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Preface

Color, which contributes so much to the beauty of nature, is vital to the attraction 
and acceptability of most products used by modern society. As long ago as the 25th 
century BC, man colored his surroundings and clothes using a limited range of 
natural colorants of both animal (Cochineal) and vegetable (Indigo, Alizarin, Tyrian 
purple) origin. Dyes and pigments are substances that, once applied to a substrate, 
lead to selective reflection or the transmission of incident daylight. Most natural dyes 
are found in the roots, barks, leaves, bracts, flowers, skins, and shells of plants. They 
are categorized as organometallic and organic compounds and exhibit low solubility 
in organic solvents. As a result, they are essentially found in the solid state during 
processing and when applied to the substrate.

This book is a collection of research and review papers on the chemistry and physics 
of dyes, pigments, and their intermediates, including chemical constituents, spectro-
scopic aspects, surface, solution, crystal formation, photochemical, and ecological or 
biological properties. It is a useful resource for a wide variety of researchers world-
wide whose work involves dyes and pigment synthesis, imaging, sensors, energy, 
medicine, polymers, food products, toxicological properties, and more.

Dr. Brajesh Kumar
TATA College,

 Kolhan University,
 Chaibasa, Jharkhand, India
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Chapter 1

A Revisit of the Underlying 
Fundamentals in the Laser 
Emission from BODIPYs
Alaitz Peñafiel, Ainhoa Oliden-Sánchez,  
Edurne Avellanal-Zaballa, Leire Gartzia-Rivero,  
Rebeca Sola-Llano and Jorge Bañuelos-Prieto

Abstract

This chapter aims to provide a comprehensive assessment of the laser performance 
of commercially available laser dyes based on the boron-dipyrromethene (BODIPY) 
chromophore in a liquid state, as well as to remark the main underlying photophysical 
signatures triggering such photonic behavior. First, we describe their light absorp-
tion and fluorescence properties in solution. This spectroscopic study is supple-
mented with quantum mechanics calculations and electrochemical measurements. 
Afterward, the dyes are tested as active media of tunable lasers under transversal 
pumping. The recorded laser efficiencies and photostabilities are correlated with the 
registered photophysical properties identifying the main structural guidelines and 
photonic parameters, which rule the laser bands’ position, intensity, and stability. 
As a result, we provide a comparative dataset of the laser performance, not available 
hitherto. Besides, the unraveling of the complex molecular structure-photophysics-
laser relationship should help in the rational design of new tunable dye lasers with an 
improved photonic response along the entire visible region and reaching eventually 
the near infrared.

Keywords: organic dyes, BODIPY, photophysical properties, fluorescence, laser

1. Introduction

Fluorescent organic dyes have emerged as suitable and highly recommended 
photoactive media in many light-driven devices and photonic applications overall 
[1–11]. Their success relies mainly on their chemical versatility, thanks to the recent 
advances in organic synthesis [12, 13]. Among them, functional fluorophores are in 
the spotlight. These pivotal molecules feature chromophoric cores, whose photophysi-
cal signatures can be finely modulated by tailored chemical modifications of the 
molecular structures through well-established synthetic protocols. Therefore, a given 
molecular scaffold can be applied for different and selective purposes just adjust-
ing the molecular structure by a rational design of the fluorophores. The search and 
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generation of sophisticated fluorophores has boosted dye chemistry as a powerful 
tool for tunable photonics. Indeed, there are several families of organic dyes (such 
as coumarins, acridines, pyronines, rhodamines, oxazines, and styryl and cyanines-
based dyes), with absorption/fluorescence bands along the whole visible spectral 
region, which could be suitable scaffolds to this aim [2]. However, there are still some 
problems that should be fixed. For instance, coumarins are endowed with low pho-
tostability, while styryl- and cyanine-based dyes usually display modest fluorescence 
efficiencies owing to their push–pull chromophores. Such photonic drawbacks are 
solved in other dyes, but their access is not straightforward from a synthetic point 
of view; their purification is tedious or the options for post-functionalization are 
limited. Therefore, the challenge in dye chemistry is to find out a bright and stable 
molecular platform easily accessed and amenable to a wide sort of synthetic routes to 
decorate the chromophore with functional groups, which enable a deep but controlled 
modulation of their photonic performance.

The archetype of modern fluorophores is the renowned BOron DIPYrromethene 
dyes (trademark BODIPY) [14–16]. This cyclic cyanine features a dipyrrin (or 
dipyrromethene) chromophoric core chelated by a difluoroboron bridge (Figure 1) 
[17], which offsets most of the aforementioned shortcomings from both a photonic 
and synthetic point of view. The first reports of BODIPY date from the sixties [18], 
but it was not until the early nineties when they gain recognition as photoactive 
media of tunable lasers, yielding high long-lasting efficiencies [19, 20]. After such 
pioneer work, BODIPY witnessed a booming growth and many researchers paid 
attention to this fluorophore and incorporate it as the cornerstone of their research 
projects [21–28]. As a result, nowadays BODIPY is qualified as a top-ranked dye suc-
cessfully applied in biotechnology, and a myriad of optoelectronic and photovoltaic 
devices. Indeed, there is a huge chart of BODIPYs reported and patented, bearing 
exhaustive chemical transformations and functionalizations for specific photonic 
demands.

As aforementioned, BODIPYs became renowned owing to their laser performance. 
Since then, several attempts were conducted to modulate the laser emission wave-
length [29] and ameliorate the efficiency and photostability [30, 31], including their 
confinement in solid hosts to develop solid-state dye lasers (SSDL) [32, 33]. Actually, 
some BODIPY laser dyes are available commercially. Exciton is one of the main 

Figure 1. 
Molecular structure of the BODIPY laser dyes purchased by exciton.
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stockiest and provides technical sheets with information about their laser perfor-
mance (maximum wavelength, tunability range, conversion efficiency, and stability 
as half lifetime) at different concentrations (up to millimolar), environments (liquid 
and solid), and pumping lasers. Indeed, the available BODIPYs from Exciton are 
named as PyrroMethenes followed by their laser emission wavelength (for instance, 
PM546, PM567, PM597, PM605, and PM650 in Figure 1). However, in some cases, 
important data are missed (like photostability in PM605 and PM650 or efficiencies 
in some solvents for the rest of the dyes), and for each BODIPY, the data are collected 
under different experimental conditions or setups. Therefore, it is difficult to estab-
lish a well-grounded comparison between them to outline master guidelines about the 
molecular structure–laser relationship.

To offset such shortcoming and enable a direct comparison of the laser perfor-
mance of these reference BODIPYs, we have measured their laser properties at the 
same experimental conditions, transversally pumped with a wavelength-tunable 
optical parametric oscillator (OPO) coupled to the third harmonic (355 nm) of the 
Nd:YAG laser. Furthermore, we aim to understand the complex interplay between 
molecular structure and photonic properties, a basic knowledge, which should enable 
the development of improved laser dyes. To accomplish this task, we have revisited 
their photophysical properties and conducted an exhaustive computationally aided 
spectroscopic and electrochemical study. This analysis is focused on identifying the 
main photophysical parameters, which triggers the laser signal, mainly the efficiency 
and photostability, as the key properties to determine the workability of the BODIPYs 
as long-lasting and effective photoactive media of tunable lasers.

2. Light absorption

The reference PM546 dye displays a sharp and intense (reaching molar absorp-
tion at the maximum of 105 M−1 cm−1) absorption band at around 500 nm (Figure 2), 
showing the trademark low negative solvatochromism (around 7 nm) of BODIPYs 
[34]. The attachment of linear (ethyl in PM567) and branched (tert-butyl in PM597) 
alkyls at β-positions (Figure 1) induces a spectral bathochromic shift (around 20 and 
30 nm, respectively, Figure 2), according to an inductive electron releasing effect 
(higher in tert-butyl owing to the hyperconjugative effect). In contrast, the branched 
substituent decreases the absorption probability (6–7·104 M−1 cm−1). Such red-shift is 
more pronounced upon the incorporation of electron acceptor moieties at meso-posi-
tion (Figure 2). Thus, the acetoxy moiety at the 8-methyl (PM605, Figure 1) places 
the absorption at 550 nm, whereas the stronger electron-withdrawing cyano at such 
chromophoric position (PM650, Figure 1) further shifts the absorption to 590 nm 
(Figure 2), together with a decrease of the molar absorption (5–6·104 M−1 cm−1).

3. Computational chemistry

To understand the substituent-induced spectroscopic changes, we ran theoretical 
calculations at the density functional theory (DFT) level, in particular using the CAM-
B3LYP method and the 6-311 + g* basis set for the geometry optimization, and the time 
dependent approach (TD DFT) for the simulation of the vertical excitations. TD DFT 
fails in the description of the energy of the S1 state but gives a good qualitative simula-
tion of the substituent effect on the energy of the absorption gap. Besides, it is amenable 
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to large molecules, where advance calculation methods are unaffordable [35, 36]. To 
estimate the TD DFT error and correct the calculated values [37, 38], we compare the 
TD DFT results of the pristine simplest BODIPY with those calculated with the accurate 
CASPT2 method [39]. Such comparison reveals that the S1 energy of BODIPYs is overes-
timated at around 0.55 eV. Therefore, we applied this correction factor to the absorption 
energies calculated for the rest of herein studied BODIPY laser dyes using TD DFT. As a 
result, the predicted absorption energies perfectly match those experimentally recorded 
(Figure 3), supporting the accuracy of TD DFT to reproduce the substituent effects.

Such electronic transition is a result of the promotion of an electron from the 
HOMO to the LUMO. Therefore, the substituent-induced preferential stabiliza-
tion/destabilization of these molecular orbitals (OMs) rules the energy gap and the 
position of the absorption band. On the one hand, the presence of alkyls at positions 
2 and 6 raises preferably the energy of the HOMO (Figure 4). Indeed, the contribu-
tion of these chromophoric positions to the HOMO is slightly higher than in LUMO. 
Accordingly, electron donor substituents (such as ethyl and tert-butyl) destabilize the 
HOMO with the respect to the LUMO, leading to a slight reduction of the energy gap 
(from PM546 to PM567 and PM597, Figure 4). On the other hand, electron-with-
drawing substituents at position 8 induce a more pronounced decrease in the energy 
gap owing to a marked reduction of the LUMO energy. In this meso position, a node is 
predicted, being is contribution to the HOMO almost negligible but in contrast very 
important in the LUMO. Thus, it is a position very sensitive to the substituent effect. 
Accordingly, the higher the electron acceptor character of the functionalization (ace-
toxy and cyano) the higher the stabilization of the LUMO (from PM605 to PM650, 
Figure 4). It is noteworthy that even dim changes in the absorption band position are 
well reproduced by the theoretically predicted energy of the OMs, being a suitable 
tool to guide the synthesis of novel BODIPYs with tailored absorption.

Figure 2. 
Normalized absorption spectra of the BODIPY laser dyes in diluted solutions (2 μM) of cyclohexane.
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4. Electrochemistry

Further support for the substituent effect in the spectral bands’ position is gath-
ered by the redox potentials provided by cyclic voltammetry (Figure 5). The simplest 
BODIPY herein considered (PM546) shows two well-defined cathodic and anodic 

Figure 3. 
Correlation between the corrected calculated absorption energies by TD DFT (TD CAM-B3LYP/6-311 + g*) and 
those spectroscopically recorded in cyclohexane.

Figure 4. 
Representative HOMO and LUMO contour maps and evolution of their energies (in eV) for the studied BODIPYs.
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waves at high potentials [40]. The alkylation at positions 2 and 6 makes such waves 
more reversible and reduces mainly the oxidation potential (from 1.12 V in PM546 to 
0.98 in PM597, Figure 5). That means, that the ionization potential decreases, in line 
with the predicted increase of the HOMO energy as the main reason for the recorded 
bathochromic shift. However, the substitution at position 8 affects mainly the reduc-
tion potentials, which become systematically lower as the electron acceptor character 
increases (from −1.32 V in PM567 to −1.09 with acetoxy in PM605 and −0.63 with 
cyano in PM650, Figure 5). Thus, these groups increase the electron affinity in agree-
ment with the predicted decrease in the LUMO energy as the source of the recorded 
large bathochromic shift upon such 8-functionalization.

5. Fluorescence

The evolution of the fluorescence band position with the substituent follows the 
same trend recorded for the absorption band, but with one exception, PM597 dye 
(Figure 6). In this case, the bathochromic shift is larger than expected and the profile 
is broader. Consequently, the Stokes shift is three times higher than in the rest of 
the dyes (from around 500 to 1500 cm−1, Table 1). This feature suggests a marked 
geometrical rearrangement upon excitation. Another issue to remark is the solvent 
effect. Most of the dyes show the expected negative solvatochromism, except PM650 
where the opposite positive solvatochromism is detected in polar solvents and just in 
fluorescence (Table 1).

Alkylated dyes, PM546 and PM567, are extremely bright, featuring fluorescence 
efficiencies close to 100% and long monoexponential lifetimes (around 5–6 ns, 
Table 1). However, in PM597, bearing branched alkylation, such efficiency decreases 
to half. Owing to the quasi-aromatic boron-dipyrrin framework, the spin–orbit 

Figure 5. 
Cyclic voltammograms in acetonitrile (0.1 m TBAPF6) of the studied BODIPYs (dye concentration 2 mM).
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coupling is low and the intersystem crossing probability is almost negligible [17]. 
Thus, the main channel of non-radiative deactivation from the excited state is due 
to internal conversion, which is related to conformational freedom and planarity 
[34, 41]. Theoretical calculations predict a chromophoric core essentially planar 
(slight bending around the transversal axis). Such butterfly-like bending increases 
in PM597, being remarkably higher in the optimized excited state (deviation from 
planarity up to 15° in the dihedral angle comprising the central ring and the pyrrole). 
It seems that to accommodate the bulky tert-butyl in the peralkylated chromophore 
and relieve geometrical stress, the planarity is distorted due to steric reasons, and 
mainly upon excitation, supporting the recorded different bathochromic shift in 
absorption and fluorescence, and the ensuing high Stokes shift (Table 1).

With regard to the meso position, the acetoxy group shifts the emission bathochromi-
cally, while maintaining a reasonably high fluorescence efficiency (Table 1). Compared 
with the unconstrained alkylated BODIPYs PM546 and PM567, the radiative rate 
constant of PM605 is lower and the non-radiative one higher. Likely, the electron-
withdrawing effect of the acetoxy retrieves electronic density from the chromophoric 
core decreasing the aromaticity, as reflected in lower molar absorptions (Table 1). 
Further increase in such electron acceptor character by the attachment of cyano implies 
more prominent changes in the fluorescence properties. Apart from the mentioned 
deep bathochromic shift displayed by PM650 (Figure 6), the fluorescence efficiency 
decreases mainly in polar media (from 50–15%), where the lifetimes are fast (1–2 ns) 
(Table 1). The chromophoric framework of PM650 is fully planar and the cyano is 
linear and small, so the fluorescence quenching cannot be assigned to internal conver-
sion as in the constrained alkylated BODIPYs, but rather to the cyano-induced extra 
non-radiative deactivation pathway, which is favored in polar media. All these trends 
pinpoint a photoinduced intramolecular charge transfer (ICT) from the BODIPY to 
the cyano, giving its high electron acceptor ability [42]. In fact, the previously recorded 
voltammogram for PM650 reveals a drastic change in the cathodic wave, being this dye 

Figure 6. 
Normalized fluorescence spectra of the BODIPY laser dyes in diluted solutions (2 μM) of cyclohexane.
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prone to be easily reduced (  Figure 5  ). Moreover, the recorded positive solvatochromism 
exclusively in the fluorescence spectra of  PM650  envisages an increase of the dipole 
moment upon excitation, according to charge separation processes. ICT states are 
characterized by high dipole moments owing to the induced charge separation and are 
further stabilized in polar media. Thus, in these solvents, ICT can become a low-lying 
state with regard to the locally excited (LE) one, efficiently quenching the fluorescence 
emission from the latter state (  Figure 7  ). This ICT seems to be a dark state, or at least a 
weakly emissive state, because no new emission bands are recorded, or perhaps the ICT 
emission is masked under the LE emission. Therefore, the cyano-induced charge separa-
tion arises as the non-radiative channel funneling the excited electrons mainly in polar 
media, where the fluorescence quenching is more notable (  Figure 7  ). 

   6. Laser 

 Once revisited the fundamental photophysical signatures, we registered the 
laser properties at high concentrations (millimolar) under transversal pumping 
by a wavelength-tunable optical parametric oscillator (OPO) coupled to the third 
harmonic (355 nm) of the Nd:YAG laser. Thus, all the dyes were pumped at their cor-
responding absorption maximum wavelength. At these conditions, all of them display 
strong and sharp laser emission signals as expected (  Figure 8  ). The laser emission 
appears within the fluorescence band, but at the end of the long-wavelength absorp-
tion tail, where the overlap with the absorption band has vanished, its position nicely 
correlates with the fluorescence on. Thus, alkylation at positions 2 and 6 induces a 
bathochromic shift, especially for  PM597 , reinforced upon substitution at position 8 
with electron acceptor groups like in  PM650  (  Figure 8  ). 

 However, the correlation of the emission efficiency (laser  vs.  fluorescence) is 
more complex, and it cannot be done directly, since other factors like the Stokes 
shift should be considered altogether. We should bear in mind that the laser action 
is recorded at high optical density media, whereas the photophysical signatures at 
diluted solutions. At the high concentrations required for the gain overcomes the 

  Figure 7.
  Sketch of the cyano-induced charge transfer in  PM650  depending on the solvent polarity. The optimized first 
excited state geometry with the atoms colored by the charge (positive in red and negative in green) is also included.          
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losses in the resonator cavity, other competitive processes can appear. Dye aggrega-
tion is discarded owing to the low tendency of these dyes to self-associate in organic 
media (the spectral profiles remain unaltered even at high concentrations) [34]. 
However, reabsorption/reemission phenomena are ubiquitous owing to the spectral 
overlap between the absorption and fluorescence bands (BODIPYs usually feature 
low Stokes shift). Their influence is notorious in the laser emission wavelength 
(bathochromic shift of 10–15 nm with the dye concentration), as well as in the laser 
efficiency since an increase of the dye concentration does not necessarily imply higher 
efficiency. Instead, a plateau is reached and there is an optimal concentration for each 
dye, in which the maximum efficiency is recorded (Figure 9).

Thus, PM546 and PM567 display similar laser efficiencies, albeit slightly higher in 
the latter (59 vs. 64%, Figure 9). Attending to their photophysics, PM567 is slightly 
less fluorescence, but it shows a faintly higher Stokes shift, which compensates for 
such lower efficiency. Further evidence of the key role of the Stokes shift is provided 
by PM597, which displays higher lasing efficiencies (74%, Figure 9), albeit its fluores-
cence efficiency decreases to half (Table 1). As mentioned previously, this dye out-
stands by large Stokes shift (three times that of PM546). Therefore, the impact of the 
reabsorption/reemission is less harmful and counteracts its lower fluorescence yielding 
very bright laser emission. Indeed, whereas the optimal concentration was 0.5 mM for 
PM546 and PM567, in PM597 it is 0.75 mM. Moreover, the laser efficiency drastically 
decreases for PM546 (the dye with the shortest Stokes shift, Table 1) at high concen-
trations (1 mM) (Figure 9). On the other hand, the substitution at meso position has 
a marked impact on the photophysics (Table 1). PM605 displays reasonably high-
lasing efficiencies (up to 66%, Figure 9) similar to PM567, in concordance with their 
similar fluorescence efficiencies (even slightly lower in the former, Table 1). Finally, 
PM650 is the dye endowed with the lowest laser efficiency (54% at the optimal dye 
concentration, Figure 9) as anticipated by the photophysics owing to the ongoing ICT 

Figure 8. 
Laser emission spectra of the BODIPY laser dyes at a high concentration (0.75 mM) in ethyl acetate.
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(Figure 7). However, the laser performance is much better than envisioned by the low 
fluorescence efficiency (just a 20%). A remarkable feature of this dye is the shortening 
of the lifetime (down to 2 ns, Table 1), which could enhance the stimulated emission 
once the population inversion is achieved, and, in this way, counteract partially its low 
spontaneous emission probability. Therefore, several parameters (fluorescence effi-
ciency, lifetime, and Stokes shift) have to be simultaneously considered to account for 
the molecular structure effect on the laser output efficiency.

Another critical parameter for the practical implementation of the dyes as active 
media of lasers is the photostability, in other words, the tolerance to endure strong 
and continuous irradiation regimes [43]. High photostabilities are required to ensure a 
long-operative lifetime of the laser. In this regard, the laser emission of PM546 decreases 
to half after 50,000 pulses (Figure 10). Higher resistance is achieved upon substitution 
at positions 2 and 6, where PM597 retains the 80% of its emission after 70,000 pulses 
(Figure 10). Therefore, substitution at the chromophoric positions is recommended to 
enhance photostability. On the other hand, the substitution at the meso position has a 
marked impact on the photostability. Thus, in PM605, the emission completely vanishes 
after just 40,000 pulses, whereas PM650 withstands 70,000 pulses with an emission 

Figure 9. 
Laser efficiency of the BODIPY laser dyes at different concentrations in ethyl acetate.
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loss of just 20%. The photodegradation mechanism is not fully unraveled, but it seems 
to involve the oxidation of the dye by the in situ-generated reactive oxygen species 
(ROS, such as singlet oxygen) upon irradiation, taking place mainly at the meso position 
[44–46]. Thus, steric and electronic reasons can account for the photodegradation rate 
promoted by oxidative singlet oxygen or related ROS. In PM650, the meso position is 
accessible, since the geometry of cyano is linear, and it is more exposed to the singlet 
oxygen than the rest of dyes bearing 8-methyl. However, this dye is the BODIPY with the 
highest oxidation potential (1.28 V in Figure 5) and hence is less prone to be oxidized by 
ROS, supporting its drastic increase in photostability owing to electronic reasons (Figure 
10). Conversely, in PM605, the oxidation potential decreases to 1.06 V (Figure 5), being 
easier oxidized. Perhaps, the acetoxy itself contributes also to the generation of ROS 
under light irradiation and enhances the photooxidation at the meso position, leading to 
cation radicals, and explaining its fast degradation rate (Figure 10). Therefore, consider-
ing both parameters (efficiency and photostability) alkylated PM567 and PM597 are the 
most recommended laser dyes as powerful and long-lasting photoactive media.

7. Conclusions

We have performed a comprehensive and comparative analysis of the laser perfor-
mance of commercially available BODIPYs, as well as the photophysical properties, 
which sustain them. This study highlights that a deep knowledge of the underlying 

Figure 10. 
Photostability of the BODIPY laser dyes under continuous irradiation at dye concentration (0.75 mM) in ethyl 
acetate.
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photophysical phenomena, as well as their dependency on the molecular structure, is 
fundamental to understand the ulterior laser performance. Fully alkylated BODIPYs 
are suited to yield bright and stable green–yellow lasers, whereas the surprising 
PM650 shows good performance as red laser. The interpretation of the relationship 
between molecular structure and laser behavior is complex, and several photophysi-
cal parameters should be considered altogether. For instance, the laser efficiency does 
not depend solely on the fluorescence efficiency, and other properties, as the Stokes 
shift and the lifetime, play a key role. Therefore, the combination, which seems to 
optimize the laser action, endows high fluorescence efficiency and Stokes shift, and 
fast lifetimes. However, these three properties are antagonisms. Most of the brighter 
fluorophores are characterized by small Stokes shifts and long lifetimes, while fluo-
rescence quenching usually involves large Stokes shifts and short lifetimes. Therefore, 
an equilibrium between them should be reached to optimize the laser action.

The herein-reported master lines could serve as a guide to design new fluoro-
phores or modify the available ones to build up benchmark dyes for lasers. In this 
regard, computational chemistry is a recommended tool to save time and effort in 
their design, since reproducing nicely the spectral shifts toward the development of 
cost-effective visible-NIR tunable dye lasers.
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Chapter 2

Green Synthesis of TiO2
Nanoparticles Using Averrhoa
Bilimbi Fruits Extract and
DPT-PEG Polymer Electrolyte for
Enhance Dye-Sensitized Solar Cell
Application
Sundaramurthy Devikala and
Johnson Maryleedarani Abisharani

Abstract

Green synthesis of nanoparticles has grown substantial interest as a developing
technology to reduce the toxicity of metal oxide commonly associated with conven-
tional physical and chemical synthesis methods. Among these, green synthesis of
nanoparticles from plants parts to be a very active method in developing nontoxic,
eco-friendly and clean technology. We prepared green synthesized TiO2 using a fruits
extract of Averrhoa bilimbi with a cost effective and non-toxic method and reports
better PCE of DSSCs application. The green synthesized TiO2 nanoparticles (working
electrode) with DPT dopant PEG polymer electrolyte shows better power conversion
efficiency in dye-sensitized solar cells. The green TiO2 was characterized with XRD,
UV, FTIR, SEM, TEM and EDX techniques analysis the band gap, crystallite size and
shape for green synthesized TiO2 nanoparticles. The electrical and mechanical prop-
erties of DPT organic doped PEG/KI/I2 polymer electrolyte were characterized with
XRD, FTIR, EIS, DSC and TGA and it was analysis that the DPT well miscible with
PEG polymer electrolyte and improves the electrical conductivity and enhances the
efficiency of DSSC.

Keywords: Averrhoa bilimbi, green synthesis, titanium dioxide, DPT organic
compound, DSSCs

1. Introduction

Dye-Sensitized Solar Cells (DSSCs) have attracted researchers owing to their unex-
pected potential of lightweight, inexpensive cost materials, flexible structure, and easy
fabrication. Substantial researches have been conducted for the progress of Dye

19



sensitized solar cells but the development of DSSCs is still not feasible. Although the
PCE of the DSSCs are lower while comparing the first and second-generation PV
(photovoltaic) cells and there still the development of a high potential for significant
efficiency [1, 2]. Vogel et al. in 1870 proposed a first DSSCs by using silver halide, but
the device could not show any output. In 1887 James Moser, developed initial voltage
was around 0.04 V in DSSCs. Hishiki and Gerischer (1965–1968) introducing ZnO and
sensitizer (Rose Bengal and Cyanine). In 1977, ZnO was replaced with TiO2 by Spitler &
Calvin group and they were clarified two factors, which are the dye molecules absorbed
on the TiO2 surface and pH solution used for the dye absorption process. After many
years, these cells were developed in 1991 by Michael Gratzel and Brian O0 Regan, they
achieved a PCE of 7.1%. The use of TiO2, Zinc porphyrin dye and Co2+/3+ tris
(bipyridine) based electrolyte reached a PCE of 12.3%. Recently, DSSCs achieved a PCE
14.3% efficiency by using two metal-free organic dyes. TiO2 coated on conductive
substrate (photo anode), sensitizer (dye), electrolyte (redox couple) and counter elec-
trode (platinum) [3, 4]. The photo-anode has a wide bandgap of metal oxides such as
ZnO, ZrO2, CuO and SnO2 etc. commonly used to deposit on the surface of the TCO
glass substrate and is used in FTO glass. The dye molecules (sensitizer) are usually
absorbed on the surface of the metal oxides. The main components of the dye are part of
the DSSCs, which creates light harvesting and produce photoexcited electrons. Electro-
lyte in DSSCs is used to transfer electrons between both electrodes and regenerate of
oxidized dye [5]. The counter electrode is an important component and promotes high
catalytic activity owing to the redox pair reaction by electron recombination process,
requires high electron transport to improve the conductivity and high reflectance cell
assembly to divert the unabsorbed light energy and improve sunlight capture [6].

1.1 Nanocrystalline TiO2

The nanocrystalline TiO2 (Titanium Dioxide) is used in several applications such as
pigments, photocatalytic, paints, photovoltaic and antimicrobial activities [7–11].
TiO2 plays an important role in dye sensitized solar cells, because of its small particle
size, high surface area, highly active anatase phase, low density, high electron mobility
and high band gap energy [12–15]. TiO2 is an n-type semiconductor material with a
3.2 eV band gap energy. It has three natural mineral forms in the earth that are rutile,
anatase and brookite. The most stable form among them is rutile, which is in the
equilibrium phase at any temperature. When used in dye-sensitized solar cells, ana-
tase is perceived to be more chemically active than rutile form. Anatase is a metasta-
ble, and when heated, it tends to convert to rutile. As a result, the synthesis has a
significant impact on the phase constituents. At approximately 25 nm, the commercial
product DeGussa P25 contains 80% anatase and 20% rutile. The simulated AM 1.5
solar illumination was used to test dye-sensitized solar cells (DSSCs) made with rutile
and anatase films of the same thickness. The results showed that the open-circuit
voltage (Voc) is essentially the same, but the short-circuit photocurrent (Isc) of the
anatase-based cell is 30% higher than that of the rutile-based cell. The variance in
short circuit current is attributed to the rutile film’s lower dye absorption due to a
smaller specific surface area [14, 16].

Generally, TiO2 nanoparticles were prepared using a different type of physical and
chemical methods, including microwave method, chemical vapor deposition,
solvothermal, hydrothermal, sonochemical method, sol–gel, and electrophoretic
deposition [17–23]. All of these methods are very expensive, require a lot of pressure,
a lot of energy, and pollute the environment, whereas the green synthetic method has
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been found to be more advantageous than the other methods reported. Plant extracts
and plant parts such as leaves, fruits, flowers, seeds, yeast, fungi, bacteria and algae
were used in the green synthesis method to produce nanoparticles in the nano range
(10–100 nm) [24, 25]. The plant extract supports in the reduction and capping of
agents on the surface of nanoparticles. In 2011, Nyctanthes arbor-tristis was used to
synthesize TiO2 using a green synthetic method [13, 26]. A. bilimbi is a medicinal
plant that is used to treat diabetes, hypertension, and acts as an anticancer and
antimicrobial agent [27]. The plant extract contains flavonoids, phenol and tannins
found out by phytochemical studies. This functional compound can play as a good
stabilizing and capping agent for the formation of nanoparticles [28–30].

1.2 Organic compound dopant electrolytes

The polymer-based electrolytes like poly-urethane (PU), poly (ethylene oxide)
(PEO), poly (vinylidene difluoride) (PVDF), poly (vinyl chloride) (PVC), poly acry-
lonitrile (PAN), etc., were used for DSSCs applications to improve the efficiency and
stability [31–36]. Additionally, researchers improve the electrolyte stability using
organic dopant as an additive molecule such as alkylaminopyridine, pyridine,
alkylpyridine, pyrzaole, benzimidazole, triphenylamine, quinoline, etc. The addition
of small number of organic molecules changed the the redox potential, surface of the
semiconductor, TiO2 conduction band edge shift and change the recombination
kinetics [37]. Boschloo et al. found the additives affect the TiO2 semiconductor. These
effects, increase of Voc is due to a combination of TiO2 conduction band edge change
toward negative potentials and improve the electron lifetime [38]. As a polymer gel
electrolyte content, phenanthroline-based cobalt redox couple and thiourea deriva-
tives were used as additives with hydroxyl propyl cellulose polymer host, resulting in
a 9.1% performance. The most stable thioureas have more electron donation groups
and have high adsorption energy toward TiO2. The Fermi level of TiO2 (101) anatase
was shifted by these additives. Furthermore, the performance of the Cobalt redox pair
was increased due to its predominating properties [39]. Omid et al., introduced new
inexpensive propyl isonicotinate and isopropyl isonicotinate by pyridine derivative as
an additive in bromide/tribromide electrolytes revealed PCE 2.81–3.76% [40].
Ganesan et al., investigated the PVdF-PEO/KI/I2 polymer mixture electrolyte system
with DPA (Diphenyl amine) and PT (Phenothiazine) obtained an PCE 8.5% [32].

2. Experimental

2.1 Materials

A. bilimbi fruits were collected from Kanyakumari district, Tamilnadu, India. TiO
(SO4), 2,4-Diamino-6-Phenyl-1-3-5-Triazine, PEG, KI, I2 and DMF solvent purchased
from sigma Aldrich. All the above chemicals were used without further purification.

2.1.1 Preparation of TiO2 nanoparticles

First the fruits were cleaned thoroughly 2–3 times using distilled water and cut into
small pieces. Then, 50 g of the fruits was added in DI water (100 ml) followed by heated
for at 1 h. The above mixture filtrated by usingWhatman filter paper (125 mm). Filtered
fruits extract was collected and stored in refrigeration for using further usages.
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Furthermore, 10 ml of fruits extract was taken along with TiO(SO4) (8 ml) dissolved in
DI water (100 ml) and stirred well using a magnetic stirrer with high rpm. After 4 h, the
white precipitate gradually formed. Finally, the precipitates were centrifuged for 3–4
times using distilled water. The colloidal mixture was dried at 100°C and calcinated at
400°C and the nanoparticles were collected.

2.1.2 Preparation of DPT polymer electrolyte

Poly(ethylene glycol) (300 mg), 2,4-Diamino-6-Phenyl-1-3-5-Triazine (10 mg),
Iodine (10mg) and Potassium iodide (30mg) were dissolved in 3 ml of DMF solvent. The
electrolyte mixture was continuously stirred at 60°C for 3 h and electrolyte used in DSSC.

2.1.3 DSSCs cell fabrication

The prepared TiO2 (working electrode) was coated by the doctor blade method as
previous literature [41]. The TiO2 coated on FTO (Fluorinated tin oxide) were
immersed in a N3 dye (5 � 10�4 M dye) solution in ethanol for 24 hrs. Then, dye
coated TiO2 plate was dried and used for the measurement of conversion of solar
energy to electrical energy. Preparation of electrolyte, PEG (300 mg), KI (30 g),
Iodine (10 mg) and 2,4-Diamino-6-Phenyl-1-3-5-Triazine (10 mg) dissolved in
DMF solvent. A sandwich type of DSSC cell consisting of N3 dye-coated TiO2

and Platinum coated on FTO was used. Then, prepared iodine electrolyte (I�/I3
�)

solutions were placed in between the N3 dye coated TiO2 and Pt electrodes.
Finally, the fabricated DSSC are measured in current–voltage (I–V) under sunlight.

2.2 Characterization

Prepared TiO2 nanoparticles characterize the phase form and crystal size using XRD
(Malvern Panalytical). Optical properties of prepared TiO2 nanoparticles were analyzed
by UV–Visible spectroscopy (Agilent Cary 5000). The functional groups present in the
prepared TiO2 nanoparticles were recorded by FTIR using BRUKERα-E (ATR, Lab
India Instruments Pvt. Ltd), and the absorbed range of 400–1000 cm�1. Surface mor-
phological and element compositions were observed by SEM and EDX (Quanta 200,
FEI). Size of the TiO2 nanoparticles were measured using TEM (JEOL, TEM-2100 plus
electron microscopy, made in Japan). Conductivity study was recorded by Biologic SP-
300. Photo electrochemical (IV) properties were studied under the sun illumination of
100 mWcm�2 at AM 1.5. The I–V curve was measured using a BAS 100A electrochem-
ical analyzer. The DSSC active cell area was 1 cm2 (1 cm x 1 cm).

3. Results and discussions

3.1 Characterization for green synthesized TiO2 nanoparticles

UV–Visible absorption spectroscopy was used to examine the optical properties of
the GS-TiO2 nanoparticles. The light absorption characteristics of GS-TiO2

nanoparticles are shown in Figure 1a. GS-TiO2 nanoparticles showed a strong absorp-
tion peak at 320 nm in the UV–Visible spectrum. This value matches well with the
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Com-TiO2 (Commercial TiO2) reported in the literature [11]. The optical band-gap of
the nanoparticles was calculated using the following equation,

αhνð Þ12 ¼ β hν� EgÞ
�

(1)

Where, β-constant, α-absorption coefficient (cm�1), Eg-band gap of material,
ν-photon frequency, h-Planck’s constant.

The optical band gap energy (Figure 1b) derived from Tauc’s plot corresponds to
3.2 ev (Indirect band gap) good agreement with the anatase phase of Com-TiO2,
which is found to be GS-TiO2 nanoparticles has good band gap energy of semicon-
ductor materials for photoanode in DSSCs application.

X-ray diffraction spectroscopy was identified crystallite structure and phase
formation of GS-TiO2 nanoparticle by using Averrhoa bilimbi fruits extract. Figure 2
(a) showed the XRD pattern of GS-TiO2 nanoparticles. From the XRD pattern,
displayed diffraction peaks at 25.3° (101), 37.8° (004), 47.9° (200), 53.9° (105),
55.1° (211), 62.5° (204), 68.9° (116), 74.0° (107) which corresponds to tetragonal
structure. The crystallographic plane 101 indicated the anatase phase structure

Figure 1.
(a) UV–visible spectrum of GS-TiO2 nanoparticles. (b) Band gap of GS-TiO2 nanoparticles.
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formation of GS-TiO2 was matched with ref. No. 01-084-1285 and that the GS-TiO2

nanoparticles showed highly crystalline and pure phase formation. Com-TiO2 XRD
pattern showed in Figure 2(b). The average crystalline size of GS-TiO2 nanoparticles
was calculated using Scherrer’s formula [42]. The estimated average crystallite size
was measured by using the first 3 major peaks of GS-TiO2 nanoparticles was found to
be 23.8 nm based on FWHM (full width at half-maximum) from the XRD pattern.

D ¼ kλ
βcosθ

(2)

Where, D—average crystallite size, λ—wavelength, k—Debye Scherrer constant,
θ—Bragg’s diffraction angle, β—full width half-maximum (FWHM).

The FTIR spectrum of GS-TiO2 and Averrhoa bilimbi fruits extract were show
in Figure 3(a) and (b) respectively. The transmittance was observed in the
4000–500 cm�1 range. The A. bilimbi fruits extract was analyzed using FTIR spec-
troscopy to see if any organic functional groups could act as a capping agent on the
GS-TiO2 nanoparticles. The peaks (Figure 3(a) at the frequencies 3440, 2926, 1635,

Figure 2.
(a) XRD pattern of GS-TiO2 nanoparticles. (b) XRD pattern of Com-TiO2 nanoparticles.
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1382, 1104, 750 cm�1 corresponded to the NH and OH group, CdH stretching and
bending, C]O stretching, CdO stretching, CdN stretching and C-Br stretching
frequency respectively [43]. In Figure 3(b), Ti-O stretching modes are represented by
the absorption peak between 500 and 600 cm�1 [44]. From the Figure 3(a) and (b)
showed the FTIR spectroscopy of GS-TiO2 and A. bilimbi fruits extract similar
vibration frequency. The stretching frequency of alkyl halide peak was shifted from

Figure 3.
(a) FTIR spectrum of Averrhoa bilimbi fruits extract. (b) FTIR spectrum of GS-TiO2 nanoparticles.
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750 to 600 cm�1.This demonstrated that A. bilimbi fruits extract acts as a capping
layer on the GS-TiO2 nanoparticles.

Morphology and particle size of the GS-TiO2 nanoparticles were characterized by
SEM and TEM analyses. Figure 4 showed the GS-TiO2 nanoparticles was agglomer-
ated and uneven spherical shape. TEM images (Figure 5) revealed that similar mor-
phology structure with uneven particle size and highly crystallized with average
particle size was found to be15 nm of GS-TiO2 nanoparticles, respectively. The anatase
phase form of GS-TiO2 nanoparticles tetragonal lattice planes (101) was matched to
the lattice spacing of 0.35 nm, which were obtained from XRD pattern [45].

Overall, the SEM and TEM analyses demonstrated that the green synthesis method
was very useful for the preparation of nano sized, pure anatase phase and mesoporous
structural properties of GS-TiO2 nanoparticles. Because of the developed GS-TiO2 has
the greatest potential for charge transfer process and dye adsorption on the pure
anatase surface of TiO2, it could be used to develop an efficient DSSCs device.

The EDX analysis (Figure 6) showed the purity of the GS-TiO2 nanoparticles as
well as the presence of Ti and O at atomic percentages of 45.71 and 54.29, respectively.
Because no other peaks determined in the EDX spectrum, the purity of the GS-TiO2

nanoparticles was clearly shown.

3.1.1 Characterization of DPT doped polymer electrolyte

DSC analysis was used to study about the thermal stability of the polymer electro-
lytes. The DSC curves of the polymer electrolyte measurement range was set between
40°C and 300°C in nitrogen atmosphere. As shown in Figure 7, the melting temper-
ature of prepared polymer electrolyte (PEG/KI/I2) observed a sharp endothermic peak
at 58°C and after DPT doped in electrolyte exhibited more broadening endothermic
peak at 86°C, respectively. This broadening endothermic peak confirms the DPT
organic compound well interacted with the PEG/KI/I2 electrolyte and improved the
conductivity in PEG polymer.

The weight loss of the PEG polymer electrolyte was determined using thermogra-
vimetric analysis. Figure 8 depicts the PEG polymer electrolyte weight loss at 420°Cwith
the scan range set between 50 and 500°C [46]. All the electrolyte showed the first stage
of weight loss from 100 to 180°C, due to the decomposition of PEG polymer matrix. The

Figure 4.
SEM images of GS-TiO2 nanoparticles.
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Figure 6.
EDX spectrum of GS-TiO2 nanoparticles.

Figure 5.
TEM images of GS-TiO2 nanoparticles.
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TGA graph showed that the DPT interacts well with PEG and maintains thermal stabil-
ity, confirming that the synthesized organic compound doped polymer electrolyte
decomposed above 420°C. Altogether, both thermal stability changes in the melting
temperature and weight loss range can be observed, after the addition of DPT doped PEG
polymer electrolyte. Thermal stability study, clearly explained about the thermal behav-
ior in DPT doped electrolyte which is a good stability electrolyte in DSSCs performances.

The PEG polymer XRD (Figure 9) revealed that major peaks with high intensity
observed at 2θ = 19.8° (120), 23.2° (032), 27.0° (024), 27.4° (024), 31.0° (220), 36.4°
(111) and 43.3° (200) for PEG/KI/I2 and reveals that more crystalline phase. This
intensity peak was matched with PEG polymer [47]. In the case of PEG/KI/I2/DPT
polymer electrolyte, showed the similar diffraction and low intensity peaks were
observed, indicating that the polymer has a low crystallinity. This finding showed that
the potassium iodide salt is completely miscible in the polymer matrix and reduces the
crystallinity of the polymer electrolyte. When the polymer electrolyte (PEG/KI/I2/
DPT) is doped with the organic compound DPT, more broadening and fewer intensi-
ties are observed, as shown in Figure 9. These finding suggests that the incorporation

Figure 7.
DSC analysis of polymer electrolytes.

Figure 8.
TGA analysis of polymer electrolyte.
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of the DPT organic compound influenced PEG crystallization and good amorphous
electrolyte for DSSCs applications.

Functional groups of PEG polymer electrolyte were characterized by FTIR, ranges
from 4000 to 500 cm�1. Figure 10 showed a wide absorption peak displayed at
3300–3500 cm�1 contributed to the OdH and NdH functional groups present
in the polymer electrolyte. The CdH bending and stretching was observed at
2882–1342 cm�1, OdH frequency at 1280 cm�1, CdOdH stretching frequency
observed at 1094 cm�, respectively. All the PEG polymer functional groups exactly
matched with the prepared electrolyte [48]. From the FTIR spectrum the vibration
frequency intensity was changed in the DPT doped polymer electrolyte and the peak
was shifted from 1450 to 1533 cm�1. This statement the miscibility of the DPT organic
compound doped in PEG polymer electrolyte revealed by FTIR.

Figure 9.
XRD pattern of polymer electrolytes.

Figure 10.
FTIR spectrum of polymer electrolytes.
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The interfaces of GS-TiO2/PEG/KI/I2/DPT and GS-TiO2/PEG/KI/I2 were measured
under dark condition during the electrochemical process. The scan range was mea-
sured at 400 kHz–300 MHz using a single sign mode of set Ewe to E of 0.800 V. In
specific, the potential values were taken from the Nyquist plot which is given in
Figure 11. Thickens of the electrolyte measured by vernier caliper. The conductivity
of the electrolyte was derived from the Eq. (3).

σ ¼ t
Rb

A (3)

Where, t—thickness of electrolyte, Rb —Bulk resistance, A—surface area [39].
The ionic conductivity values calculated for the GS-TiO2/PEG/KI/I2 and GS-TiO2/

PEG/KI/I2/DPT electrolyte. The GS-TiO2/PEG/KI/I2 and GS-TiO2/PEG/KI/I2/DPT elec-
trolyte attained conductivity at 2.9788 � 10�4 and 5.7836 � 10�4 Scm�1 respectively.
The conductivity of DPT doped electrolyte was found to be increased. In general, the
addition of KI and I2 to the polymer electrolyte, increases conductivity. Therefore, the
conductivity is accelerated by the incorporation of organic compounds. It is well known
that decrease in crystallinity improves the randomness of the polymer chain, resulting
in free space and improved ion mobility. The increased interaction of nitrogen present
in DPT compound with iodine in the redox mediator has been recognized by the high
conductivity of DPT doped in the PEG polymer electrolyte. The conductivity results
supported the concept of incorporating a polymer matrix with an DPT organic com-
pound and an I�/I3

� redox pair to improve the conductivity of a PEG polymer electro-
lyte in order to improve the efficiency and stability of DSSCs device.

3.2 I-V studies

Comparison of Com.TiO2 and GS-TiO2 photoelectrochemical behavior with DPT
doped polymer electrolyte measured under 100mWcm�2 sun illumination at A.M. 1.5.
Table 1 summarizes the photo electrochemical properties and showed in Figure 12. In

Figure 11.
Nyquist plot of polymer electrolytes.
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the dye-sensitized solar cell field, N3 dye coated GS-TiO2 with PEG/KI/I2/DPT poly-
mer electrolyte reported a higher efficiency of 5.2%. At the same time Com.TiO2 with
PEG/KI/I2/DPT polymer electrolyte showed the efficiency of 6.7%. The current study
thus confirms the feasibility of developing DPT doped PEG polymer electrolyte with
novel lab-prepared GS-TiO2 to improve the photovoltaic properties of DSSCs. The GS-
TiO2 obtained through an environmentally friendly method has a high efficiency.

3.3 Conclusion

TiO2 nanoparticles were effectively prepared using A. bilimbi fruits by green
synthesis method. The GS-TiO2 surface morphology was analyzed using SEM, UV and
XRD confirmed the GS-TiO2 is a more crystallite structure, good band gap (3.2 eV)
and small particle size (15 nm). FTIR spectrum confirmed that the present of plant
functional group acts as a capping agent on the GS-TiO2 nanoparticles. The PEG/KI/I2
electrolyte with DPT dopant improve the conductivity, stability and ionic mobility of
the PEG polymer and improves the power conversion efficiency in DSSC device
owing to the presence of more electron donating group in dopant DPT. The GS-TiO2

and PEG polymer electrolyte based DSSC cell attained energy conversion efficiency of
5.2%. This way of utilizing natural TiO2 in DSSC applications with reduced cost and
chemicals requirements, eco-friendly and also the usage of PEG polymer with DPT
dopant-based electrolyte for stability improvements in the DSSCs performances.

System Joc (mA/cm2) Voc (V) FF Efficiency (η) %

TiO2(p-25)/N3dye/KI/I2/PEG/DPT/Pt 14.7 0.86 0.53 6.7

Green TiO2/N3dye/KI/I2/PEG/DPT/Pt 11.6 0.84 0.53 5.2

Table 1.
Photo electrochemical properties of GS-TiO2 and Com-TiO2 with DPT doped polymer electrolyte.

Figure 12.
I–V curves of GS-TiO2 and Com-TiO2 with DPT doped polymer electrolyte.
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Abstract

Biotechnology has a foremost role in the textile industry by enhancing ecofriendly, 
cost-effective, and energy-efficient manufacturing processes. The use of enzymatic 
biotechnology is one of the sustainable newly developed state-of-the-art processes for 
textile processing. To reduce the use of toxic and hazardous chemicals, enzymes have 
been proposed as one of the finest promising alternatives. Many enzymes have been 
used widely in textile processes such as lipase, laccase, pectinase, cellulase, catalase, 
amylase, and protease. The enzymatic use in the textile industry is very promising 
because they produce top-class goods, and give way to the reduction of water, time, 
and energy. The increasing demand for natural dyes especially with the incorpora-
tion of enzymes makes process more sustainable and eco-friendlier to suppress the 
toxicity of synthetic dyes. In the first part of the chapter, particular attention has been 
given to the source and extraction of natural dyes. In the second part of the chapter, 
different enzymes and their possible roles in the textile industry have been discussed. 
It is expected that this chapter will provide an innovative direction to the academic 
researchers, the community of textile and traders as well as artisans who are working 
in the area of biotechnological applications for the betterment of textile processing.

Keywords: bio-processing, bio-bleaching, bio-desizing, bio-mercerization, sustainable 
coloration

1. Introduction

The textile industry is one of the fundamental requirements of human beings 
which also contributes significantly to the growing economies of many developing 
nations. The consumption of textile materials is expanding as a result of a growing 
population and increased per capita textile demand [1, 2]. However, the traditional 
approach of textile wet processing needs several processes by using dangerous 
chemicals, high salt concentrations, and a lot of resource consumption before it 
produces a completed fabric. This approach is criticized for its negative environmen-
tal effects due to its toxicity [3]. Implementation of enzymes in textile wet processing 
is guided by friendly environmental awareness. Enzymes are used in the textile sector, 
which appears to establish a perfect balance between commercial requirements and 
the creation of environmentally beneficial products [4]. Enzymatic procedures are 
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extensively utilized in the chemical processing of textiles to reduce environmental 
risks and prevent the excessive use of toxic chemicals. Enzyme biotechnology is a 
sustainable and effective method that has been utilized in many manufacturing 
procedures as a favorable alternative to synthetic catalysis with benefits in terms 
of productivity and sustainability as well as creating top-quality textile fabrics [5]. 
Enzymatic catalysis is an effective instrument that can be used in the industrial 
setting and allows for the resolution of most environmental sustainability-related 
problems, particularly those involving the usage of dangerous chemicals. Enzyme 
utilization has the potential to significantly lessen the negative effects of industrial 
processes on the environment [6].

Enzymes are natural and biodegradable proteins that are frequently employed in 
industries to replace dangerous chemicals since they operate under compassionate 
circumstances and are durable, safe, and disposable. Enzymes have important roles in 
reducing contaminants, bio-finishing to improve esthetics, removing fabric fur from 
the surface, bio-bleaching of cotton to give it an excellent matte texture, and remov-
ing leftover hydrogen peroxide after bleaching [7]. Oxidoreductases and hydrolases 
are two major enzymes used in the textile industry. The hydrolase class comprising 
catalase, amylase, pectinase, lipase, and cellulose are utilized in desizing, biopolish-
ing, bioscouring, and bleaching processes in textile industries [8]. The oxidoreductase 
class of enzymes comprises trans-glutaminases, which are used to modify the proper-
ties of synthetic fibers whereas laccases are used to decolorize the fabrics. Since syn-
thetic dyes have demonstrated harmful qualities over natural dyes, researchers have 
drawn towards natural dyes due to their eco-friendliness [9]. The other beneficial 
aspects of natural dyes over artificial dyes are, the natural dyes are disposable, and the 
byproducts produced during the dyeing process are less harmful to the environment 
[10]. Moreover, natural dyes have a calming effect and provide beautiful colors and 
adorable shades, which make textiles appealing to consumers [11]. The majority of 
dye-producing plants also exhibit anti-oxidant properties, ultraviolet protection, and 
antimicrobial potential. Precisely, natural dyes give textiles some additional finishing 
qualities in addition to color [12].

2. Resources of natural dyes

Various natural sources have been used to create natural colorants, these have 
been categorized as plants, animals, minerals, and microorganisms [13]. Natural Dye 
Research and Development Project, in Turkish known as DOBAG, was launched in 
Turkey in 1981 in collaboration with Polytechnic University, Istanbul, and was very 
successful in reviving the forgotten craft of naturally colored textiles [14]. Several 
natural dyeing supplies have now been discovered because of research initiatives by 
individuals and organizations as well as information exchange at several conven-
tions, festivals, seminars, and articles [15]. There is now a huge amount of knowledge 
concerning various sources of natural dyes in the literature.

2.1 Plant origin

Several natural colorants have originated from plants in history like an alkane, 
annatto, madder, chamomile, sappers, coreopsis, etc. Natural dye supplies include a 
variety of plant components such as leaves, roots, stump branches, core wood, wood 
shavings, bark, fruits, flowers, hulls, and husks [16]. For example, leaves of Indigofera 
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tinctoria are used to make the well-known natural blue color indigo. Some plant-
based dyes are used for other purposes as well, such as food coloring and traditional 
medicine, and as a result, there is a commercial supply chain for these dyes [17]. The 
commercial availability of natural dyes has expanded due to a resurgence in interest 
in them.

2.1.1 Blue dye

The king of natural dyes, Indigo, is the only significant natural dye in blue color 
which could be extracted from the I. tinctoria plant leaves. Since, indigo has been 
utilized for producing a blue hue since ancient times and is currently the most popu-
lar denim material [17]. More precisely, a pale-yellow chemical known as Indican 
serves as the coloring component, and it is found in the leaves of indigo plants. 
Interestingly, indigo plants in approximately one-acre area can produce roughly 
5000 kg of leaves, which can be converted into 50 kg of pure natural indigo powder. 
Several plants, besides the Indigofera species, may be utilized to make indigo dye 
such as woad, a plant that naturally produces indigo in Europe. In addition, Wrightia 
tinctoria and Dyer’s knotweed (Polygonum tinctorium) are two other plants that have 
historically been used to make indigo [18]. Unfortunately, natural indigo got declined 
after the production of synthetic indigo in 1987 which attained more preference over 
natural one.

2.1.2 Red dye

Red natural dyes can be found in a variety of plant sources. Natural red dyes called 
madder are made from plants of Rubia plant (Hosseinnezhad et al., 2021) “queen of 
natural dyes”. Between 3 and 5 tonnes of roots and 150–200 kg of dye are produced per 
hectare by the 3-year-old plant [19]. In addition to the roots, the plant also has dye in the 
stems and other sections like dried root chips or stem pieces after soaking in cold water 
before being used to extract the dye. Being a mordant dye, it creates insoluble multi-
plexes with the metal ions existing on mordanted fabric to generate vivid colors. Pink 
and red hues are frequently produced with alum where’s the alum and iron together yield 
purple hues. A variety of red could also be generated by mixing other mordants with the 
main metallic salt, alum [20]. The sappan wood often referred to as “Patang,” is a tiny 
tree that produces a red dye often found in India, Malaysia, and Philippines. Caesalpinia 
echinate, the Brazil wood named after the word Braza which means flaming like fire due 
to the vivid red color of its wood, also contains the same dye.

Another red pigment-producing tree is Morinda citrifolia which is found in Sri 
Lanka and India. The 3–4 years old tree provides a good quantity of coloring matter 
from its bark and roots. A variety of colors, including chocolate and purple, can be 
produced by using different mordants [21]. Additionally, an annual herb known as 
safflower is believed to have come from Afghanistan and has been used to extract the 
dye. This herb developed an astonishing cheery red shade on silk and cotton. Dried 
safflower florets are repeatedly washed in acidic water to get rid of all the yellow color 
water-soluble material before the removal of the dye [22].

2.1.3 Yellow dyes

A well-known source of yellow dye is turmeric which is extracted from turmeric 
rhizomes, whether they are fresh or dried, and are used to make the color on wool, 
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silk, and cotton. The coloring material present in turmeric is curcumin, which 
belongs to the diaroylmethane class [23]. To increase the fastness qualities and 
range of adorable shades, different mordants can be used. Saffron is also a good 
source of vintage yellow dye from the Iridaceae family that is made up of the desic-
cated stigmas of the Crocus sativus plant. By boiling flower stigmas in water, the dye 
is released and produces a vivid yellow hue on cotton, silk, and wool [24]. Berberis 
aristata commonly known as the barberry plant is also a well-reputed source of 
yellow dye. The roots, bark, and stems of the barberry plant are used to extract the 
yellow dye and can be used directly to color silk and wool with average lightfastness 
and good washing fastness properties [25].

Another source, pomegranate (Punica granatum) fruit rinds, which are high 
in tannin, are used for mordanting. It is also used in conjunction with turmeric to 
increase the dyed fabrics’ light resistance. Myrobolan (Terminalia chebula) fruits 
also have high tannin content. The dried fruit also contains a natural colorant 
which develops a vivid yellow color for all textile fabrics. Moreover, myrobolan 
can also be employed as a natural mordant for natural dyes fixing on textile 
fabrics.

Marigold (Tagetus spp.) is also frequently employed to create garlands and floral 
accents due to its vivid yellow flowers. It comes in a variety of colors, such as yel-
low, golden yellow, orange, and others [26]. The primary yellow coloring agents are 
Quercetagetol, a flavonol together with two of its glycosides, and lutein which exerts 
good fastness characteristics of wool and silk. This dye can be used to quickly create 
colors on cotton when combined with mordants. Besides, the flame of the forest tree 
named Butea monosperma color all natural fibers. By using correct mordants, the dye 
extracted from the bright orange flowers of this tree develops vivid yellow, brown, 
and orange colors. Mallotus sphillipensis’s  dried fruit capsules, known as Kamala, 
produce a reddish-orange powder. A vibrant yellow-orange and yellow-golden hue 
developed onto silk and wool [27]. Similarly, the outside layer of onions, Allium cepa, 
which is typically discarded like trash, be able to be utilized to extract natural yellow 
colorant. The chemical makeup of the dye is a flavonoid, and it gives wool and silk 
vibrant colors. A suitable mordant can be used to dye cotton with average washing 
and light resistance properties.

2.1.4 Black and Brown dye

Oak galls are utilized for mordanting because they are high in tannin and also 
be employed to achieve a brown hue. Catechu or cutch, which is made from the 
heartwood of Acacia catechu employed to dye cotton, wool, and silk [28]. It has a lot 
of tannins as well and can be dyed black using iron mordant. By iron mordanting, 
many yellow and red dyes can also be turned black. Likewise, the heartwood of the 
Haematoxylon campechianum tree, which is located in the West Indies and Mexico, 
was used to extract the famous logwood black hue, which is quite sharp and has excel-
lent fastness capabilities [29].

Some other research reports the valorization of some natural wastes such as 
olive wastewater by its use as a possible dye bath for dyeing textile fibers. During 
olive oil extraction, dark brown to black effluent was produced which was charac-
terized by a high organic load including polyphenols and tannins. Darker brown 
shades were developed with generally good fastness which demonstrates that 
protein fibers, cotton, and other synthetic fibers possess a high affinity to this 
aqueous extract.
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3. Natural dyes production and extraction techniques

Natural colors are typically derived from diverse plant parts, distinct from 
synthetic dyes, which are created from chemical predecessors. These dye-bearing 
materials typically only have a 0.5–5% dye content and these plant ingredients cannot 
be used directly for the dyeing process [30]. Additionally, a lot of plant materi-
als, including flowers and fruits, are seasonal and contain a lot of water, making it 
impossible to store them in their natural state. Therefore, these are put through some 
processing procedures to make them appropriate for dyeing in textile industry needs 
and to make them accessible all around the year [31]. To lower their contents of water 
to about 10–15% or less, collected constituents of plants are desiccated at first, either 
in the shadow or at a low temperature of 40–50°C in a hot air dryer. To minimize 
particle size and improve dye extraction, the dried material is subsequently ground 
into a powder [11]. In most situations, these powdered and dried components can be 
kept for at least a year in sealed bags or containers and utilized for dying whenever 
necessary. To create pure dye powders, the dye must first be extracted from materi-
als containing dye. Due to the use of several types of machinery and higher energy 
consumption throughout various processing activities, these refined versions are 
expensive [32]. Additionally, because dye extraction happens simultaneously with 
dyeing, its effectiveness is lower when compared to using powdered crude dye-
bearing material [33].

Since the amount of coloring matter or dye present in natural dye-bearing 
materials is relatively low, along with other plant and animal compounds like water-
insoluble fibers, carbohydrates, protein, chlorophyll, and tannins, among others, 
extraction is a crucial step both in the production of purified natural dyes as well 
as in the processing of raw dye-bearing materials [34]. Before using an extraction 
procedure, the type and solubility characteristics of the coloring components must 
be studied [35]. Many conventional and non-conventional techniques for extracting 
colored ingredients are described in the following.

3.1 Conventional extraction methods

3.1.1 Aqueous extraction

Plants and other materials were previously utilized to extract colors using 
aqueous extraction. To increase the effectiveness of the extraction process, the 
material which is comprising dyes is at first fragmented into tiny bits or powdered 
before being sieved [36]. It is then immersed in water for a long period typically 
overnight in earthen, wooden, or metal vessels (ideally copper or stainless steel) 
to release the cell structure [37]. The dye solution is then extracted and filtered 
to eliminate any remaining non-dye plant material. To get rid of the non-dye 
parts, the boiling and filtering operation is repeated, and centrifuges are typi-
cally used to separate leftover material. The elimination of tiny plant materials 
and improved solubility of the purified natural dye can both be achieved by using 
trickling filters [29].

The extract generated by this procedure may be employed to the constituents 
of the textile with ease because many dyeing processes are conducted in aqueous 
solutions. This extraction method has several drawbacks, including a lengthy 
extraction period, a significant amount of water needed, the usage of elevated 
temperatures, and a negligible yield of dye because merely the water-soluble 
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color constituents are removed, even though numerous dyes comprise little water 
solubility [38]. As well as the dye, other water-soluble materials are also extracted, 
these materials may need to be eliminated if the extract is to be condensed and 
turned into a fine powder. Boiling temperature reduces the yield of heat-sensitive 
dye compounds therefore a low temperature should be optimized for the extraction 
in these circumstances [39].

3.1.2 Acid and alkali extraction process

Many colors exist as glycosides, they can be removed using diluted acidic or alka-
line solutions. Greater extraction and elevated yield of coloring constituents occur 
from the hydrolysis of glycosides being facilitated by the addition of acid or alkali 
[40]. Tesu (B. monosperma) flower petals are utilized to extract the dye by an acid 
hydrolysis procedure. To avoid oxidative degradation, some flavone dyes are extracted 
using acidified water [41].

Alkali and alkaline extraction are appropriate for dyes with phenolic groups as it 
increases the yield of the color. This method is also used to extract rose-red colorant from 
petals safflower. One drawback of this procedure is that few dyeing components might be 
degraded in alkaline environments because some natural dyes are pH-sensitive [42]. The 
colorants which exist naturally are typically a combination of many biochemical compo-
nents, altering the pH of the extraction medium by complementing alkali or acid able to 
cause the extraction of various colorant components, which can result in a range of color 
outcomes and colorfastness characteristics [43]. To determine the ideal optimization for 
dye extraction, numerous scholars have investigated natural dye extraction under numer-
ous conditions of pH and equated the fastness and shade attributes of tinted fabrics [44].

3.1.3 Solvent extraction

Depending on their nature, natural coloring substances can also be extracted by 
utilizing natural solvents like chloroform, methanol, petroleum ether, acetone, ethanol, 
or mixtures of solvents like ethanol and methanol, water, alcohol, etc. [45]. Both water-
soluble and water-insoluble materials can be extracted from plant resources using the 
water/alcohol extraction method. As a result of the ability to extract a greater variety of 
chemicals and coloring ingredients than the aqueous approach [46]. Alcoholic solvents 
may also be used with an acid or alkali to aid in the hydrolysis of glycosides and the release 
of coloring components. The ability to readily remove and reuse solvents makes it simpler 
to purify extracted colors. Because extraction is done at a lower temperature, there is less 
danger of deterioration [47]. The method’s drawbacks include the greenhouse effect of 
the poisonous leftover solvents and requiring an aqueous solution for the dyeing process 
because the extracted substance is not easily soluble in water. Problems can also result 
from the co-extraction of compounds like waxy polymers and chlorophylls [41].

3.2 Non-conventional extraction methods

3.2.1 Ultrasonic and microwave extraction

These are ultrasound and microwave-assisted extraction techniques, in which 
the use of ultrasound or microwaves improves extraction efficiency and reduces the 
amount of solvent needed as well as the extraction time [48]. Ultrasound induces the 
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formation of tiny bubbles or cavitation in the liquid when the plant components are 
preserved with water or some additional solvent. This results in the cavity collapsing 
or the bubbles bursting, which raises the temperature and pressure [49]. The extrac-
tion efficiency is quickly increased when extremely high temperatures and pressures 
are created. Many studies have lately reported using this extraction approach as the 
quest for novel dye sources and efforts to improve dye extraction continue [50].

In microwave extraction, the natural sources are processed in the existence of 
microwave energy sources with the least amount of solvent possible. The procedures 
are accelerated by the microwave, allowing for faster and more effective extraction 
[51]. The decrease in temperature of extraction, utilization of solvent, and dura-
tion show consequences in less energy utilization. Both extractions ultrasound and 
microwave may be regarded as green methods [52].

3.2.2 Fermentation

Fermentation accelerates the process of extraction by using the enzymes which are 
generated by microbes found in the environment or natural resources. The most typical 
instance of this kind of extraction is indigo extraction in which newly collected indigo 
twigs and leaves are immersed in warm water (about 32°C) [38]. As fermentation pro-
gresses, the indimulsin enzyme, which is also present in the leaves, converts the colorful 
indigo-containing glucoside indican into glucose and indoxyl. In about 10–15 hours, 
fermentation is finished, and the indoxyl-containing yellow fluid is formally trans-
ferred to whipping tanks where indoxyl is became oxidized through the air and turned 
into the blue color, insoluble indigotin that sinks to the bottom [53]. It is collected, 
cleaned, and then pressed to remove the extra water. Other colorants, such as annatto, 
can also be extracted using this method. Except for not requiring high temperatures, the 
fermentation process is comparable to aqueous extraction [28]. The bacteria naturally 
break down the chemicals that bind coloring materials. The drawbacks of this method 
include a lengthy extraction process, the requirement to extract pigments right away 
after harvesting, a bad odor brought on by microbial activity, and others [54].

3.2.3 Supercritical fluid extraction

Supercritical fluid extraction is a developing field in the purification and extraction of 
natural products. Above its critical temperature and pressure, a gas behaves as a super-
critical fluid. A fluid like this has physical characteristics that fall midway between a liquid 
and a gas [55]. They have substantially lower surface tension than liquids, which allows 
them to spread out along a surface more quickly [56]. As a result of their low viscosity 
and excellent diffusivity, they interact with the substrate more effectively. The ability to 
dissolve the matter in every solvent is increased at elevated pressures and temperatures, 
and these circumstances are required to sustain a gas in supercritical conditions.

Carbon dioxide (CO2) supercritical fluid extraction is a viable substitute for 
solvent extraction since it is inexpensive, simple to use, non-toxic, and residue-free. 
CO2 supercritical extractions normally take place between 32 and 49°C between 1070 
and 3500 psi of pressure [57]. The procedure has acquired popularity in the extrac-
tion of purely natural ingredients for culinary and medicinal uses because the extract 
is off-loaded from leftover traces of solvent, and heavy-weight metals, and is bright 
colored because of the lack of polar polymerizing chemicals. The method’s drawbacks 
include expensive equipment costs and polar chemical extraction [58].
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3.2.4 Enzymatic extraction

Commercially accessible enzymes like pectinase, cellulase, and amylase have been 
utilized by certain scholars to loosen the nearby component, allowing the extraction 
of dye molecules under more benign situations [59]. This is because plant tissues 
comprise cellulose, starches, and pectins as fixing components. This method might be 
useful for getting dye out of tough plant components like bark, roots, and the like [60].

4. Microbial-origin enzymes in textile industry

The use of enzymes in the textile industry is an example of white/industrial 
biotechnology, which allows the development of environmentally friendly technolo-
gies in fiber processing and strategies to improve the final product quality [61]. The 
enzymes in the textile industry is an example of white/industrial biotechnology, 
which allows the development of environmentally friendly technologies in fiber 
processing and strategies to improve the final product quality. The enzymes utiliza-
tion is an illustration of white/modern biotechnology that improve the final product 
quality and permits the expansion of technologies that are approachable to the 
environment [62].

Various microbial enzymes are utilized in the clothing industry at various 
stages on behalf of finishing and waste degradation purposes. Because of its less 
harmful technology and extremely low waste production, the enzyme in textiles 
is responsible for a big profit worldwide [63]. Amylases are frequently utilized for 
the desizing process in the preliminary finishing area, and cellulases are frequently 
used for softening, bio-stoning, and lowering the pilling tendency for cotton items 
in the finishing area [64]. Microorganisms are employed for enzyme manufacturing 
because they have a rapid capacity to adapt to any condition and can create a wide 
variety of enzymes. Bacillus amyloliquefaciens-derived α-amylase worked at pH 6.5 
and 60°C for one hour with 100% desizing efficiency [65]. Amylase extracted from 
Aspergillus niger and Aspergillus flavus has increased desizing efficiency (A. niger 
96%, A. flavus 90%), and its absorbency and controllable impurities have signifi-
cantly improved [66]. Chitosan reduces the amount of enzyme needed by two-
thirds while improving the desizing effect when combined with mesophilic amylase 
is thermally stable at high-temperature desizing [67]. A thermostable cellulase 
extracted from Talaromyces emersonii is used to treat jute-based fabrics and show 
greater brightness, handling, and enduring softness. Due to flavonoid oxidation, 
laccase from Trametes hirsute with mediator improves cotton’s whiteness [10]. To 
provide whiteness, the complex enzymes Laccase and Peroxidase effectively break 
down and eliminate lignin from flax fabrics [68]. Another key benefit of adopting 
microbial enzymes is that the microorganisms are easily biotechnologically altered 
to produce more enzymes.

The two primary classes of enzymes utilized in the pre-treatment of cotton are 
oxidoreductase and hydrolase. Pectinase, a crucial enzyme extracted from the wide-
spread bacterium Bacillus subtilis, is utilized to increase the scouring impact of cotton 
fibers whereas for the processing of cotton, catalase from Aspergillus flavus is utilized. 
Bacillus appears to be a relatively widespread microbe that produces a variety of 
enzymes that are extremely useful in the finishing process for textiles. Applications for 
enzymes include the fading of both denim and non-denim, bio-scouring, bio-polish-
ing, finishing wool, removing peroxide, decolorizing dyestuff, etc. [64] (Table 1).
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5. Enzymes in textile

Due to its nontoxic and eco-friendly qualities, enzyme utilization in the textile sec-
tor is increasingly getting attention around the world. They also have the advantage 
of being able to work on specified substrates [75]. Some of the main enzymes used in 
processing textiles are discussed in the following.

5.1 Amylases

The most widely utilized enzyme in the clothing industry is amylase which works 
by breaking the starch molecules to make various compounds, for instance, dextrins 
and ever-smaller polymers made of glucose units [76]. The two types of starch-
hydrolyzing enzymes, α-amylases, and β-amylases are categorized based on the kind 
of sugars they create. Various fungi, yeasts, and bacteria produce amylases, however 
the enzymes most frequently employed in the industry are from filamentous fungi 
and bacteria. Most fungi and bacteria’s α-amylases are constant throughout a varied 
pH scale, from 4 to 11 [77]. Typically, it serves as a desizing agent by eliminating the 
sizing components (which are starch and its derivatives) without harming the fabric. 
The α-amylases enzyme hydrolyzes the α-1 → 4 glycosidic linkages more quickly than 
the β-amylases, that’s why it is also known as alpha-enzyme [78]. Amylases are occa-
sionally added including other enzymes (pectinases and cellulases) during processes 
like bio-scouring to lower the operating costs.

Enzyme Source Use in textile References

Cellulase Bacillus sp., Streptomyces albaduncus, Aspergillus 
oryzae, Trichoderma reesei, Chaetomium 
globosum, Hypocrea jecorina, Trichoderma viride 
G, Aspergillus nidulans AJ SU04

Bio-stoning, bio-polishing, and 
softening of denim

[69]

Catalase Micrococcus luteus, Bacillus sp., Bacillus 
cereus, Flavobacterium sp., Bacillus pumilus.

Used after bleaching for cotton 
processing, Biostone washing, 
Bio polishing of cotton fabrics

[70]

Amylase Bacillus sp., S. albaduncus, S. albaduncus, 
Bacillus sp. SI-136, Bacillus sp. SI-136, B. 
cereus, Aspergillus niger, Aspergillus flavus, 
Aspergillus niger SH-2, Penenzim HSE, 
Bacillus subtilis MTCC 121, Aspergillus 
tamari, Aspergillus tamari.

Remove starchy layer, De-sizing 
of cotton fabrics

[71]

Protease Bacillus licheniformis, Arthrobacter, 
Streptomyces, Flavobacterium sp., Bacillus sp.

Prevent decolonization of denim, 
antifelting finishing treatment on 
wool and silk fabrics

[72]

Pectinase B. subtilis, Paecilomyces variotii, B. pumilus 
AJK, Streptomyces griseus, Candida.

Hydrolysis of pection in cotton 
fiber preparation, scouring of 
cotton

[73]

Lipase Aspergillus niger, Candida cylindracea, 
Candida rugose, Streptomyces acrimycini NGP 
1, S. albogriseolus NGP 2, S. variabilis NGP, 
B. licheniformis, Pseudomonas fluorescens, 
Bacillus sonorensis, Thermomyces lanoginosus.

Modification of Polyester 
fabrics, Bio-scouring of cotton 
fabrics, Surface modification of 
Polyethylenetere-phthalate fibers

[74]

Table 1. 
Microorganism-based enzymes and their role in textile.
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Traditionally, size materials have been put into the warp yarns to ensure seamless 
weaving. The majority of the ingredients used to scale the warp yarns are starch-based. 
Before bleaching and coloring, the sizing protecting layers from the yarns must be 
eliminated [79]. De-sizing refers to the procedure of eradicating the size components 
from the warp yarns. Traditionally, desizing is accomplished by applying chemicals 
(acid, alkali, oxidizing agents) to the woven cloth at higher temperatures. Furthermore, 
the starch cannot be adequately removed using these traditional methods, which results 
in inconsistent coloring. The chemicals used in the traditional procedure degrade cotton 
fabric as well, which results in cotton cloth losing its natural feel. After the procedure, 
the leftover chemicals are released into the environment, which seriously pollutes the 
ecosystem [80]. Enzymatic desizing is regarded as the industry’s first commercialized 
use of biotechnology in the textile industry. The enzyme amylase is applied to the woven 
cloth to break down the starch, which then cleans the warp thread. The α-amylase is 
one of these three amylases that are best suited for the hydrolysis of starch [81]. These 
enzymes create dextrin, which is easily removed by water, by breaking the connec-
tion between both the glucose molecules in the starch polymer. The use of chemicals 
will be reduced due to the lower treatment temperature and the gentler pH condition. 
Although a wide range of yeasts, fungi, and bacteria are employed to manufacture 
α-amylases [79]. According to a study, using ultrasonic waves increases the efficiency 
of amylase enzymes during the de-sizing process. Amylase can be used with hydrogen 
peroxide or cellulase to increase the pretreated fabric absorbency, dye uptake, and 
rigidity. Novozyme invented a commercial alkali stable enzyme that can be employed 
in a wide pH (6–10) and temperature (30–90°C) range [82]. It has also been found that 
immobilized amylase, is less susceptible to pH, chemicals, and temperature [83]. The 
immobilized amylase has potential industrial applications using the magnetic cross-
linked enzyme aggregation technique. For prolonged usage, this immobilized enzyme is 
simply detached under a magnetic field [84].

5.2 Pectinases

The middle lamella of plant cell walls contains complex polysaccharides like pectin 
and other compounds. The complex group of enzymes known as pectinases is respon-
sible for the breakdown of these compounds. In nature, saprophytes and plant patho-
gens (bacteria and fungi) largely create them for the breakdown of plant cell walls. 
Pectin degrading enzymes fall into three categories: polygalacturonases (PGs), pectin 
esterases (PEs), and polygalacturonate lyases (PGLs) [85]. In addition to bacteria and 
fungi, pectin esterases are primarily produced by plants like tomatoes, citrus fruits, 
and bananas. Most microbial and plant PEs have a molecular weight of 3050 kDa 
where the ideal pH for their activity ranges from 4.0 to 7.0. Polygalacturonases are a 
class of enzymes that hydrolyze α-1,4 glycosidic bonds in pectin by utilizing mutu-
ally endo- and exo-splitting methods [77]. These enzymes are frequently found with 
molecular weights of 3080 kDa and work at an ideal temperature between 30 and 
50°C, and their ideal pH range from 2.5 to 6. Although PGL from Bacillus licheniformis 
remained ideal in the pH range between 8.0 and 7.0. Although PGL from thermo-
philes has an optimal range between 50 to 75°C, the optimal range for PGL activity is 
often between 30 and 40°C [76].

The cuticle and primary wall of a raw cotton fiber include natural contaminants or 
noncellulosic substances (oil, proteins, waxes, pectin, lipids). To create absorbency 
cotton fibers, non-cellulosic elements are eliminated by the process of scouring which 
is boiling the gray cotton fabric in a 3% alkaline solution [86]. This conventional 
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method has several drawbacks, including using large amounts of chemical com-
pounds, necessitating rapid rise after scouring to make the fabric neutral, reducing 
the fabric weight by 6%, weakening cotton fabrics due to the formation of oxycel-
lulose in the presence of oxygen, and usually requires more energy due to boiling 
temperatures [87]. The wastewater that results also has a high salt content, a great 
chemical oxygen demand (COD), and a high biological oxygen demand (BOD). 
Enzymatic scouring has been looked into in this situation as a potential replacement 
for conventional alkaline-based scouring [88]. In comparison to the conventional 
method, bioscouring has many benefits, including less water usage and energy-saving 
treatment temperatures. Since enzymes do not destroy cotton, unlike conventional 
scouring methods, there is no loss of weight or strength. Pectinases are frequently 
employed for scrubbing cotton as it works by breaking down the pectin in cotton’s 
main cell wall [89]. The noncellulosic material is kept linked to the cellulose by 
pectin, as a result, the other contaminants can be easily separated if the pectin is 
eliminated. Polygalacturonases, pectin esterases, and polygalacturonate lyases are the 
three groups of pectinases [90]. The optimum temperature and pH range of 30–50°C 
and 05–08 has been reported for pectin esterases to catalyze the hydrolysis of pectin 
methyl esters and convert them into pectin acid. Glycosidic links in pectin are hydro-
lyzed by polygalacturonases which optimally work in a temperature range of 40–60°C 
and acidic pH 03–07 [91]. Pectinases and cellulases are usually used in combination 
for bio-scouring, pectinases break down pectin in this conjunction whereas cellulases 
demolish the cuticle by rupturing the main wall. The outcomes demonstrated that the 
immobilized enzymes were as effective as the combination of pectinase and cellulase 
and this approach is more efficient than aqueous bio-scouring [92]. High tempera-
tures and alkaline environments are required to increase the activity and stability of 
pectinase. Bacillus pumilus BK2 has been reported as a novel source of pectate lyase, 
with optimal activity at pH 8.5 and a temperature of 70°C to evaluate the bio-scouring 
of cotton fabric [87]. To well comprehend the procedure of bioscouring and its 
impacts on textile materials, it is crucial to characterize the biochemical and physi-
cal surface modifications of clothes following bio-scouring and to identify effective 
methodologies for surface characterization [4].

5.3 Laccases

Multicopper enzymes called laccases catalyze the oxidation of a variety of pheno-
lic and non-phenolic substances by reducing molecular oxygen by four electrons to 
produce water. Laccases are most common in fungi, though they have been discovered 
in plants, insects, and bacteria. More than 60 fungi species have been shown to pro-
duce laccase having a molecular weight of 6070 kDa, with an ideal pH range of acidic, 
and an ideal temperature range of 50 to 70°C [73]. Laccase from Ganoderma lucidum 
is one of the enzymes with optimal temperatures below 35°C, it works at an optimum 
temperature of 25°C. Laccases have several different roles in the treatment of textiles, 
including finishing fabric, bleaching, scouring, and dying wool, as well as playing a 
part in water treatment and dye synthesis. The laccases are extensively researched for 
denim bleaching to substitute stone washing because they can destroy indigo [93]. 
Research on laccases for the decolorization of textile effluents is extensively used as 
an eco-friendly method for treating dye wastewater because they have the potential to 
degrade a wide range of chemical compounds including synthetic dyes [94].

Conventionally, cotton is bleached by discoloring natural pigments, which gives 
white appearance to cotton fabric. Cotton has natural pigments, primarily flavonoids, 
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which give its inherent grayness. The procedure of bleaching is used to take out the 
textile’s natural colorants [95]. Hydrogen peroxide is a conventional market bleaching 
agent that works at pH 11–13 and temperatures up to 130°C to bleach materials. The 
traditional bleaching technique has significant drawbacks due to high temperatures 
and alkaline pH which seriously harm the fabric [96]. The bleaching compounds can 
also reduce cotton’s degree of polymerization, which create overall damage to the 
fabric. Additionally, more water is needed after bleaching to neutralize the fabric and 
eliminate extra hydrogen peroxide. The use of enzymes can solve the issues with the 
conventional procedure [97]. Cotton is bleached by laccases which oxidized the flavo-
noids present in the fabric. These enzymes are utilized at temperatures between 60 and 
80°C with an acidic pH, where the use of ultrasonic energy could enhance laccases’ 
bleaching effect [98]. Besides that, glucose oxidases can generate hydrogen peroxide 
and gluconic acid in an aqueous solution by oxidizing glucose at acidic pH to neutral 
and lower temperature. It is feasible to reuse the desizing bath as a source of glucose, 
this biochemical method offers combined desizing and bleaching [99]. The excess 
hydrogen peroxide is traditionally eliminated after bleaching cotton cloth by using a 
reductant or by rinsing it with water. Besides this traditional method can be replaced 
by catalase which converts hydrogen peroxide into water and oxygen [100]. Previous 
studies reported a laccase-assisted wool dyeing technique that uses low temperatures 
and no dying auxiliaries and prevents the excessive use of water and energy [101]. In a 
more recent study, laccases were used to catalyze an enzyme process that used natural 
flavonoids to color cotton [102].

5.4 Cellulases

Cellulases are hydrolytic enzymes that speed up the process of cellulose breaking 
down into smaller oligosaccharides and then glucose. Cellulase activity signifies the 
combined action of at least three different types of cellulases in a multicomponent 
enzyme system [103]. Combinations of all three varieties of enzymes have better 
activity than the total activities of every enzyme alone because cellobiohydrolases 
work synergistically with endoglucanases and each other. Exo-cellulases generate 
cellobiose and soluble oligosaccharides, which are then transformed into glucose by 
β-4-glucosidase [104]. Numerous fungus cellulases are modular proteins made up of 
a connecting linker, a carbohydrate-binding domain (CBD), and a catalytic domain 
(CD). CBD serves as a mediator for the enzyme’s attachment to the substrate of 
insoluble cellulose [105]. Temperatures between 30 to 60°C are the active range for 
cellulases, but they are categorized as acid-stable (pH 4.55), neutral (pH 6.67), or 
alkali stable depending on how sensitive to pH (pH 9.10). Cellulases were first time 
utilized in the textile processing industry for the finishing of denim in the late 1980s. 
Cellulases are currently utilized to treat cotton and other cellulose-based fabrics in 
addition to bio stoning [86].

Many clothes are given a washing action to provide them a somewhat worn 
appearance, such as stone-washing of denim jeans, which causes the blue denim to 
fade due to the pumice stones. This ancient method has some drawbacks, including 
difficulties in removing pumice residue from denim clothing, harm to the machinery 
and clothing, dust in the washing equipment, and ecological damage [106]. The use 
of pumice stone has decreased or has been entirely removed in the industry of textile 
due to the introduction of cellulase enzymes. In the business of textile, indigo dyes 
are typically used to color fabric, whereas cellulase enables the surface of the fabric 
to hydrolyze, which eliminates some of the indigo dyes from the surface of the fabric 
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and gives it an aging and faded appearance [107]. Part of the indigo is removed from 
the fiber’s surface through partial hydrolysis, resulting in bright patches. The current 
research focuses on the prevention or improvement of back staining, which is the 
redeposition of liberated indigo onto the clothing. According to reports, back staining 
issues can be reduced by utilizing neutral and endo cellulases at neutral pH. Purified 
and characterized 20 and 50 kDa endoglucanase, as well as a 50 kDa cellobiohydro-
lase, were previously reported for their use in textile processing at neutral pH [75]. 
The 20 kDa endoglucanase performed well during biostoning, and it was feasible to 
reduce the amount of back staining by joining the 50 kDa cellobiohydrolase or 50 kDa 
endoglucanase with the 20 kDa endoglucanase [108]. This problem is also solved by 
using enzyme-based anti-black staining agents which are composed of lipases and 
proteases. An important area of research has been the optimization of biofinishing 
procedures to collect the enzyme and reuse it. The preventive measures that have to be 
adopted for the usage of cellulases are that it should operate with deliberate kinetics 
so that no impairment appears to the internal composition of fiber and the procedure 
should be confined to the hydrolysis of only unfastened surface fibrils [103]. This 
issue can be solved by selecting the right immobilized enzyme, adjusting the concen-
tration and incubation duration, using liquids with varying viscosities, making foam 
ingredients, and using hydrophobic agents to impregnate clothing.

5.5 Serine proteases: Subtilisins

Alkaline serine proteases belonging to the subtilisin family are typically extracted 
from numerous Bacillus species. They create an intermediate acyl-enzyme that 
accelerates the hydrolysis of peptide and ester linkages. Subtilisins are made as pre-
proproteins precursors, where’s the active site of the enzyme made of a catalytic triad 
of aspartate, serine, and histidine [2]. Majorly subtilisins have a molecular weight 
between 15 and 30 kDa, however, there is a small number of anticipations like B. sub-
tilis subtilisin having a molecular weight of 90 kDa. Alkaline proteases have an opti-
mum temperature range of 50 to 70°C, where they function at their best, but they are 
relatively stable at higher temperatures [109]. Thermos ability of enzyme is increased 
when one or more calcium binding sites are present. Subtilisins can be effectively 
inhibited by diisopropyl-fluorophosphate (DFP) and phenyl methyl sulphonyl 
fluoride (PMSF). Therefore, most subtilisin protein engineering has concentrated on 
improving thermostability, substrate selectivity, and oxidation resistance [33].

Raw wool is hydrophobic because of the epicuticle surface membranes comprising 
fatty acids and hydrophobic contaminants such as grease and wax. Alkaline scour-
ing with sodium carbonate and preparation with potassium permanganate, sodium 
sulfite, or hydrogen peroxide is common methods to remove these contaminants 
[72]. When wet processed, wool cloth has a propensity to feel and shrink, and several 
chemical techniques can be used to control the way wool shrinks. The chlorine-
Hercosett technique, which has been used for more than 30 years, is the very effective 
industrial shrink-resistant method now existing [110]. There are some significant 
drawbacks to this method, despite its advantages (noble anti-felt influence, little 
destruction, and little loss of weight), including its restricted endurance, inadequate 
treating features, yellowing of the fibers, challenges with coloring, and influence of 
the environment from the liberation of absorbable organic halogens [111]. Previous 
studies have recommended treating wool using safe chemical techniques, like low-
temperature plasma. Plasma treatment, which is a dry method, uses electric gas 
discharges to treat wool fabric, since no chemicals are used in the process and only 



Dyes and Pigments – Insights and Applications

50

the surface characteristics of the wool are altered, it is considered as being environ-
mentally [112]. However, the commercialization of a plasma treatment technique is 
limited by costs, compatibility, capacity, and the shrink-resist qualities acquired do 
not impart a machine-washable finish, which is one of the primary goals. A natural 
polymer, like chitosan, may then be used to enhance the wool’s anti-felting or shrink-
resistance qualities [113].

Proteases of the subtilisin form have lately been investigated as a substitute for 
chemically pre-treating wool, primarily for environmental concerns. According to 
much research, pretreating wool fabric with proteases enhanced its anti-shrinkage 
qualities, eliminate contaminants, and raised dyeing affinity. The enzyme can, how-
ever, enter the fabric cortex because of its small size, which leads to the degradation of 
the internal structure of the wool fabric [114]. According to several studies, increas-
ing the size of the enzyme through chemical cross-linking with glutaraldehyde or by 
attaching synthetic polymers like polyethylene glycol might minimize the enzyme 
penetration, which in turn lowers potency and weight loss [115]. By increasing the 
cuticle’s sensitivity to proteolytic decomposition, hydrogen peroxide pretreatment 
of wool fabric at an alkaline pH in the existence of elevated salt concentrations also 
focuses the activity of enzymes on the wool’s outer surface [100]. As an alternative to 
the current proteases, the search for novel protease-producing microorganisms with 
great cuticle specificity is being researched.

5.6 Nitrilases and nitrile hydratases

About 40 years ago, the nitrile-hydrolyzing enzyme nitrilase was originally identi-
fied. After studying the composition and amino acid sequence of nitrilase, 13 divi-
sions make up the nitrilase superfamily. In contrast to the eight or more branches that 
appear to have evident amidase or amide concentration activities, associates of only 
a single division are identified to exhibit the actual activity of nitrilase [116]. A small 
number of fungal species and 3 out of the 21 plant families have this enzyme func-
tion, however, it is more frequently found in bacteria. It is known that certain taxa, 
including Pseudomonas, Klebsiella, Nocardia, and Rhodococcus, use nitriles as their only 
carbon and nitrogen sources [117]. Different bacteria and fungi that can hydrolyze 
nitriles have been discovered, mostly because of the biotechnological potential of 
nitrilases. The majority of the isolated nitrilases were composed of one polypeptide 
with a molecular weight of 3045 kDa, which under certain conditions would assemble 
to create the active holoenzyme [118]. The enzyme appears to exist most frequently 
as a big aggregate with 626 subunits, although increased levels of solvents which are 
organic in nature, temperature, pH, salt, or even the enzyme itself can cause subunit 
interaction and subsequently stimulation, whereas the majority of enzymes exhibit 
substrate-dependent activation [119]. The primary enzyme in the enzymatic process 
for converting nitriles to amides, which are then transformed by amidases to the 
appropriate acid, is nitrile hydratase (NHase). Several microorganisms with NHase 
activity have been isolated, and the enzymes have been refined.

Excellent characteristics of polyacrylonitrile fiber (PAN), including their great 
biochemical conflict, superior flexibility, and ordinary-looking esthetic qualities, 
have led to a rise in their use; at the moment, they account for 10% of the synthetic 
fiber market worldwide [3]. However, PAN textiles’ hydrophobic characteristic 
imposes unwanted qualities, making the dyeing and finishing procedure challeng-
ing. The surface chemical hydrolysis of PAN fabrics typically causes an irreversible 
yellowing of the fabric [120]. Selective enzymatic hydrolysis of PAN could therefore 
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be a fascinating alternative, just like with other synthetic fabrics. Different sources 
(Rhodococcus, Rhodochrous, and Agrobacterium tumefaciens) of nitrile hydratase 
and amidase affected the surface of PAN [121]. The fabric’s hydrophilicity and dye 
absorption improved after enzymatic treatment. In previous studies, PAN was treated 
with nitrile hydratases extracted from Brevibacterium imperiale, Corynebacterium 
nitrilophilus, and Arthrobacter sp. showed an increased number of amide groups on 
the PAN outward, increasing its hydrophilicity and dye ability [122]. In different 
investigations, it was discovered that the Micrococcus luteus strain BST20 produces 
membrane-bounded nitrile hydrolysing enzymes, which were shown to hydrolyze 
nitrile groups on the PAN surface by determining the NH3 release from PAN powder 
and the depth of shade of enzyme-treated fabric following dyeing with a basic dye 
[123]. Matamá et al. [57] demonstrated the biomodification of acrylic fabric by 
utilizing a nitrilase rather than nitrile hydratases/amidases. The catalytic efficiency 
was increased by adding 4% N-N-dimethylacetamide and 1 M sorbitol to the treat-
ment solution. Previous findings show that the enzymatic action of PAN will improve 
the characteristics of treated fabric while also saving energy and reducing pollutants, 
even though there is not an industrial application for it yet.

5.7 Lipase/esterases

Acyl-hydrolase enzymes sometimes referred to as lipases found in a vast variety of 
animals, plants, and microorganisms, accelerate the breakdown of triacyl glycerol into 
fatty acids and glycerol. These enzymes exhibit excellent regio- andstereo specificity a 
broad substrate tolerance, and other properties that make them desirable biocatalysts 
for the synthesis of fine chemicals and the creation of optically pure molecules [124]. 
They are often quite stable, do not require cofactors, and even function in organic sol-
vents [96]. For lipases and esterases, the mechanism for ester hydrolysis or production 
consists of four steps in which the substrate is attached to the active serine, resulting in 
a tetrahedral intermediate that is stabilized by the catalytic His and Asp residues [125]. 
A tetrahedral intermediate is formed by the attack of a nucleophile, which following 
resolution produces the desired product (an acid or an ester) and free enzyme. The 
interfacial activation phenomenon allows lipases to be separated from esterases (which 
is only observed for lipases) [126]. A hydrophobic domain (lid) shielding the active site 
of lipase is responsible for this interfacial activation, according to structure elucida-
tion. This lid will only open in the existence of the least concentration of substrate, 
such as a hydrophobic solvent that is organic in nature or a triglyceride phase, allowing 
access to the active site [127]. Esterases and lipases were among the main enzymes to 
be investigated for stability and activity in organic solvents; however, lipases exhibit 
this property more clearly. In the clothing industry, lipases are mostly utilized for 
bio-scouring, desizing fabrics, and surface functionalization of synthetic fibers. They 
may also be used in conjunction with other enzymes including protease, and xylanases 
[128]. Polyester fabrics’ ability to absorb color is improved by the lipase enzyme, which 
also causes less surface abrasion and weight loss.

The fabrics made of PET (polyethylene terephthalate), PAN (polyacrylonitrile), 
and PA (polyamide) exhibit exceptional qualities such as good potency, great chemical 
endurance, minimal abrasion, and minimal shrinkage [129]. Extraordinary hydro-
phobicity and crystallinity, which impair wearing comfort (making these fabrics less 
suitable to be in contact with human skin), as well as the processing of fabrics (prevent-
ing the usage of finishing chemicals and dyeing representatives), are major drawbacks 
of synthetic fabrics [130]. Major finishing procedures/agents depend on water, hence 
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increasing the hydrophilicity of the fabric surface is necessary. Currently, sodium 
hydroxide-based chemical treatments are utilized to increase the hydrophilicity and 
increase flexibility of fabrics [131]. Chemical treatment, which can cause undesirable 
weight and strength losses as well as irretrievable yellowing in the example of PA and 
PAN fabrics, is challenging to control [132]. The method also harms the environment 
because it uses a lot of energy and chemicals. Utilizing enzymes to adapt the surface of 
synthetic fabrics is a recently discovered substitute [133]. Substantial depilling, effec-
tive desizing, elevated hydrophilicity and reactivity with cationic dyes, and enhanced 
oily stain release were all outcomes of the enzymatic treatment [108].

5.8 Catalase

The enzymes that accelerate the breakdown of hydrogen peroxide into water and 
oxygen are referred to as catalases, also known as hydroperoxidases. After desizing 
and scouring but before dyeing, H2O2 is used in bleaching in the textile industry [134]. 
Historically, hydrogen peroxide was destroyed with a reducing agent and was rinsed 
with water. Conventionally, sodium bisulfate, which requires high temperatures 
and thorough rinsing, is used to eliminate hydrogen peroxide after bleaching [120]. 
Catalases can be used to break down extra hydrogen peroxide at low temperatures, 
this makes the procedure more affordable and environmentally friendly. They are 
made by a range of microorganisms, comprising bacteria and fungus, and many of 
them perform best at temperatures around 20°C and a pH of 07 [72]. The synthesis 
of microbial CATs will only be economically viable when using recombinant strains 
and low-cost technologies, or for CATs with particular qualities like thermostability 
or action at alkaline or acidic pH [135]. CATs from animal resources (bovine liver) are 
often inexpensive. The use of immobilized enzymes could lower the rate of enzyme 
for the breakdown of hydrogen peroxide in bleaching wastes, permitting not only the 
retrieval of the enzyme but also the reutilization of preserved decolorizing over-flows 
for coloring [136].

6. Future prospects

In practically every stage of manufacturing textile fibers, enzymes can be 
employed to create ecologically acceptable alternatives to chemical processes. 
Amylases for desizing, cellulases, laccases for denim finishing, and proteases included 
in commercial products are just a few examples of existing successful commercial 
uses. Commercial enzyme-based techniques for the bio-modification of artificial and 
natural fibers must first undergo additional study before they can be put into use. 
The quest for novel enzyme-producing microorganisms and enzymes derived from 
microorganisms is an important area of research. Future textile processing still has a 
lot of room for novel and enhanced enzyme uses.

7. Conclusion

Enzymes are the greatest substitute for the best textile processing they not only 
help the environment but also save a great deal of money by consuming less energy 
and water, which lowers the production cost. It appears that all processes will be 
able to be carried out utilizing enzymes in the future as the employment of diverse 
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enzymes is still in its infancy, but their inventive uses are growing and expanding 
quickly into every aspect of textile production. Companies that produce enzymes are 
always working to make their products better for a wider variety of usage scenarios. 
The biggest barrier to employing enzymes is their high price. The textile industry 
was identified as a market area with great potential for implementing biotech but 
limited biotech awareness at the moment. Through the adoption and implementation 
of the enzymatic process, high value-added textile products with top quality may be 
produced while consuming less power, water, and other resources as well as enforcing 
to assure economic and environmental improvements along with sustainable develop-
ment and social responsibility. In the area of treating textiles, enzymes are becoming 
much more prevalent and they can be used much more extensively in the textile 
industry if their expense can be controlled.
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Chapter 4

Comparison and Analysis of
Colorant in Toner Cartridges: A
Material Safety Data Sheet Study
Kelvin Sin-Wang Kwan and Chi-Wai Kan

Abstract

Nowadays, electronic devices such as mobile phones and tablets are gadgets
that have become common in most people’s daily lives. Although people often use
tablets to read files, newspapers, or other papers, printing some documents is still
necessary and convenient for most people. Therefore, a printer is one of the basic
machines that many people use for work or to learn. Toner cartridges are the main
components that print high-quality images or text on paper and are therefore of
research value. Existing literature lacks research on performance of different
printers and toners. Therefore, this study investigated and analyzed different types
and brands of toners. In the study, toner cartridges provided by the four major
suppliers were compared with data provided in material safety data sheets (MSDS)
based primarily on different products. A comprehensive review and analysis of the
concentration, function, definition, and impact involved in the product was
conducted in this study.

Keywords: toner, dyes, pigment, MSDS, health

1. Introduction

The toner cartridge is a part of a laser printer and it contains a complex powder
used for printing images and text on paper. Besides laser printers, it is also used in
compound printers and fax machines based on electronic photography technology.
The chemicals in a toner are a mixture of colored pigments, plastic resins, and other
ingredients.

Empty toner cartridges are a waste and their reuse and recycling have
attracted much attention in recent years. Printers and toner cartridges have
serious problems, from the manufacturing process to the eventual throw away and
recycling of materials. Most chemicals in toner cartridges have the potential to
cause damage to the environment [1–3] and humans [4–7]. Discarded toner
cartridges may cause damage to the environment as they can contaminate soil
and water when sent to landfills. In fact, carbon black in toner is classified as a
potential carcinogen because the devastating effects of toner cannot be properly
addressed [8].
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In order to compare and analyze different contents of toner cartridges, this study
selected four well-known brands that are sharing key markets, based on the global
printer market share of suppliers from 2015 to 2018. The main objectives of the
study are:

1.To analyze components of toners and compare the toner cartridges of the four
brands based on the material safety data sheet (MSDS).

2.To study the hazardous impacts to the environment and human health caused by
waste toner cartridges.

2. Methodology

2.1 Selection of toner cartridge brands

Based on Staista 2019 [9], four printer brands (Labeled Brand A, Brand B, Brand C,
and Brand D) together having a total market share in excess of 50% between 2015 and
2018 were selected for the study. Basically, printer sales are directly related to toner
cartridge sales because they constitute the relationship between major products and
sub-products.

2.2 Material safety data sheet

The material safety data sheet (MSDS) is a document that provides safety and
health measures that need to be followed when using different components of the
product(s). It is a commonly used system for listing information about chemicals,
compounds, and chemical mixtures. The MSDS contains instructions for safe use and
potential hazards associated with a particular product or material. The composition of
toner and its potentially dangerous effects on human health can be found in MSDS.
Typically, each toner cartridge has a MSDS that is included in the package or displayed
on its official website. Most of the data in this study was obtained from MSDS.

2.2.1 Procedure of collecting data from material safety data sheet

1.All MSDS of toner cartridges of each brand were obtained from official websites
of the brands.

2.MSDS was studied and the percentage of each component in each toner cartridge
was recorded.

2.3 Search the health and environment impacts based on collected data

Names of different chemicals contained in toners are listed in MSDS and the pre-
cautions that need to be taken for avoiding adverse health effects are briefly
described. Based on the data collected, these preventive measures are analyzed to
determine health and environmental impacts.
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3. Result and discussion

3.1 Result of data collected from MSDS

Data were collected for 1473 toner cartridges. As shown in Table 1, there were 668
cartridges of Brand A, 353 of Brand B, 296 of Brand C, and 156 cartridges of Brand D.
In Table 1, the data show that black color accounts for about 50% of the total for each
brand, while the other three colors account for about 15% each, of the total. In daily
use, black color is the main color used in work, study, or printing. As a result, most
companies have introduced black color as the main type of toner.

3.2 Analysis of the main chemicals in toner cartridges

Ingredients in all toner brands are not the same, though they are similar. Table 2
lists all chemicals in toner cartridges of the four chosen brands. Brand A cartridges
contain 42 types of chemicals. In addition, Brand A contains most of the chemicals in
all the four brands. Only Brand A contains green, red, and translucent white colors in
addition to the four main colors. Brand B has 17 types, Brand C has 21 types and Brand
D has 20 types. Cyan, magenta, yellow, and black are the four main colors in different
toners.

The numbers in brackets indicate the total number of cartridges in which the
particular chemical was found.

Brand A (668 cartridges) contained 42 types of chemicals; the highest number of
chemicals used by one brand in the four Brands. The main chemicals in Brand A
cartridges were glycerin and water inside the toner, found in 475 and 496 cartridges,
respectively, or over 70% of cartridges of the same model. Other chemicals found
were 1,2-benzisothiazol-3(2H)-one, 2-Pyrrolidinone and glycol, found in 261, 224,
and 292 cartridges, respectively.

Brand B is using 17 types of chemicals; 353 cartridges were examined. This was the
least number of types compared with the other three brands. Basically, there are six
types of chemicals used in over 50% of the cartridges: carbon black, fatty acid ester,
PMMA, silicon dioxide, styrene-acrylate copolymer, and styrene-acrylate resin.

Brand C is using 21 types of chemicals in 296 toner cartridges, in which amorphous
silica, styrene acrylate copolymer, and wax are the most used chemicals, found in 215,
255, and 220 cartridges, respectively.

Lastly, Brand D uses four main types of chemicals: carbon black, paraffin wax,
polyester resin, and silica. Obviously, the ingredients are slightly different from the

Brand No. of
Model

*Type of
Chemical

Cyan
Color

Magenta
Color

Yellow
Color

Black
Color

**Other
Colors

A 668 42 116 117 90 311 34

B 353 17 36 36 36 245 0

C 296 21 54 54 55 133 0

D 156 20 18 20 19 99 0
*Type of chemical is the total amount of chemical used in the brand.**Some cartridges are classified as having other colors
such as green and red.

Table 1.
Basic information.
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other three brands. The main ingredient is a chemical compound, which is, in all the
four brands, the main ingredient.

Basically, all brands of toner cartridges contain similar but different ingredients.
Different chemicals can have the same function in the printing process. For example,
iron oxide and silica are completely different in physical and chemical properties, but
they have similar functions in a toner. Table 3 shows chemicals present in these target
brands. In particular, carbon black, polyester resin, and silica are the only three
chemicals that are present in each brand.

The value of carbon black is between 10.8 and 69.4%. The quantity and percentage
indicate that carbon black is the main chemical in these toners. Brand B and Brand D
are relatively high in carbon black because they contain about 70% carbon black and
are valued on the color capacity of toner. Because carbon black is the main ingredient
in the black toner cartridge, most toner brands use it as the primary source of color.

Polyester resin is used in different ratios in these four brands because it is used as a
toner binder in laser printers. The percentage of polyester resins is between 4.6 and
64.1%. Brand A contains 4.6% polyester resin, which is not the main component of the
control binding and release properties. By contrast, Brand D has 64.1% polyester resin
because it relies on one chemical to produce high mechanical strength and excellent
viscous elasticity.

Brand A

1,2-benzisothiazol-3(2H)-one (261); 2-Pyrrolidinone (224); 3-Methyl-1,5-pentanediol (17); Ammonia
derivative (40); Ammonium benzoate (7); Amorphous silica (130); Black pigment (1); Calcium nitrate
(1); Carbon black (72); Diethylene glycol (73); Ethylene glycol (Glycol) (79); Ethylene urea (137); FD&C
Yellow No. 6 (2); Ferrite (14); Ferrite including manganese (8); Ferrite including Zinc (12); Glycerin
(475); Glycol (292); Iron oxide (30); Isopropyl alcohol (64); Lactam (73); Magenta dye (9); Magenta
pigment (8); Magnesium nitrate (9); Pigment (80); Polyester resin (31); Pyridine azo dye (22); Pyridone
dye (2); Quinoline derivative (10); Styrene polymer (3); Styrene-acrylate copolymer (139); Substituted
anthraquinone derivative (8); Substituted naphthalene sulfonic acid (11); Substituted naphthol azo dye
(4); Substituted phthalocyanine salt (43); Thiadiazole azo dye (7); Thiodiglycol (8); Titanium dioxide
(34); Triazine derivative (6); Triol (15); Water (496) Wax (104)

Brand B

1,2-benzisothiazol-3(2H)-one (1); Carbon Black (bound) (245); Diethylene glycol (1); Fatty Acid Ester
(225); Glycerol (1); Paraffin wax (40); Pigment (108); Pigment – 1 (19); Pigment – 2 (19); PMMA (255);
Polyester resin (98); Rosin, fumarate (51); Silicon dioxide (amorphous) - 112,945-52-5 (218); Silicon
dioxide (amorphous) - 844,491-94–7 (165); Styrene-acrylate copolymer (254); Styrene-acrylate resin
(181); Water (1)

Brand C

Aluminum alloy (1); Amorphous silica (215); Aryl amine derivative (1); Carbon black (61); Ceramic
materials (9); Copper compound (14); Coating materials (4); Cyan pigment (4); Ferrite (21); Ferrite
including zinc (2); Iron oxide (56); Magenta pigment (4); Paraffin wax (22); Pigment (141); Polyester
resin (54); Silica (16); Silicon dioxide (5); Styrene acrylate copolymer (255); Titanium dioxide (80); Wax
(220); Yellow pigment (4)

Brand D

Carbon black (108); Carnauba wax (27); Ceramic material (29); Coating materials (24); Cyan pigment
(18); Ester wax (2); Ethylene wax (33); Ferrite (3); Magenta pigment (20); Paraffin wax (122); Pigment
(9); Polyester (3); Polyester resin (100); Silica (135); Silicon dioxide (5); Styrene-acrylic resin (53); Tin
(IV) oxide (2); Titanium dioxide (38); Wax (6); Yellow pigment (19)

Table 2.
All chemicals list.
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Silicon dioxide, silica, iron oxide, and ferrite have essentially the same function in
the process of printing. In this study, the percentage of these chemicals was found to
be between 29.1 and 91.6%. Brand D’s percentage is considered satisfactory because
most models use these chemicals as carriers to bind the right position of the rotating
drum.

3.3 Discussion of chemicals with high percentages in MSDS

Most of the chemicals collected are represented as a percentage range. Percentage
refers to the concentration of chemicals in toner, which impacts efficacy in terms of
high or low values. This section discusses major chemicals with a high percentage as
stated in the MSDS.

3.3.1 Carbon black

As shown in Table 4, the percentage of carbon black in toner cartridges of the four
brands is in the range of 1–10%. Obviously, carbon black is not the main ingredient of
toner as it only provides color. However, it is still the main content used for coloring in
every brand. In Brand A cartridges, carbon black content is only in three different
ranges, which is the smallest number, and the values of the three types of percentages
are more uniform. In contrast, Brand D has different percentage ranges, with 16 types
found in MSDS, with primary concentrations ranging from <1 to <5%.

1 Brand A Brand B Brand C Brand D

Concentration Amount Concentration Amount Concentration Amount Concentration Amount

< 1% 24 1–5% 16 < 1% 4 0.1% 3

1–5% 22 1–10% 1 < 2% 4 0.3.% 1

5–10% 26 2.5–5.5% 61 < 6% 14 1–5% 1

3–10% 21 < 8% 4 1–6% 20

4–7% 25 < 10% 33 1–10% 1

4–14% 11 < 15% 2 2–5% 2

5–7% 106 2–8% 6

5.5–6.5% 4 3–5% 5

3–8% 2

10–15% 2

< 1% 20

< 4% 17

< 5% 24

< 7% 1

< 8% 2

< 10% 1

Total 72 Total 245 Total 61 Total 108

Table 4.
Percentage of carbon black.
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3.3.2 Paraffin wax

Table 5 shows that paraffin wax content is in the 2–15% range in these brands.
Paraffin wax is a key substance that lubricates other components to improve friction
resistance. Brand B and Brand B’s toner cartridges contain more uniform ranges.
However, Brand D has various ranges, which are higher than the other half. For Brand
A, a similar chemical type is wax, so paraffin is replaced by wax in toner cartridges.

3.3.3 Polyester resin

According to Table 6, all the four brands contain more than 50% polyester resin, the
main chemical in toner. About 60% of the toner comprises polyester resin as it is used for
melting the ingredients during printing. The data show that this percentage matches the
market products. Some percentages are hidden by Brand B because the concentration of
polyester resin may be an important survival skill and secret in the printer market.

3.3.4 Silica

Because functions of silica and iron oxide are similar, Table 7 can be compared
with Table 8. The range of silica in Table 7 is approximately 1–3%. However, in
Table 8, the range of iron oxide is approximately 40–50%. Iron oxide accounts for
about 40% of the ingredients, matching what the data tell. It is worth mentioning that
the less is the silica content, the more is the effect of iron oxide.

3.4 Discussion of function of main chemicals in toner cartridges

MSDS does not explain all chemicals. It only provides concentrations and percent-
ages of chemicals in toner cartridges. According to MSDS, pigment, wax, silicon
dioxide (silica), polymer, and water are the main chemicals in toner cartridges.

Brand A Brand B Brand C Brand D

Concentration Amount Concentration Amount Concentration Amount Concentration Amount

2–3% 10 < 2% 10 0.5–2% 3

2–4% 18 < 5% 1 0.5–3% 1

3–4% 4 < 8% 3 0.5–5% 1

3–5% 4 < 10% 3 1–2.5% 2

4–5% 4 < 15% 5 1–5% 22

5–8% 12

5–10% 41

8–15% 5

< 2% 23

< 3% 12

Total 0 Total 40 Total 12 Total 120

Table 5.
Percentage of paraffin wax.
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3.4.1 Pigment

Pigments are one of the most popular colorants in toner and play a vital role in
providing color on paper. Cyan, Magenta, Yellow, and Black are the four basic colors.

Brand A Brand B Brand C Brand D

Concentration Amount Concentration Amount Concentration Amount Concentration Amount

< 2% 4 < 1% 10 0.2% 4

1–3% 126 < 2% 3 0.5–1% 3

< 3% 3 0.5–2% 4

1–2% 12

1–3% 40

1–4% 5

1–5% 15

1–11% 1

2–4% 8

< 2% 31

< 3% 12

Total 130 Total 0 Total 16 Total 135

Table 7.
Percentage of silica in four brands.

Brand A Brand B Brand C Brand D

Concentration Amount Concentration Amount Concentration Amount Concentration Amount

5–10% 7 75–90% 21 0.2 < 1% 1 5.6% 4

45–55% 7 ** 71 < 10% 19 55–95% 1

80–90% 2 < 50% 6 60–74% 5

85–95% 15 < 55% 20 75–95% 11

< 65% 2 80–90% 4

< 74% 5 80–95% 9

< 85% 1 85–95% 8

90–95% 5

< 8.5% 8

> 81% 2

> 82% 1

> 87% 13

> 88% 29

Total 31 Total 98 Total 54 Total 100
**The exact percentage is hidden by Brand B.

Table 6.
Percentage of polyester resin.
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Every color is a product of mixing of these four colors in different proportions. These
four colors are used separately in the toner.

3.4.2 Wax

The data show that different types of waxes, such as paraffin, ester wax, and
ethylene wax are used in toners. Toner contains wax additives and has physical
properties such as friction resistance, solvent or grease corrosion resistance. In addi-
tion, the coefficient of friction is controlled to control the slip resistance. In other
words, wax is a lubricating substance.

3.4.3 Silicon dioxide (Silica)

Silicon dioxide, also known as silica, is used to increase the chemical level of the
charged portion. It develops the performance of ink absorption, drying speed, vivid
reproduction of color, and so on. It functions like iron oxide. However, the amount of
iron oxide reported was found to be too low, with only about 86 of the 1473 cartridges
having it. Since iron oxide was an early mixture, silicon dioxide was developed to
replace it. Therefore, silicon dioxide is one of the common materials in toner, not iron
oxide.

3.4.4 Polymer

The polymer in the toner can melt and bond to the paper at high temperatures.
Polyester resins, styrene acrylate copolymers, or styrene butadiene copolymer are
examples of polymers used, depending on the manufacturer. However, there is a
slight difference between styrene acrylic copolymers and polyester resins. Styrene
acrylate copolymers have good adhesion to many surfaces, making them thermoplas-
tic in nature, and polyester resins are used as adhesive resins in toners for high-speed
printers.

3.4.5 Water

Water is a major component of Brand A cartridges and is related to the state of the
toner. In general, water is good at dissolving ions and polar molecules, but is poor in
dissolving non-polar molecules. Because of the polarity of its molecules, it interacts

Brand A Brand B Brand C Brand D

Concentration Amount Concentration Amount Concentration Amount Concentration Amount

30–40% 3 < 40% 7

35–45% 3 < 45% 4

40–50% 23 < 50% 41

45–55% 1 < 55% 4

Total 30 Total 0 Total 56 Total 0

Table 8.
Percentage of iron oxide.
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with charged polar matter differently from electrode-banded matter. Therefore, it
acts as the primary medium and allows all other substances to dissolve each other. In
addition, some dye particles can be dissolved in water, causing saturation color on the
paper.

Table 9 summarizes and introduces the functions of main chemicals in different
brands.

3.5 Health and environment impact of toner cartridge

Toner contains hazardous substances, which are flammable and toxic. They pose a
huge risk to human health and environment [10–14]. Therefore, the toner industry is

Chemicals Function

Brand A 1,2-benzisothiazol-
3(2H)-one

It is used as a preservative in products such as inks and photographic
processing solutions.

2-Pyrrolidinone It is an intermediate in the manufacture of polymers and it can prevent
the ink from evaporating into the air.

Glycerin It provides a good pigment dispersion stability and good wet-fastness and
dry rub-fastness.

Glycol It improves the duration of time for which the substance mix stays mixed
with water inside the ink cartridge.

Water It acts as the primary medium and allows dissolution of all other
substances with each other.

Brand B Carbon Black It is the common name of black pigment and it appears black.

Fatty Acid Ester It improves the storage stability of the ink.

PMMA It acts as a plastic for melting in the printing process.

Styrene-Acrylate
Copolymer

It has good adhesion to many surfaces and makes it thermoplastic.

Styrene-Acrylate
Resin

It can impart good fixing and offset properties to provide good printing
performance.

Silicon Dioxide It develops a strong performance of ink absorption, quick drying, vivid
reproduction of color.

Brand C Amorphous Silica It develops strong performance of ink absorption, quick speed of drying,
vivid reproduction of color.

Pigment It provides color onto the paper.

Styrene Acrylate
Copolymer

It has good adhesion to many surfaces and make it thermoplastic.

Wax It is for lubrication.

Brand D Carbon Black It is the common name of black pigment and appears black.

Paraffin Wax It is for lubrication.

Polyester Resin It is used as toner binder resin in high-speed printers.

Silica It develops a strong performance of ink absorption, quick drying, vivid
reproduction of color.

Table 9.
Function of the main chemical in four brands.
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supervised by the government and MSDS is prepared for each product. MSDS not only
provides the information of chemicals and ingredients, but also prescribes some
precautions.

These precautions are normally divided into five sections for safety regulations.
They are “first aid measures,” “firefighting measures,” “accidental release measures,”
“handling and storage,” and “exposure controls/personal protection.” Understanding
the precaution parts can help identify the health and environment impacts of toner
cartridges because it involves outcomes of toner. Thus, “accidental release measures”
and “handling and storage” are the parts for analysis of impacts.

Toner contains flammable and toxic harmful substances that pose great risk to
human health and the environment. Therefore, all toner manufacturers are supervised
by the government to prepare MSDS for each product. Understanding precautionary
measures can help identify the health and environmental effects of toner cartridges, as
they relate to toner results. Therefore, “accidental release measures” and “handling
and storage” are the parts for analysis of impact.

3.5.1 Accidental release measures

“Personal precautions,” “environmental precautions,” and “methods and materials
for containment and cleaning up” are the three parts in accident release measures.
Description of precautions is relevant when the chemicals are released. Table 10
shows a comparison between precautions suggested by the four brands, integrated by
all MSDS. Table 1 shows that Brand A has the largest number of chemical types, but
its statement of precautions is the smallest. In other words, because of simple state-
ments, Brand A has more potential influencing factors to humans and the environ-
ment. In addition, these chemicals mainly cause irritation in the context of personal
health because they are also described as avoiding inhalation of dust. For the environ-
ment, these chemicals pollute water bodies, as companies warn people to keep
chemicals away from water.

3.5.2 Handling and storage

The methods of storage depend upon properties of different chemicals. Table 11
shows a comparison of the four brands in terms of processing and storage. In general,
all the four brands have listed similar precautionary statements in MSDS. Prevention
of generation of dust is the focus of general reminders because these powders irritate
the body, especially the skin and eyes. These chemicals are kept away from direct
sunlight, heat, and oxidants because they are flammable chemicals, and dangerous to
humans and the environment. Therefore, safe storage of chemicals is an important
process to keep chemicals safe.

3.5.3 Chemical safety issue

This instruction can help the user prevent unexpected release and storage prob-
lems from occurring in severe conditions. All statements of accidental release mea-
sures and storage in Tables 10 and 11 are based on the characteristics of the chemicals.
Therefore, these properties can be divided into different categories. There are seven
categories (Table 12) that are used to integrate the two categories in Tables 10 and 11
for simple interpretation based on local statutory regulation (factories and industrial
undertakings (dangerous substances) regulations) [15].
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Personal precautions Brand A • Avoid contact with skin, eyes and clothing.

Brand B • Avoid generation of dust

• Do not breathe dust.

• A suitable dust mask or dust respirator with filter type A/P
may be appropriate

Brand C • Minimize dust generation and accumulation.

Brand D • Avoid inhalation of dust.

• Wash thoroughly after handling.

• Wear appropriate personal protective equipment. Ensure
adequate ventilation.

Environmental Precautions Brand A • Keep out of waterways.

Brand B • Prevent substance entering sewers.

• Washings must be prevented from entering surface water
drains.

• Prevent entry into waterways, sewers, basements or confined
areas

Brand C • Do not flush into surface water or sanitary sewer system.

Brand D • Avoid dispersal of spilled material and contact with soil,
ground and surface water, drains and sewers.

Methods and material
for containment and
cleaning up

Brand A • Wipe up with adsorbent material (e.g. cloth, fleece).

Brand B • Sweep the spilt toner or remove it with a vacuum cleaner and
transfer into sealed container carefully.

• Sweep slowly to minimize generation of dust during cleanup.

• If a vacuum cleaner is used, the motor must be rated as dust
explosion proof.

• Potential for very fine particles to be taken into the vacuum
only to be passed back into the environment due to pore size
in the bag or filter.

Brand C • Slowly vacuum or sweep the material into a bag or other
sealed container. Clean remainder with a damp cloth or
vacuum cleaner.

• If a vacuum is used, the motor must be rated as dust
explosion-proof.

• Fine powder can form explosive dust-air mixtures.

• Dispose of in compliance with federal, state, and local
regulations

Brand D • Small spill: Remove source of ignition. Carefully wipe off
with paper or wet cloth, avoiding inhalation of fine dust.

• Large spill: Wear protective gear: respirator, rubber gloves,
goggles. Do not use vacuum cleaner when a large amount is
released.

• This mixture like most finely divided organic powders, may
create a dust explosion. Wipe up remainder with a wet cloth.

Table 10.
Accidental release measures.
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Precautions for safe handling Brand A • Avoid contact with skin, eyes and clothing.

• Clean contaminated surface thoroughly.

• Ensure adequate ventilation.

Brand B • Keep out of the reach of children.

• Avoid generation of dust.

• Avoid inhalation of high concentration of dust.

• Avoid contact with eyes.

Brand C • Keep out of the reach of children.

• Avoid inhalation of dust and contact with skin
and eyes.

• Use with adequate ventilation.

• Keep away from excessive heat, sparks, and open
flames.

Brand D • Avoid breathing dust and contact with skin, eyes
and clothing.

• Handle in well ventilated work space.

• Wash thoroughly after handling.

• Treat from upwind position.

• Keep away from excessive heat, spark, and open
flame

Conditions for safe storage, including
any incompatibilities

Brand A • Keep in a dry, cool and well-ventilated place.
Keep out of the reach of children.

• Keep away from direct sunlight.

• Keep away from heat and sources of ignition.

Brand B • Keep away from oxidizing agents.

• Keep containers tightly closed in a dry, cool and
well-ventilated place.

Brand C • Keep out of the reach of children.

• Keep tightly closed and dry.

• Store at room temperature.

• Store away from strong oxidisers.

Brand D • Store in cool, dry and well-ventilated place.

• Avoid direct sunlight.

• Keep away from oxidizing materials.

• Keep out of reach of children.

Table 11.
Handling and storage.
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4. Conclusion

This study assembles, integrates, compares, and analyses data of 1473 toner car-
tridges of the four target brands. Most of the components in the target model are
similar to search information. At the same time, the relationship between the per-
centage and function of major chemicals was studied. Finally, the health and environ-
mental effects are discussed on the basis of safety measures suggested in MSDS of the
four brands.

Brand A, Brand B, Brand C, and Brand D are well-known companies for professional
products in the printing industry. Although raw materials used in toners are different,
they maintain stable production for target customers. There are different chemicals, but
most of them have the same function in the toner. For example, polyester resins,
pigments, and waxes are essential chemicals in toner. The percentage in MSDS repre-
sents the weight of the chemicals in toner. The results show that some chemicals are
changeable and can be combined with a variety of substances to remain competitive.

The disposal of waste toner has an absolute impact on human health and the
environment. Basically, all MSDS contain some precautionary measures for helping
customers avoid accidents and minimize the impact on environment. In addition, the
manufacturers are aware of potential risks of toner cartridges and have provided some
advice and recommendations to prevent hazards.

Categories Statement

Corrosive • Wear appropriate personal protective equipment. Ensure adequate ventilation.

Flammable • Keep away from excessive heat, sparks, and open flames.

• Keep away from direct sunlight.

• If a vacuum cleaner is used, the motor must be rated as dust explosion proof.

• Fine powder can form explosive dust-air mixtures.

• Store at room temperature.

Harmful • Avoid generation of dust

• Minimize dust generation and accumulation.

• Sweep the spilt toner or remove it with a vacuum cleaner and transfer into sealed
container carefully.

• Sweep slowly to minimize generation of dust during cleanup.

Irritant • Avoid inhalation of dust. Wash thoroughly after handling.

• Avoid inhalation of dust and contact with skin and eyes.

Organic
substance

• Wipe up with adsorbent material (e.g. cloth, fleece).

Oxidizing • Keep away from oxidizing agents

Polluted • Keep out of waterways

• Washings must be prevented from entering surface water drains.

• Do not flush into surface water or sanitary sewer system. Avoid dispersal of spilled
material and contact with soil, ground and surface water, drains and sewers.

Table 12.
Categories integrated by MSDS.
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5. Limitations

All the data in this study were from MSDS documents accompanying each toner
model. The number and percentage of chemicals to analyze were based on MSDS.
Since MSDS is published on the company’s official website, the actual composition
may differ from the documentation. Due to the lack of data of all toner models,
concentration of each component in the toner could not be determined; it was not
possible to purchase 1473 cartridges for analysis. Studying 1473 cartridges with real
products is a time-consuming process involving comparison of large quantities of
chemicals.

In addition, there are many brands of toners and this study focused on only four
brands. For the MSDS, although documents provide specific names of chemicals and
other useful information, the chemicals used for a color cannot be identified clearly.
MSDS of four brands provide the color types in the list but not all the color types are
the same. In other words, there is a lack of standard colors so that the colorant is
unable to be compared and identified clearly.

6. Recommendations

In the sampling of specimens, more toner brands should be selected for analysis so
that the analysis is more in-depth and comprehensive. To understand the properties of
toner, properties of chemicals should be tested through physical and chemical testing.
In addition, components of toner can be identified by infrared spectroscopy or chro-
matography. There are machines for identifying and analyzing compounds, so most of
the chemicals in toner can be compared to MSDS. Today, printing technology is
becoming more and more advanced in the global market. The performance of toner is
the main research to improve the customer base to increase the company’s business.
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Abstract

Photodynamic Therapy (PDT) is a therapeutic modality that can be applied with 
many photosensitizing compounds (PS). Photosensitization has shown promising 
results in damage against abnormal cell growth as cancer and inactivating a broad 
spectrum of microorganisms with no reported microbial resistance. Photodynamic 
processes occur by the light action at the appropriate wavelength in the presence of 
a PS that will be excited by the energy absorbed from the light source, where the 
interaction with the oxygen present in the cell will generate reactive oxygen species 
(ROS). The potential of phenazines as a photosensitizer is reviewed in this chapter as 
a practical guide to the future development of formulations that are effective for can-
cer treatment and microorganism control. Here we mainly summarize articles about 
phenazines from 2005 to 2021 when we performed a systematic search in the Science 
Direct, PubMed, Google Scholar, Web of Science, and Scopus databases. The carrier 
systems formed by micellar copolymers type Pluronic® have demonstrated effective-
ness in incorporating several PS, ensuring its monomeric form for PDT applications. 
The fundamentals of the photosensitization mechanism are discussed. Studies have 
shown the beneficial impact of an appropriate incorporation technique to enhance the 
cellular uptake of phenazines compounds.

Keywords: phenazines, photodynamic therapy, photosensitizing agents, nanoplatform, 
micelles
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1. Introduction

Success in treating diseases such as cancer or microbial diseases directly depends 
on the therapeutic modality applied. Given the side effects presented and the limita-
tion in the efficiency of traditional procedures (surgery, chemotherapy, and radio-
therapy), other alternatives are constantly being proposed in oncology [1]. Among 
the most promising modalities, Photodynamic Therapy (PDT) stands out as it does 
not present serious side effects and does not have limited efficiency [2]. PDT and 
antimicrobial Photodynamic Therapy (aPDT) are medical modality that has high 
specificity and selectivity in the treatment of infections caused by a virus, bacteria, 
protozoa, and fungi, as well as several cardiovascular, dermatological, and other 
diseases related to abnormal cell growth as cancer [2–5].

The PDT efficiency directly depends on a photosensitizing compound (PS) with 
ideal properties for the photophysical and photochemical processes that leads to the 
formation of singlet oxygen (1O2) and/or reactive oxygen species (ROS) that cause 
cell damage [2, 6]. PDT aims at the localized damage of living tissue with abnormal 
cell growth through its necrosis or infeasibility [7]. Likely targets of PDT are mito-
chondria, plasma membrane and other cell organelles, tumor cell nucleus, and blood 
vessels [8, 9]. This selectivity occurs due to the high concentration of lipoprotein 
receptors in neoplastic cells, where PS accumulates preferentially in diseased tissues, 
forming intravascular complexes with low-density proteins (LDL) [10].

The 1O2 is a free radical produced during PDT and other related therapies. It is 
made when light activates the photosensitive compound administered to the patient. 
The 1O2 action mechanism is based on its ability to cause damage to DNA, proteins, 
and other cellular molecules, leading to cell death [2]. Lipid peroxidation occurs when 
1O2 reacts with lipids in cell membranes, causing the formation of secondary free 
radicals and damaging the cell membrane structure. DNA damage can arise when 1O2 
reacts with DNA nucleotides, causing damage and interfering with replication and 
gene expression. The 1O2 stops energy production when reacting with the enzymes of 
the respiratory cell chain and leads to cell death. The 1O2 can react with cellular ribo-
somes and interrupt protein synthesis, causing cell death. The 1O2 is an essential agent 
in photodynamic therapy and other radiation therapies, as these action mechanisms 
lead to the destruction of cancer cells and a reduction in the size of tumors [2].

Among the main characteristics of adequate PS is their low toxicity in the dark, 
light absorption between 400 and 850 nm (therapeutic window), high molar absorp-
tivity values, and considerable formation of ROS inherent in the technique [11].

The development of promising drugs requires science to improve investigations 
based on the action of a compound or the joint effort of two or more drugs, thus 
synergy [12]. The first generation of phototherapeutic agents used in PDT is based 
on mixtures of porphyrin derivatives [7]. The search for PS with better optical and 
pharmacokinetic characteristics gave rise to the second generation of PS, similar to 
porphyrin molecules such as benzoporphyrins, chlorins, texapyrins, phthalocyanines, 
and naphthalocyanines [13]. Some of those PS compounds are already approved by 
the Food and Drug Administration (FDA/USA) for clinical applications using PDT. 
In addition, some countries are already approved, for example, Photofrin®, Levulan 
Kerasticks®, and Visudyne® (Verteporfin) [14].

Due to advances in research, studies, and treatments based on PDT, there is a 
great demand for new naturally occurring or synthetic PS that are biocompatible 
and have adequate properties [15, 16]. Over time, hematoporphyrin derivatives have 
been replaced by various PS compounds [17]. The third generation of PS is based on 
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formulations with different drug delivery systems (DDS) that provide better solubil-
ity in physiological media, more favorable pharmacokinetics, and allow the use of 
light sources with more remarkable penetration power into tissues.

Due to economic and environmental considerations, PS compounds obtained from 
abundant raw materials attract more interest than those prepared by complex chemi-
cal routes [15, 18]. Studies involving naphthodianthrones (hypericin), phenothiazines 
(methylene blue and toluidine blue), phthalocyanines, chlorins (chlorophyll A), 
xanthenes (rose bengal), and curcuminoids (curcumin) stand out in the literature 
[14]. These PS compounds are extensively studied in vitro, in vivo, and in photodiag-
nostic aspects [19–21].

This particular chapter presents explicitly an overview of compounds of the 
phenazine class (Figure 1), in which promising photoactive drugs such as neutral red 
(NR) [22], phenosafranin (PhS) [23], and safranine-O (Sf) [24], still poor explored 
for PDT applications.

2. Search strategy

The strategy we performed a systematic literature search in Science Direct, 
PubMed, Google Scholar, Web of Science, and Scopus databases using the combina-
tions of the term “phenazines” with the following: “photodynamic therapy,” “aPDT 
or antimicrobial Photodynamic Therapy, or PACT or photodynamic inactivation or 
PDI,” “Animal studies or in vitro studies involving phenazines”. Peer-reviewed articles 
published in English from 2005 to 2021 were included to compile this chapter. We 
have also scanned references for relevant articles.

3. Photosensitization mechanism

The combination of a PS compound with molecular oxygen (3O2) and visible light 
of the adequate wavelength generates ROS that causes cell components to oxidize and 

Figure 1. 
Phenazines compounds incorporated into drug delivery system have great potential for photodynamic therapy 
applications.
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lead to death [2, 25]. In addition, PS reacts with neighboring molecules by electron or 
hydrogen transfer leading to the production of free radicals or by energy transfer to 
oxygen, inducing the production of 1O2 [2, 26].

The photochemical processes originate from the interaction of light with matter 
which, by absorbing energy with adequate wavelength, allows the promotion of an 
electron from the ground state, called HOMO (Highest Occupied Molecular Orbital), 
to the excited state LUMO (Lowest Unoccupied Molecular Orbital), of higher 
energy [27]. The excited state is unstable, and in it, the molecule can suffer chemical 
processes (rearrangements or fragmentation of the molecule) or physical processes 
(deexcitation) [27]. According to the Molecular Orbital Theory, oxygen in the ground 
state and excited can assume different forms of occupation of molecular orbitals anti-
binders, as shown in Figure 2.

In the ground state, molecular oxygen has two unpaired electrons in the doubly 
degenerate antibonding orbitals, π*x, and π*y. These electrons have the same spin, result-
ing in a maximum multiplicity and, thus, the lowest state oxygen energy. Therefore, the 
ground state of molecular oxygen is a triplet, which has the spectroscopic term 3∑g. The 
excited state of oxygen that has all valence electrons paired is singlet oxygen. Singlet oxy-
gen has two forms with distinct symmetries, one of smaller energy 1∆g, doubly degener-
ate (1∆x and 1∆y; 92.4 kJ mol−1), and another one with higher energy (1Σ; 159.6 kJ mol−1). 
The second excited state of oxygen has a short lifetime since the transition to the 1∆g state 
is allowed by spin. The different symmetry of the 1∆g species with respect to the ground 
state and the spin prohibition of the 1∆g – 3∑g transition ensures that the 1∆g species has a 
long enough lifetime to allow oxidation of organic molecules [7].

The photochemical processes that occur in the excited state of photoactive mol-
ecules can be represented by the Jablonski diagram (Figure 3) [27, 28]. Among these 
processes, internal conversion (IC), fluorescence, intersystem crossing (ISC), and 
phosphorescence stand out [27, 29].

Figure 2. 
Electronic distribution in the antibonding molecular orbitals for the oxygen electronic states. It was adapted from 
Lakowicz [27].
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After molecule excitation to the second excited state, the relaxation process for the 
first excited state can occur by IC (where the internal energy is lost by collision) and 
then return to the ground state via fluorescence emission. Deactivation can also arise 
by ISC between vibrational levels of the same energy and electronic states of different 
multiplicities. The decay from the triplet state to the singlet fundamental can then 
occur by phosphorescence emission or collisions [27, 29]. For PDT, it is interesting that 
the PS is preferably in the excited triplet state, as it will have the same spin multiplicity 
of 3O2 favoring the photochemical processes of producing 1O2 and ROS. The interac-
tion with biological substrates in PDT can occur by two mechanisms: Type I, where 
photo-oxidation occurs through the transfer of electrons between the triplet state of 
PS and the substrate forming radical ions that react with oxygen in the ground state 
resulting in ROS. The Type II mechanism involves the energy transfer from the triplet 
excited state of PS to molecular oxygen generating 1O2 [2, 28].

The literature reports the use of PDT in treating primary carcinomas or metasta-
ses in the head and neck regions, such as the oral cavity, pharynx, and larynx [30]. 
However, after tumor recession, secondary diseases such as those caused by bacteria 
may manifest. Photodynamic treatment circumvents this problem as PDT is not 
restricted to microorganisms.

With the increasing cases of acquired resistance by bacteria against antibiotics, the 
search for the control of microorganisms via PDT also attracts interest from the scien-
tific community [31]. As a result, PDT has been widely applied in the microbiological 
area, standing out as a promising technique in microorganism inactivation [32]. 
Furthermore, PDT offers advantages over the usual antimicrobial agents, triggering 
rapid cell death and unlikely development of resistance by the microorganism [33].

4. Photosensitizer formulation

Several PS can be used for different applications because of their particular 
properties. Therefore, it is necessary to know the essential characteristics of each PS 

Figure 3. 
Jablonski diagram: Electron transfer scheme by type I and type II mechanisms with singlet oxygen, superoxide 
anions, and hydroxyls production. It was adapted from Lakowicz [27].
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to use its therapeutic properties better. The most cited PS compounds in the litera-
ture present, for the most part, structures containing aromatic rings or conjugated 
systems, which give them high hydrophobicity. In this sense, efforts in developing 
strategies in the formulation of PS administration stand out. However, even PS with a 
small structure presents a self-aggregation problem, making it challenging to apply in 
aqueous media.

Incorporating PS compounds into nanostructured systems aims to minimize the 
effects of self-aggregation in aqueous media, protect PS against degradation and elim-
ination by the organism, and facilitate the biotransport. In some cases, the adequately 
incorporated PS assists the vectorization of the nanostructured system, increasing 
the bioavailability of the photoactive drug at the application site (third generation), 
promoting a controlled release in the regions (tissues and organs) to be treated 
[34]. In addition, they decrease side effects (toxicity) and microbial resistance. In 
this sense, several carrier systems are generally constituted by colloidal dispersion 
systems, such as copolymeric micelles [35], liposomal vesicles [36], dendrimers [37], 
cyclodextrins [38, 39], polymer-DNA complexes (polyplexes) [40], nanogels [41], 
nanotubes [42], nanosuspensions [43], nanocrystals [44], solid lipid nanoparticles 
[45], metallic or ceramic nanoparticles [46], among other nanoscale materials for 
medical use are being widely studied [47–49]. Figure 4 illustrates the most commonly 
found nanoparticulate carrier systems in the literature for carrying PS [50].

Figure 4. 
Exemplification of some carrier systems currently used. I was adapted from Senapati et al. [50].
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All these carrier systems have the advantage of protecting PS as a common 
characteristic. In addition, they contribute to keeping the PS monomeric form ideal 
for application in PDT [48, 51]. The leading site of photodynamic action is the cell 
membranes; therefore, it is of great importance that the carrier system is similar or 
presents a specific interaction with it. The PS efficiency in PDT applications depends 
on the microenvironment in which the PS is located so that there are no changes in 
its physicochemical and photophysical properties and in its interaction with living 
biological systems [36]. Parameters such as bioaccessibility, passive transport, and 
permeation of the drug into the membrane are of great importance in developing 
new drugs for PDT applications [11, 52]. Micellar and liposomal environments, for 
example, are reasonable models of cellular environments and provide useful informa-
tion about PS molecules against organized systems and biomimetics [5, 41, 52, 53].

Since the cell membrane is a complex system composed of a lipid bilayer consist-
ing of several types of phospholipids, cholesterol, glycolipids, and proteins, the 
copolymer micelles are good carrier systems for biomimetic the cell membrane [54]. 
Different micellar microdomains, called hydrophobic and hydrophilic, allow for esti-
mating the drug partition tendency according to the region where it was solubilized. 
Compared to membrane models, polymeric micelles have the following advantages: 
minimal toxicity, narrow size distribution, longer residence time in the circulatory 
system, improved bioavailability, and more excellent stability of the incorporated 
photosensitizer [54].

5.  Polymeric nanoparticles: copolymeric micellar systems in drug 
formulation

Most dyes, including phenazines, are characterized by forming aggregates in an 
aqueous solution harming their application. For this case, using DDS systems such as 
copolymeric micelles contributes to stabilization and solubilization, which maintains 
the PS characteristics inherent in PDT application [55]. In addition, these compounds 
are readily adsorbed by anionic micelles due to their distinct and amphiphilic charac-
ter [56]. Therefore, studying the interaction of dyes with micellar systems is essential 
for biological applications since PS-associated biopolymers provide high drug efficacy 
with reduced toxicity [57].

Polymeric nanoparticles have been extensively applied in the pharmaceutical 
industry for drug formulation [58–60]. Currently, research is directed toward study-
ing the association of photoactive molecules with nanostructured systems aiming 
for a specific carrier for controlled release in the regions (tissues and organs) to be 
treated [58]. Colloidal copolymers stand out, forming micelles (triblock systems) 
and effectively stabilizing hydrophobic molecules in aqueous media, such as PS, that 
remain in the form of monomers [16].

Polymeric colloidal systems are excellent for drug delivery and have been widely 
explained in several studies [48, 53]. These carrier systems can be classified as 
anionic, cationic, zwitterionic, and nonionic (according to their state of charge) [6]. 
Micelles are amphiphilic structures composed of a hydrophobic and a hydrophilic 
region (Figure 5A) [52]. In the aqueous phase, the micelles keep the hydrophobic 
portion facing the inside of the structure (lipophilic core) [61].

Micelles simulate the interface of a biomembrane and provide a biomimetic 
environment for the study of specific interactions, as well as the penetration and loca-
tion of PS in the intracellular domain [4, 5]. Furthermore, studies have shown that PS 
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incorporation into micellar systems can reduce toxicity, target PS to specific sites and 
improve permeation and bioavailability in topical applications [11, 41]. Given these 
particularities, the biotransport and delivery of the drug in the target tissue become a 
particular challenge in PDT [4].

Several studies point to the use of surfactants of the Pluronic® class (or Poloxamers) 
[62]. The copolymer unimers (Figure 5B) consist of triblock molecules of repeating 
units of oxyethylene (EO – hydrophilic) and oxypropylene (PO – hydrophobic) with the 
following configuration: (EO)X(PO)Y(EO)X [63]. This group of copolymers is non-toxic, 
biocompatible, and has binding sites suitable for the solubilization of hydrophobic drugs 
[63]. In addition, triblock copolymers have a low critical micellar concentration (CMC, 
10−6 – 10−7 mol L−1) and the micelles formed to have high thermodynamic and kinetic 
stability, which guarantees a slow destructuring for unimers when they are exposed to an 
environment where the concentration is below the CMC [64, 65]. Another factor to be 
considered for studies with polymeric surfactants is the temperature. The micellization 
process will only occur above a specific critical micellar temperature (CMT), which, in 
turn, is a function of the surfactant concentration [64, 65]. In addition, there is evidence 
that temperature increases also cause an increase in the aggregation number (Nag) of the 
copolymers [64]. Therefore, to be effective, the polymer used to obtain the micelle must 
present CMT compatible with the conditions necessary for the application [65].

Due to their favorable properties, the triblock copolymers of the Pluronic® 
class are potentially useful for drug delivery and controlled release systems [4, 53]. 
Furthermore, compared to other membrane models, copolymeric micelles have the 
following advantages: minimal toxicity, narrow size distribution, longer residence 
time at the application site, improved bioavailability, and more excellent stability 
of the incorporated PS [54]. These characteristics allow us to describe the micellar 
copolymer system as promising for clinical applications [66, 67].

6. Phenazines compound as photosensitizers or photoactive drugs

Phenazines (C12H8N2) are heterocyclic aromatic nitrogenous compounds and the 
most important backbone is a pyrazine ring (1,4-diazobenzene) with two annulated 
benzenes (Figure 6) [68].

Figure 5. 
(A) General monomer structure of polymeric micelle, and (B) general structure of the copolymeric monomer 
(Pluronic® class).
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This compound class is classified as redox-active secondary metabolites and pig-
mented. They are produced by fluorescent Pseudomonas species and have antimicro-
bial, antiparasitic, neuroprotective, insecticidal, anti-inflammatory, and anticancer 
activity [69].

Phenazines can undergo redox cycling in the presence of various reducing agents 
and molecular oxygen, which leads to the accumulation of superoxide (O2

−) and 
hydrogen peroxide (H2O2), causing oxidative cell injury or death [68]. This property 
can be better explored considering the photochemical/photophysical potential of 
phenazines in PDT applications.

Natural phenazines are isolated from marine and terrestrial microorganisms, 
including (Pseudomonas ssp., Streptomyces ssp., and Actinomycete ssp.), which generates 
an infinity of synthetic derivatives [69]. Pseudomonas aeruginosa is a Gram-negative 
bacterium most studied for its ability to produce phenazine-active pigments, such as 
pyocyanin, phenazine-1 carboxyamide, and pyorubrins [68]. Furthermore, P. aerugi-
nosa can survive in varied environments such as soil and water and colonize plant and 
animal tissues [70].

The literature describes the antioxidant, anti-inflammatory, and non-cytotoxic 
properties of the red and yellow phenazynic pigments produced by P. aeruginosa. These 
pigments confer great potential for application in the pharmaceutical and cosmetic 
industry [71, 72]. Phenazine derivatives differ in their chemical and physical properties 
based on the type of functional group position present, and they can also be used against 
the proliferation of various cancer cell lines [73–76]. There are more than 100 different 
compounds of natural origin and over 6000 synthetic compounds. Many of these com-
pounds have been investigated as potential anticancer agents and microorganism control 
[77]. Some in vitro studies using phenazine derivatives are shown in Table 1.

Most studies involving compounds of the phenazines class have been reported 
promisingly in the dark [23]; however, the photodynamic potential cannot be disre-
garded. The literature presents scattered articles concerning different studies of phen-
azines derivative compounds performed in vitro, but without continuity or emphasis 
on the photophysical potential of phenazines, as well as in vitro and in vivo studies. 
Further, this group of compounds has also been used to develop color-emitting 
materials [91] or fluorescent biosensors [92].

Figure 6. 
General chemical structure of phenazines compounds.
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Phenazines derivatives Obtaining Applications Reference

2-chloroacetylamino-7(8)-nitrophenazine 
N5,N10-dioxide
2-amino-7(8)-(1,3-dioxol-2-yl)phenazine
N5,N10-dioxide(2),2-chloroacetylamino-7(8)-(1,3-
dioxol-2-yl)phenazine N5,N10-dioxide
2-amino-7(8)-methoxyphenazine N5,N10-dioxide

Cytotoxins of 2- 
amino-or2-hydroxy 
phenazine5,10-dioxide 
derivatives

in vitro antitumoral 
effect against Caco-2 
cells

[78]

phenazine 5,10-dioxide derivatives Derivative from 
N-oxides containing 
heterocycles

in vitro growth 
inhibitors of T. cruzi

[79]

phenazine-1-carboxamide Obtained from the 
Pseudomona aeruginosa

antibacterial activity 
of a Pseudomonas 
aeruginosa-derived 
compound against 
methicillin-resistant S. 
aureus (MRSA) strains

[80]

phenazin-1-ol
phenazine-1-carboxylic acid
2-heptyl-3-hydroxyl-4(1H)-quinolone
phenazine-1-carboxamide

Producing from 
Pseudomona aeruginosa 
fluorescent

Medically important 
fungi: Aspergillus 
flavus MTCC 183, 
Candida albicans 
MTCC 277, Candida 
tropicalis MTCC 184, 
Cryptococcus gastricus 
MTCC 1715, and 
Trichophyton rubrum 
MTCC 296.
Agriculturally 
important fungi: 
Fusarium oxysporum 
MTCC 284, 
Rhizoctonia solani 
MTCC 4634, and 
Penicillium expansum 
MTCC 2006

[81]

phenazine 1-carboxamide Produced by 
Pseudomonas strain 
MCC2142

fungi such as Candida 
albicans, Candida 
glabrata, Cryptococcus 
neoformans, 
Fusarium oxysporum, 
Aspergillus fumigatus, 
Aspergillus niger and 
Benjaminiella poitrasii

[82]

Pontemazines A and B Isolated from the 
culture broth of 
Streptomyces sp. 
UT1123

neuronal cell 
protective effect on
glutamate-induced 
mouse hippocampal 
HT-22 cell damage

[83]

A series of 2,3,7-trisubstituted phenazines Introduction of 
carboxylic or 
carboxamide group in 
2,3-dialkoxy-phenazine

in vitro on human 
pancreatic 
(MiaPaCa-2) cell 
lines

[74]

imidazo[4,5-b]phenazine-2-thione
methylthio
ethyl 1-aryl-3H-[1, 2, 4]triazolo[2,3-a]imidazo[4,5-b]
phenazines
ethyl (2Z)-3-aminophenazin-2-yl)amino]
(phenylhydrazono) ethanoate
pyrazino[2,3-b]phenazine
[1, 4]diazepino[2,3-b]phenazine
2,3-dibenzoylaminophenazine
1H-Imidazo[4,5-b]phenazine
4-[(E)-(3-amino phenazin-2-yl)diazenyl]

2,3-Diaminophenazine 
was used as a precursor

all compounds were 
tested as inhibitors 
of the proliferation 
of human lung 
carcinoma and 
colorectal cancer 
cell lines through 
inhibition of Tyrosine 
Kinases

[73]
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Phenazines derivatives Obtaining Applications Reference

benzo[a]phenazin derivatives Treatment of 
2-fluoro-nitrobenzene 
or 2-chloro-3-
nitropyridine

four human cancer 
cell lines (HL-60, 
K-562, HeLa, and 
A549)

[84]

16-(4-ethoxyphenyl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(4-Ethoxyphenyl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(2,5-Dimethylphenyl)-3,3-dimethyl-2,3,4,16-
tetrahydro-1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(Benzo[d][1, 3]dioxol-5-yl)-3,3-dimethyl-
2,3,4,16-tetrahydro-1H-benzo[a]chromeno[2,3-c]
phenazin-1-one
3,3-Dimethyl-16-(o-tolyl)-2,3,4,16-tetrahydro-1H-
benzo-[a]chromeno[2,3-c]phenazin-1-one
16-(3-Bromophenyl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(2-Bromophenyl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(3-Hydroxyphenyl)-3,3-dimethyl-2,3,4,16-
tetrahydro-1H-benzo[a]chromeno[2,3-]phenazin-1-one
16-(3-Methoxyphenyl)-3,3-dimethyl-2,3,4,16-
tetrahydro-1H-benzo[a]chromeno[2,3-]phenazin-1-one
4-(3,3-Dimethyl-1-oxo-2,3,4,16-tetrahydro-1H-
benzo-[a]chromeno[2,3-c]phenazin-16-yl)benzonitrile
16-(4-Fluorophenyl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(2-Methoxyphenyl)-3,3-dimethyl-2,3,4,16-
tetrahydro-1H-benzo[a]chromeno[2,3-]phenazin-1-one
16-(1H-Indol-3-yl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
3,3-Dimethyl-16-(3,4,5-trimethoxyphenyl)-
2,3,4,16-tetrahydro-1H-benzo[a]chromeno[2,3-c]
phenazin-1-one
3,3-Dimethyl-16-(thiophen-2-yl)-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
3,3-Dimethyl-16-(3-nitrophenyl)-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(3-Fluorophenyl)-3,3-dimethyl-2,3,4,16-tetrahydro-
1H-benzo[a]chromeno[2,3-c]phenazin-1-one
3,3-Dimethyl-16-(4-nitrophenyl)-2,3,4,16-tetrahydro-
1Hbenzo[a]chromeno[2,3-c]phenazin-1-one
16-(4-(Dimethylamino)phenyl)-3,3-dimethyl-2,3,4,16-
tetrahydro-1H-benzo[a]chromeno[2,3-c]phenazin-1-one
16-(4-Ethoxyphenyl)-2,3,4,16-tetrahydro-1H-
benzo[a]-chromeno[2,3-c]phenazin-1-one16-(4-
Isopropylphenyl)-2,3,4,16-tetrahydro-1H-benzo-[a]
chromeno[2,3-c]phenazin-1-one
16-(2-Chlorophenyl)-2,3,4,16-tetrahydro-1H-benzo[a]-
chromeno[2,3-c]phenazin-1-one
16-(2-Methoxyphenyl)-2,3,4,16-tetrahydro-1H-
benzo-[a]chromeno[2,3-c]phenazin-1-one
16-(3-Methoxyphenyl)-2,3,4,16-tetrahydro-1H-
benzo-[a]chromeno[2,3-c]phenazin-1-one
16-(3-Chlorophenyl)-2,3,4,16-tetrahydro-1H-benzo-[a]
chromeno[2,3-c]phenazin-1-one
16-(3-Fluorophenyl)-2,3,4,16-tetrahydro-1H-benzo-[a]
chromeno[2,3-c]phenazin-1-one

Synthesis by 
condensation 
reaction of benzo[a]
phenazine-5-ol

antioxidant and 
anticancer activities 
against HeLa and 
SK-BR-3 cell lines

[75]

Phenazine-1-carboxamide Isolated from 
Pseudomonas sp. strain 
PUP6

cytotoxic activity 
against lung 
(A549) and breast 
(MDA-MB-231) 
cancer cell lines

[85]
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Phenazines derivatives Obtaining Applications Reference

phenazine-1,6-dicarboxylic acid
phenazine-1-carboxylic acid

Produced by 
Lactococcus BSN307 
strain

antifungal activity 
against Aspergillus 
niger, Penicillium 
chrysogenum as well
as Fusarium 
oxysporum
cytotoxicity against 
cancer cell lines 
HeLa and MCF-7 
and normal H9c2 
cells

[86]

phenazine-1-carboxamide Isolated from the 
bacterium Pantoea 
agglomerans naturally 
present in soil

cytotoxicity on the 
cancer cell lines 
A549, HeLa, and 
SW480

[87]

Pyrano[3,2-a]phenazine derivatives:
3-amino-10-((1-aryl-1H-1,2,3-triazol-5-yl)
methyl)-20-oxospiro[benzo[a] pyrano[2,3-]
phenazine-1,30-indoline]-2-carbonitrile

Synthesized 
from 2-amino-3-
hydroxyphenazine

cytotoxicity against 
HCT116, MCF7, 
HepG2 and A549 
cancer cell lines in 
vitro

[76]

Riminophenazine Synthesized from 
clofazimine and 
TMP-phenazines

in vitro 
antiplasmodial, 
cytotoxic, and 
oxidative activities 
against HeLa cells

[88]

N-((tert-Butyldimethylsilyl)
oxy)-9-chlorophenazine-1- carboxamide
9-Chloro-N-hydroxyphenazine-1-carboxamide
9-Chlorophenazine-1-carboxamide
9-Chloro-N-cyanophenazine-1-carboxamide
9-Chloro-N-(1H-tetrazol-5-yl)
phenazine-1-carboxamide
9-Chlorophenazine-1-carbonitrile
2-((2,5-Dichlorophenyl)amino)-3-nitrobenzoic acid
6,9-Dichlorophenazine-1-carboxylic acid
Methyl 6,9-dichlorophenazine-1-carboxylate
6,9-Dichlorophenazine-1-carboxamide
6,9-Dichloro-N-(methylsulfonyl)
phenazine-1-carboxamide
9-Bromo-6-methoxyphenazine-1-carboxylic acid
7-Bromo-9-methoxyphenazine-1-carboxylic acid
6,9-Dimethoxyphenazine-1-carboxylic acid
9-Bromo-6-methoxy-N-(methylsulfonyl)
phenazine-1-carboxamide
9-Bromo-N-cyano-6-methoxyphenazine-1-carboxamide
Methyl 7-bromo-9-methoxyphenazine-1-carboxylate
9-Bromo-7-methoxyphenazine-1-carboxylic acid (25) 
and
7-methoxyphenazine-1-carboxylic acid
Methyl 9-bromo-7-methoxyphenazine-1-carboxylate
Methyl 7-methoxyphenazine-1-carboxylate
N-(Methylsulfonyl)phenazine-1-carboxamide
N-Methyl-N-(methylsulfonyl)
phenazine-1-carboxamide
N-Cyano-9-fluorophenazine-1-carboxamide
9-Fluoro-N-(methylsulfonyl)
phenazine-1-carboxamide
9-Methyl-N-(methylsulfonyl)phenazine-1-carboxamide
Methyl 9-methoxyphenazine-1-carboxylate
9-Chloro-N-methyl-N-(methylsulfonyl)
phenazine-1-carboxamide

Chloro-substituted 
phenazines containing 
acid bioisosteres

in vitro antimicrobial 
activity against 
Gram-positive 
(methicillin-resistant 
Staphylococcus aureus, 
MRSA) and Gram-
negative (Escherichia 
coli) bacteria

[89]
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Udumula et al. [93] described the synthesis and biological evaluation of two phen-
azines natural products and a series of phenazines that show promising activities against 
methicillin-resistant Staphylococcus aureus associated with the CA-MRSA community 
with low minimum inhibitory concentration (MIC) values in the micromolar range [93]. 
The most active compound also showed good IC50 values against Human Keratinocyte 
Cell (HaCat) [93]. In work proposed by Krishnaiah et al. [89], the authors synthesized a 
series of phenazines, and the in vitro antimicrobial activity was evaluated against Gram-
positive bacteria (methicillin-resistant Staphylococcus aureus, MRSA) and Gram-negative 
bacteria (Escherichia coli) [89]. These studies have indicated that the molecules do not 
disrupt bacterial membranes, and activity is not directly linked to the reactive oxygen 
species generation [89]. Therefore, despite a large number of studies on this compound 
class, this review highlights the great photodynamic potential of compounds of this class 
that can be used in the control of microorganisms and cancer treatment [94].

Neutral Red (NR) cationic dyes have great potential as photosensitizers. The exciting 
characteristic of NR as a PS is its water solubility compared with the majority of pho-
tosensitive and absorption bands located in the range of 550–700 nm [22]. Concerning 
with few phenazines studies as photodrugs explored in the literature (Table 2), for 
instance, the NR phenazines compound, when incorporated into Gold Nanoparticles, 
contributed to the in vitro tumor cell lines reduction [22], or when in aqueous medium 
significantly reduced in vitro S. aureus colonies in photoinactivation assays [98, 103].

Phenosafranin (PhS), another phenazines class compound, has the potential for use 
as a PS in PDT. It is well known that PhS absorbs strongly at 503–530 nm. Additionally, 
this dye presents a good photodynamic effect, namely low toxicity in the dark and higher 
toxicity under optical excitation [23]. PhS was incorporated into single-wall carbon 
nanotubes and showed satisfactory photodynamic effects against the BHK-21 cell line 
[42]. Furthermore, when encapsulated in liposomes (DMPC), PhS exhibited excellent in 
vitro activity against Human Cervical Carcinoma (HeLa) [23]. Another application for 
PhS found in the literature is in vitro photodynamic inactivation of S. aureus and E. coli. 
The bacterial cells were eradicated by ROS produced upon irradiation [102].

Sf, phenazine compound can also be used as a sensitizer in electron transfer reac-
tions in a homogeneous medium [104–106], semiconductors [106], polymeric medium 
[104] and as probes in the reverse micellar system [107, 108] due to its absorbs band 
in 500–550 nm [56, 109]. In addition, the antimicrobial photodynamic ability of Sf is 
exploited for the inactivation of microorganisms, such as Staphylococcus aureus and 
Escherichia coli [24, 43], Shigella flexneri, Bacillus subtilis [24], periodontopathogenic 
bacteria (biofilms in periodontal treatment) [97], and mitochondrial oxidation [95].

Among the compounds of this class, the most cited for PDT applications is Sf, 
which presents some photophysical studies with properties already defined. Sf has 
properties that allow its use as a PS in PDT, such as considerable singlet oxygen 
quantum yield (ΦΔ

1O2) [33], an amphiphilic character that confers more significant 
interaction with biological substrates, does not present toxicity to healthy cells and 
generates reactive oxygen species (ROS), which inactivate microorganisms [101]. 

Phenazines derivatives Obtaining Applications Reference

phenazine analogue (CPUL1) Synthesized 
from 2-amino-3-
hydroxyphenazine

antitumor activities 
in initial stage of Hep 
G2 cells

[90]

Table 1. 
Studies of phenazines derivatives compounds.
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Although Sf presents several favorable properties to be applied in PDT, it has been 
poorly explored for this purpose. For example, spectroscopic studies on the interac-
tion of Sf in liposomes L-egg lecithin phosphatidylcholine (PC) showed interaction. 
Still, the photodynamic effects of this formulation were not explored [57].

Sf incorporated into a silica matrix as a heterogeneous delivery system indicated 
that Sf has the potential for oxidation with singlet oxygen production [110]. Recent 
studies report Sf is incorporated into copolymer micelles [101]. This formulation 
ensured the Sf monomerization and preserved its physicochemical and photodynamic 
properties [33]. The use of triblock copolymers in the Sf incorporation guaranteed 
better results in PDT applications when compared to aqueous solutions [33].

Some authors evaluated the bactericidal effect of a serum combined with the 
action of Sf [24]. The authors did not use carrier systems, considering only the impli-
cations observed for the PS, not taking into account the self-aggregation processes 
characteristic of a PS in an aqueous medium. The photoefficacy of Sf in aqueous 
media was evaluated as an acaricide against female Hyalomma dromedarii ticks using 
in vitro immersion bioassays [99].

Similarly, Sasnauskiene et al. [95] evaluated the stimulated production of ROS by 
Sf in the inner space of mitochondria. The authors do not consider the self-aggregat-
ing effects resulting from the gradual release of PS in an aqueous medium [95].

Li et al. [96] explored the damage of bovine serum albumin (BSA) caused by Sf 
under ultrasonic irradiation [96]. The authors used Sf in an aqueous medium, a condi-
tion in which Sf tends to form self-aggregates that drastically reduce the 1O2 formation. 
Therefore, we propose the use of low-cost biocarrier systems, Pluronic® class. This tri-
block copolymer was used to solubilize Sf and maintain its photophysical properties [33]. 
Such attributes favored the prevention and treatment of mastitis via PDT [33, 100, 101].

Table 2 presents some photochemotherapeutic antimicrobial studies of phen-
azines found in the literature.

Compound Delivery system Application Illumination 
condition

Effect Reference

Sf Aqueous solution
(1 mMdm−3)

Bactericidal 
effect of serum 
combined with 
the action of PS

White non 
mutagenic light 
(5Wcm−2)/90 min

The strains are 
sensitive to the 
photodynamic 
action

[24]

Sf Aqueous solution
(in PBS 
0.7 μg mL−1)

Stimulated 
production 
of ROS in the 
inner space of 
mitochondria

LED at 
λ = 509 ± 5 nm (29 
Wm−2)/0.5–15 min

Damage induced 
apoptosis

[95]

PhS Single-wall 
carbon 
nanotubes 
modified

BHK-21 cell line 
(from mouse 
fibroblasts)

Visible light 
irradiation (Hg 
lamp)

Low toxicity in the 
dark and higher 
toxicity in the 
presence of light

[42]

Sf Bovine Serum 
Albumin pH 7.4 
(in Tris–HCl-
NaOH buffer 
solution)

Study of the 
damage caused 
by ROS in 
bovine serum 
albumin

Controllable 
Serial-Ultrasonic 
apparatus 
(frequency 59 kHz 
and power 50 W

Damage of Bovine 
Serum Albumin 
under ultrasonic 
irradiation in the 
presence of Sf.

[96]

Sf Aqueous solution 
(PBS containing 
7% ethanol)

Oral-pathogenic 
species (Gram-
positive and 
Gram-negative)

Laser Light 
(20 J cm−2)

Significant 
antibacterial impact 
on different oral 
pathogenic species

[97]
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Compound Delivery system Application Illumination 
condition

Effect Reference

Sf Gold 
nanoparticles 
incorporated 
into a copolymer 
emulsion

Staphylococcus 
aureus and 
Escherichia coli,

28 W white light 
source

The bacterial count 
reduced (>4 ± 0.3 
log kill)

[43]

NR Monob 
rominated NR

Aqueous solution
(in PBS pH 7.4)

Staphylococcus 
aureus

Light dose 
7.6–30.2 J cm−2

Photoantimicrobial 
effect (>3 log10) 
killing

[98]

Sf Aqueous solution Hyalomma 
dromedarii

Spot white-light 
source (power 
100 W)

Reduction of 
ovipositing, eggs 
per female, tickets 
laying viable eggs 
and hatched eggs

[99]

NR Gold 
Nanoparticles 
and Sodium 
thioglycolate

NIH-3 T3 
fibroblast 
(noncancerous) 
and 4 T1 tumor 
cell lines

Twin Flex Laser 
LED MM optics 
λ = 440 nm; 
220 mW

Reduction of cell 
viability

[22]

PhS-
Chlorambucil 
conjugate

Encapsulated 
liposomes 
(DMPC)

HeLa (human, 
cervical 
carcinoma)

Excellent cell 
contrast facilitating 
its use as a 
theranostic anti-
cancer drug

[23]

Sf Pluronic® F127 
and P123 4% 
(w/V)

In vitro: 
Staphylococcus 
aureus, Escherichia 
coli, Streptococcus 
agalactiae, 
Corynebacterium 
bovis
In vivo: prevent 
mastitis in Dutch 
dairy cows.

In vitro studies: 
Green LED 
λ = 520 nm 
(7.2 mW cm−2)
In vivo studies: 
Green LED 
λ = 520 nm 
(12.7 mW cm−2)

In vitro studies of 
the Sf-F127 and 
Sf-P123 systems 
proved to be efficient 
in inactivating the 
bacteria that cause 
bovine mastitis. In 
vivo studies prevent 
bovine mastitis

[33]

NR Mono 
brominated NR

Aqueous solution
(in PBS pH 7.4)

Staphylococcus 
aureus

Parathom lamp 
(OSRAM-5 W) 
8.4 mW cm−2 
(15–30 min)

2–3 log of killing [98]

Sf Stimuli-responsive 
hydrogel by F127 
Pluronic® and 
Carbopol (C934P)

Mastitis 
treatment

In vitro studies: 
Green LED 
λ = 520 nm 
(7.2 mW cm−2)
In vivo studies: 
Green LED λ = 520 
(12.7 mW cm−2)

In vitro: efficiency in 
the inactivation of 
pathogens that cause 
mastitis. In vivo: Sf 
is highly efficient for 
mastitis treatment.

[100]

Sf Pluronic® F127 4% 
(w/V)

In vitro: 
Staphylococcus 
aureus, 
Escherichia coli

Green LED λ = 520
(7.2 mWcm−2)

The bacteria were 
sensitive to the 
photodynamic 
action of Sf

[101]

PhS polyhedral 
oligomeric 
silsesquioxane

Aqueous solution 
(in PBS pH 7.4)

Staphylococcus 
aureus and 
Escherichia coli

LED-based light 
source λ = 522 nm 
(10.6 mW cm−2)

Bacterial cells were 
eradicated by ROS 
produced upon 
irradiation

[102]

Table 2. 
Studies of phenazine class compounds in photodynamic applications.
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Table 2 shows a few amounts of work on this class of compounds and the way 
performed majority in vitro, which the scientific community can still better explore 
for applications in PDT. Combining the biocompatibility of the copolymer micelles 
and the non-toxicity of phenazines compounds, the continuity of pre-clinical studies 
for developing new photoactive-based phenazine formulations has been motivated 
for applications in different species of animals. These formulations can treat a wide 
range of diseases associated with different types of pathogenic microorganisms such 
as bacteria, fungi, viruses, and parasites. In this way, recent research has still been 
developed for the first time in vivo. It is in the submission phase of (unpublished) 
promising results concerning the prevention and treatment of mastitis. This review 
seeks to address the lack of literature on the approach of phenazines as a potential PS 
for PDT application. It is hoped that this work could offer some valuable information 
in developing new types of DDS systems.

7. Conclusion

Several products are used to control microorganisms and treat diseases like cancer; 
however, they present disadvantages such as cost and lack of effectiveness against 
resistant microorganisms. Photosensitization has recently gained attention benefit-
ing from the use of a wide range of PS associated with a light source. The oxygen 
species produced by photoexcitation of a PS attack cancer cells or microorganisms 
non-selectively. Phenazine compounds showed promising phototoxicity, and their 
applicability has still been poorly investigated in the prevention and treatment of 
diseases caused by microorganisms and diseases related to abnormal cell growth, such 
as cancer. Furthermore, incorporating PS into polymeric micelles produced efficient, 
biocompatible formulations with better stability than aqueous systems.
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Appendices and nomenclature

PDT  Photodynamic Therapy
aPDT  antimicrobial Photodynamic Therapy
PS  photosensitizing compounds
ROS  reactive oxygen species
3O2  molecular oxygen
1O2  singlet oxygen
O2

−  superoxide
H2O2  hydrogen peroxide
ΦΔ

1O2  singlet oxygen quantum yield
LDL  low-density proteins
FDA  Food and Drug Administration
DDS  drug delivery systems
IC  internal conversion
ISC  intersystem crossing
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