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Abstract

Chlorophyll is a vital component of vegetables and fruits
which are essential dietary requirements to maintain a
healthy lifestyle and many of them have anticancer proper-
ties. However, they are frequently adulterated by unscru-
pulous business practices with toxic illegal dyes for making
their appearance fresh and vibrant. On the other hand,
chlorophyll may interact with harmful dyes and heavy met-
als by virtue of its strong tendency of complex formation
by the porphyrin ring when root of plants starts consump-
tion from dye contaminated soils with industry or agricul-
tural effluents. Our experimental findings vividly reveal the
interaction of chlorophyll with three commonly used illegal
dyes, namely copper sulfate, malachite green, and sudan
red in a restricted nanoscopic environment of an anionic
micelle (SDS). The hypsochromic shift of around 10 nm in
the chlorophyll absorbance band supports the copper metal
binding and fluorescence quenching and Time Correlated
Single Photon Counting (TCSPC) investigations confirmed
the nature of dynamic quenching of the chlorophyll emis-
sion. The increase of the absorbance peak in the presence
of the dye malachite green indicates that dimers of the dye
are likely to develop. The absorption peak at the blue end
is most pronounced at the maximum concentration of the
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malachite green dye, at the expense of a weakening of

the absorption band at 470 nm. The static quenching mech-
anism is supported by further considerable fluorescence
qguenching of chlorophyll after inner filter effect correction
and picosecond time resolved analysis with malachite green
addition. The likelihood of Forster Resonance Energy Trans-
fer (FRET) between chlorophyll-SDS and sudan red dye due
to their overlapping emission and absorption spectral signa-
tures was investigated and an energy transfer efficiency of
roughly 15% was obtained between the doner and acceptor,
establishing a modest interaction. The hazardous effects of
the dyes on human are also thoroughly investigated using
predictive computational biology technique.

Keywords: Chlorophyll; Interaction with dyes; Spectroscopic
studies; Adulteration of vegetables; Sensor; Chemical-protein
interaction.

Introduction

The protective role of fruits and vegetables consumption
against chronic lifestyle diseases, like cancer and cardiovascular
disease has been established quite a few decades back in sev-
eral studies [1-4]. The potential defensive mechanism of fruits
and vegetables are strongly associated with their constituents,
namely, antioxidants, vitamins, pigments like chlorophylls, fla-
vonoids etc [5]. However, in recent decades, adulteration of
food items, especially in vegetables, fruits, spices, and bever-
ages has become a major concern to public health. According
to the U.S. Food and Drug Administration (FDA), the main in-
centive behind the irresponsible adulteration is financial gain,
known as Economically Motivated Adulteration (EMA). In EMA,
the actual components and ingredients of foods are either de-
liberately substituted by some cheaper products, or its real ap-
pearance gets more attractive and fresher by external modifica-
tions [6]. Before reaching to the consumer, an untrusted entity
can cause adulteration of food at any of the stages of growth,
processing, transportation, and supply of food by multiple enti-
ties in the delivery chain [7].

Human health is food-sensitive, and thus acute or chronic
exposure to adulterated products can have a long-term adverse
health impact. Adulterated food consumption is directly associ-
ated to major health risks such as liver, vision, skin, and stomach
disorders [8]. To make the appearance of fruits and vegetables
more fresh, dangerous industrial dyes, like sudan dyes I-1V, met-
anil yellow, malachite green, copper sulphate, rhodamine B are
often used, which can create severe damage to public health in
the long run [9]. Additionally, there are evidence that the dye
additives cause genotoxicity, carcinogenicity and hypersensitiv-
ity [10]. Among common inedible and harmful chemical dyes
used to make vegetables look fresh and vibrant [9], for the cur-
rent work, three widely-used dyes were chosen viz., copper sul-
phate, malachite green, and sudan red to study their interac-
tions with chlorophyll.

Copper sulphate, a toxic chemical known for its ability to af-
fect liver [11] is widely used in food industry for its re-green-
ing properties on vegetables. CuSO, is toxic for humans if an
amount of >1 gm is ingested [12], with symptoms ranging from
mild nausea to severe gastrointestinal infections along with
other disorders [13]. On the other hand, copper is a common
non-biodegradable heavy metal which can accumulate in soils
for a long period of time due to anthropogenic activity such as

the use of chemical fertilizers, adulterant dyes, sewage, indus-
trial and smelting wastes [14], and can be taken up by the root
system of plants via diffusion, endocytosis or metal transporters
[15-26]. Although Cu is an important micronutrient that consti-
tute plastocyanin and cytochrome oxidase essential for photo-
synthesis and respiration which have a crucial function in plant
carbon assimilation and ATP generation excessive levels of Cu
intake in plants can lead to oxidative stress that causes severe
damage to membranes and macromolecules, as well as having
a severe negative impact on many metabolic pathways [27-29].
Cu-stressed plants exhibit a variety of visible symptoms, includ-
ing chlorosis, stunted development, ion leakage and reduced
growth of roots [30]. Thus, elaborate study of the interaction
of copper and its compounds with chlorophyll is essential to ex-
plore the potential risks for plants and animals.

To enhance the freshness and appearance of green vegeta-
bles like gourds, peas and beans [31], malachite green is also
used, which acts as a tumour promoter, by inducing the forma-
tion of reactive oxygen species [32]. Malachite Green (MG) a
triphenylmethane dye, is a multiple use compound that is main-
ly used in textile industries and partly used in aquaculture in
fungicides and ectoparasiticides [33,34]. It also possesses car-
cinogenic and genotoxic properties which pose a potential risk
to humans and therefore, this dye has been banned in Europe,
the USA and several countries [33]. Furthermore, the MG dye in
water may be accumulated in plant tissue and inhibit growth of
the plants [35,36].

Use of the sudan dyes was also reported to pose serious
threat, as its excessive use may lead to liver cancer like severe
diseases [37]. Animal studies have already predicted the neuro-
toxic and hepatotoxic nature of metanil yellow [38].

The detailed interaction of Chlorophyll with the harmful
dyes, viz, copper sulphate, malachite green and sudan red l1lI
are studied in the current study using absorption and emission
spectroscopy along with Time-Correlated Single Photon Count-
ing (TCSPC) technique. The dyes may directly interact with the
chlorophyll of fruits and vegetables, either by unethical fraudu-
lent practices of adulteration to keep them fresh, or through
intake of dye contaminated soils with industrial or agricultural
effluents through the root of plants. In plants, chlorophylls are
not freely available, they are encapsulated in granum. To cre-
ate the similar restrictive nanoscopic environment in our study,
Sodium Dodecyl Sulfate (SDS) micelle was used, which, like gra-
num, confine the chlorophyll. To establish the harmful effects
of these dangerous dyes at the molecular level, computational
biology technique was also employed in this study.

Materials and Methods
Chemicals

Analytical grade Sodium Dodecyl Sulphate (SDS), Malachite
Green (MG), Copper Sulphate pentahydrate (CusO,,5H,0), Su-
dan Red (SR), Dimethyl Sulfoxide (DMSO) were purchased from
Sigma Aldrich, California and used with no further purification.
Vegetables used in this study were procured from local super-
market of Kolkata, India.

Sample preparation

20 mM, 3 mM, 5 mM and 4 mM stock solutions of SDS, MG
and CuSO, in DI water (Milli-Q) and SR in DMSO were prepared.
The solutions were further diluted according to the experimen-
tal study. All the measurements were performed at room tem-
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perature.
Extraction of Chlorophyll

Fresh Neem (Azadirachta Indica) leaves (100 gm) were cut
into small pieces (approximately 1 cmx1 cm). The pieces were
ground in a mortar (5 mins), 95% Iso-Propyl Alcohol (IPA) (50
mL) was added and the mixture was homogenized for 3-5 mins
or until a light green solution was obtained (Figure 1). The solu-
tion was kept overnight and after extraction the solution was
filtered through what man filter papers and the filtrate was col-
lected.

Photophysical Studies

Steady state and time-resolved fluorescence spectroscopy:
Absorption spectra of chlorophyll were measured with Shi-
madzu spectrophotometer (model UV-2600, Shimadzu, Japan)
in the 200-800 nm wavelength range. The room temperature
steady-state emission spectra were recorded using a Fluorolog
Model LFI-3751 (Horiba-Jobin Yvon, Edison, NJ, USA) spectro-
fluorometer equipped with a microchannel plate photomul-
tiplier tube (MCP-PMT, Hamamatsu, Japan). All fluorescence
spectra were corrected to account for wavelength variations in
source intensity, photomultiplier response, and monochroma-
tor throughput. All the picosecond resolved fluorescence tran-
sients were measured by using commercially available TCSPC
setup with Microchannel plate-based photomultiplier tubes
(MCP-PMT) from Edinburgh instrument, U.K. (instrument re-
sponse function (IRF) of ~75 ps) using a 630 nm excitation laser
source. All the fluorescence transients have been measured in
magic angle 550. In our study, Chlorophyll (chl) and sudan red
act as the donor and acceptor respectively. The non-emissive
behaviour of the dyes eliminates the possibility of the interfer-
ence of SR in chl fluorescence transients in SDS micelle. Details
of the time resolved fluorescence setup have been discussed in
our previous reports [39,40]. Fourier Transform Infrared Spec-
troscopy (FTIR) on the liquid samples were performed using a
JASCO FTIR-6300 spectrometer instrument (Oklahoma City, OK,
USA).

Fitting of picosecond resolved fluorescence transients

The observed fluorescence transients were fitted by using a
nonlinear least-squares fitting procedure to a function

(X(0) = [J E(t)R(t — t")dt') (1)

(E(t)) with a sum of exponentials (1) with pre-exponential
factors (B),

N
(R(D=4 +ZB,-e_t/Ti (2)
i=1

With characteristic lifetimes (t) and a background (A). Rela-
tive concentration in a multiexponential decay is expressed as,
j— Bn
YIS
The amplitude-weighted average lifetime of a multiexponen-
tial decay is expressed as,

N
Tav = Z CiTj (4)

i=1

N
=1 (5)
i=1

x 100 (3)

The quality of the transients fitting has been justified by ob-
serving reduced chi-square which is none other than the ratio
of residual and weighted residual. In the transients fitting, the
value of x? lies in between 1.0 to 1.2.

Forster resonance energy transfer (FRET) studies

In order to estimate the Forster resonance energy transfer
(FRET) efficiency from the donor to the acceptor and to deter-
mine the donor-acceptor pairs we have followed the method-
ology described in Lakowicz [41]. The critical donor-acceptor
distance (R ) where the energy transfer efficiency is 50% was
calculated using the formula below:

Ry = 0211 x [K2n—*QpJ( D3 (6)

The refractive index (n) is considered to be 1.43. k*is the ori-
entational factor describing the relative orientation of the tran-
sition dipoles of donor and acceptor respectively in space. The
orientational factor, k? is mathematically related to the cosine of
the orientational angle as follows:

k? = (cosOy — 3cosOp— cosb,)

where 87 is the angle in between the transition dipole of
the donor and acceptor respectively; 8, and 64 are the angle in
between donor and acceptor dipole and the vector that joins
the donor and acceptor dipole respectively. The donor and the
acceptor are assumed to adopt all possible orientation during
the energy transfer process for which the value of k2 is taken to
be 0.667. Because sixth root of the orientational factor is con-
sidered the maximum error introduced in determining the do-
nor acceptor distance is not more than 30%. Q_ is the quantum
yield of the donor in the absence of acceptor is measured to be
0.01 by considering quinine sulphate as a reference of Quantum
Yield (QY) determination.

J(A) is the overlap integral which signifies the degree of
spectral overlap between the donor emission and the acceptor
absorption and is expressed as:

I, Fo(D) ea(2) 24d2
Jy Fo(A)da
The D-A pair distance ("&4) can be calculated after getting

(7)

J) =

the value of R from the following equation.

rire = 0B ®)

E is the energy transfer efficiency calculated from the life-
times of the donor in absence and in presence of the acceptor

(tyandt,,).

T
E=1--24 (9)
Tp
Tp is the average lifetime of the donor and 7p4 is the average
lifetime of the donor in presence of acceptor, obtained from the
fitted parameters of the fluorescence transients.

Computational Methods

The first principles density functional theoretical calcula-
tions have been performed to investigate the electronic struc-
ture of Chl and Chl-Cu (Il) using Vienna ab initio simulation
package (VASP). The spin-polarised plane-wave methods were
employed within Generalized Gradient Approximation and
Perdew-Burke-Ernzerhof exchange correlation functional and
projector augmented wave pseudopotentials. The ionic relax-
ations were achieved with a conjugate gradient algorithm till
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the Hellmann-Feynmann force are lower than 0.001 eV/A on
each ion. The k-meshes are prepared by using Monkhorst-Pack
grid, plane-wave cut-off energy was chosen to be 500 eV and
convergence was set to 10 eV. The ionically relaxed structures
were used to calculate the electronic density of states by using
Gaussian smearing.

Separate computational tools were used to study compound-
protein interaction. To predict Chemical-Protein (CP) Interaction
Networks of the quercetin, the STITCH tool (http://stitch.embl.
de/) was used, whose database stores around 10 million protein
and 5 million chemical information [42,43]. In this database, the
predictive value of a particular chemical-protein interaction can
be controlled by the confidence score and for the present study
the value was kept at 0.4.

Results and Discussion

FTIR spectra of the extract from leaves in the spectral range
of 4000-0 cm™ revealed the presence of chlorophyll as depict-
ed in Figure 1a. As observed from the functional groups of the
chlorophyll dye extracted from Azadirachta Indica in Figure 13,
the vibrations of C-H, and C-H, bonds are obtained at 2916.2
cm™ and 2844.7 cm™[44, 45] respectively. Moreover, absorp-
tion band occurring at around 1721 cm™ [44, 46] is attributed
due to the C=0 bond and the C-O vibration at 1045 cm™ [44] is
prominent also. The C-N vibration of porphyrins at 145 cm™ are
also observed [47]. The signature of the OH bond stretching can
be witnessed at 3330cm™ [46,48]. The Mg-N peak is visible at
301cm™ [49]. Finally, the absorption band at 1644 cm™ is due to
the presence of the C=C bond [50].

Interactions of extracted Chlorophyll (chl) from leaves with
different dyes commonly used to adulterate fruits and vegeta-
bles are investigated in a restricted nanoscopic environment of
SDS micelles analogous to granum where chlorophylls are natu-
rally restricted. The isosbestic point at 629 nm for chlorophyll a
and b is considered for excitation in this study [51]. The absor-
bance and emission of the extracted chlorophyll along with its
physical appearance are shown in Figure 1b. The absorbance
maxima at 664 nm and 611nm and emission 672 nm are ex-
actly matching with that of pure chlorophyll [46] confirming the
proper extraction of chlorophyll.

Spectroscopic investigations of the nature of interactions of
Chl-Cu(ll) systems within the micellar cavity

The main absorption bands in the Chl-Cu(ll) (Figure 2a) spec-
tra are mainly generated due to electronic transitions between
n and t* orbitals of the macrocycle of the Metallochlorophylls
complex, quite similar to that of metalloporphyrins. The effect
of metal binding on the spectral properties of the chlorophyll
has been systematically investigated by Gouterman [52,53],
which is later backed by the theoretical calculations of Orzel
et.al. And Sundholm’s [54,55]. In our study, Chl is attached to
the negatively charged surface of the SDS micelle. During grad-
ual addition of the CuSO, at increasing concentrations to the
Chl-SDS complex, significant changes in absorption spectra have
been observed, among them the most significant are [1], hypso-
chromic shift at around 660 to 670 nm of the QY band from its
original position; [2]. Significant hypsochromisms in the UV-Vis
absorption of the low intensity bands at around 500 nm; [3].
Hypsochromisms in the highest intensity bands around 400 nm.
Substitution of the Mg?* metal ion into the tetrapyrrolic cavity
by other ions depends on the competitive binding affinity which
brings a strong impact mainly on the electronic state of the

macrocycle and consequent absorption spectra as well. Hypso-
chromic shift of the Q, band clearly indicates the formation of a
complex with the added metal ion. The features of the Q, bands
at several concentrations of CuSO, are quite dramatic and do
not follow the regular pattern. It follows an initial decrease fol-
lowed by further reconstruction of the absorption band, but the
reconstructed band is not identical in terms of absorption in-
tensity as well as wavelength as that of starting one by which it
discards the possibility of the reversible interaction. Reduction
of the absorption intensity around the 400 nm central band as
well as hypochromicity around 500 nm are the clear signature
of the formation of an intermediate complex where both the
metals ions (Mg?* and Cu?') are held by the macrocyclic ring.
Irreversibility of the 650 nm absorption band at highest CuSO,
concentration discards the complete substitution of the Mg
by the Cu?.

The corresponding fluorescence spectra of the chlorophyll
display no considerable shift of the peak position with increasing
concentration of CuSO, however the intensity decreases gradu-
ally (Figure 2b). This quenching of fluorescence intensity might
be due to the formation of SDS-ChI-Cu? ion pair, which progres-
sively associate to form an aggregated type of structure. The
same nature of fluorescence quenching has also been observed
with increasing concentration of Cu?* in absence of Chl alone in
water. To interpret the nature of quenching, we have monitored
the fluorescence lifetime since both 1_10 or=2 directly related to
the quenching ability of a quencher. At 50 UM concentration
of CuSO,, the excited state lifetime of the Chl in SDS reduces
from 1.13 ns to 0.347 ns and the change of (t /t) matches well
with that of intensity (I /1) confirming the dynamic nature of the
quenching (Figure 2c). In contrary, Chl in water in presence of
Cu? shows no changes in excited state lifetime which is the sig-
nature of the static nature of the quencher where the ground
state population of Chl has been perturbed by the quenchers
(Figure 2c inset).

To investigate the electronic property and charge transfer
mechanism in the hybrid system, we have performed first prin-
ciples density functional theory calculations. Figure 3a and b
show the ionically relaxed structure of Chl and Chl-Cu (II) us-
ing a -point centred single k-point calculation. The Chl-Cu (II)
has replaced the Mg ion of Chl by Cu ion (56). The formation
energy of the Chl-Cu (Il) system is -0.15 eV/atom which indi-
cates the feasibility of formation and structural stability of Chl-
Cu (l). Figure 3c shows the atom-projected partial density of
states (APDOS) of pure Chl and Figure 3d shows the APDOS of
Chl-Cu (Il). Pristine Chl is seen to have an energy-gap of ~1.4
eV between Valence Band Maxima (VBM) and Conduction Band
Minima (CBM). The CBM has mostly constituted by N-2p and
C-2p orbital. There is a significant reduction of energy bandgap
for Chl-Cu (1) due to presence of some additional ligand levels
states (Figure 2d) of constituting N-2p and C-2p orbitals. There
is a structural reconstruction around the metal ion associated
with the replacement of Mg with Cu because of the difference
in the radii of Mg?* (0.65 A) and Cu?* (0.73 A) as well as the ad-
ditional spin-polarization incorporated within the system due to
the substitution of the non-magnetic atom Mg with magnetic
atom Cu. This reconstruction of the structure leads to the modi-
fication of the ligand levels and are thereby responsible due to
the modification of band gap [57]. The theoretically predicted
results support the experimental findings of modification of the
optical properties due to the change of the electronic interac-
tion.
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Spectroscopic investigations of the nature of interactions of
Chl-MG systems within the micellar cavity

Absorption spectra of the Chl-SDS upon interaction with MG
at various concentrations are shown in Figure 2d. As observed
from the figure, Chlin SDS produces an absorption band around
400 nm and 600 nm, which progressively increases in terms of
intensity upon addition of MG at various concentrations. Inten-
sifying the peak at position 600 nm in the spectrum indicates
the formation of an adduct of MG with Chl-surfactant complex.
Shukla et. al. (58) earlier reported such interaction between a
cationic dye, crystal violet and Chl, resulting in the formation of
a new band in the blue region of the absorption spectrum. Such
an interaction might also lead to the formation of dimers of the
dye. The absorption peak at the blue end is strengthened most
at highest MG concentration, at the expense of the weakening
of the 470 nm absorption band. Isosbestic point at 500 nm re-
veals coexistence of two different species in the medium.

The fluorescence spectrum of Chl in SDS strongly corrobo-
rates with the spectral nature of Chl in water. The observed de-
crease in fluorescence intensity of Chl in the presence of MG
can (Figure 2e) arise either due to the various quenching mech-
anisms or even through non-molecular mechanisms where
self-absorption of the fluorophores may screen the emissive
light. To find out the possibility we have corrected the emission
spectra by considering the absorption of the absorbing species
(equation 10) (59):

Feorr = Fops X €Xp((Aex + Aem )/2) (10)

where F_and F__are the corrected and observed fluores-
cence intensities, respectively; A_and A__are the absorbance of
the system at excitation and emission wavelength, respectively.
After correction we observe MG induces significant quenching
of the Chl which further discards the possibility of inner filter
effect of fluorescence quenching. To understand the quenching
mechanism, we have further monitored excited state lifetime
of Chl-SDS complex at various MG concentrations since alter-
r%gtively the quenching process can be expressed in terms of
P The constant value of TO/'E confirms the static nature of the
quenching (Figure 2f and Table ).

Table 1: Time-resolved decay parameters of chlorophyll in SDS
in absence and in presence of copper sulphate, malachite green
and sudan red dyes at different concentrations. Reactant (R) stands
for 2 ml 20 mM SDS +300 uM chlorophyll.

System t1 (ns)/% w2 (ns)/% | 13 (ns)/% T (ns)  x*
Reactant (R) 0.327 (53%) | 1.40(20%) @ 5.67 (27%) 2.19 | 1.17
R+20 uM Sudan Red | 0.192 (51%) | 0.930(21%) 5.82(28%) 1.94 | 1.01
R+40 uM Sudan Red | 0.156 (52%) | 0.879 (17%) 5.89(31%) 2.03 | 1.02
Reactant(R) 0.141 (60%) | 0.763 (24%)  5.50 (16%) 1.13 | 1.04
R+5uM CuSO, 0.140 (70%) | 0.877 (17%) @ 3.29 (13%) 0.678 | 0.99
R+20 uM CuSO, 0.037 (59%) | 0.572 (20%) | 1.55(21%) 0.463 | 0.99
R+40 uM CuSO, 0.030 (58%) | 0.426 (20%) = 1.13 (21%) 0.349 | 0.89
Reactant(R) 0.223 (59%) | 1.00 (21%) @ 5.56 (20%) @ 1.46 1
R+20 uM MG 0.149 (58%) | 0.817 (24%) | 5.70 (18%)  1.25 | 1.05
R+40 uM MG 0.060 (66%) | 0.674 (22%) @ 5.68 (12%) 0.856 | 1.09

Spectroscopic investigations of the nature of interactions of
Chl with a foreign dye Sudan Red within the micellar cavity

In our study, we have made an attempt to capture the in-
teraction of sudan red as a food adulterant [60] with Chl. Since
sudan red has an absorption tail around the emission tail of Chl
(Figure 2g), it is assumed that there is a possibility of FRET (For-
ster Resonance Energy Transfer) between Chl-SDS and Sudan
red. After spectral correction in steady state emission spectra,
energy transfer efficiency has been obtained at ~ 15% (Figure
2h). Energy transfer efficiency has been calculated as E = 1—%’*
; Fo.and F_ are the fluorescence intensity of the donor in pres-
ence and in absence of acceptor. To further verify the energy
transfer efficiency, we have monitored the excited state lifetime
in absence and in presence of sudan red. By using T, and rDAlthe
calculated energy transfer efficiency obtained as ~ 18% which
clearly supports the observed fluorescence quenching in steady
state (Figure 2i). It is evident that by monitoring FRET efficiency,
one can monitor the presence of other foreign molecules like
sudan red as an adulterant specially in vegetables.

Table 2: Chemical-protein interaction and activity of copper sulphate, sudan red and malachite green.

Name of the

R Name of the interacting protein
chemical

Activity

Copper
sulphate

HSPA4 /heat shock 70kDa protein 4

In vivo and in vitro studies have shown that heat shock proteins (HSPs), detected in both the prokary-
otic and eukaryotic cells, enhances its level after environmental stresses, infection, normal physiologi-
cal processes, gene transfer, thus plays a crucial role in the survival of organisms.

SLC31A2(CTR2) / solute carrier family 31
(copper transporters), member 2;

CTR2 plays an important role in mammalian Cu homeostasis and is involved in low-affinity copper
uptake (Potential)

ATP7B / ATPase, Cu++ transporting, beta
polypeptide;

It is involved in the export of copper out of the cells, such as the efflux of hepatic copper into the
bile. Almost 60 diseases have now been reported in connection with specific mutations of ATP7B in
patients with Wilson's disease, a genetic disorder of copper metabolism.

TRPV1 / transient receptor potential
cation channel, subfamily V, member 1;

Itis involved in detection of noxious chemical and thermal stimuli.
TRPV1 may provide connection between the process of inflammation, cancer and immunity, which
can be useful to cultivate new treatment pathways.

AQP3 / aquaporin 3 (Gill blood group);

Water channel promotes glycerol permeability and water transport across cell membranes and acts as
a glycerol transporter in skin and plays an important role in regulating stratum corneum and epider-
mal glycerol content and involved in skin hydration, wound healing, and tumorigenesis.

TYR / tyrosinase

This is a copper-containing oxidase that functions in the formation of pigments such as melanin and
other polyphenolic compounds and have the potential applications like design of inhibitors of
undesirable fruit browning in vegetables or of colour skin modulators in animals.
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JUN / jun proto-oncogene

Although it is not identified as a cancer-specific
chromosomal translocation, but its
dominant negative mutants weaken the growth of various tumour cells.

AKT1/ v-akt murine thymoma viral
oncogene homolog 1

AKT1 is one of 3 closely related serine/threonine- protein kinases which regulate many processes
including metabolism, cancer proliferation, cell survival, growth and angiogenesis.

FOXO1 / forkhead box 01
and
FOX04 / forkhead box 04

Transcription factor that is the main target of insulin signalling and regulates metabolic homeostasis
in response to oxidative stress. It is also involved in processes like apoptosis, cell cycle arrest, stress
resistance, cellular differentiation and development, and tumor suppression

CCNA1L / cyclin Al

Loss of cyclin A1 may lead to disruption of male sterility due to cell arrest in the late diplotene stage of
the meiotic cell cycle

CCDC90A / coiled-coil domain
containing 90A

Key regulator of mitochondrial calcium uniporter (MCU) required for calcium entry into mitochon-
drion. Plays a direct role in uniporter-mediated calcium uptake, possibly via a direct interaction with
MCU

UQCRFS1 / ubiquinol-cytochrome ¢
reductase, Rieske iron-sulfur polypep-
tide 1

Component of the ubiquinol-cytochrome c reductase complex (complex Ill or cytochrome b-c1
complex), which is a respiratory chain that generates an electrochemical potential coupled to ATP
synthesis. Isolated complex Il (ClIl) deficiency symptoms range from isolated myopathy to severe
multi-systemic disorders, even early death and disability.

CELA1 / chymotrypsin-like elastase

Acts upon elastin

Sudan Red family, member 1
CDC123 / cell division cycle 123 homolog | It has a crucial role in protein biosynthesis by supplying methionylated initiator tRNA to the ribosomal
(S. cerevisiae) translation initiation complex.
HHEX / hematopoietically expressed . . .
Its enforced expression may induces T-cell leukaemia.
homeobox
CCDC90B / coiled-coil domain contain- . . X i X
. It is important agent for fusion, signalling, and scaffolding.
ing 90B
. It is essential for the control of the cell cycle at the G1/S (start) and the G2/M (mitosis) transitions.
CCNA2 / cyclin A2 X X X . .
It is also a potential target for prevention of tamoxifen resistance.
. Contributes to the inactivation of the neurotransmitter acetylcholine. Can degrade neurotoxic
BCHE / butyrylcholinesterase . o . -
organophosphate esters. It is a perfect indicator of pesticide poisoning and nerve agent exposure.
KCNH2 / potassium voltage-gated chan- | Its dysfunction may lead to intrauterine fetal death, sudden infant death syndrome, cardiac arrhyth-
nel, subfamily H (eag-related), member 2 mia, and sudden cardiac death
Malachite
Mediates the voltage-dependent potassium ion permeability of excitable membranes. It also regu-
green KCNA3 / potassium voltage-gated chan- ge-dep P P v &

nel, shaker-related subfamily, member 3

lates neurotransmitter release, insulin secretion, neuronal excitability, immune response, apoptosis,
and cell proliferation.

GSTP1 / glutathione S-transferase pi 1

This enzyme can detoxify the cell from endogenous and exogenous toxic compounds by using glutath-
ione (GSH).

Computational studies to predict the harmful effects of

dyes on human health

Chlorophyll, the primary pigment responsible for the green
colour in vegetables and plants, with their limited bioavailabil-
ity, reported to have oxidative stress regulating capacity, hence
has a preventative role in cancer initiation and progression [61].
Studies [62,63] have shown that plant pigments, including chlo-
rophyll are able to bind mutagens, also inhibit the absorption,
and stop mutagens to interact with DNA. However, when the
vegetables are adulterated with harmful industrial chemical
and dyes like copper sulphate, malachite green and sudan red,
the dyes may create serious health hazards. Table 2 provides a
comprehensive analysis regarding the chemical-protein interac-
tion for the current study, as depicted in Figure 4.

—
o
-

Absorbance

0.4+

4000 3000 2000 1000 0
600 700 800 A1
Wavelength (nm) Wavenumber (Cm™")

Figure 1: Extraction and characterization of chlorophyll from
leaves (a) FTIR spectrum of the extracted chlorophyll in the range
0-4000cm™ (b) Absorbance (blue) and emission (red) spectra of the
extracted chlorophyll. The recorded emission is for excitation at the
isosbestic point of chlorophyll a and b (629nm). Inset shows the

physical appearance of the extracted chlorophyll after filtration.
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Figure 2: Interaction of chlorophyll with CuSO, in terms of (a)
Absorbance (b) Emission and (c) TCSPC in SDS micelles for 5-50uM
concentrations of Cuso, (insets show absorbance, emission and
TCSPC in water respectively). Interaction of chlorophyll with mala-
chite green in terms of (d) Absorbance (e) Emission and (f) TCSPC
in SDS micelles for 5-50 uM concentrations of MG (insets show ab-
sorbance, emission and TCSPC in water respectively). (g) Spectral
overlap of chl fluorescence (green) and SR absorbance (red) when
both are incorporated in SDS micelle. (h) Forster Resonance Energy
Transfer (FRET) process is of chl ligand to SR within the SDS micelle
is evident from the quenching of the steady-state fluorescence in-
tensity after inner filter effect correction (i) Picosecond-resolved
fluorescence transients of the chl ligand as donor in SDS micelle in

absence and in presence of SR as an acceptor.
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Figure 3: lonic relaxed structure of (a) chlorophyll and (b) chlo-
rophyll-Cu (Il). The partial density of states (PDOS) (c) chlorophyll

and (d) chlorophyll-Cu (IT).
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Figure 4: Chemical protein interaction of (a) Malachite green (b)
Copper sulphate and (c) Sudan Red using Computational Biology.

Conclusion

The present work has demonstrated, the detailed mecha-
nism of interactions of chlorophyll with some harmful dyes. The
dyes can be interlinked directly with chlorophyll of fruits and
vegetables either by unscrupulous business practices of adul-
teration for making items fresh and vibrant or by consumption
through root of plants from dye contaminated soils with indus-
try or agricultural effluents. The experimental findings reveal
the interaction of chlorophyll with three commonly used illegal
dyes, namely copper sulphate, malachite green, and sudan red
in a restricted nanoscopic environment of SDS micelles. For cop-
per sulphate, the hypsochromic shift of 10nm in the absorbance
band of chlorophyll confirms the metal binding and fluores-
cence quenching as well as TCSPC studies revealed the nature
of dynamic quenching. The intensification of absorbance peak
in presence of the dye malachite green is indicative of probable
formation of dimers of the dye. The absorption peak at the blue
end is strengthened most at the highest concentration of the
MG dye, at the expense of weakening of the 470 nm absorp-
tion band. Further significant fluorescence quenching of chlo-
rophyll after inner filter effect correction and picosecond time
resolved analysis with addition of malachite green indicate the
static quenching mechanism. The possibility of FRET between
the chlorophyll-SDS and sudan red dye due to their overlapped
emission and absorbance spectral signatures was explored and
around 15% energy transfer efficiency was obtained between
the doner and acceptor establishing a mild interaction. The haz-
ardous effects of the dyes on human are also thoroughly inves-
tigated using predictive computational biology technique.
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