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Abstract

Chlorophyll has unique physicochemical properties which makes them good as photosensitizer of Photodynamic
Inactivation (PDI). The physicochemical properties of chlorophyll as photosensitizer can be optimized through sev-
eral routes. One of the possible route is by replacing the metal ion center of chlorophyll with other ions. In this re-
search, the effect of coordinated metal ion in the natural chlorophyll-a was studied for bacterial growth (S. aureus)
inhibition. The replacement of metal in the center of chlorophyll hopefully can improve the intensity of Intersys-
tem Crossing Mechanism (ISC) lead to the formation of singlet oxygen species. The chlorophyll a and b were isolat-
ed from spinach via precipitation technique using 1,4 dioxane and water. The chlorophyll a and b were separated
using sucrose column chromatography. The thin layer chromatography result showed that chlorophyll a (R 0.57)
had been well separated with chlorophyll b (Rs: 0.408). The absorption spectra of chlorophyll a and b showed that
the Soret band was observed at 411 and 425 nm, while the Q band appeared at 663 and 659 nm. Replacement of
metal ion center shifted the Soret band of chlorophyll a derivatives to lower energy region, while Q-band was
slightly shifted to the higher energy region. The absorption and the fluorescence intensity were also observed de-
creasing after ion replacement. The Inhibition activity investigation over S. aureus showed the highest inhibition
activity was exhibited by Zn-pheophytin-a (66.8%) followed by chlorophyll a (30.1 %) and Cu-pheophytin-a (0%).
The inhibition activity is correlated with decreasing fluorescence intensity. The formation of singlet oxygen by ISC
mechanism is hypothesized to deactivate the excitation state of Cu-pheophytin-a.

Copyright © 2021 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA
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1. Introduction

Antibiotics are used to control, treat, or pre-
vent bacterial infection, however, in the recent
year, anti-bacterial resistance phenomenon is
becoming more of a problem in combating the
infectious disease caused by bacteria [1]. To re-
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straint this emerging public health problem, it
is important to develop a non-toxic treatment
that acts more effectively than current antibi-
otic treatment [2-4]. One of these effective
methods is Photodynamic therapy for bacterial
inactivation or widely known as Photodynamic
Inactivation (PDI) [5,6]. In addition, PDI was
reported to exhibit a fast and effective approach
to inactivate multi-resistant bacteria. The in
vitro studies showed the possibility of bacterial
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reduction up to 6-logl0¢ CFU within seconds
during the incubation and irradiation [7].

The bacterial treatment using PDI is a
treatment that use the light-sensitive material,
photosensitizer (PS) along with visible or ultra-
violet light to produce singlet oxygen (1O2) and
radical species that induces phototoxic damage
to the bacterial cell immediately during the ir-
radiation [8,9]. The toxic singlet oxygen can be
produced when the PS is irradiated with the
appropriate light with a particular wavelength
(visible or UV light) that led to the excitation of
PS ground state. The excited single state is un-
stable and lives for less than 1 ps. It can return
back to the ground state via emission of a sec-
ondary photon in the form of fluorescence or it
can undergo intersystem crossing into the ex-
cited triple-state to produce singlet oxygen spe-
cies [10]. The PS triple-state can produce the
chemical changes in the bacterial cell via two
competitive pathways (type 1 and type II) [2].
Type I reaction produces radical ions that can
pass quickly through cell membranes causing
the detrimental damage to the bacteria cell
[11]. Type II reaction is characterized by the
presence of appropriate oxygen concentration.
The triple state of PS can transmit its energy
directly to the triplet ground state of molecular
Oxygen found mostly in the cells [12]. The
transmitted energy gained by triple state oxy-
gen molecule (302) excites the ground state of
302 to produce singlet oxygen (102) [13,14]. PDI
relies on the production of 102 by type II reac-
tion as the predominant cytotoxic ROS
(Reactive Oxygen Species) that has significant
lethal effect [15].

The PDI technique exhibits some ad-
vantages for the treatment of microbial infec-
tions such as a broad spectrum of actions com-
pared to the antibiotics, the efficient inactiva-
tion of antibiotic-resistant strains, the low mu-
tagenic potential, and the absence of selection
of the photo-resistant microbial cells [9,16].
Kasfer and Hamblin [17] mentioned that the
development of resistance to PDI treatment is
unlikely due to the short duration of treatment
and the photo-generated ROS could attack mul-
tiple cellular targets. The tolerance enhance-
ment of bacteria to PDI is considered caused by
the induction of genes responsible for defense
against oxidative stress [8]. Furthermore, the
absence of specific defense systems against sin-
glet oxygen in the organism is also explained
for the reason why PDI is less possible to devel-
op resistance strain [18]. Another study [19]
proposed that repeated exposure of E. coli and
S. aureus to ZnTnHex-2-Pyp (photosensitizer),

did not change the tolerance of the microbes for
the PS.

The PDI efficacy depends on the photosensi-
tizer (PS) material. The most appropriate pho-
tosensitizer 1is characterized as positively-
charged, water-soluble and photo-stable [7].
Many PS have been introduced for the treat-
ment ranging from synthetic PS to naturally
available PS. One class of PS attracting many
researchers is naturally occurring porphyrin-
type compound. The porphyrin nucleus con-
tains 22 © electrons, with 18 n electrons delo-
calized the macrocycle. Since their aromatic
properties, porphyrins commonly participate in
electrophilic substitution reaction at the meso
positions, which possess the most electron den-
sity, as such, are also the most reactive [2]. As
the compliance of the delocalized electrons,
porphyrins show have very intense absorption
bands in the visible region which is favorable
properties as PS for PDI. Porphyrins possess a
good amphiphilicity and ability for numerous
chemical modifications [20]. Porphyrin mole-
cules were reported to produce high quantum
yield of 102 production and high one-photon ab-
sorption coefficient (=500,000 M-l.cm™) [21].
Moreover, porphyrins were reported to possess
a high binding affinity to cellular components,
membranes, proteins, and DNA [22,23].

One of the prominent natural porphyrin-
type molecules is chlorophyll. The most abun-
dant and widely distributed green pigment in
green plants, chlorophyll, has been studied in
decades for its unique physicochemical proper-
ties [24,25]. Moreover, The wide range of ab-
sorption spectrum of chlorophyll and chloro-
phyll derivative (CD) compounds, high absorp-
tion spectra at the range of 400—800 nm, high
rate of ROS production and easy chemical mod-
ification make chlorophyll appropriate to be
investigated for the next potential PS for PDI
[26,27]. Chemical modifications either by ion
center replacement or hydrophobic group
(phytyl group) substitution were reported to
generate the chlorophyll derivatives that have
more beneficial properties for PDI photosensi-
tizer [25].

In this study, the potency of natural chloro-
phyll-a and its derivatives will be evaluated as
PS for photodynamic Inactivation (PDI). The
Mg2* ion in the center of the chlorophyll
(Figure 1) will be replaced with Zn2+ and Cu2+
and the antimicrobial effect of those CDs will
be evaluated. Ion Cu and Zn were chosen in
this experiment since the ion size of both ions
is similar enough with Mg2+. In addition, the
chemical stability of the porphyrin-metal ion
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complex is also considered for ion replacement
[25]. Moreover, the previous study reported Zn-
porphyrin complex generated more 'Oz com-
pare to its parent compound [28,29]. The unu-
sual chlorophyll-a isolation was also introduced
here, we applied sucrose column chromato-
graph instead of silica for the stationary phase
[30]. This study hopefully can be a preliminary
study for exploring the potency of natural chlo-
rophyll for photosensitizer of Photodynamic In-
activation.

2. Materials and Methods
2.1 Extraction and Isolation of Chlorophyll a

The commercially available green spinach
(Amarantus tricolor L.) was immersed in cold
acetone (CsHsO) (Merck) and was mashed up
by the mechanic blender creating the green
slurry suspension. The crude chlorophyll was
obtained by precipitation of spinach residue
with distilled water (1/4 from the total volume)
and 1,4-dioxane (1/8 from the total volume)
(Merck) and let to settle for 7 days at —20 °C.
This precipitation process was repeated 2
times. The precipitated material then was sep-
arated and diluted with acetone. The crude ex-
tract was obtained by removing the solvent
with reduced pressure evaporation.

The chlorophyll a was isolated by column
chromatography using manually powdered su-
crose Ci12H22011 (commercial sucrose) as a sta-
tionary phase. The mobile phase system was
used petroleum ether CeéH14 Merck) followed by
10% diethyl ether (C2Hs)20 (Merck) in petrole-
um ether. The collected fraction was separated
from the solvent by reduce pressure evapora-
tion.

R:
Chlorophyll-a:-CH;
Chlorophyll-b:-COH
(aldehyde)

CH,

CH CH

3 )

Figure 1. The chemical structure of chloro-
phyll a and b which are different by methyl and
aldehyde. Pheophytin-a is chlorophyll structure
without Mg2+ in the center and just replaced by
2 hydrogen. (Adopted from [31]).

2.2 Zn-pheophytin-a (Zn-Pa) Synthesis

Isolated chlorophyll-a (Cla) (200 mg) was di-
luted with acetone (150 mL) and mixed gently
with 10 mL of Hydrochloric acid (HCl 37%,
Merck) 0.1 M. The mixture was mixed for 30
minutes at 40 °C to form Mg2+-free chlorophyll-
a, pheophytin-a. Hexane (Merck) was used to
extract pheophytin-a from the mixture. Collect-
ed pheophytin-a (20 mg) diluted in chloroform
(CHCIls, Merck) was mixed with Zinc acetate
dihydrate (ZnCH3COz2)2.2H20, Merck) in meth-
anol. The mixture was stirred at 40 °C under
nitrogen atmosphere for 1 h. After removing
chloroform-methanol solvent, the residue was
extracted with hexane (C¢H14, Merck) and the
extract was washed 2 times with distilled wa-
ter. The hexane was removed by rotary evapo-
rator at 40 °C to obtain Zn-Pa [32]. The purifi-
cation of Zn-Pa was used TLC preparative
method using silica plates (TLC Silica Gel 60
F254, Merck) and hexane:acetone 7:3 as a mo-
bile phase.

2.3 Cu-Pheophytin-a (Cu-Pa) Synthesis

The Cu-pheophytin-a was prepared by
inserting the Cu (II) to pheophytin-a. The
preparation of pheophytin-a was similiar as
described above. Pheophytin-a was added with
copper chloride dihydrate (CuCl22H20, Merck)
and acetate buffer pH 5. The reaction was
conducted by reflux for 3 h at the room
temperature under nitrogen atmosphere. The
reaction generated two separated phase. The
bottom layer was collected and the solvent was
removed by rotary evaporatory. The purifica-
tion was also conducted by preparative TLC as
described above.

2.4 Photo-physical Properties Characterization

The absorption spectra of CDs was meas-
ured by single beam visible and UV/Visible
Spectrophotometer Jenway 6305 and sample
was diluted in chloroform. The absorption
measurement was conducted from 350-700
nm. The fluorescence spectra was investigated
at the wavelength (A) 430-800 nm using Spec-
trofluorophotometer RF-5301 (Shimadzu Eu-
rope). Methanol (Methanol for analysis, Merck)
was used to diluted the sample. The observed
Soret band maxima was chosen as the excita-
tion wavelength for each sample.

2.5 Bioactivity Investigation of CDs

Bioactivity investigation was carried out
based on the method described [33] using S.
aureus culture in Nutrient Broth (NB) medium
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containing peptone (NB for microbiology,
Merck), yeast extract, sodium chloride (NaCl
>99%, Merck). In brief, from a calibrated inocu-
lum at 108 CFU/mL, a volume of 50 pL was
transferred to an test tube containing 950 plL of
CDs at concentration 40 pg/Li diluted with
aqueous Tween® 80 (Polisorbat, Merck) 1%
(wt/vol). Aliquots of 500 pL of each suspension
were transferred to the test tube for irradia-
tion, and the remaining 500 pL. sample was
used as non-irradiated sample. The irradiation
process was conducted using Natrium lamp (\:
650 nm) using intensity 2000 lux/cm? for 30
minutes. During irradiation, oxygen was added
to the samples. After irradiation, each sample

Chiorophyllb (411 nm)
07 |-

06 -

05

04l Chiorophyllb (423 nm) o

03

Absorbance

02

500
Wavelength (nm)

Figure 2: The absorption spectra of Cla
(chlorophyll-a) and Clb (chlorophyll-b) in chlo-
roform.

W

Cu-pheophytina

Figure 3. Synthesis route of Zn-Pa and Cu-Pa.

was adjusted with NB to create 4x104 CFU/mL
of bacteria. The diluted inoculum (50 pL) was
plated in Nutrient Agar (NA) for 24 h for incu-
bation at 37 °C, and the CFU number was
counted. The same experiment was carried out
for control groups using the same amount of in-
oculum and 1.0% aqueous Tween 80 solution
without CDs. The control group without any
treatment was considered as 0% of death.

3. Results and Discussions

The green spinach was chosen due to its
abundant, easy to get and relatively low price
natural sources. The cold precipitation tech-
nique by addition of 1,4 dioxane and water is to
optimize the chlorophyll extraction by for-
mation of chlorophyll-dioxane complex and to
eliminate the unnecessary pigments and plant
materials. Chlorophyll a, b and B-carotene are
known as major pigments from green spinach
leaves [34]. The chlorophyll a (Cla) was chosen
for future treatment since its higher availabil-
ity in the natural sources compared to chloro-
phyll b (Clb) and also Cla is reported to be
more photostable. The yield of the crude ex-
tract from green spinach was 1.4%.

The supersensitive column chromatography
with sucrose as stationary phase was per-
formed. It was conducted since slight polarity
difference between Cla and Clb. Sucrose col-
umn chromatography was reported successful
to separate chlorophyll a from other pigments

Pheophytin-a

Reflux and N,
atmoshpere
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from spinach extract [35]. The elution order
was applied according to the polarity of the tar-
get compounds. B-carotene is the most non po-
lar compound, B-carotene in yellow color came
out first from the column followed by Cla (dark
green) and the last pigment was Clb (light-
green). The appearance of one spot after TLC
observation indicated the purity of the isolated
compounds. The retention factor (Ry is 0.571
and 0.408 for Cla and Clb, respectively. Figure
2 described the absorption spectra of isolated
Cla and Clb.

Cla exhibited the maxima peak at 411 nm
(Soret band) and 663 nm (Q band), while for
Clb, the maxima peak appeared at 423 nm
(Soret band) and 659 nm (Q band). The differ-
ence maxima peak showed that Cla and Clb
were separated. Cla and Clb showed good ab-
sorption ability in the 400—800 nm. This physi-
cochemical property is an essential characteris-
tic for PS. At the same concentration, Cla ex-
hibited higher absorption intensity that Clb, as

Absorption
o
&
T

Zn-pheophytin a

00 L 1 L N 1
300 400 500 600 700 800
Wavelength (nm)

Figure 4. Absorption spectra of Cla, Clb, and
all CDs in chloroform.

Fluorescence intensity (AU)
g
T

Wavelength (nm)

Figure 5. Absorption spectra of Cla, Clb, and
all CDs in methanol.

one of the ideal PS requirements is the high
absorption ability in the visible wavelength.
According to the absorption analysis, Cla was
showed more beneficial properties compared to
Clb, thus in this study, the modified chloro-
phyll compounds are derived from Cla.

The replacement of metal ion center of Cla
was purposed to improve the physicochemical
properties and chemical stability of Cla. Hydro-
chloric acid addition to Cla releases Mg2* from
the center and turned to pheophytin-a as pic-
tured in Figure 3. Metal insertion finally was
proceed under inert reaction (N2 atmosphere)
by addition of Zu and Cu ion in their salt form.

The physicochemical properties of CDs were
evaluated by absorption and fluorescence spec-
tra. The electronic absorption spectra pattern
of CDs as depicted in Figure 4 were almost
similar to the chlorophyll a. That indicates the
presence of the same chromophore on CDs. The
ion replacement gives an impact to their ab-
sorption intensity. As shown in the Figure 3,
the absorption intensity of Cla was the highest
among other CDs and then followed by Cu-Pa,
Zn-Pa, Clb and pheophytin-a (pheo-a). The dec-
rement of absorption intensity might be related
with the photobleaching of the CDs [17,30].

The replacement of Mg2+ from Cla obviously
shifted the Soret peak to the lower energy area,
while Q@ maxima peak was observed to shift to
the higher energy as written in the Table 1.
The absence of the ion center in the chlorophyll
(pheo-a) shifted the Soret peak to 421 nm. Cu-
Pa and Zn-Pa exhibited the Soret peak at 414
nm and 420 nm, respectively. The paramagnet-
ic properties of Cu might change the electron
delocalization on the porphyrin, so thus the So-
ret peak of Cu-Pa comes to a higher energy
than Zn-Pa. The Q peak of Pheo-a, Zn-Pa, and
Cu-Pa were observed at 664 nm, 653 nm and
649 nm, respectively.

Table 1. Absorption and fluorescence peak da-
ta for Cla, Clb and Cla Derivatives in chloro-
form.

Absorption
Fluorescence
Soret Q peak peak (nm)
peak (nm) (nm)
Cla 411 663 672
Clb 423 659 669
Pheo-a 421 664 673
Cu-Pa 414 649 667
Zn-Pa 420 653 662
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The fluorescence peaks of Cla, Clb, and all
CDs exhibited in the range of 660—673 nm
(Table 1). It was observed that the position of
fluorescence peaks is slightly shifted. According
to Figure 5, the Cla and Clb exhibited a higher
fluorescence intensity than other CDs. The low
fluorescence intensity of other CDs might be
due to the Intersystem Crossing reaction (ISC)
from their excited state. The ISC reaction that
happened in the CDs hopefully can induce the
formation of Os.

The synthesized CDs were treated to the
bacterial suspension to understand the effect of
the sample for bacterial inhibition. In this
study, the non-pathogenic Gram-positive bacte-
ria, S. aureus was used as the testing bacteria.
The tested compounds+ bacteria colony were ir-
radiated with short wavelength energy (sodium
lamp) at 650 nm since it has low level of harm
to the human tissue and also considerably low
in price. During the treatment, oxygen was
supplied since the type II ISC requires enough
O:2 to optimize the 'Oz formation. The dark tox-
icity was measured to understand the potency
of the tested samples to inhibit the bacterial
growth without irradiation. Clb was not includ-
ed in bioactivity test due to lack of amount and
photostability issue. Tween 80 1% was used as
a surfactant to help immobilization of CDs to
the bacterial.

The effect of CDs on bacterial growth was
described in the Figure 6. All of CDs showed a
dark toxicity potency as shown the bacterial in-
hibition even without irradiation. The number
of bacteria for Cla and Zn-Pa without irradia-
tion was observed at 1.02x107 and 1x107
(CFU/mL), respectively. After irradiation, the
number of bacteria decreased to 9X106 and the
7Zn-Pa presented the promising effect by inhib-
iting the bacterial growth as the number of bac-

1.60E+07
1.40E+07
1.20E+07
1.00E+07
8.00E+06
6.00E+06

4.00E+06

Bacterial growth (CFU/mL)

2.00E+06

E)

0.00E+00

-Pa -Pa Tweentbacteria Bacteria

W Irradiation ® no irradiation (dark toxcicity)
Figure 6. The PDI effect on the bacterial

growth. The bioactivity test was conducted by
both irradiation and no—irradiation method.

teria becomes 4.3x106 after irradiation. That
result indicates the potency of Zn-Pa as a pho-
tosensitizer for PDI.

There is no significant effect showed by Cla
for irradiated and non-irradiated photosensitiz-
er as shown in the Figure 7. Inhibition activity
againts of S. aureus for irradiated Cla was
30%, just slightly higher from non-irradiated
Cla which exhibited 27% of inhibition activity.
Effect of irradiation on inhibition of S. aureus
was shown by Zn-Pa. Irradiated Zn-Pa was
able to suppress 66.8% of bacterial growth
while non-irradiated Zn-Pa just showed 28% of
growth inhibition. The ability of Cla and Zn-Pa
to inhibit S. aureus growth even in dark condi-
tions showed their dark toxicity potency of both
compounds. Cu-Pa didn’t show any inhibition
at the radiated and non-radiated condition.

Figure 7 described the inhibition rate of S.
aureus after treated with CDs with irradiation
and without irradiation. The unique behavior
was observed in Cu-Pa, as it does not show any
toxicity even and after radiation. The low fluo-
rescence intensity of Cu-Pa was contradictory
with its bioactivity. Non-toxic properties of Cu-
Pa might be because of copper due to its para-
magnetism that favors the deactivation of the
excited states, decreasing the production 'Oz
[25]. Moreover, the absence of dark toxicity of
Cu-Pa might be due to low microbial uptake.
Otherwise, these hypotheses need to be con-
firmed by further analysis such as the quan-
tum yield of 10Oz2and cellular uptake measure-
ment.

The finding of this study indicated that the
modification of the metal ion center of porphy-
rin-based compounds influences the physico-
chemical properties of CDs, while maintaining
or even improve their biological activity. A
study by Rahimi et al. [36] stated zinc porphy-
rin complex (ZnTNPP) showed the improve-
ment of photostability properties while main-

@
S
xR

~
S
*

66.80%

60%

30.90%
30% 27% 28%

Percentage of Inhibition (%)
2
8
K]

10%

0%  0.00%

Zn-pa Cu-pa
# Non irradiated W Irradiated

Figure 7. Growth inhibition rate of CDs
against S. aureus.
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taining the inhibition activity of P. aeruginosa.
Zoltan et al. [37] described improvement of the
biological activity of metal-based porphyrin
compared to the metal-free porphyrin is be-
cause the role of metal ion to the primordial
factor to interfere the spin-orbital coupling as
the consequence of the multiple polarisable
electron shells and a high nuclear charge densi-
ty. The change in the sin-orbital coupling thus
affects the many physicochemical properties
such as, absorption, and fluorescence intensity,
energy transfer at the triplet state, and produc-
tion of singlet oxygen species. That study also
showed an efficient inactivation of E. coli when
it was treated by meso-tetra(pyren-1-
yD)porphyrin complexes of Ni(IT), Cu(Il), and Zn
[37].

Even though this study showed a promising
photosensitizer candidate among the tested
CDs, the further advanced studies are still nec-
essary to be conducted in the future. This will
cover several advanced measurements such as
are 102 quantification, photobleaching analysis,
and microbial uptake that provide a compre-
hensive understanding of PDI mechanism in
inhibiting the bacterial growth. Moreover, the tar-
geted delivery of the photosensitizer is also need-
ed to be concerned for the proper accumulation
of PS in the target infected cells. Proper accu-
mulation in the infected cells is important in
order to gain effective treatment without caus-
ing any harm to the healthy cells. The targeted
delivery of photosensitizer could be accom-
plished by conjugation with antibodies, synthe-
sis of molecules with a specific structure or at-
tached with the magnetic nanoparticles [2].

4. Conclusions

Chlorophyll-a was isolated successfully iso-
lated from raw spinach leaves by the formation
of complex precipitate between chlorophyll and
1,4 dioxane then followed by the sucrose gravi-
ty column. Natural chlorophyll-a derivatives
(CDs) were obtained by introducing the Zn2*
and Cu?* ions into the pheophytin-a porphyrin
ring. Absorption and fluorescence spectra of
CDs exhibited favorable physicochemical prop-
erties as photosensitizer. Zn-Pa displayed a
promising candidate as a photosensitizer for
PDI as it reduced the number of bacteria by
66.8%. Cla showed 30% bacterial inhibition,
while Cu-Pa did not show any bacterial inhibi-
tion activity. Inactivity of Cu-Pa to inhibit the
bacterial growth was might be due to the deac-
tivation of the excited states. This study hope-
fully can bring new insight for developing new
and effective PS from naturally occurring com-

pounds and their derivatives. Although, some
results in this study showed promising result,
more advanced studies are necessary to have a
better understanding of PDI mechanism in in-
hibiting bacterial growth. The targeted deliv-
ery scheme also is important to be noted for
gaining effective and safe PDI treatment.
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