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Biomolecule-derived quantum dots for sustainable
optoelectronics
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The diverse chemical functionalities and wide availability of biomolecules make them essential and cost-
effective resources for the fabrication of zero-dimensional quantum dots (QDs, also known as bio-dots)
with extraordinary properties, such as high photoluminescence quantum yield, tunable emission, photo
and chemical stability, excellent aqueous solubility, scalability, and biocompatibility. The additional
advantages of scalability, tunable optical features and presence of heteroatoms make them suitable
alternatives to conventional metal-based semiconductor QDs in the field of bioimaging, biosensing, drug
delivery, solar cells, photocatalysis, and light-emitting devices. Furthermore, a recent focus of the
scientific community has been on QD-based sustainable optoelectronics due to the primary concern of
partially mitigating the current energy demand without affecting the environment. Hence, it is
noteworthy to focus on the sustainable optoelectronic applications of biomolecule-derived QDs, which
have tunable optical features, biocompatibility and the scope of scalability. This review addresses the
recent advances in the synthesis, properties, and optoelectronic applications of biomolecule-derived
QDs (especially, carbon- and graphene-based QDs (C-QDs and G-QDs, respectively)) and discloses their
merits and disadvantages, challenges and future prospects in the field of sustainable optoelectronics. In
brief, the current review focuses on two major issues: (i) the advantages of two families of carbon
nanomaterials (i.e. C-QDs and G-QDs) derived from biomolecules of various categories, for instance (a)
plant extracts including fruits, flowers, leaves, seeds, peels, and vegetables; (b) simple sugars and
polysaccharides; (c) different amino acids and proteins; (d) nucleic acids, bacteria and fungi; and (e)
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biomasses and their waste and (ii) their applications as light-emitting diodes (LEDs), display systems, solar
cells, photocatalysts and photo detectors. This review will not only bring a new paradigm towards the

construction of advanced, sustainable and environment-friendly optoelectronic devices using natural

resources and waste, but also provides critical insights to inspire researchers ranging from material
chemists and chemical engineers to biotechnologists to search for exciting developments of this field
and consequently make an advance step towards future bio-optoelectronics.

1. Introduction

Besides governing biological processes in living organisms,
biomolecules, with diverse chemical functionalities and
binding sites, have become sustainable precursors for the
programmable, scalable and bioinspired synthesis of eco-
friendly quantum dots (QDs), with superior and unique
optical properties. Specifically, the new class of zero-
dimensional QDs derived from biomolecules (also termed bio-
dots) possesses extraordinary properties such as high photo-
luminescence quantum yield and up-conversion luminescence,
photo and chemical stability, excellent aqueous solubility, low
cost, biocompatibility and scalability in comparison to tradi-
tional toxic metal-based QDs."** Despite their difference in
crystallinity, C-QDs and G-QDs, with sizes below 10 nm, have
unique common physical properties such as chemical inert-
ness, biocompatibility, cell membrane permeability, tunable
surface functional groups, water solubility and low toxicity,
which are advantageous for their application in biological,
optoelectronic, and energy related purposes.'™® Their proper-
ties make them new fluorescent nanomaterials in the family of
carbon materials and superior materials in comparison to
traditional organic dyes and toxic metal-based QDs. The added
advantages of scalability, biocompatibility and cost-
effectiveness of biomolecule-derived QDs in addition to their
tunable and superior optical features make them alternative
and smart choices compared to conventional semiconductor
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Accordingly, different biomolecules such as plant extracts
including fruits, seeds, peels, leaves, flowers, roots and vegeta-
bles,>° sugars including monosaccharides and poly-
saccharides,>* different amino acids and proteins,”**® nucleic
acids, bacteria and fungi,”*"* and biomasses and their
have been used to fabricate highly luminescent
QDs, especially non-metallic QDs. To date, several studies have
been reported on the fabrication of biomolecule-derived eco-
friendly carbon-based QDs, such as carbon QDs (C-QDs)
either in their bare form or doped with hetero atoms (such
as N and/or S), and graphene QDs (G-QDs), and subsequently
demonstrated their excellent optical features (especially tunable
emission characteristics and high quantum yield) and uses in
the fields of bioimaging, drug delivery, chemical sensing,
biosensing, solar-driven catalysis, and light-emitting
applications.*™**

Over the past few decades, several synthetic techniques
including top-down and bottom-up approaches have been
demonstrated for the fabrication of C-QDs and G-QDs."*° Top-
down approaches are based on the breaking of bulk parts into
smaller parts and involves methods such as solvothermal
synthesis, electrochemical degradation, nanolithography, elec-
trochemical and acidic oxidation, arc discharge, laser ablation
and chemical exfoliation. In contrast, the bottom-up approach
involves smaller units assembling into larger species and
involves methods such as microwave irradiation, hydrothermal
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heating, ultra-sonication, and thermal combustion.” Inter-
estingly, between the two approaches, the bottom up-synthesis
strategy is more efficient for the synthesis of C-QDs and G-QDs
considering quality, purity, cost-effectiveness and time
management. Specifically, bottom-up methods yield C-QDs and
G-QDs with controllable morphologies and well-distributed
sizes and preserve their unique aforementioned properties,
thus making them suitable for various applications.'® Hence,
the synthetic procedure and precursors are critical for the
fabrication of excellent quality C-QDs and G-QDs for versatile
applications. Earlier reports showed that some synthetic
approaches such as combustion, microwave and thermal
treatments of resols, citrate, polyethylene and glycol, have
drawbacks in terms of costly precursors, tedious multiple steps,
harsh reaction conditions (including high temperature and use
of toxic solvents), use of strong acid and alkali, and purification
and separation processes."? Thus, among the reported
synthetic strategies, the use of biomolecules has the advantages
of eco-friendliness, ease of fabrication, and scalability, and thus
circumvents all the aforementioned problems related to the
other bottom-up techniques. To date, different biomolecules
such as (i) plant extracts including fruits, seeds, peels, leaves,
flowers, roots and vegetables,**° (ii) sugars including mono-
saccharides and polysaccharides,”* (iii) different amino
acids and proteins,””® (iv) nucleic acids, bacteria and
fungi,”** and (v) biomasses and their wastes'***** have been
utilized to synthesize biomolecule-derived carbon-based QDs.
Since their discovery, biomolecule-derived C-QDs and G-QDs
have been demonstrated to have extensive application poten-
tial in biological fields (imaging, drug delivery and sensing),
and their use in optoelectronic devices (including LEDs, solar
cells, photodetectors and supercapacitors) is quickly increasing,
but yet to be explored with regard to the recent energy demand.

Thus, among all the applications of biomolecule-derived C-
QDs and G-QDs, their application in optoelectronics, espe-
cially the fabrication of highly efficient sustainable optoelec-
tronic devices (such as LEDs, display systems, solar cells,
photocatalysts and photo detectors) is unique to provide new
and advanced functional materials towards the development of
solid-state lighting research. This may be able to reduce the
global energy consumption issue, which is a long-standing
problem worldwide.>***"** It should be mentioned that the
primary focus of optoelectronics and solid-state lighting
research (especially for the fabrication of low-cost and highly
efficient LEDs and solar cells) relies mainly on the sustainability
and environmental friendliness of new luminescent nano-
materials.>**'"'** The traditional approaches for the fabrication
of optoelectronic devices are mostly based on the use of envi-
ronmentally unfavorable materials and complicated fabrication
procedures, which restrict their practical application.>**'7'%
This results in a new paradigm towards the fabrication of
optoelectronic devices using natural and biological sources,
which are eco-friendly in nature and have anticipated optical
properties. This is where the pivotal role of biomolecule-derived
C-QDs and G-QDs come into play.

There have been several reports on biomass/natural product-
derived QDs (mainly C-QDs and G-QDs), which are principally

This journal is © The Royal Society of Chemistry 2019
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focused only on their synthesis and applications in various
fields, including biodiagnostics, energy conversion and
catalysis."™* Notably, there are ample reviews and feature
articles available on the synthesis of C-QDs and G-QDs from
natural products,"*'®* monosaccharides and polysaccharides,*
and biomass wastes,** doping of heteroatoms in C-QDs and G-
QDs,*>?* applications of C-QDs in sensing," bioimaging and
cancer therapy,*® photovoltaics and light harvesting,>?*
synthesis, properties and various applications of G-QDs,>*'*2%%
combined uses of C-QDs and G-QDs in biological purposes®
and optoelectronic and energy applications.> Although vast
literature exists on the application of C-QDs and G-QDs towards
light-emitting applications,™*™* to the best of our knowledge,
there are no review articles on the sustainable optoelectronic
applications of biomolecule-derived QDs. Hence, it is note-
worthy to focus on the sustainable optoelectronic applications
of biomolecule-derived QDs (more specifically C-QDs and G-
QDs), which have tunable optical features, biocompatibility
and scope for scalability.

The present review focuses on the use of various biomole-
cules for the fabrication of different luminescent QDs and their
practical utilization in sustainable optoelectronics, especially
LEDs, displays, solar cells, photocatalysts and photodetectors.
Furthermore, this has led to the idea to sort the QDs based on
the biomolecules used during their synthesis and consequently
discuss their scope in certain applications. Briefly, the present
review discloses two prime issues: (i) the advantages of carbon-
and graphene-based QDs (C-QDs and G-QDs) derived from
biomolecules of various categories and (ii) their applications as
LEDs, display systems, solar cells, photocatalysts and photo
detectors. Overall, the present review uncovers a brief concep-
tual idea and novel insights into how biomolecule-derived QDs
can be used to construct sustainable optoelectronic devices,
followed by overcoming the existing problems. Fig. 1 clearly
depicts the use of different biomolecules towards the fabrica-
tion of biomolecule-derived QDs with extraordinary properties
and their subsequent importance in various optoelectronic
applications.

2. Biomolecule-derived quantum
dots (QDs)

Realizing the importance of biomolecule-derived QDs, the
present section is systematically divided into sub-sections
based on the use of different biomolecules towards the fabri-
cation of QDs. Specifically, the different QDs are grouped based
on the classification of the biomolecules used during their
synthesis. The synthetic procedure, optical properties and
applications, especially disclosing the scope of their use as
sustainable optoelectronic materials based on their optical
features, of biomolecule-derived QDs are clearly described
herein. Importantly, natural products (biomolecules) can be
used to prepare scalable, biocompatible and highly luminescent
C-QDs and G-QDs via methods that are more cost-effective,
greener and simpler than the traditional methods using man-
made carbon-based sources.’ To date, different biomolecules

Nanoscale Adv., 2019, 1, 913-936 | 915
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Fig. 1 Schematic illustration of the natural synthetic precursors of biomolecule-derived QDs, and their extraordinary properties and use in

different optoelectronic applications.

such as (i) plant extracts including fruits (apples, oranges,
mangos, bananas, etc.), seeds (grape and lychee), peels (water
melon and pineapple), leaves (plane, lotus, ginkgo, pine,
osmanthus, palm, camphor, maple and bamboo, and tea),
flowers (rose), roots (lotus), and vegetables (cabbage, potato,
tomato, curcumin, etc.),*** (ii) sugars including mono-
saccharides (glucose, fructose, galactose, etc.) and poly-
saccharides (chitosan, alginic acid, cellulose, starch, glycogen,
chitin and starch),”* (iii) different amino acids (glycine,
histidine, cystine, cysteine, serine, glutamic acids, isoleucine,
etc.) and proteins (bovine serum albumin (BSA), hemoglobin, B-
lactoglobulin, etc.),”® (iv) nucleic acids (deoxyribonucleic acid
(DNA)), bacteria (Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), harmful cyanobacteria) and fungi (mush-
rooms),”*** and (v) biomasses (rice husk, coffee grounds, plant
leaves, wood charcoal, grass, sugarcane molasses, bird feathers
and eggs, bakery products, human hair and nails, soybean oil,
coconut shells, etc.) and their wastes (food/agricultural waste
containing carbohydrates, cellulose, chitin, lignin, chitosan,
inorganics, hemicelluloses, lignin, proteins, etc.)'®*** have
been used to fabricate highly luminescent biomolecule-derived
carbon-based QDs, especially non-metallic QDs. To date, several
studies have been reported on the fabrication of biomolecule-
derived eco-friendly carbon-based QDs, such as C-QDs either
as their bare form or doped with hetero atoms (such as N and/or
S) and G-QDs, and subsequently demonstrated their excellent
optical features (especially tunable emission characteristics and
high quantum yield) and uses, mostly in the fields of bio-
imaging, drug delivery, chemical sensing, biosensing, solar
driven catalysis, and light-emitting applications. Therefore,
based on the classification of the biomolecules generally used
during the synthesis of C-QDs and G-QDs, this part of the review
is divided into sub-sections as follows.

916 | Nanoscale Adv., 2019, 1, 913-936

2.1. QDs from plant extracts

Plant extract-derived biodots are renewable, cost-effective and
eco-friendly, and the presence of heteroatoms is beneficial for
the construction of heteroatom-doped bio-dots without the use
of additional sources of heteroatom-containing species."*>°
Plant extracts have been demonstrated to be exceptional sour-
ces for the green fabrication of biodots, especially C-QDs and G-
QDs, since they are rich carbon-containing species.»* > Plant
extract-derived QDs have shown tremendous physical features
including high photoluminescence quantum yield (QY), pho-
tostability, excellent water solubility and lower cytotoxicity
compared to ordinary dye and metal-based QDs, and thus
demonstrated application potential in bioimaging, biosensing,
photocatalysis and optoelectronics.»**'-** Furthermore, plant
extracts such as vegetables, fruits, flowers, leaves, seeds, roots
and peels have already proven to be outstanding and alternative
carbon precursors for the fabrication of C-QDs and G-QDs, and
thus demonstrated their uses in many of the aforementioned
fields. Fruit juices (orange, banana, apple, papaya, pear, etc.)
have been employed as carbon sources for the fabrication of
highly luminescent water soluble nontoxic biodots. For
example, (i) orange juice, following hydrothermal treatment,
was used to fabricate highly green luminescent photostable and
nontoxic C-QDs with a QY of 26%, which were used as a cellular
imaging agent (Fig. 2A).** (ii) Water-soluble green luminescent
C-QDs with a QY of 8.95% and pH-dependent luminescence
properties were synthesized based on the simple heating of
banana juice without the use of any surface passivation
agents.* (iii) The hydrothermal treatment of apple juice was
used to construct bright-blue fluorescent monodispersed
nontoxic C-QDs (having a QY of 4.27%), which were subse-
quently used as a fluorescent probe for the imaging of

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Fabrication of biomolecule-derived QDs using different plant
extracts as a source of carbon. (A) Orange juice (this figure has been
adapted/reproduced from ref. 31 with permission from The Royal
Society of Chemistry), (B) lychee seeds (this figure has been adapted/
reproduced from ref. 37 with permission from The Royal Society of
Chemistry), (C) plane, lotus, pine leaves (this figure has been adapted/
reproduced from ref. 42 with permission from The Royal Society of
Chemistry), (D) rose flower (this figure has been adapted/reproduced
from ref. 45 with permission from Elsevier) and (E) sweet potato (this
figure has been adapted/reproduced from ref. 47 with permission from
Elsevier).

mycobacterium and fungal cells.*® (iv) Carica papaya juice, fol-
lowed by hydrothermal treatment, was used as a carbon
precursor to synthesize blue luminescent biocompatible C-QDs,
with a QY of 7%, which were used as cellular imaging agents for
bacterial (Bacillus subtilis) and fungal (Aspergillus aculeatus)
cells.** (v) Similarly, a C-QD-based weak gel from pear juice, with
excitation dependent multicolour emissions, was also reported
and used for sensing purposes.*

Seeds have also used to synthesize biodots (including C-QDs
and G-QDs). For example, (i) the microwave-assisted synthesis
of self-assembled G-QDs (with a QY of 31.79% and excitation-
dependent luminescence) from grape seed extract was re-
ported, which were used in nucleus targeting in theranostics,
organelle labelling, and optical pH sensing probes.*® (ii) Lychee
seeds, following pyrolysis, served as a carbon source for the
synthesis of blue luminescent C-QDs with a QY of 10.6%
(Fig. 2B), and subsequently used as sensor for methylene blue
and as a bioimaging agent in living cells.’” Peels of fruits have
also been used to construct water-soluble and highly lumines-
cent biodots. For example, (i) the low temperature carboniza-
tion of water melon peel was used to synthesize blue
luminescent, stable, water-soluble, nontoxic C-QDs with a QY of
7.1%, which were used as a cellular imaging agent.* (ii) Pine-
apple peel served as a carbon source for the synthesis of strong
blue luminescent, low cytotoxic C-QDs with a QY of 42%, which
were subsequently used in the sensing of heavy metal ions,
imaging of cancerous HeLa cells, and fabrication of electronic
logic gates.* (iii) Orange peels were used to fabricate highly blue
luminescent C-QDs, having a QY of 36% via hydrothermal

This journal is © The Royal Society of Chemistry 2019
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carbonization, which showed photocatalytic activities in
combination with ZnO for the degradation of an azo dye.* (iv)
Similarly, pomelo peel served as a carbon source for the
hydrothermal-based synthesis of water-soluble, highly blue
fluorescent C-QDs with a QY of 6.9%, which were used for the
detection of heavy metal ions.** Leaves of plants have also been
used for the large-scale production of high quality biodots
without the use of any surface passivation agent or toxic/
expensive solvents. For example, leaves from plane, lotus and
pine were used for the one-pot pyrolytic synthesis of low-cost,
biocompatible, blue luminescent C-QDs, with excitation
tunable fluorescence and QYs of 16.4, 15.3 and 11.8, respectively
(Fig. 2C). Consequently, the formed C-QDs acted as a sensor for
the detection of Fe*" ions, luminescent inks for printing lumi-
nescent patterns and used to fabricate fluorescent micro-beads,
followed by their encapsulation in polymers, which may be
useful for future biodiagnostic applications.*> Similarly, tea
including their leaves and powder forms, was used to fabricate
blue luminescent C-QDs with excitation tunable emission
properties and conductive fabrics.** Notably, the roots of plants
(such as the lotus) have also been used as a carbon source for
the microwave-assisted fabrication of blue luminescent N-
doped C-QDs with a QY of 19% and in heavy metal ion
sensing and multicolour cellular imaging.** Besides the fruits,
the seeds, peels, leaves and roots of plants and their flowers, for
example the rose plant, were used as a carbon source for the
synthesis of C-QDs, which exhibited blue emission, QY of
13.45%, and excitation-dependent emission properties
(Fig. 2D), and consequently application in the analytical sensing
of tetracycline.*” Similarly, vegetables such as cabbage, potato,
capsicum, curcumin and tomato have been used as a renewable
source of carbon to synthesize biodots with excellent properties
and desired applications. For example, (i) Kim and co-workers
reported the low temperature carbonization of cabbage for the
production of highly blue luminescent nontoxic C-QDs with
a QY of 16.5% and excitation-dependent emissive properties,
which had served as a bioimaging agent.* (ii) Sweet potato was
used for the synthesis of blue luminescent N-doped C-QDs with
a QY of 8.64% via a hydrothermal reaction, (Fig. 2E), which were
used to probe Fe** in living cells.*’ (iv) The microwave-assisted
pyrolysis of tomato in the presence of ethylene diamine (EDA)
and urea resulted in the formation of nontoxic blue fluorescent
C-QDs (with 1.77% QY), which exhibited excitation-tunable
fluorescence properties and were used for the bioimaging of
plant pathogenic fungi and the detection of vanillin.*® (iv)
Packirisamy and co-workers demonstrated the use of curcumin
as a source of carbon for the hydrothermal-based synthesis of
blue luminescent C-QDs, with high aqueous solubility, QY of
8.607% and efficient excitation-dependent multicolour fluo-
rescent emission, which were useful in bioimaging and sensing
purposes.*® Notably, Wang et al. reported the use of a series of
vegetables, including guava, red pepper, peas and spinach, as
a carbon precursor for the synthesis of blue luminescent C-QDs
and eventually revealed that the spinach-extracted C-QDs
exhibited higher luminescence properties among the utilized
vegetables.*® Interestingly, the coupling of spinach-derived blue
luminescent C-QDs with TiO, resulted in enhanced

Nanoscale Adv., 2019, 1, 913-936 | 917
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photocatalytic activities for hydrogen generation.” Hence, the
various parts of plants have been demonstrated for the
construction of biodots (mostly C-QDs) in green and cost-
effective pathways, which have various uses, especially in bio-
imaging and sensing activities.

2.2. QDs from simple sugars and polysaccharides

The smallest carbohydrates with low molecular weights are
known sugars (including mono and disaccharides), where
oligomeric and polymeric units of monosaccharides lead to the
formation of oligo and polysaccharides, which are two other
classes of carbohydrates.”*” Sugars and polysaccharides
include numerous important molecules that play vital roles in
fertilization, the immune system, storing energy, and prevent-
ing blood clotting and pathogenesis, and thus are important for
living organisms.*»**” The diverse functionalities, availability,
abundance, heterogeneity, high water solubility, low carbon-
ization temperatures, low cost and lack of toxicity of sugars and
polysaccharides make them important class of biomolecules,
which can be used as starting materials for the construction of
highly luminescent, biocompatible and low cost QDs (including
C-QDs and G-QDs).?"**%” Thus, researchers have started to use
sugars and polysaccharides as carbon sources to construct C-
QDs and G-QDs, with enhanced and superior physical and
optical properties. To date, simple sugars such as glucose,
fructose, sucrose, glucosamine, mannose, maltose and lactose
and their derivatives have been used for the synthesis of
biomolecule-derived QDs.***** Similarly, polysaccharides such
as chitosan, cellulose, starch, glycogen, dextran, hyaluronic
acid, and chitin have also been successfully used to synthesize
biodots, with control over their optical and physical proper-
ties.”**** Among the monosaccharides, glucose has been
extensively been used in the synthesis of C-QDs.**™ For
example, (i) Peng et al. demonstrated the synthesis of highly
blue luminescent nontoxic C-QDs, with a QY of 13% using
glucose as a carbon source followed by acid treatment and
surface passivation with 4,7,10-trioxa-1,13-tridecanediamine
(TTDDA).** (ii) Yang et al. reported the formation of highly
water-soluble C-QDs with blue luminescence and QY of 6.3% via
microwave-assisted synthesis using glucose as a carbon source
in the presence of poly(ethylene glycol)-200 (PEG-200)
(Fig. 3A).* (iii) Glucose-derived water soluble G-QDs with a QY
in the range of 7-11% were synthesized via microwave-assisted
synthesis, which were used to fabricate a white-light emitting
material based on their coating on a blue LED chip.** (iv) Blue
luminescent (N, P) dual-doped C-QDs with a 30% QY were
synthesized via the hydrothermal treatment of glucose in the
presence of ammonia and phosphoric acid, which were used for
the imaging of cells and detection of Fe*" ions.* (v) Similarly,
green emissive glucose-derived C-QDs with a QY of 9.6% were
synthesized and demonstrated to be an ideal candidate as
a better bioimaging agent compared to blue luminescent C-
QDs.” Besides the use of glucose, other monosaccharides such
as fructose, maltose and sucrose and their derivatives such as
polyols (glycerol and xylitol) and glucosamine hydrochloride
have also been used as carbon sources for the fabrication of C-

918 | Nanoscale Adv., 2019, 1, 913-936

View Article Online

Review

(A) ‘

T = N Sie S M
- o 12 S !
o Slesle Sle A . B!

microwave 1y J1oy /1 S !
}L Ta AN 5 min 10 min

Fluorescent
Carbon dots

P Cyclodextrin

(®), © ===

© © () Complexing gy
== e — W
e S0 o
o = y(\‘: L] (c) Rioimaging,
\ ’ ) drug delivery
SN °
oY Lo

Fig. 3 Synthesis of biomolecule-derived QDs based on the use of
different carbohydrates and their derivatives as carbon precursors. (A)
Glucose (this figure has been adapted/reproduced from ref. 52 with
permission from The Royal Society of Chemistry), (B) sucrose (this
figure has been adapted/reproduced from ref. 59 with permission the
PCCP Owner Societies), and (C) B-cyclodextrin (this figure has been
adapted/reproduced from ref. 68 with permission from The Royal
Society of Chemistry).

QDs. For example, (i) a combination of maltose and fructose (in
the presence of bases) was used as a carbon source for the room
temperature fabrication of green luminescent and highly crys-
talline C-QDs (with s QY 2.2%).%® (ii) Phosphoric acid was re-
ported to facilitate the synthesis of orange-red luminous C-QDs
with a QY of 15% from sucrose (Fig. 3B).” (iii) The microwave
irradiation of glucosamine hydrochloride in the presence of
TTDDA resulted in the formation of blue-emitting C-QDs with
a QY of 17%.% (iv) The microwave irradiation- and TTDDA
facilitated-pyrolysis of glycerol resulted in the formation of blue
luminescent C-QDs with a QY of 12%, which were used for live
cell imaging.** (v) Xylitol in the presence of acids and ethylene
diamine was used as a carbon source for the fabrication of blue
fluorescent nontoxic photostable C-QDs (with 7% QY), which
were subsequently used for the imaging of cancerous HeLa
cells.®

Also, polymeric sugar molecules, also termed poly-
saccharides, such as chitin, chitosan, cellulose, hyaluronic acid,
and cyclodextrin, are important precursors for the fabrication of
biomolecule-derived QDs. Hydrothermal treatment of chitin,
which is composed of B-1,4-linked N-acetyl-p-glucosamine
units, in the presence of acids resulted in the formation of blue
luminescent N-doped C-QDs.®* Chitosan (an amine-containing
polysaccharide) hydrogel-derived blue luminescent C-QDs
were synthesized via microwave irradiation in the presence of
acid and glycerol, which were subsequently used to fabricate
pH-responsive drug-delivery vehicles based on their coating of
calcium alginate (CA) beads.* Similarly, the microwave irradi-
ation of chitosan, alginic acid and starch individually in the
presence of PEG-200 led to the formation of blue luminescent
spherical C-QDs with different luminescence intensities and
QYs.” Among them, the starch-based C-QDs showed the high-
est luminescence properties and were an efficient sensing
platform for Cu®" ions.” Notably, cellulose, a linear poly-
saccharide composed of repeating B-1,4-linked glucose units,
was used to synthesize blue-green emissive C-QDs with a QY of
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21.7% and the ability to image cells.®® Additionally, the cyclic
glucose polymer cyclodextrin has been used as a carbon
precursor for the synthesis of C-QDs (with a QY of 13.5%) via
acidic and hydrothermal treatment, which exhibited excitation-
dependent emissive behaviour and potential in sensing of Ag"
ions.®” The thermolysis of the B form of cyclodextrin (i.e., B-
cyclodextrin) in presence of surface passivation agents and acid
has been used to construct excitation-independent green
emissive photostable C-QDs (with a QY of 30%, Fig. 3C), which
were coupled with a negatively-charged polysaccharide (hya-
luronic acid) for drug delivery applications.®® Similarly, an N-
containing polysaccharide, hyaluronic acid, served as a start-
ing material in combination with glycine (followed by autoclave
treatment) for the synthesis of C-QDs with excitation-dependent
fluorescence from the blue to green emission window, which
were consequently used as a fluorescent probe for targeted live
cell labelling, imaging and drug delivery applications.®® The
above discussion reveals the extensive use of carbohydrates,
including simple sugars (mono and disaccharides) and poly-
saccharides as cheap and easily available starting carbon
materials for the fabrication of nontoxic, highly water-soluble,
highly luminescent C-QDs, which have significant impact in
biological imaging, sensing and drug delivery applications.

2.3. QDs from amino acids and proteins

Amino acids, the elementary structural units of proteins, are
abundant, eco-friendly, cheap and biocompatible. The presence
of the different functional groups, especially both amino and
carboxyl groups, makes them excellent molecular precursors for
the programmable bioinspired synthesis of biomolecule-
derived QDs (biodots) with anticipated properties.”* Interest-
ingly, the abundant nitrogen- and sulphur-containing func-
tional groups in amino acids provide the additional advantage
of heteroatom doping biomolecule-derived QDs (particularly in
C-QDs and G-QDs), which results in better crystallinity and
extraordinary optical properties.””"* Moreover, owing to their
highly versatile combinations of different functional groups,
amino acids offer greater programmability towards the
construction of high quality biomolecule-derived QDs. For
example, C-QDs were synthesized via the microwave irradiation
of histidine in the presence of acid/alkali, which exhibited
strong blue fluorescence (with a QY of 44.9%) and enhanced
chemiluminescence in the presence of a sodium periodate-
hydrogen peroxide system.”” Whereas, hydrothermal treat-
ment of histidine in the presence of acid/alkali resulted in the
formation of highly blue luminescent, nontoxic, photostable N-
doped C-QDs with a QY of 8.9% and excitation tunable lumi-
nescence behaviour, which were used as a sensor for Fe** ions
and imaging agent for cancerous cells (Fig. 4A).”* Recently, 20
different natural a-amino acids and their mixtures were used to
fabricate highly photostable C-QDs (with a QY of 30.44%),
which demonstrated that the reactive R groups present in
amino acids determine the stability of surface defects,
morphology, crystallinity and optical features of amino acid-
derived C-QDs.” Similarly, r-serine and r-cystine were used to
synthesize (N, S) co-doped C-QDs, which were utilized in
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Fig. 4 Construction of biomolecule-derived QDs with the use of
different amino acids and proteins as carbon sources. (A) Histidine
(reproduced from ref. 71 with permission from the American Chemical
Society), (B) glycine (reproduced from ref. 80 with permission from
Springer Nature), and (C) gelatin (reproduced from ref. 89 with
permission from The Royal Society of Chemistry).

bioimaging applications.” Similarly, r-aspartic acid in the
presence of glucose was exploited as a carbon source for the
synthesis of biocompatible C-QDs with full-colour tunable
emission (465-550 nm) and high QY of 7.5%, which served as
fluorescence imaging and targeting agents for non-invasive
glioma diagnosis.” Cysteine was also used for the synthesis of
highly luminescent water-soluble C-QDs (with a maximum QY
of 38%), which were subsequently demonstrated to have
applications in numerous fields, such as label-free sensing of
Cd>*/Fe*", in vitro imaging of MCF7 cancer cells, anti-bacterial
activity against Escherichia coli (E. coli), and photocatalytic
activity towards H,0,.” Lysine-derived blue luminescent chiral
C-QDs via thermal treatment of p- or t-lysine (Lys) as the solitary
carbonaceous building block showed chiral inhibition of the
assembly and fibrillation of the prion peptide.” Similarly, the
hydrothermal treatment of isoleucine in the presence of citric
acid was used to construct blue luminescent, water-soluble, N-
doped C-QDs, which acted as a turn-off fluorescent probe for
the detection of Fe** in aqueous solution.”” In addition, gluta-
mic acid was also used as a precursor for the synthesis of C-QDs,
with a QY of 30.7% and excitation tunable luminescence, which
were used as an imaging agent for plant cells.”® Interestingly,
the pyrolysis of r-glutamic acid resulted in the formation of
stable and biocompatible G-QDs with a high QY (54.5%) and
strong excitation-dependent photoluminescence including
near-infrared (NIR) fluorescence in the range of 800-850 nm
(depending on the excitation wavelength), which were conse-
quently used as a biomarker for in vitro/in vivo imaging and
sensor for hydrogen peroxide.” Whereas, highly luminescent
blue-emitting nitrogen-doped and amino acid-functionalized G-
QDs (with a QY of 16.2%) were prepared using glycine as
a precursor (Fig. 4B), which were used for the fluorometric
determination of ferric ions.*®

Proteins are natural bio-macromolecules rich in various
functional groups at defined locations of the main chain of
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peptide bonds and can easily unfold into peptide polymers,
depending on reaction and environmental conditions.**
These different functional groups in a single entity make
proteins an excellent source of ligands, ranging from thiols and
carboxylate to amine moieties. Thus, they are not only used as
templates (or stabilizing agents) for the synthesis of various
metal-based traditional QDs, but also to help to modify the
surface of pre-synthesized hydrophobic QDs and make them
biologically amenable for overcoming their restricted biological
applications.®*® Since the 21% century, proteins, including
their denatured forms, have been used as carbon sources for the
fabrication of biomolecule-derived QDs (especially, C-QDs).?*-*
In this regard, bovine serum albumin (BSA), B-lactoglobulin,
hemoglobin and gelatin have been demonstrated as protein
sources for the construction of biocompatible, highly lumines-
cent biomolecule-derived QDs.**** Among them, BSA (both in
its normal and denatured forms) has efficiently utilized as
a facile and green synthetic precursor for the synthesis of C-
QDs. For example, (i) the hydrothermal treatment of BSA in
the presence of a surface passivating agent resulted the
formation of low-cytotoxic, biocompatible and highly blue
luminescent C-QDs, which were useful for cellular imaging
applications.® (ii) The carbonization of BSA (in hot water) led to
the formation of good quality C-QDs with a high QY of 34.8%,
narrow size distribution, colloidal stability in a wide pH range
and high salt concentration, and excitation-dependent tunable
fluorescence in the range of 450-525 nm, which subsequently
exhibited versatility in single particle dynamic imaging and Fe**
ion sensing in spring water.® (iii) Microwave treatment of the
denatured form of BSA was used to fabricate blue luminescent
C-QDs with a QY of 14% and up-conversion fluorescence
properties, which served as a nanosensor for pH, temperature
and silver metal ions.*® In addition, the hydrothermal reaction
of BSA (in water) resulted in the formation of highly fluorescent
N-doped C-QDs, with a QY of 44% and excitation-dependent
emission behaviour, which were consequently used as an
imaging probe for live mammalian cells.** Furthermore, highly
blue fluorescent, biocompatible, N doped C-QDs (with a QY of
17.1%) were fabricated via the hydrothermal treatment of BSA
(together with formic acid), which were consequently used for
live cell nuclear-targeted imaging.*® Interestingly, a drug
delivery system containing hollow, blue luminescent, stable,
nontoxic C-QDs (with a QY of 7%) was fabricated via a sol-
vothermal reaction using BSA as the carbon source.®® Similarly,
B-lactoglobulin, which is less hydrophobic, smaller, and highly
resistant to proteolytic degradation than BSA, was used to
construct highly blue luminescent C-QDs with excitation-
independent emission, which subsequently served as
a sensing platform for the detection of Cu®* ions.?” Recently, the
hemoglobin molecule, which consists of a heme group (with an
Fe”* ion bound within a porphyrin ring) and four globular
protein subunits, was used to synthesize blue luminescent C-
QDs (also termed blood dots: containing Fe** ions), which
were used as a sensor for hydrogen peroxide.®® Similarly, gelatin
was used as a protein source for the synthesis of blue lumi-
nescent C-QDs, with a QY of 31.6% and excitation-dependent,
up-conversion and pH-sensitive luminescence properties,
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which were used as an excellent fluorescent ink material and
bioimaging agent (Fig. 4C).*® Therefore, the above discussion
clearly demonstrates that amino acids and proteins have been
used to construct fluorescent, eco-friendly, highly luminescent
C-QDs and G-QDs, which have been used typically for bio-
imaging, drug delivery and/or sensing applications.

2.4. QDs from nucleic acids, fungus and bacteria

Nucleic acids are natural biopolymers of nucleotides, which
consist of three components: nitrogenous nucleobases (purine
and pyrimidine), phosphate group and pentose sugar. The
difference in the structure of the pentose sugars (in the nucle-
otides) and the presence of different nucleobases (in addition to
three common nucleobases, adenine, cytosine and guanine)
have been used to classify nucleic acids into two categories:
RNA, which contains ribose (with hydroxyl groups) as the sugar
and uracil as the nucleobase, while DNA contains 2-deoxyribose
as the sugar and thymine as the nucleobase.?** The presence of
the different chemical moieties in nucleic acids make them
important biological molecules towards the functionalization
and stabilization of different QDs.”*** Over the last decade,
nucleic acids (especially DNA) have been demonstrated as
starting carbon source materials for the synthesis of
biomolecule-derived QDs (mostly C-QDs).”*"** For example, (i)
Guo et al. reported that the cytosine-rich DNA (obtained from
salmon testes or salmon sperm DNA) was used as a carbon
source to synthesize blue fluorescent biomolecule-derived QDs
via self-assembly at low temperature, with excellent solubility,
low cytotoxicity, stable blue fluorescence (with a QY of 3.65%)
and good biocompatibility.* (ii) Inspired by this, Qiu and co-
workers also demonstrated the hydrothermal treatment of
polycytosine DNA (at low temperature) for the fabrication of
blue luminescent bio-dots, which, after subsequent combina-
tion with Ag" ions, were used for the detection of biothiols and
glutathione reductase activity.” (iii) DNA-derived blue lumi-
nescent C-QDs were also prepared via the hydrothermal treat-
ment of DNA, which were efficiently used for the detection of
mercury and silver ions in water (Fig. 5A).%% (iv) Finally, bacterial
genomic DNA (isolated from Escherichia coli) was demonstrated
as a starting material for the synthesis of highly fluorescent,
biocompatible C-QDs and the presence of ample chemical
groups, including amino or hydroxyl groups made them
a useful platform for cellular imaging for both prokaryotic and
eukaryotic cells as well as drug delivery agents in organelles and
cells.*

Microorganisms such as fungi, (multicellular eukaryotic
organisms have nuclei contacting chromosomes and other
organelles) and bacteria, (single-celled prokaryotes without
nuclei and smaller in size compared to fungi) have recently
been used as carbon sources for the green synthesis of highly
fluorescent, low cost biomolecular QDs (mostly C-QDs), and
thus applicability in fields ranging from bioimaging and
sensing to drug delivery.”*®® Recently, edible mushrooms
(Pleurotus spp. fungus) were used to synthesize blue lumines-
cent and water-soluble C-QDs with a QY of 25%, which were
used as a fluorescent probe for the label-free detection of Hg>*

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Use of (A) nucleic acid (DNA), (B) fungus (mushroom) and (C)
bacteria (S. aureus or E. coli) as a carbon sources to synthesize
biomolecule-derived QDs. (A) has been adapted/reproduced from ref.
93 with permission from Elsevier, (B) from ref. 95 with permission from
Elsevier, and (C) from ref. 97 with permission from The Royal Society of
Chemistry.

ions, photo-induced bactericidal agent and for the labelling of
bacteria (Fig. 5B).”” Additionally, blue luminescent C-QDs, with
a QY of 15.3% QY, excellent photostability and nontoxicity, were
synthesized via the one-step hydrothermal treatment of
a fungus (mushroom) for a short period of time, which were
used for sensing hyaluronic acid and hyaluronidase.”® On the
other hand, using different bacteria, application-specific C-QDs
have been constructed. For example, (i) Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) bacteria were used to
synthesize low-cost eco-friendly and scalable C-QDs via hydro-
thermal carbonization, with high photostability and excitation-
tunable luminescence, which were used to rapidly distinguish
dead microorganisms from live ones (Fig. 5C).*” (ii) Harmful
cyanobacteria, which seriously impact humans and the
ecosystem, were successfully converted into highly luminescent,
photostable, uniform and low-cytotoxic C-QDs, which were used
as an efficient imaging (carbon nanotags) platform for anti-
cancer therapy, and is a step towards sustainability and
economic benefit.*® (iii) Using L. plantarum, as a single carbon
source, highly fluorescent C-QDs with a QY of 10.3% were
fabricated, which, importantly, exhibited properties to inhibit
biofilm formation of Escherichia coli without affecting cellular
growth.” Thus, the above conversation evidently shows that
nucleic acids, fungi and bacteria can be successfully used as
a carbon sources for the synthesis of biodots (mainly C-QDs),
which have applications in various biological fields, including
imaging, drug delivery, and sensing.

2.5. QDs from biomass and their waste

Realizing the need for cheap, renewable, abundant and eco-
friendly carbon sources for the synthesis of biomolecule-
derived QDs (including C-QDs and G-QDs), biomass and their
wastes have recently received great attention, and thus far
served well to fulfil the requirements for their synthesis. In this
regard, various biomass and their wastes, for example, (i)
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agricultural products,**” (ii) animals and their deriva-
108112 (jjj) foods (including bakery products and bever-
ages),"* " and (iv) industrial products,”®®*** have been
demonstrated to be applicable for the scalable, low-cost
synthesis of carbon-based QDs, with superior optical features
and applications mostly in biological and sensing purposes.
Agricultural products and their wastes, such as rice husk,
sugar cane molasses and bagasse, chia seeds, coffee grounds,
grass, dead neem leaves, and wood charcoal, have been used as
carbon precursors for the fabrication of application-specific C-
QDs and G-QDs.'*'*” For example, Wang et al. reported the
use of rice husk as an abundant source of biomass for the large-
scale and hydrothermal-based synthesis of biocompatible blue
luminescent G-QDs with a QY of 8.1%, excellent water solu-
bility, stability and tunable luminescence properties, and
subsequently demonstrated their use in cellular imaging
(Fig. 6A).* Huang et al. reported the formation of biocompat-
ible blue luminescent C-QDs (having a QY of 5.8%) based on the
thermal treatment of sugarcane molasses (as the carbon
source), which were used as bioimaging agents and sensor for
Sunset Yellow.'* Du et al. reported the renewable waste of
bagasse could also be useful as a raw material for the fabrica-
tion of highly luminescent photostable biocompatible C-QDs
with excitation tunable emission in the blue, green and red
emission windows and potential as a bioimaging agent.’® Jones
et al. reported that the thermal treatment of chia seed,
a renewable natural biomass, resulted in the formation of
amorphous scalable C-QDs, with a QY in the range of 4-25%
and multicolor luminescence properties in different solvents.'**
Chang and co-workers reported the use of coffee grounds as
a carbon raw material source, for the green, low cost and scal-
able synthesis (using simple heating) of nontoxic C-QDs with
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Fig. 6 Use of biomass and their wastes. (A) Rice husk, (B) human hair,
(C) bread, jaggery and sugar cubes, (D) eggs and (C) paper ash as
carbon sources for the fabrication of biomolecule-derived QDs. (A)
has been adapted/reproduced from ref. 100 with permission from the
American Chemical Society, (B) from ref. 109 with permission from
Elsevier, (C) from ref. 113 with permission from John Wiley and Sons,
(D) from ref. 114 with permission from Springer Nature, and (E) from
ref. 121 with permission The Royal Society of Chemistry.
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a QY of 3.8% and excitation-dependent tunable emission in the
range of 400-600 nm and also demonstrated their usefulness in
cellular imaging and analytical applications.’® Sun and co-
workers demonstrated that the hydrothermal treatment of
grass resulted in the formation of carbon-based biodots with
a QY in the range of 2.5% to 6.2% based on the temperature and
demonstrated their use in the label-free sensing of Cu®* ions.'
Ogale and co-workers showed the use of dead neem leaves, as
a natural and waste source of carbon, for the large scale
synthesis of green fluorescent G-QDs (with a QY of 1%).
Subsequent passivation with amine resulted in a shift in their to
blue with an enhancement in QY from 1% to 2%, and finally the
amine-passivated G-QDs were used for the efficient and selec-
tive sensing of Ag" ions.'® The electro-oxidation of wood char-
coal was demonstrated as a cheap and green method for the
synthesis of highly blue luminescent G-QDs, which efficacy in
the sensing of glucose and hydrogen peroxide.**”

According to earlier reports, animals and their derivatives
(silkworm chrysalis, human hair, cow manure, bird feathers,
human urine etc.) were used as carbon raw material sources in
the synthesis of carbon-based QDs."**"** For example, (i) Wang
and co-workers reported the fabrication of highly blue lumi-
nescent N-doped C-QDs, (with a QY of 46%) from silkworm
chrysalis via microwave-assisted synthesis, which were used as
a cellular imaging agent.'* (ii) Sun et al. reported the formation
of blue luminescent (N, S) co-doped C-QDs with a QY of 11.1%
and excitation wavelength-dependent tunable luminescence
properties from the thermal decomposition of human hair
fibers, and demonstrated their use as a bioimaging agent
(Fig. 6B)."* (iii) Cow manure was used as a carbon source to
synthesize blue fluorescent low-toxicity C-QDs with a QY of 65%
and the capability to selectively stain nucleoli in breast cancer
cell lineages."*® (iv) Liu et al. demonstrated the use of bird
feathers to fabricate blue fluorescent, water-soluble, hetero-
atom doped C-QDs via microwave-hydrothermal treatment,
with a QY of 17.1% QY, excitation-tunable emission and capa-
bility to sense ferric ions.”* (v) Baker and co-workers demon-
strated that human urine-derived C-QDs (otherwise known as
pee dots), with a maximum QY of 14% and blue color emission,
could be synthesized via the carbonization of human urine. The
biocompatible pee dots exhibited applicability in the multi-
plexed fluorescence imaging of mice embryonic fibroblast cells
and in the detection of heavy metal ions.'"

Foods (including bakery products and beverages) and their
wastes are an important class of renewable carbon sources for
the synthesis of carbon-based QDs.****** Chattopadhyay and co-
workers demonstrated the use of various food products (such as
bread, corn flakes, biscuits, jaggery and sugar caramel) as
carbon sources for the microwave-assisted synthesis of water-
soluble nontoxic C-QDs, with excitation-tunable luminescence
properties and QYs in the range of 0.63-1.2% (Fig. 6C)."** Bright
blue fluorescent C-QDs were obtained via plasma-induced
synthesis using eggs (both their yolk and white parts) as the
starting material, (with QY in the range of 6-8%), which were
used as luminous inks for multicolor patterns using inkjet and
silk-screen printing, by Wang et al. (Fig. 6D)."** Mahesh et al.
demonstrated the use of honey as a precursor for the
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carbonization-based fabrication of G-QDs with excitation-
tunable luminescence and QY of 3.6%, which were used as
a stable security ink and for the generation of white light
emission.'*® Notably, overcooked barbeque meat was also used
as a raw material for the synthesis of green luminescent C-QDs
with excitation-dependent luminescence and QY in the range of
1-2%, which showed photocatalytic activity.**® Further, C-QDs
with a QY of 7.39% and excitation-dependent fluorescent
characteristics were synthesized using beer as a starting mate-
rial, which were eventually used for cellular imaging of breast
cancerous cells and drug delivery.""” Likewise, milk-derived C-
QDs (via hydrothermal treatment of milk) with a QY of 9.6%
and multicolor emissive properties were also reported.® In
addition, hydrochar, a waste of food products, was used as
a carbon precursor for the synthesis of multicolor (blue, green,
yellow and red) C-QDs, with QYs in the range of 6-28%, which
were used as a fluorescence probe for the detection of Fe**
ions.™

In this regard, industrial waste products (lignin and paper
ash) have also been used for the fabrication of scalable,
nontoxic, highly luminescent biodots."**'*' For example, Ding
et al. showed that lignin, which is a natural source of aromatics
and pulping industrial waste, could be used as a low-cost, green
and sustainable raw material for the hydrothermal synthesis of
blue luminescent G-QDs with a QY of 21% and excitation-
dependent fluorescence behaviour, which showed potential in
bioimaging applications.” Similarly, Wei et al. reported the
formation of blue luminescent C-QDs, (with a QY of 9.3% and
multicolour emissive behaviour depending on excitation wave-
length) using paper ash as a carbon source, and subsequently
demonstrated their use as a bio-labelling agent (Fig. 6E)."**

The details of the remarkable optical properties (such as
absorption, excitation, emission, and luminescence colour
under UV light and QYs) and the synthetic methods of the re-
ported biomolecule-derived QDs are presented in Table 1. This
will be helpful for the fabrication of sustainable optoelectronic
devices, based on the use of scalable, renewable and cost
effective biomolecules.

3. Synthetic methods for
biomolecule-derived QDs

3.1. Hydrothermal/solvothermal

Hydrothermal or solvothermal carbonization, which is based on
heating precursor materials at a high temperature in a sealed
container, is a low-cost, eco-friendly, and green route for the
synthesis of C-QDs and G-QDs from various biomolecules.'*
For example, highly luminescent C-QDs and G-QDs have been
synthesized through hydrothermal/solvothermal carbonization
from numerous precursors, including plant extracts (such as
orange juice,* pineapple peels,* cabbage,*® and curcumin®),
amino acids and proteins (such as histidine,” glutamic acid,”
BSA,*#% and B-lactoglobulin®), nucleic acids, fungi and
bacteria (such as DNA,” mushroom fungus,” and L. planta-
rum®®) and biomass and their waste (such as rice husks,' dead
neem leaves,' milk'*® and lignin'*°).

This journal is © The Royal Society of Chemistry 2019
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3.2. Microwave irradiation

Microwave irradiation is an efficient, eco-friendly and rapid
method for the fabrication of biomolecule-derived QDs. Typically,
the biomolecule (followed by dissolving in a solvent) is heated in
a microwave chamber. For example, C-QDs and G-QDs have been
synthesized via microwave irradiation from many precursors
including plant extracts (such as grape seeds,* lotus roots,*
tomato,* etc.), simple sugars and polysaccharides (glucose,**
glucosamine,*® glycerol,** xylitol,*> and chitosan®), amino acids
and proteins (such as histidine,” denatured BSA,** BSA,*"** and
B-lactoglobulin®’), and biomass and their waste (such as silkworm
chrysalis,'* jaggery, sugar caramel and bread'*®).

3.3. Pyrolysis

In the pyrolysis method, initially, decomposition of the
biomolecules above their melting points occurs followed by
condensation and nucleation, which lead to the formation of C-
QDs and G-QDs.** Earlier reports showed that pyrolysis has
been used as a synthetic strategy for the fabrication of
biomolecule-derived QDs. For example, using pyrolysis, C-QDs
and G-QDs have been fabricated from many biomolecules
such as lychee seeds,*” watermelon peels,*® and plane, lotus,
and pine leaves.”

3.4. Simple heating

Besides heating in sophisticated instruments, simple thermal
treatment has also been used to synthesize high-quality bio-
dots.'* Earlier reports showed that C-QDs and G-QDs could be
fabricated via simple heating using many biomolecules, such as
banana juice,** tea leaves,* glucose,* sucrose,* B-cyclodex-
trin,*® r-aspartic acid,” cysteine,” lysine,”® chia seeds,'* coffee
grounds,'* and cow manure.'*

3.5. Autoclaving and plasma treatment

In a similar manner, biomolecule-derived C-QDs and G-QDs
have also been fabricated via autoclaving and plasma treat-
ment."** For example, pear juice,® spinach, peas, pepper,
guava,® chitin,® r-ser and r-cys,”® BSA,*® and DNA,*"** have been
used to synthesize biodots via pyrolysis, while plasma treatment
of eggs resulted in the formation of C-QDs."**

3.6. Sonication

Alternating low- and high-pressure waves in liquid with strong
hydrodynamic shear forces make ultrasound methods impor-
tant synthetic methods for the construction of biomolecule-
derived QDs.*** This is a simple, low-cost and environment
friendly route for the synthesis of C-QDs and G-QDs. For
example, the ultrasound method has been used to synthesize
biomolecule-derived QDs from many precursors ranging from
cyanobacteria® to paper ash (a biomass waste).***

3.7. Chemical treatment

Despite their harshness, the treatment of biomolecules with
chemical agents such as acids and bases for the synthesis of

926 | Nanoscale Adv., 2019, 1, 913-936

View Article Online

Review

biodots (C-QDs and G-QDs) has also been reported.”*® For
example, the treatment of glucose with acid®* and a mixture of
maltose and fructose with base®® resulted in the formation of
biomolecule-derived C-QDs. Similarly, electrochemical oxida-
tion has also been used to synthesize biodots from wood
charcoal.*””

4. Origin of absorption and
luminescence of biomolecule-derived
QDs

The fabrication of optoelectronic devices using biomolecule-
derived QDs solely depends on their remarkable optical
features such as high QY, emission colour, excitation-tunable
emission, photostability, and separation of charge carriers.
This circumvents problems related to the fabrication of
biomolecule-based nano optoelectronic devices. However, very
little attention has been paid to elucidating the clear and
plausible mechanism of the origin of the luminescence of
biomolecule-based QDs (especially, C-QDs and G-QDs). On the
other hand, the aforementioned optical properties (such as
absorbance and luminescence) of biomolecule-derived QDs (C-
QDs and G-QDs), including their amorphous and crystalline
natures, are found to be quite similar to the optical properties
exhibited by C-QDs and G-QDs synthesized using man-made
carbon precursors.

It is clear from Table 1 that all the biomolecule-derived QDs
absorb mostly in the UV region in the range of 200-400 nm, with
the occasional minimum absorption in the blue window. This is
correlated with the two primary electronic transitions, m-m*
and n-tt*, of the C=C and C=O/heteroatom bonds.** This
indicates that irrespective of the size of the biomolecules used
during the synthesis of C-QDs and G-QDs, their small surface
functional groups are responsible for their optical absorption.
This also directs the scope of possibility of surface functional-
ization for better and advanced properties of C-QDs and G-QDs.

Several research groups have demonstrated their speculation
regarding the origin of luminescence, high QY, photostability
and excitation tunable luminescence properties of C-QDs and
G-QDs based on the use of different carbon sources and reac-
tion conditions. For example, Peukert and co-workers showed
that the structure of the species present on the surface of C-QDs
efficiently controls their properties, mainly quantum yield and
photostability, and thus demonstrated that the surface struc-
ture of C-QDs plays an important role in their remarkable
optical features.”'** Notably, Guldi and co-workers revealed
the relation between surface defect states and optical features of
C-QDs based on the observation of spectroscopic and electro-
chemical properties (especially redox-dependent optical
behaviour) and showed the presence of two different emitting
states (mono and bimodal), although the exact interpretation of
the electronic states is rather difficult.*****¢ Thus, the lumi-
nescence properties of C-QDs may be mostly due to the surface-
confined recombination of electron and holes, as depicted from
earlier observations, while the size-dependent luminescence
also originates from the quantum confinement effect of C-QDs

This journal is © The Royal Society of Chemistry 2019
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(although scarcely reported).'***>* Importantly, according to
earlier reports based on experimental observations and theo-
retical calculations, the origin of the luminescence of G-QDs
depends on the quantum confinement effect of the conju-
gated m-electrons in the sp® carbon domain.*® Thus, control
over the m-electron conjugation with regard to the alteration in
size, shape, elemental doping (N, S), surface defects and func-
tionalization, is essential for anticipated optoelectronic appli-
cations. However, the understanding of the luminescence
behaviour of C-QDs and G-QDs is still uncertain and not
precisely defined. Thus far, the speculations of surface func-
tional groups (or charges), oxidation activity of the surface,
elemental doping, and conjugated sp> domain effect depending
on reaction conditions in addition to the quantum size effect
are the basic concepts behind the origin of C-QDs and G-QDs,
which have been demonstrated since their discovery."””*** As
is clear from the resemblance in the luminescence properties of
C-QDs and G-QDs derived from biomolecules, which have
similar optical features to man-made C-QDs, the aforemen-
tioned prime explanations such as surface structures (surface-
confined charge carriers and defects) and conjugated sp*-
domains (quantum size effects) may be extended towards the
fluorescence origin, tunable luminescence, high QY, and pho-
tostability of biomolecule-derived QDs.

5. Optoelectronic applications of
biomolecule-derived QDs

5.1. Advantages of biomolecule-derived QDs for sustainable
optoelectronics

As discussed above, biomolecule-derived QDs have been
demonstrated to have application in biodiagnostics; however,
their optoelectronics applications are yet to be fully explored
(Fig. 7). The fabrication of advanced, renewable and low-cost

View Article Online
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optoelectronic devices, such as LEDs, display systems, solar
cells, and photodetectors, are important and in demand
towards finding alternatives to fossil fuel-based energy sources,
and thus to mitigate the global energy crisis.»*****'¢ This is
completely based on the properties of materials with regard to
their abundance, low-cost, scalability and extraordinary optical
properties (such as QY, lifetime, and photo-bleaching resis-
tivity).>?*13>71% Metal-based QDs and other fluorophores (such
as organic dyes and polymers) have shown applicability in this
regard; however, their real-life application is restricted due to
problems related to their toxicity, low optical performance (such
as photodegradation and low quantum yield) and scalability for
real-life device fabrication.>**3>7'% On the other hand, carbon-
based nanoscale materials (C-QDs and G-QDs) have been
emerged as promising candidates for the real-life application of
optoelectronic devices.>*>'#*71% To date, several research groups
have demonstrated the use of different C-QDs and G-QDs as
a optoelectronic materials for application in the fabrication of
LEDs, displays, solar cells and photodetectors.>?>*'3>1¢¢
However, the use of biomolecule-derived QDs (including C-QDs
and G-QDs) in the aforementioned uses of optoelectronics is yet
to be fully explored. The additional advantages of scalability (in
terms of product yields, although scarcely reported to date),
renewability and cost-effectiveness, in addition to the similar
advantages (such as eco-friendliness, low cytotoxicity, high QY,
long emission lifetime, and photostability) of man-made C-QDs
and G-QDs and traditional fluorophores (such as metal-based
QDs, organic dyes and polymers), make biomolecule-derive C-
QDs and G-QDs exceptional and promising alternatives for
the fabrication of optoelectronic devices with enhanced
performances.>*>'3>71% Specifically, the use of man-made C-QDs
and G-QDs and other fluorophores (such as metal-based QDs,
organic dyes and polymers) has been extensively demonstrated
in optoelectronics; whereas, biomolecule-derived QDs, which

Current Status of the Applications of Biomolecule-derived QDs

Bioimaging

Biomolecule
-derived

{ Photodetectors

Fig. 7 Schematic illustration of the different uses, which are mainly biodiagnostics and optoelectronic purposes, of biomolecule-derived QDs.
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have similar and/or enhanced physical properties with the
additional advantages of scalability, cost-effectiveness and
renewability (which are required for real-life practical utiliza-
tion), have only recently started to gain attention for the
advancement of optoelectronics.

Hence, this part of the review discussed the optoelectronic
uses of man-made C-QDs and G-QDs thus far (briefly), which
are required for the future applications of biomolecule-
derived C-QDs and G-QDs in optoelectronics, which have
not yet been similarly used. Since the optoelectronic applica-
tions of biomolecule-derived QDs are not yet fully explored,
a brief discussion on the optoelectronics uses of manmade C-
QDs and G-QDs its important with regard to their future scope
of applicability. Importantly, the other main part demon-
strates the optoelectronic uses (such as in LEDs, especially,
white light-emitting ones, display systems, solar cells, energy
conversion processes and photodetectors) of biomolecule-
derived C-QDs and G-QDs since their discovery. Essentially,
the aforementioned advantages and limitations (including
band gap, crystallinity and higher temperature sustainability
issues) and their possible solutions of optoelectronic devices
based on biomolecule-derived QDs will be discussed in the
next section as challenges and opportunities. The use of
biomolecule-derived QDs for optoelectronic purposes is sub-
divided based on their use in different optoelectronic appli-
cations, which are discussed as follows.

5.2. Light-emitting devices (white LEDs)

The prime focus of solid-state lighting research, especially the
fabrication of LEDs and displays, relies on the sustainability
and environmental friendliness of luminescent nanomaterials,
with extraordinary optical features in terms of QY, lifetime,
photostability and other light-emitting parameters (such as
colour chromaticity, colour rendering index (CRI) and corre-
lated colour temperature (CCT)).>**>*™*¢ The traditional
approaches for the fabrication of LEDs are mostly based on the
use of environmentally unfriendly materials and complicated
fabrication procedures, which restrict their real-life application
in indoor and outdoor lighting.>**>"**¢ This brings a new para-
digm towards the fabrication of LEDs and displays using
natural and biological sources, which are biocompatible in
nature and have anticipated optical properties. Importantly, the
combined tunable emission properties and biocompatibility of
biomolecule-derived QDs make them a unique choice for the
fabrication of LEDs and displays with different colour outputs,
and thus towards the progress of solid-state lighting
research.>***"¢ It should be mentioned that control over the
chromaticity, CRI and CCT defines the efficiency of a material
for the construction of LEDs, and thus tuning of these proper-
ties is important.

The abovementioned properties of biomolecule-derived QDs
definitely fit the requirements for the fabrication of biofriendly
LEDs. Hence, it is noteworthy to focus on the sustainable
optoelectronic applications of the aforementioned biomolecule-
derived QDs, with tunable optical features and
biocompatibility.
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On the other hand, the fabrication of biofriendly, low cost
and single white LEDs (WLEDs) stands out as one of the main
and recent interests for sustainable optoelectronics to solve the
problems associated with the global energy consumption.>*3¢4¢
However, the problems associated with the self-absorption,
nonradiative energy transfer, energy consumption and unde-
sirable changes in chromaticity coordinates restrict the real-life
application potential of multicomponent-based white LEDs
(such as coating of yellow phosphors on blue LEDs or mixing of
three primary colour emitting nanostructures).>****#¢ This has
created a platform for the construction of single-component
white LEDs with properties close to day-time bright light for
the advancement of sustainable and environment-friendly
optoelectronics. In this regards, different nanostructures
(mostly semiconductor QDs) have been used to fabricate
WLEDs; however, there are very few reports on the development
of sustainable optoelectronic devices using biomolecule-
derived QDs.>**%*¢ It should be mentioned that the perfect
WLE material exhibits colour chromaticity coordinates of (0.33,
0.33), CRI at and above 80 and CCT in the range of 600-8000
K.>'*¢14¢ Hence, a brief summary of the light-emitting uses of
man-made material-based C-QDs and G-QDs, in addition to that
of biomolecule-derived QDs are summarized in the following
section.

Interestingly, the excitation tunable multicolour emission
properties of C-QDs and G-QDs have also been demonstrated
for their use in fabricating different colour LEDs through the
whole visible window. Specifically, LEDs ranging from blue-
green-yellow-orange-red have been fabricated using C-QDs
and G-QDs irrespective of the use of man-made and biomole-
cule resources.>**¢'*¢ Besides this, and as discussed above, the
construction of WLED devices/materials is challenging. In this
regard, C-QDs and G-QDs derived from man-made materials
and natural resources have been demonstrated for the fabrica-
tion of WLE materials or devices. For example, (i) a cascade
energy transfer-based WLED material with a QY of 19% and
colour chromaticity coordinates of (0.33, 0.36) was fabricated
using C-QDs.** (ii) Coating of yellow fluorescent C-QDs derived
from N-acetylcysteine and combination of citric acid and urea
on blue LED chips resulted in the formation of WLEDs.**38 (iii)
The ratiometric combination of silane-functionalized green and
red emitting C-QDs, followed by their coating on blue LEDs,
resulted in the emission of white light with colour chromaticity
coordinates close to (0.33, 0.33).** (iv) Acidic treatment fol-
lowed by reduction to graphene sheets led to the formation of
WLE G-QDs with chromaticity coordinates of (0.30, 0.36)."*° (vi)
Generation of white light emission was also observed after the
functionalization of the edge of GQDs prepared from
graphite.***

Regarding the discussion of WLE devices/materials, based
on the use of biomolecule-derived QDs, there are scarce reports
in the literature. For example, (i) glucose-derived C-QDs, fol-
lowed by coating on a blue LED were used as a single light
converter for white LEDs with chromaticity coordinates of (0.28,
0.37) and CCT of 5584 K.** (ii) Honey-derived green lumines-
cent G-QDs in combination with orange-red emissive
rhodamine-B dye led to the formation of a WLE system with
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chromaticity coordinates of (0.287, 0.310).*** (iii) Hydrother-
mally synthesized glucose-derived C-QDs, followed by freeze
drying showed white light emission.'** (iv) Combined with red
light-emitting chlorophyll and blue light-emitting quinine
sulphate, green-emitting G-QDs (with a QY of 41.2%) derived
from neem and fenugreek leaves were used to generate white
light emission (Fig. 8A).*** (v) The fabrication of WLE devices
based on the formation self-assembled super-small C-QDs
derived from heating- and pH-based synthesis using r-serine
and r-tryptophan as carbon sources was reported by Lu et al.
(Fig. 8B).** However, the use of various types of biomolecule-
derived QDs towards the fabrication of WLE materials, espe-
cially single-component ones with better chromaticity, CRI and
CCT parameters, is yet to be explored. The above discussion
demonstrates that there is still vast scope to develop single WLE
materials based on the use of biomolecule-derived QDs and
manmade material-based QDs, which will be discussed in the
Challenges and opportunities section of this review.

5.3. Solar cells and energy conversion

As an alternative of fossil fuel-based energy sources, numerous
nanoscale materials have been used in the fabrication of highly
efficient, green, low cost and scalable photovoltaic devices,
especially solar cells (SCs).>**'*”"**¢ To date, most of the SCs
(such as organic SCs, silicon based SCs, and dye/QD-sensitized
SCs (DSSCs/QDSSCs)) are based on the use of toxic nano-
materials, with a lack of scalability, renewability and maximum
power conversion efficiency.>****~**¢ In this regard, the eco-
friendly, inexpensive biomolecule-based C-QDs and G-QDs,
with the scope of scalability and renewability and alluring
optical features, have started to gain interest due to their
different photovoltaic activities, such as sensitizers and photo-
absorption agents (due to their absorption tail in the visible
zone), charge carrier sources, and bridges and funnels (due to
their large m-electron network (sp” core) and electron donating
and accepting capability).>*>'*""'*¢ Importantly, the use of man-
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Fig. 8 Use of (A) neem leaf extract and (B) mixture of amino acids (Ser
and Trp) for the synthesis of biomolecule-derived QDs and there by
their use in white light generation and fabrication of WLE devices. (A)
has been adapted/reproduced from ref. 145 with permission from the
Centre National de la Recherche Scientifique (CNRS) and (B) from ref.
146 with permission from the American Chemical Society.
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made material-based C-QDs and G-QDs has been displayed to
have applicability in developing heterojunction solar cells
devices (ZnO QDs/G-QDs and CDs/Si: with enhanced absorption
and suppressed recombination and thus higher efficiency
compared to their parent components), open circuit voltage
increment in devices (depending on the quantum size effect of
the G-QDs), solution-processed organic/metal oxide and dye-
sensitized solar cells (such as combination of poly(3-
hexylthiophene) (P3HT) and GQDs, and TiO, with G-QDs and
C-QDs), etc.>**"*** However, we will describe these in detail
since there are ample articles and reviews discussing this topic.
As is clear from the similar properties of biomolecule-derived
QDs with man-made carbon-based QDs, they are useful candi-
dates for the same applications. Considering the use of
biomolecule-derived C-QDs and G-QDs in photovoltaic devices,
to date, there are only a few articles that report the use of natural
product-derived QD based solar cells. For example, blue lumi-
nescent water-soluble bamboo-derived C-QDs (with a QY of
4.2%) were used as a cathode interfacial layer (Fig. 9A)."*> C-QDs
in combination with ZnO increased the power conversion effi-
ciency (PCE) of fullerene and non-fullerene organic photovoltaic
devices (OPV) and the highest PCE of the OPV was 9.6% (with
remarkable fill factor of 72.8%), as reported by Chen and co-
workers. Importantly, Titirici and co-workers showed that the
C-QDs derived from three different biomass sources (glucose,
chitosan and chitin) could be used as a sensitizer in
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Fig. 9 Use of (A) bamboo- and (B) chitin-, chitosan- and glucose-
derived QDs for the fabrication of solar cells. (A) has been adapted/
reproduced from ref. 152 with permission from John Wiley and Sons
and (B) from ref. 153 with permission from John Wiley and Sons.
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a photovoltaic device with the architecture of FTO/
ZnONanorods/CQDs/CuSCN/Au, and the highest efficiency of
0.077% was found for the layer based on the combination of
chitosan and chitin-derived C-QDs (Fig. 9B).”** Guo et al
showed that the hole transfer ability and small size of the C-QDs
derived from the hydrothermal-based synthesis of bee pollen,
citric acid, and glucose make them suitable for the fabrication
of solar cells with highest efficiency of 0.11%."** Recently,
Marinovic et al. reported the highest PCE of 0.36% for TiO,-
based solar cells sensitized by C-QDs derived from r-arginine
followed by hydrothermal treatment, among the families of
mono/polysaccharides (p-glucose, chitosan and chitin from
lobster shells) and amino acids (r-arginine and r-cysteine).'*
Meng et al. demonstrated the use of C-QDs derived from the
hydrothermal treatment of soybean powder for the fabrication
of all-weather solar cells, which exhibited a dark power
conversion efficiency as high as 7.97%."%¢

Besides their solar cell applications, the photocatalytic
activities of C-QDs and G-QDs towards various energy conver-
sion processes such as H, evolution (to alleviate fossil fuel
scarcity and solve environmental problems) and CO, reduction/
conversion (driven by environmental and economic issues),
which are important with regard to the current demand of
energy crisis, have also been demonstrated by several research
groups.”'*”'% Particularly, the use of biomolecule-derived QDs
(C-QDs and G-QDs) will be focused on in the following
section.'”*%* For example, (i) Reisner and co-workers demon-
strated the use of C-QDs derived from r-aspartic acid as a photo-
sensitizer to increase the catalytic activities of NiP-based cata-
lysts and the charge transfer from C-QDs to NiP in the presence
of a hole scavenger, which resulted in the production of 7950
umol ™" h™" of H, under visible light irradiation.** (ii) Inter-
estingly, the modification of the g-C;N, surface with r-ascorbic
acid-derived C-QDs, in which electron transfer occurred from g-
C;N, to the C-QDs, resulted in H, production of 183.0 pmol ™"
h~" under visible light irradiation, as described by Ong et al.**®
(iii) Similarly, the nanocomposite synthesized using silver (Ag)
nanoparticles (acted as a light harvester), g-C;N, and glucose-
derived C-QDs (acted as an electron donor to g-C3N, and
acceptor to Ag nanoparticles) resulted in the generation of
626.93 umol g~ ' h™' of H, in the presence of a hole scavenger,
according to the report of Qin et al. (Fig. 10A).** (iv) As reported
by Li et al., glucose-derived C-QDs in combination with Cu,O
were used as a photocatalyst for the conversion of CO, to
methanol under visible light, with a yield of 55.7 umol g * h™*
(Fig. 10B).** (v) Glucose-derived C-QDs combined with g-C3N,
sheets showed photocatalytic activity and resulted in the visible
light conversion of CO, to CH, (29.23 pumol gcatalyst’l) and CO
(58.82 pmol gcatalysfi).‘“ Nevertheless, C-QDs and G-QDs
derived from different biomolecules have not been extensively
used for solar cell applications and energy conversion
processes. Therefore, there is vast scope and opportunities for
biomolecule-based QDs towards the fabrication of low-cost,
scalable and renewable solar cells/photocatalysts with high
efficiencies, which will be discussed in detail in the Challenges
and opportunities section.
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Fig. 10 Use of glucose-derived QDs for (A) the generation of H, gas
and (B) conversion of CO, to methanol. (A) has been adapted/repro-
duced from ref. 161 with permission from John Wiley and Sons and (B)
from ref. 162 with permission from Elsevier.

5.4. Photodetectors

Photodetectors with p-n or p-i-n junction diode structures or
bipolar transistor structures are important optoelectronic
devices for imaging, communication, automatic control, and
biomedical sensing.'****® In this regard, metal semiconductors
have been used in the construction of photodetectors; however,
their use is limited mainly due to the costly and complicated
device fabrication processes.'***® Hence, the development of
simple and highly efficient photodetectors with the scope of
scalability and renewability of their materials is extremely
desirable and in demand. The separation of photo-generated
carriers, which is the reverse process of luminescence recom-
bination, is required for the fabrication of photodetectors.'***¢
Despite having excellent optical characteristics, good electrical
conductivity is another prime concern for the materials used for
the fabrication of photodetectors. C-QDs and G-QDs (irre-
spective of their synthesis from manmade materials or
biomolecules) with deep UV photoluminescence and photo
detection ability (due to their T-m*-based absorption mainly in
the UV region) have been used in the fabrication of photode-
tectors.'**** Importantly, rather than using C-QDs and G-QDs
directly in photodetectors, they have been combined with
other materials for the better designing of device structure and
band alignment, thus resulting in advanced photodetectors
with higher performances. The use of non-biomolecule-based
C-QDs and G-QDs as materials for the fabrication of photode-
tectors has also been reported. For example, G-QDs (synthesized
based on the hydrothermal reduction of graphene oxide)
combined with asymmetric electrodes of Au and Ag, were used
to fabricate deep-UV photodetectors, which were capable of
detecting deep UV light with a wavelength as short as 254 nm
with a fast response speed (Fig. 11).**® Similarly, graphite
powder-derived G-QDs were also used to fabricate photodetec-
tors with high-efficient photocurrent behaviour. The G-QDs-
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based photodetectors showed high detectivity (1011 cm Hz 1/2/
W) and responsivity (0.2, 0.5 A/W) in a broad spectral range
from UV to near infrared.**® However, there are very few reports
on the fabrication of photodetectors based on the use of
biomolecule-derived C-QDs and G-QDs. For example, Tang et al.
demonstrated the fabrication of nitrogen-doped G-QDs derived
from glucose in the presence of aqueous ammonia, which
exhibited deep UV-region absorbance properties (mt—m* transi-
tion) and broad emission spectra ranging from 300-1000 nm
(due to the extensive delocalized w electrons of their layered
structure).'*® Based on the coating of N-G-QDs on inter digital
gold electrodes, broad band photodetectors having a respon-
sivity of 325 V/W were fabricated and the observed negative
photocurrent was explained with respect to the trapping sites of
the self-passivated surface states of G-QDs. The above discus-
sion shows that due to their poor crystallinity and conductivity,
the use of C-QDs and G-QDs has not been explored extensively;
however, this is also discussed in detail in the Challenges and
opportunities section for the fabrication of biomolecule-derived
QD-based photodetectors, followed by suggestions for solving
the existing issues (Table 2).

Table 2 Summary of the optoelectronic uses of different biomolecule-derived QDs

Biomolecule
Application Type of QDs used Synthetic methods Properties/role/utility Ref.
LEDs C-QDs Glucose Hydrothermal Single light converter for white LEDs: with chromaticity ~ 142
coordinates of (0.28, 0.37) and CCT of 5584 K
C-QDs B-Carotene Microwave Donor (C-QDs)-acceptor (Rh-B)-based WLE system, 143
having chromaticity coordinates of (0.33, 0.32)
C-QDs Glucose Hydrothermal Upon freeze drying, C-QDs showed white light 144
emission
G-QDs Neem and Hydrothermal Multicomponent-based white light emission, with 145
fenugreek leaves chromaticity coordinates of (0.31, 0.31) and CCT of
6849 K
C-QDs t-Serine and t- Heating and pH Self-assembled super small C-QDs: WLE devices with 146
tryptophan controlled chromaticity coordinates of (0.29, 0.31)
Solar cells C-QDs Bamboo Autoclave Cathode interfacial layer; highest PCE of OPV is 9.6% 152
C-QDs Glucose, Hydrothermal Sensitizer; highest efficiency of 0.077% 153
chitosan and
chitin
C-QDs Bee pollen, Hydrothermal Hole transfer ability and small size, highest efficiency =~ 154
glucose and of 0.11%
citric acid
C-QDs L-Arginine Hydrothermal Highest PCE of 0.36% 155
C-QDs Soybean powder Hydrothermal Dark power conversion efficiency as high as 7.97% 156
Energy C-QDs L-Aspartic acid Thermolysis Photosensitizer; production of 7950 umol ' h™' of H, 159
conversion under visible light irradiation
C-QDs 1-Ascorbic acid Hydrothermal Electron acceptor; H, production of 183.0 umol > h™* 160
under visible light irradiation
C-QDs Glucose Alkali-auxiliary Electron donor and acceptor; generation of 626.93 161
sonication pumol g ' h™* of H,
C-QDs Glucose Ultra-sonication Photocatalyst; for the conversion of CO, to methanol 162
with yield of 55.7 umol g~ h™! under visible light
C-QDs Glucose Alkali-assisted ultra- ~ Photocatalyst; visible light conversion of CO, to CH, 163
sonication (29.23 pmol geataryse ') and CO (58.82 pmol geacatyse )
Photodetectors N-doped Glucose Microwave assisted Deep UV-region absorbance properties and broad 166
G-QDs hydrothermal emission spectra ranging from 300-1000 nm;
photodetectors: Having responsivity of 325 V/W
This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 913-936 | 931
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6. Challenges and opportunities

Despite the significant advancement in the area of optoelectronic
devices using carbon-based QDs, the use of biomolecule-derived
QDs (as listed above) for optoelectronic purposes is yet to be
explored extensively. There are various issues that need to be
solved for real-life optoelectronic applications. The prime concern
is the mechanism behind the origin of their luminescence, which
is still being debated. Thus, there is a lack of understanding
regarding the convincing proof and acceptable explanation for the
luminescence origin of biomolecule-derived C-QDs and G-QDs. In
this direction, theoretical studies combined with experimental
results are further needed. The dependence of optical properties
on the size, shape, crystal nature, dopants and surface modifica-
tion is still unclear and yet to be explored based on the combi-
nation of experiments and theory. Interestingly, the determination
of the mechanism behind other properties such as photo-induced
electron transfer and up-conversion luminescence of C-QDs and
G-QDs is important and beneficial for their future versatile
applications. In addition, the fabrication of high quality C-QDs
and G-QDs completely depends on the synthetic and purifica-
tion procedures. Hence, it will be highly desirable to fabricate pure
C-QDs and G-QDs from biomolecules with enhanced optical
features, and thus better uses. Apart from their fundamental
issues, the optoelectronic application-specific issues of C-QDs and
G-QDs derived from various biomolecules and their possible
solutions are listed below.

6.1. LEDs issues

As tabulated above, most of the biomolecule-derived QDs
exhibit blue to green luminescence, and thus high efficiency
within the long wavelength emission window (in the range of
yellow to red) is missing. Thus, highly efficient, longer emissive
C-QDs and G-QDs derived from biomolecules are critical for the
fabrication of white LEDs with excellent chromaticity, high CRI,
and suitable CCT values. Although biomolecule-derived C-QDs
and G-QDs possess excitation-tunable long wavelength emis-
sions, their efficiency and low QY limit their application
potential in the fabrication of white LEDs, with desired prop-
erties close to day-time bright light. Thus, the fabrication of
highly efficient, longer wavelength emissive C-QDs and G-QDs
derived from natural resources is much needed for the prog-
ress of white LEDs. Most importantly, the fabrication of a single
component white light emitting material from C-QD or G-QD,
which is the prime concern for solid-state lighting, is still
a challenging task. Additionally, the higher temperature LED
application of biomolecule-derived QDs is also challenging due
to the degradation of biomolecules at higher temperature. This
is expected to open up challenges for material chemists to come
up with the idea of different elemental doping (which usually
enhances the conjugation and thus generates narrower band
gaps) and surface functionalization (which is needed for single-
component WLE systems, self-assembly, structure design, and
better stability, particularly at higher temperature with different
luminescent molecules) to circumvent the aforementioned
issues of biomolecule-derived QDs towards the fabrication of
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white LEDs, with desired properties and high performances.
Additionally, energy transfer-based WLE systems using C-QDs
and G-QDs derived from different biomolecule sources are
still in a preliminary stage and yet to be fully explored. This will
be based on the well-defined and atom-precise synthesis of QDs
followed by manipulation of their surface defects either by
doping or surface functionalization.

6.2. Solar cells and energy conversion issues

As is clear from the above discussion, most of the biomolecule-
derived QDs absorb in the UV region (200-400 nm). However,
the real-life applications of solar cells devices and energy
conversion processes (besides photocatalysis) mostly depend on
the absorption behaviour of materials in the visible and near
infrared window for better efficiency, followed by maximizing
the utilization of broad solar spectrum. Thus, the absorption of
biomolecule-derived C-QDs and G-QDs in the UV region
significantly restricts their application potential, for photo-
catalysis and consequently the construction of solar cells.
Despite the various efforts of elucidating the donor and
acceptor properties of C-QDs and G-QDs derived from fossil
resources, a clear view of the photoinduced electron donor and
acceptor properties of biomolecule-derived QDs will be note-
worthy to fabricate highly efficient energy devices based on their
donor-acceptor behavior with other materials and/or mole-
cules. This will help to ease the process of fabrication of donor-
acceptor-based solar cells. Additionally, the photostability of the
oxygenated functional groups present on the surface of C-QDs
and G-QDs is an essential issue during their use in energy
conversion purposes. In this regard, the doping of various
elements and surface functionalization are important factors to
enhance the efficacy of biomolecule-derived QDs, followed by
preservation of their photostability, in solar cells and energy
conversion processes.

6.3. Photodetectors issues

The issues of the poor conductivity, low crystallinity and zero
band gap nature of C-QDs and G-QDs derived from both
synthetic and natural resources limit their applicability as
photoactive materials, especially highly efficient photodetec-
tors. Specifically, carbon-based photodetectors show lower
photo-responsivity due to their zero band gap, low crystallinity
and poor conductivity. Hence, there is a need to introduce new
strategies for the synthesis, including surface functionalization,
elemental doping and shrinking of their sizes, of C-QDs and G-
QDs towards better quality materials (in terms of crystal nature,
band gap and better conductivity) and highly efficient
photodetectors.

Finally, the flexibility and wearability of biomolecule-derived
QD-based optoelectronic devices (such as LEDs, solar cells and
photodetectors) using dip-coating and roll to roll methods are
important for their user-friendliness with better performances.
This solely depends on the properties such as crystallinity,
assembly and pinhole free films of the C-QDs and G-QDs
derived from biomolecules. This highlights the need for the
control of the surface of biomolecule-based C-QDs and G-QDs

This journal is © The Royal Society of Chemistry 2019
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through surface functionalization and doping. These chal-
lenges and opportunities are schematically summarized in
Fig. 12.

7. Summary and future outlook

The present review documented the latest use of biomolecule-
derived QDs (C-QDs and G-QDs) in various optoelectronic
applications such as LEDs, solar cells, energy conversion, and
photodetectors. In this review, we discussed the fabrication
procedures, optical properties (such as absorption, excitation,
emission maxima and colour, and quantum yield) and appli-
cations, especially for the sustainable development of opto-
electronic devices (such as white LEDs, solar cells and
photodetectors), of biomolecule-derived QDs (mainly C-QDs
and G-QDs), which are eco-friendly, renewable and scalable.
Importantly, based on the origin of the biomolecules (such as
plant extracts, simple sugars and polysaccharides, amino acids
and proteins, nucleic acids, bacteria, and biomass and their
wastes), the C-QDs and G-QDs were classified with their optical
features highlighted for their present and future optoelectronic
applications. This review also showed how biomolecules are
important to control the optical features of C-QDs and G-QDs,
and thus for sustainable optoelectronic applications in
demand and by choice.

The advantages of eco-friendliness, scalability, and renew-
ability, in additional to their excellent optical features, make
them more suitable candidates compared to traditional metal-
based QDs and for application in LEDs, solar cells and
photodetectors. The major issue of using biomolecules for any
product of commercial importance is the yield of the products
produced using the biomolecules. Notably, the good yields of
the products (here QDs) derived from biomolecules (although
scarcely reported to date) have caused them to become

This journal is © The Royal Society of Chemistry 2019
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suitable choices for the fabrication and commercialization of
sustainable optoelectronic devices.

Importantly, the Challenges and opportunity section dis-
cussed the specific issues regarding their application in LEDs,
solar cells and energy conversion, and photodetectors, in
addition to the fundamental issues of biomolecule-derived C-
QDs and G-QDs, and also provided the possible solutions
based on the use of simple chemical concepts. Briefly,
improving the product yields, searching for new raw sources
with high abundance, high optical performances, and purity,
and determining the particular reasons and mechanisms
behind their structure, band gap, luminescence and other
physical and chemical properties (such as longer emissive
wavelength and broad absorption) and device performance and
flexibility are the some main challenges still to be explored.
Accordingly, engineering biomolecule-derived QDs via surface
functionalization and elemental doping, and improving the
understanding by combined experimental results with theo-
retical calculations may have significant contribution towards
sustainable optoelectronics applications.

Overall, the present review not only provides novel insights
for the design of biomolecule-based QDs and their merits and
disadvantages with respect to properties for specific and desired
optoelectronic applications, but also brings a new avenue for
scientists working in fields ranging from engineering to mate-
rials science towards future sustainable optoelectronics appli-
cations of eco-friendly QDs. Finally, the documented existing
information on the synthesis, properties and optoelectronic
applications of biomolecule-derived QDs with the existing
challenges and future scope of this field will definitely inspire
researchers to come up with innovative ideas, and thus progress
in biomolecule-derived QD based sustainable optoelectronics.
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