.4 TFA catalysed reaction between 7 and 8
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Table 6.4 Reaction stoichiometry

Materials Molecular weight Milli moles Weight taken (mg)

Compound 7 377.48 0.052 19.82
Compound 8 278.11 0.052 14.60
TFA 114 0.525 59.85 (40.44p1)
14
1.2
1
g os AW
A
Z 06 A\
04 A
0.2 =
= o
0
250 350 450 550 650 750 850 950

Wavelength (nm)

Reaction 1 hr, DCM

Reaction 20 hrs, DCM
Reaction aliquot+DDQ, DCM

Figure 6.6 UV-visible spectral changes during the reaction

As seen in fig. 6.6, the UV-spectrum of TFA catalysed reaction between 7 and 8
shows a shoulder peak at 440 nm and 475 nm and a small absorbance peak at
750. The absorption at 475nm strongly supports the occurrence of an epanded
porphyrin, whereas the absorption peak at 440 nm appears to be a porphyrin in
acidic medium. A small quantity of DDQ was added in the UV-cuvette to
observe the changes during oxidiation. It was observed that during DDQ-
oxidation, porphyrin is rapidly formed with sharp absorption at 420 nm.

In the TH NMR spectrum are seen 2 peaks of higher intensity at 6=9.00 and 9.5.
This reveals that the pyrrolic protons deshielded which can belong to either a
fully oxidized porphyrin or a pentaphyrin. In the present reaction, oxidation of
the product was not carried out. The deshielded protons could possibly belong
to a porphyrin which is likely to be formed due to breaking of a pentaphyrinic

macrocyle.
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The mass spectrum also show the presence of small amount of di phenyl
porphyrin (M.W= 462.18) at m/z= 463.2 [M+1]*1. The ESI-mass also supports
the formation of a pentaphyrinic macrocyle with the peak at m/z= 618.3 which
corresponds to the [M+1]* ion of compound 12 (M.W=617.74). This mass can
also belong to an N-fused pentaphyrin 13 which is also likely to be formed
during condensation. There exists a severe steric congestion due to which the
molecule takes up the fused-conformation with 2 inverted pyrroles. This
conformation is probably easily broken to result in a meso tri-phenyl
porphyrinic cycle (reduced form) 14 (M.W=540.66) during evaporation. This is
confirmed by the presence of m/z=541.2. The formation of meso tri-phenyl
porphyrin is only possible through the pentaphyrinic macrocylce. Hence, in this
reaction it was possible to study the formation of an expanded porphyrin in its

reduced form.
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Figure 6.7 'TH NMR spectrum of crude product of reaction 6.4
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Figure 6.8 ESI-mass spectrum of crude product of reaction 6.4

6.3.2 CONDENSATION REACTION BETWEEN 7 AND 8 WITH
TFA AS CATALYST AND DDQ OXIDATION

In this reaction, 7 and 8 were reacted together in presence of TFA as a catalyst.
Compound 8 was dissolved in dry and degassed DCM in a 2 neck round
bottom flask. Compound 7 was quickly added to the mixture in absence of
light. The reaction was continued for 2 hours at room temperature and N>
atmosphere. The reaction was monitored by UV-visible spectroscopy at regular
intervals. After 2 hours of reaction, a known amount of DDQ was added to the
reaction and the reaction stirred for 1 hour. The reaction mixture was
evaporated to obtain the crude product which was then passed through an

alumina bed (petroleum ether/ethyl acetate) to separate the formed products.
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M.W: 619.76 M.W: 617.74

Scheme 6.5 Synthetic route for 12

Table 6.5 List of materials and their molar quantities for 13

Materials Molecular weight Milli moles Weight taken (mg)

Compound 7 377.48 0.052 19.82

Compound 8 278.11 0.052 14.60
TFA 114 0.525 59.85 (40.44pl)
DDQ 227.01 0.105 23.83

In the UV-visible spectrum (Fig. 6.9), it is seen that during the reaction, the
major absorption peak is at 470 nm which increases in intensity with time
simultaneously with reduction in the dimer concentration 300 nm. But after
DDQ oxidation, porphyrin is the major product (Amax= 435nm) as per the data
obatined by absorption spectra (Fig 6.9). The formation of porphyrin is also
confirmed after passing the product through alumina column. Two fractions
from the column were collected. The first column fraction shows a sharp Soret
band at 415 nm characterisitic of porphyrin. The column fraction was
evaporated to obtain 6.8 mg of the product (porphyrin). The second fraction
also shows the presence of porphyrin but with very low intensity at 415 nm and
445 nm. Both the fractions from the column were evaporated and analysed with
TH NMR and ESI-mass spectroscopy.

In the NMR spectrum of the first fraction (fig. 6.10), the peaks observed can be
attributed to tri-phenyl porphyrin 18 'H NMR (CDCl;), 6=-3.01 (br s, 2H), 7.80
(m, 9 H), 8.28 (dd, 6 H), 9.08 (d, 4H), 9.37 (d, 4H), 10.30 (s, 1H). The ESI-mass
spectrum of this fraction shows peaks at m/z= 311.1, 543.3 and 615.3 as the
major signals. Tri phenyl porphyrin 18 (M.W=538.66), which was considered to
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be predominantly formed showed no corresponding peak in the ESI-mass.
m/z=543.3 is probably a linear fragment 15 formed during evaporation. The
peak of m/z=615.3 is equal to mass of [M+1]1*! ion of tetra phenyl porphyrin 16
(M.W=614.25) but this product is the least likely to be formed unless there
existed a triphenyl tetrapyrrane as an impurity. But however, the intensity of

this peak is not so low to be completely neglected.
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Figure 6.9 UV-visible spectral changes during reaction
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Figure 6.11 ESI-mass spectrum of product (first fraction)

m/z

The 'H NMR spectrum of the second fraction show 2 different peaks in the

negative region which implies that two different porphyrins were formed. The

respective peaks of the deshielded porphyrin protons can be seen between 7-10

ppm. On the contrary, the ESI-mass shows no m/z corresponding to either
diphenyl porphyrin 17 or tri-phenyl porphyrin 14. The peak at m/z=543.3 is

also seen here, which as previously discussed is a linear component 15 arising

from a partially oxidized pentaphyrin macrocycle.
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6.3.3 BFsCATALYSED REACTION BETWEEN 7 AND 8

Q2 A $

BF;.Et,0
(0]
20 hours
/ .

M.W: 619.76

Scheme 6.6 BF; catalysed reaction between 7 and 8

Table 6.6 Reaction formulation

Materials ~ Molecular weight Milli moles Weight taken (mg)

Compound 7 377.48 0.05 19.82
Compound 8 278.11 0.05 14.60
BF;.Et:O 141.93 0.10 14.35 (12.7pl)

In this trial reaction, 8 was dissolved in dry and degassed acetonitrile (CH3CN)
in a 2 neck flask. Boron trifluoride diethyl etherate (BF3-Et:O) was added to the
solution followed by a solution of 7 in acetonitrile protected by light. The
reaction was continued at room temperature under N> for 20 hours. The
reaction was monitored by UV-visible spectroscopy (fig.6.14). After 20 hours
the reaction was divided into two parts:
e Part A: the reaction was heated to 40°C for 2 hours.
e Part B: the reaction was continued by doubling the
concentration of BFs;-Et,O. The reaction was continued for 18
hours to observe some changes. After 18 hours the reaction was

again divided into 2 parts
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o Part Bl: this part of the reaction was allowed to oxidize
in presence of excess of TFA for 1 hour, evaporated and
finally passed over a bed of silica

o Part B2: this part of reaction was oxidized by DDQ for 1
hour. The reaction mixture was evaporated after 1 hour
and analysed by 'TH NMR and mass spectroscopy.

Looking at the UV-visible spectra (Figs. 6.14 to 6.18), it can be assumed that the
product formed during BFs catalysed reaction has a strong absorbance at 485
nm. This peak increases in intensity with the reaction time at the first
concentration of BF; (0.1 mmol). The absorption at 485 nm is consistent even
after the reaction undergoes series of changes. This implies that the product
formed (which is assumed to be a pentaphyrinic macrocycle) is very stable in
acetonitrile as solvent. When the reaction is heated to 40°C, the intensity of the
peak at 485 nm did not undergo a significant change (part A). But when DDQ
was added into the UV cuvette, the peak at 485 nm was disturbed and the

strong absorbance disappeared.
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Figure 6.14 UV-visible spectrum of 0.1 mmol BF3 catalysed reaction
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Figure 6.15 Spectral changes in the reaction after heating (part A)

In part B, when the BF; concentration was doubled, the absorbance at 485 nm
still remained unchanged. Assuming, a pentaphyrinic macrocycle was formed,
the reaction was then subjected to two different types of oxidation: TFA (part
B1) and DDQ (part B2). In part Bl, during oxidation with TFA the product
begins to show absorbance at 750 nm and increases with time. This absorbance
signal however is not sharp. It is too broad to consider as a product peak of an
expanded porphyrin. This type of signal can be obtained when linear polymeric
reaction takes place. The reaction was dried using N2 gas and passed over a
silica column. The fraction eluted out showed a strong and sharp absorbance
corresponding to porphyrin at 415 nm. This product was later discarded as was
not the desired product. Instead, B2 showed more stable state of the product
even in presence of DDQ (known quantity). Also, no absorbance was observed
at 750 nm. The strong absorbance at 485 nm was consistent. The reaction
mixture was evaporated and analysed by TH NMR (Figs. 6.19 and 6.20) and ESI-
mass spectroscopy (Fig. 6.21). The TH NMR (acetonitrile-d) spectrum (Fig. 6.19)
does not provide much idea about the pentaphyrin. The major signal seen in the
spectrum is a huge broad signal between 7.0 to 8.5 ppm and small signals
between 1.0 to 3.0 pm. Addition of TFA to the sample does not resolve the TH
NMR spectrum (Fig. 6.20). All the signals were unchanged and thus no

structural elucidation could be generated with the TH NMR signals. However,

105



Trial syntheses for expanded porphyrins

another aspect to be considered is that the TH NMR spectrum of this reaction
was recorded using acetonitrile-d as the solvent instead of CDCl; (as was the
case in previous section). Porphyrins and expanded porphyrins exhibit
different behaviours in different solvents. The entire present reaction system
was performed using acetonitrile. The solubility of the reactancts and product/s
was better in acetonitrile. Also, reactions in acetonitrile have provided
porphyrins in good yield and without scrambling [22A, 23A]. Acetonitrile,
undoubtedly is a good solvent to carry out 3+1 or 3+2 condensation reactions
and more trials should be conducted with acetonitrile as reaction solvent.

In the ESI-mass spectrum of part B2, the major signal is observed at m/z=463.5
which corresponds to diphenyl porphyrin 17 (M.W=462.18). Also, the
occurrence of triphenyl porphyrin is seen as [M+1]*! at m/z = 539.5. However,
porphyrin related signals were not observed in UV-visible as well as in 'H

NMR spectral analysis.
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Figure 6.16 UV-visible spectral changes after increasing BFs concentration
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Figure 6.21 ESI- mass spectrum of DDQ oxidized product (B2)
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Figure 6.22 Structures of possible products during reaction between 7 and 8
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6.34 REACTION BETWEEN 6 AND 7 WITH 4-PYRIDINE
ALDEHYDE

Photosensitizers capable of causing a photodynamic effect in a broad spectrum
of microoranisms are very desirable. With this aim, 5,10-dipyridyl tripyrrane 10
and dipyrromethane dialdehyde 8 (table 6.7) were reacted in presence of TFA
(scheme not shown). In this reaction though, the tripyrrane bearing 2 pyridyl
groups (electron withdrawing) caused a strong -I effect in the molecule. This
reduced the reactivity of the molecule causing a-carbons of pyrrole to be
electron deficient and therefore unable to undergo a substitution. In order to
overcome this problem, the dipyrromethane 6 and the tripyrrane 7 were reacted
together with pyridine aldehyde (which reacts well with pyrroles Scheme 6.3).
The reaction is represented in Scheme 6.7.
Compound 7 along with pyridine aldehyde and TFA were dissolved in dry and
degassed DCM in two-necked round bottom flask. Compound 6 dissolved in
DCM was added dropwise to the above mixture in absence of light. After the
completion of addition, the reaction was further stirred for 1 hour. The reaction
was monitored by UV-visible spectroscopy (Fig. 6.23). The reaction was then
divided into 2 equal parts
e Part A- a known quantity of DDQ (Table 6.7) was added to this part

and continued to react for 1 hour. The reaction was monitored by

UV-visible spectroscopy during the 1 hour. The crude product was

obtained by evaporating the reaction mixture under No.

e Part B- no changes were made in this part of reaction. The reaction
mixture was evaporated with N> and analysed by UV-visible
(DCM), TH NMR (CDCls) and ESI-mass spectroscopy.

Table 6.7 Stoichiometric ratios for the reaction 6.7

Materials Molecular weight Milli moles Weight taken (mg)
Compound 6 222.29 0.025 5.55
Compound 7 377.48 0.025 9.42

4-pyridine aldehyde 107.11 0.05 5.53 (5.3 pl)
TFA 114 0.25 29.93 (20.22 pl)
DDQ 227 0.0125 28
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M.W=377.48

TFA, R.T
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Scheme 6.7 Reaction between 6 and 7 with 4-pyridine aldehyde

During the first hour of reaction, it was observed in the absorption spectra (Fig.
6.23) that a peak at 485 nm is a prominent signal and remains so till the end of
reaction. When DDQ was added in the UV-visible cell, it was seen that
absorption at 438 nm appears which is typical of porphyrins.

In the UV-visible spectrum of part A (Fig. 6.24), a similar change was observed.
The intensity of the absorption peak at 485 nm was decreased and the
absorption at 438 nm increased significantly during 1 hour of oxidation with
DDQ. TH NMR spectrum of part A (Fig. 6.26) showed many signals between 5.0
and 6.00 ppm that can pertain to pyrrolic protons. Also, it appears that phenylic
protons lie between 7.00 and 8.00 ppm as well as pyridyl protons between 8.0 to
9.0 ppm. Two small signals are seen at 8.96 and 9.44 ppm. Such signals are
characteristic of completely oxidized porphyrinic molecules or even a
pentaphyrin. The ESI-mass spectrum (fig. 6.28), on the other hand shows the
highest abundant ion at m/z=556.5 followed by m/z=616.5. No side product or
fragment that can be formed in the reaction bears M.W=555 or M.W=615 was
found. But very close is the linear fragment 23 (M.W=556.24) which can be
formed only by the breaking of a pentaphyrinic cycle. Also, the porphyrin 24
has M.W=616.24.
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The UV-visible spectrum of part B (Fig. 6.25) shows that the absorbance at 480
nm has the highest intensity, but also there are two other absorbances at 420
and 440 nm which can probably show the formation of small amount of
porphyrin. A very small absorbance is also observed at 750 nm which supports
the possibility of the success of reaction. The 'H NMR spectra of part B
(Fig.6.27) show lesser resolved signals with the major protons appearing
between 5.0 to 6.5 ppm and also between 7.0 and 8.0 ppm. This nature of the
spectrum is changed when TFA is added to the product with a broad signal
appearing at 10.5 ppm. The ESI-mass spectrum (Fig. 6.29) interestingly show
the occurrence of one major ion in much higher abundance as compared to
others at m/z=622.4. The corresponding mass of this peak (M.W=621.4) is of a
fragment arising from the reduced pentaphyrin 21. This fragment is formed by
the loss of two adjacent meso-phenyl groups into the structure 25.
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Figure 6.30 Structures of other possible products during reaction (Scheme 6.7)

The trial syntheses of expanded porphyrins show that the meso-substitution
causes steric strain in the macrocyle and the expanded porphyrin failed to exist
in stable form. The isolation of these compounds was also difficult as revealed
by the column purification. Both TFA and BF; catalysed reaction between
dipyrromethane dialdehyde and tripyrrane resulted in formation of an
expanded porphyrin macrocylce. But however, after column purification or
after evaporation the major product formed is porphyrin which is confirmed by
UV-visible, mass and "TH NMR spectroscopy.

The studies on fully meso-substituted pentaphyrin also revealed the formation
of a pentaphrynic (reduced) macrocyle but however could not be isolated and
purified. However, the behaviour of such macrocyles in solution and their

fragmentation could be studied in these reactions.
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7 CONCLUSIONS

The PhD project was aimed at synthesis of new materials with potential

application in water treatment. Syntheses and application of organic

photosensitizers on water photodisinfection were carried out. This study has

faced gains and losses at numerous steps. But nonetheless, new horizons in the

field of photodisinfection have been unveiled. In conclusion, the project can be

summarised as follows

The syntheses and characterization of new organic materials were
attempted. Photosensitizers in particular expanded-porphyrins (meso-
substituted) which have potential application in photodisinfection were
synthesized. The study revealed that these meso-substituted
macrocylces are unstable in their free form due to severe steric strain to
hold the molecule in planar conformation. The macrocycles easily break
to form porphyrin which has much more stable conformation.

Since the desired pentaphyrins could not be isolated, 2 other
photosensitizers (a commercially available porphyrin and a previously
synthesized pentaphyrin) were used to immobilize and determine their
photodisinfection efficiencies.

5-(4-carboxy phenyl) 10, 15, 20-triphenyl porphyrin (TPP) was used to
immobilize on magnetic iron oxide nanoparticles. The use of magnetic
nanoparticles for supporting porphyrin proves to be promising with
several orders of reduction in the survival of Gram-positive bacterial
strains. Magnetic nanoparticles used as photosenstizer supports also
enables to recover the photosensitizers that can be subsequently used
for futher treatment steps. The recovery is simple separation by a
magnet which allows recycling the supported photosensitizer.
However, reuse experiments with TPP-SPION nanoconjugate were not
performed in the study as the efficiency of TPP-SPION in the first cycle
was lower than free TPP by almost 4 orders. The reduced activity
though, could be due to the fact that TPP-SPION molecules are in less
homogenous form in the bacterial culture than free TPP. TPP is
dissolved in a non-toxic amount of DMSO in order make it

homogenous in water systems.
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Polymers are potential carriers for immobilizing photosensitizers. In
particular in this project we have shown that, polyvinyl chloride (PVC)
can be an excellent support if used with appropriate adipate. The PS-
PVC films exhibited excellent photoactivity against S. aureus at 1 % and
5% concentration. Both TPP and PCCox display significant
photodisinfection ability when immobilized on PVC but in presence of
di n-octyl adipate or di-capryl adipate. The films can be prepared by
simple technique of solution casting and does not involve tedious
preparation methods. Their use is also trouble-free as they can be just
suspended in the water systems to be treated and recovered at the end
of treatment. The reuse experiments showed that the films retain
activity after the first cycle but the activity drops down with storage of
the film for longer time. These results of resuse require more
assessment to be confirmed. Also, reinforcing the films would reveal

more information about the efficiency and reuse of these films.
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