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Engineered well-ordered hybrid nanomaterials are symbolically at a pivotal point, just ahead of the long-

anticipated transformation of the human race. Incorporating newer carbon nanomaterials like graphene

quantum dots (GQDs) with tetrapyrrolic porphyrins (Pp) and phthalocyanines (Pc) is crucial for achieving

exquisite molecular nanoarchitectures that are superior to their individual components. The outcomes of

this, particularly in the case of graphene quantum dot-porphyrin/phthalocyanine (GQD-Pp/Pc) hybrids,

remain comprehensively unexplored to date. Interestingly, GQD-Pp/Pc hybrids provide a modern strategy

to regulate matter by utilising intramolecular and organisational properties to create well-defined nano-

composites via a synergistic enhancement effect. The high molar absorption coefficient and enhanced

energy transfer, hole and electron transfer abilities capabilities allow Pp and Pc to exhibit a wide spectrum

of photophysical and photochemical features. However, their low biostability, non-specific tumor-target-

ing properties, hydrophobicity, and low cellular internalisation efficiency limit their extensive biomedical

utility. Conjugating Pp/Pc to nanocarriers such as GQDs improves their targeted delivery, immunological

tolerance, and longevity. Due to the zero-order release kinetics of GQDs, they can assist in maintaining a

steady rate of photosensitiser (PS) delivery at the desired site. To completely rationalise the functionali-

zation of GQD-Pp/Pc species at interfaces, we investigate the current prominence and future potential of

porphyrin-related graphene nanosystems, especially GQDs, for the development of various applications.

This encouraging report demonstrates how GQD-Pp/Pc species can be used to examine new phenom-

ena at the multidisciplinary level. Notably, a customised hybrid system optimises amendable and diverse

functional properties, yielding a ray of hope in the fields of photodynamic therapy (PDT), photocatalysis,

solar cells, sensing, and beyond via various photo-physicochemical approaches such as electron transfer,

catalytic transformation, light-harvesting, and axial/peripheral ligation of adducts. Gratifyingly, the

covalent and non-covalent coupling of functional molecular units at interfaces enable new properties to

be generated in hybrid systems.

1 Introduction

The exploration and elucidation of structurally well-ordered
nanocomposites by combining GQDs with optically active por-
phyrins (Pp)/phthalocyanines (Pc) affords new or enhanced

functionalities aided by the synergistic conjugation of multi-
components, culminating in myriad applications at the fore-
front of rapidly expanding domains.1–10 Substantial effort has
been devoted to illuminating the innate properties of natural
tetrapyrroles, i.e., porphyrins (Pp), also called the “pigments of
life”, and their synthetic analogues, i.e., phthalocyanines (Pc),
depicting transformative milestones in biomimetic
systems.3,5,11–15 Due to their extensive delocalized π-electrons,
Pp are vital molecules widely present in nature in the form of
enzyme active sites and visible light absorption units, which
offer a convenient opportunity to control matter at the nano-
scale with impressive potential.16,17 Pp and artificial Pc usually
present surface and interface-related properties for various
industrial and scientific applications.11–13 However, the hydro-
phobic properties of Pp/Pc and their lack of biodistribution
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due to their aggregation via the stacking of their planar mole-
cules has shifted the focus of research to porphyrin–nano-
material conjugated systems.6,18

Differentcarbon nanomaterials19 elegantly integrated
within the tetrapyrrole ligand are crucial for accomplishing
various vital processes by constructing conjugates.20–24 The
analysis of new forms of carbon25,26 has transmuted the
horizon of nanostructures and opened new avenues for
exploration.10,27,28 In the graphene family, GQDs with a
unique structure have become the focus owing to their huge
potential in a variety of applications.29–35 GQDs are zero-
dimensional, sp2-hybridized, fluorescent, semiconductor,
carbon nanocrystals (typical size range of 3–30 nm), with the
graphene lattices arranged in a honeycomb structure and
joined via functional chemical groups on the edge/surface.26,36–39

The interactions in GQDs-Pp/Pc40 system provide new
opportunities to achieve several synchronized adsorption con-
formations, with a change in substrate binding, electronic
level alignment, charge-transfer,29 axial/peripheral ligation
(chemical), and magnetic features.15,41,42 In the pursuit of new
applications, the advantage of the systematically tuned
functionalization of porphyrinic43-GQD complexes also offers
customized and intricate supramolecular association44,45 for
the establishment of unique optical, geometrical, and elec-
tronic properties in biomimetic systems.29 Therefore, Pp/Pc-
based GQD nanohybrids, depending on the kinetics, environ-
ment, and other factors, show structure–function relation-
ships. Nowadays, theoretical modeling, including principal
component analysis (PCA), can rapidly reveal the distinctive
signatures of the responses from nanohybrid systems and
their components.15,52 Unquestionably, the emergence of prag-
matically designed, bio-inspired, semi-synthetic GQD-Pp/Pc
derivatives will have a wide impact in the field of medical53

treatment including drug development. Particularly, in PDT,54

the optical properties and photosensitizer55 can be enhanced

to improve its efficacy with site-localized properties through
curtailing the dose-limit side effects.29,36,37,41,51,56 This will
also avoid or abate chemical degradation in the physiological
system.57

This review focuses on the challenges associated with GQDs
and Pp/Pc58 individually, providing insight into the develop-
ment of GQD-Pp/Pc hybrid systems, which will exhibit advan-
tages and unique features in many field, including energy
(light-harvesting process),59 catalysis, optical devices,
sensors,33 and therapeutics (Fig. 5).13,60 The achievements in
these domains have not yet been accessed comprehensively in
a single study, particularly for GQD37-Pp/Pc system,21 and thus
we present examples and theoretical predictions. Gratifyingly,
this outlook can inspire new paradigms and strategies in the
application of GQD-Pp/Pc hybrids,61 leading to their wide-
spread advancement compared to their separate components.
The impetus for the current work was based on the need for
robust conjugation to achieve the synergistic enhancement of
several features.62–68

Finally, we envisage the key issues to be overcome, future
research directions, and perspectives to show a full picture of
these hybrids, which will enable the scientific community to
appreciate the versatile application and properties exhibited by
GQD-Pp/Pc hybrid systems and further encourage work in this
field to unveil the unexplored path.

1.1 Graphene quantum dots (GQDs)

Several nanoparticles have raised concerns about their difficult
fabrication, unfavourable biodistribution, and limited ability
to control the release of their payload. Furthermore, significant
background noise and the lack of an amplification approach
to boost the signal output of the target are important road-
blocks in the advancement of nanoparticle imaging.69 In con-
trast, the impressive progress achieved in graphene70,71 chem-
istry has made GQDs the “golden targets” for future studies
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due to their cutting-edge properties.72–79 GQDs have the fasci-
nating characteristics of both two-dimensional (2D) graphene
and the exceptional physicochemical properties of QDs,
namely, quantum confinement effect, non-zero bandgap, and
edge effects.34,80–83 Graphene-based quantum dots (GQDs)
have been comprehensively explored due to their desirable
attributes such as facile, eco-friendly synthesis, low cost, non-
toxicity, good biocompatibility,36,84,85 high stability, controlla-
ble chemical functionality, water dispersibility, surface graft-
ing, stable photoluminescence,73 robust chemical inertness,26

excellent electrical, and optical properties, abundant func-
tional groups (e.g., hydroxyl, amino, and carboxyl), electron
mobility, and huge surface area, endowing them immense
potential applications in the optical,86 energy,87 electronic,
and biomedical fields.88,89–96

Owing to their quantum confinement and special edge
effects, GQDs show distinct fluorescent properties and physical
and chemical properties.32,33,97–100 The size of their
π-conjugated regions and their surface/edge structures regulate
their optical properties, while maintaining their anisotropic
nature, i.e., lateral dimensions greater than their height.26,101

Interestingly, GQDs are superior to get engineered at bio-inter-
faces. Besides being dimensionally wise compatible with the
redox active sites within tunneling distance of cofactors, they
considerably decrease the oxygen adsorption and the electron
transfer barrier,23 providing enhanced electron transfer, elec-
tronic conduction abilities, and electrocatalytic activity for the
redox reaction (ORR) due to the increased contribution of
electro-catalytically active edge sites.15,36,102,103 Some of these
properties have spurred a wide range of potential appli-
cations104 of GQDs in photodetectors, fluorescent agents,73,91

solar cells, bioimaging,91 sensors,105 batteries, light-emitting
diodes (LEDs), electro-/photo-catalysis, drug delivery,106

etc.36,37,77,78,86,107–111

Not geometrically, but functionally, GQD can be compared
with graphene oxide (GO), whose surfaces/edges are usually
decorated with carbonyl, hydroxyl, carboxyl, and/or epoxide
groups.24,27,43,112–115 With these functional groups, GQDs
display amphiphilicity, wherein their core is hydrophobic,
while their periphery tends to be hydrophilic, resulting in
excellent interfacial activity for dispersing agents or producing
Pickering emulsions.116–118 Usually, graphene-based oxides are
toxic and poorly fluorescent, and thus GQDs can be used to
solve these problems due to their excellent physicochemical
properties.119

1.2 Porphyrin/phthalocyanine

Porphyrins, together with the artificial phthalocyanines, have
numerous scientific and technological applications,120,121

which often involve surface/interface-related features because
of their size, complexity, remarkable stability, specific ligand
functionality, and planar structures of their parent
macrocycles.3,11,12,15,21 The planar arrangement of Pp and Pc is
beneficial for adsorption via substantial van der Waals inter-
actions, given that it brings other atoms into adjacent proxi-
mity to the substrate.15 Pp has distinctive photophysical pro-
perties and is extremely stable, with a sharp Soret band and
enormous extinction coefficient, together with another charac-
teristic absorption (550 to 700 nm) extending from the ultra-
violet (UV) to near-infrared (NIR) region122,123 (Fig. 1a). These
attributes make porphyrins valuable for the creation of func-
tional nanostructures with donor–acceptor assembly for photo-
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catalysis, PDT, solar energy conversion, and molecular
electronics.124

Primordial bioinspired molecules, i.e., porphyrinic macro-
cyclic tetrapyrrolic arrangements joined by methine units,
remain ubiquitous and invaluable in nature, acting as good
photosensitizers.15 Phthalocyanines consist of four isoindole
units linked by nitrogen atoms, similar to the structure of por-
phyrin, but different due to the presence of nitrogen in place
of carbon in the methylene linker.2,14,15 Subsequently, the
absorption spectrum of Pp and Pc differs in the near-infrared
region. Pp and Pc porphyrinoids13,60 with graphene-based
carbon nanomaterials are prominent in the scientific
frontier.125,126 Pp and its synthetic analogs, Pc,127,128 are

thermo-chemically stable compounds with rich redox chem-
istry, which can be simply tailored by careful selection of the
metal atom in the macrocyclic cavity and/or by placing appro-
priate substituents at the peripheral and/or axial positions of
the macrocycle10,21,71,124,129–131 (Fig. 1b). The nitrogen atoms
in the interior form an anionic center in the central pocket,
which are ideally positioned to coordinate unsaturated units
for charge transfer and ligation of adducts, with reversible
changes in their electronic configuration, for example, oxi-
dation or spin states.15 In surface science, Pp with robust func-
tionalities exhibit suitable reactivity, electronic, and magnetic
properties.10 The properties of Pp can be governed by (i) the
insertion of a carbene into the metal–nitrogen bond of a met-
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Fig. 1 (a) Porphyrin (Pp) and phthalocyanine (Pc).11 © Copyright, Advances in Natural Sciences: Nanoscience and Nanotechnology 2014. (b) Core
and peripheral functionalization of macrocycles (Pp/Pc) with GQDs.
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alloporphyrin (MP), (ii) substitution at the meso- and α/β (peri-
pheral)-positions, central transition metal ions, and metal ion
axial ligands, and (iii) insertion of a carbene in a free-base ring
to form an N,N′vinyl-bridged porphyrin16,27 (Fig. 1b). These
efforts culminated in seminal explorations of porphyrins to
improve their use in energy, PDT, biomimetic catalysis, photo-
catalysis, electrocatalysis, sensing, semiconductor, sensor,
electrophotography, supramolecular chemistry, and
biomedical55,132 applications8,10,15,46,55,71,133–138,139–143 (Fig. 5).
The presence and type of central metal ion with axial ligands,
the peripheral decoration, and the ring microenvironment all
influence the optical, catalytic, electrochemical, and photoche-
mical properties of porphyrins.144 For both PDT and solar cell
applications, it is essential that electron promotion to the
lowest excited state be achieved by the absorption of red
light.6,145 In the case of energy, chirality is also interesting
because of the chiral-induced spin selectivity (CISS) effect.146

1.3 Why porphine-based GQD nanocomposites?

Notably, pure GQD suffers from problems related to poor con-
ductivity, difficult assembly into films, low quantum yield (ϕ),
etc.29,104,147 Given that quick electron–hole recombination
turns electronic energy into thermal energy, the photo-
luminescence (PL) quantum yield of GQDs is often reduced.
Alternatively, the functionalization of GQDs can minimise
their vibrational relaxation and increase their PL, ϕ.148 GQD
composites also enhance the efficiency of the device.2,36,74

Porphine, sometimes known as porphin, is the simplest of the
tetrapyrroles, which is made up of four pyrrole-like rings con-
nected by four methine groups to form a bigger macrocycle
ring.149 Although Pp-based derivatives are unquestionably the
most suitable ligands for biological applications,3,43,143,150

they have a number of disadvantages such as insolubility in
water, skin photosensitivity, dark toxicity, reduced depth of
tumor necrosis, excruciating pain during photo-irradiation,
and multistep synthesis for some photosensitizer
formulations.5,8,151,136 The most promising application of por-
phyrinic compounds is PDT due to their low cytotoxicity and
efficient generation of ROS.3,137,138 Besides, Pp/Pc are also
well-known for their photocatalytic properties because of their
homogeneous nature in solution, but they suffer from pro-
blems related to poor recovery and reusability, etc.71,152–154

These problems can be easily circumvented by constructing a
hybrid system of GQDs-Pp/Pc via interface engineering, over-
coming the inherent problems associated with porphyrinic
compounds and enhancing the efficacy of GQDs for various
applications.131,155–158,193

The functionalization of GQDs is an efficient strategy to
enhance the basic properties of nanocomposites, resulting in
several additional optico-physicochemical properties for wider
applications.1,42,43,85,103,159,160 Currently, porphyrins are
applied in optics and medicine, such as nonlinear absorbers
or PDT, which increasingly require the use of far-red absorbing
dyes.136,161 Accordingly the porphyrin framework can be modi-
fied to achieve this, including conjugation of the porphyrin
π-system, which results in a bathochromic shift in the absorp-

tion spectrum.27,161,162 Thus, the conjugated porphyrin frame-
work has extensive applications. If the inherent properties of
porphyrin macrocycles, that is, metal centres capable of axial
ligation of adducts, are preserved upon coupling with gra-
phene, further options for the functionalization of graphene-
based nanostructures, namely, GQDs, emerge.15,163 These
nanostructures are crucial in various prosthetic groups, carry-
ing out vital functions for bioenergetic pathways.164 The favor-
able findings have been attributed to the ability to conjugate
graphene nanomaterials with Pp/Pc to overcome the barriers
to both pharmacologic and molecular mechanisms.22,51,107,109

These hybrids also mediate intricate catalytic conversions and
the transport or storage of respiratory gases. Furthermore, they
exhibit strong optical91,165 absorption in the red/near-infrared
(NIR) region of the solar spectrum, resulting in near-perfect
light-harvesting units,67 which are ideal components for
PDT166 and photoelectronic devices.38,136

Consequently, GQD-Pp/Pc hybrid-based materials as func-
tional molecular units are usually applied in homogeneous
systems. The heterogeneity of these moieties in crystalline
frameworks with long-range-ordered structures will help facili-
tate their recyclability, and more importantly, understand their
structure–property relationships.15,123,167–171

2 Construction of GQD-porphyrin/
phthalocyanine hybrid systems

Recently, porphyrins stemmed from investigations as com-
ponents of functional nanomaterial assemblies, highlighting
the structural-functional correlation of a nanocrystal, wherein
the interparticle spacing and orientation of building blocks
can provide new function.24,43,68,172,173

Given that the interaction of the extended π-electron
network of porphyrins with graphene results in interesting
optoelectronic properties, the covalent and non-covalent chem-
istry of porphyrins with graphene-based nanomaterials has
been widely investigated.27,64,110,112,163 However, there are
major obstacles in obtaining nanocrystals with structural-com-
positional complexity,174 which require conserving the desired
monodispersed property, without hampering accessibility to
the innate properties of the Pp/Pc building blocks for their
use. The covalent functionalization of porphyrin-nanotube
conjugates can be accomplished through linkages such as car-
boxylic acid-induced esterification, Suzuki coupling, azide–
alkyne Huisgen cycloaddition (1,3-dipolar cycloaddition), and
diazonium chemistry on a pre-functionalized nanotube
surface.46,53,144 This implies that Pp/Pc can be conjugated to
GQDs via covalent bonds using common organic reactions
such as amide coupling, click chemistry, and Michael addition
reactions (Fig. 2a and b).

Additionally, iridium- or palladium-catalyzed direct C–H
functionalization of Pp is emerging as an efficient way to intro-
duce various functional groups in porphyrins. Furthermore,
the copper-mediated Huisgen cycloaddition reaction has
become a common approach to incorporate porphyrin units
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into functional graphene sheets. Now, these techniques,
together with the traditional porphyrin synthesis, can help to
construct a wide range of highly elaborate and complex Pp
architectures. Based on their photophysical and electro-
chemical properties, GQDs and tetrapyrrole rings have been
considered for active research, especially to understand the
electron transfer and energy transfer processes in photosyn-
thesis. The Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC)
reaction may significantly simplify the preparative paths to Pp/
Pc molecules, although the assembly of covalently conjugated
Pp/Pc58 usually requires complex synthetic procedures. Click
chemistry175 is a powerful tool to access Pp architectures.
Furthermore, the mechanism of the photoinduced electron
transfer may be investigated using a diverse range of Pp-GQD
conjugates. Click chemistry can be used to functionalize GQDs
with diverse organic compounds, allowing the creation of a
high molecular weight material in a single step (Fig. 2b).

The functional groups on the peripheries of Pp are impor-
tant in the combination mode of Pp/Pc and GQDs.
Multifunctional nanometer-scale architectures for optical/
optoelectronic applications and catalysis have been explored,
which combine the properties of the solution-dispersible form

of graphene (graphene oxide) and porphyrins.56,176,177 The
achieved photophysical properties reveal a remarkable optical
limiting effect, i.e., high transmittance of low-intensity light
and attenuation of intense optical beams.53,110,178,179 Due to
the limited potency and various side effects associated with
most non-porphyrinoid PS, the application of tetrapyrrole in
PS is highly necessary. Covalent interaction provides thermo-
dynamic stability to the structure. However, bond formation
disturbs the electronic configuration of the material.43,68,115,163

In the covalent approach, GQDs are first activated to obtain
the required functional groups such as –COOH or –NH2 on the
surface of GQDs, and then reacted with Pp/Pc to obtain a
stable bond (Scheme 1a). Alternatively, carboxylic acid-functio-
nalized metallophthalocyanine (MPc) can be activated and
conjugated to amine-functionalized GQDs to form an amide
linkage.180 In their pioneering work, Wang et al. studied the
chemical functionalization of carbon-nanotubes (CNTs) and
graphene for real-world applications.21

In the covalent approach, the π-delocalized linkage in gra-
phene/CNTs is perturbed, resulting in the formation of
defects, diminishing their stability and conductivity, and
improving their solubility and optoelectronic applications.

Fig. 2 (a) Types of interactions between the tetrapyrrole ring and GQDs. (b) Click reaction of a macrocycle with GQDs.
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Additionally, the functionalization of graphene moieties via
free radical addition promotes the opening of the bandgap
and tweaks the solubility of graphene.21 On the contrary, non-
covalent functionalization of CNTs with porphyrins results in
the introduction of various Pp/Pc without disturbing the aro-
matic character and electronic configuration of the graphene
framework170,182 (Scheme 1b and c). Menilli et al. discovered
that cationic porphyrins are more easily internalised than
their non-cationic counterparts and their positively charged
structures allow non-covalent bonding with both GQDs and
GO at physiological pH. The absorbance of porphyrins was
typically red-shifted when they were titrated with GO using

spectrophotometric and spectrofluorometric methods, and the
original fluorescence was quenched. The incredible features of
GQD-Pp/Pc are based on biomimetic organization principles
via non-covalent interactions such as metal-mediated com-
plexation, hydrogen bonding, electrostatic interaction, π–π
stacking, and van der Waals. These non-covalent interactions
can govern the stability and geometry of nanohybrids, and also
significant in controlling their structure and electron transfer
properties24,43,44,123,143,183 (Fig. 2 and Scheme 1b, c) However,
these nanohybrids have stability issues given that they suffer
from weak interactions between the GQDs and porphyrin
units, often leading to the loss of their porphyrin units.

Scheme 1 (a) Covalent linkage of GQDs and ZnTAPc via amide coupling.180 (b) Schematic diagram depicting π–π stacking between Pc and
GQDs.302 (c) Non-covalent interactions of GQDs and ZnTCPPc/ZnTmPyPc via π–π stacking and ionic interaction.180 © Copyright 2016 and 2019,
Elsevier.
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According to Pallikkara et al., covalent functionalization is a
difficult and low-yielding technique, whereas non-covalent
functionalization is simple and versatile.184

He et al. investigated the controlled modification of
surface-anchored nanographene and graphene nanoribbons
via decoration with porphine, which is anticipated to play a
significant role in diverse fields.163,185 The size of a nano-
particle is perhaps its most basic attribute, besides its com-
ponents.186 The size of these hybrid GQDs is comparable with
that of biomolecules, thereby providing an ideal platform to
study biomolecules such as proteins, cells, and
viruses.24,187,188

2.1 Methods to construct GQD-Pp/Pc hybrid systems

The methods for the synthesis of GQDs can currently be
divided into the top-down and bottom-up approaches. To
produce nano-quantum dots, bulk carbon materials such as
graphene and carbon black are typically cracked via chemical/
electrochemical exfoliation, hydrothermal/solvothermal treat-
ment, and microwave/ultrasonic treatment in the top-down
synthesis method, whereas in the bottom-up synthetic
approaches, chemical reactions such as step-by-step organic
synthesis are used to convert organic small molecules (such as
citric acid (CA), fullerenes, and polycyclic aromatic hydro-
carbons) or organic precursors into high-quality quantum
dots.85 One approach to build functional multi-component
systems involves the lateral anchoring of organic heteromole-
cules to graphene.163,189,190 This process enables the combi-
nation of graphene nanostructures with porphyrin to create

hybrid systems with desirable and tunable functionalities at
their interfaces.15,27,43,163,191 In the study by Magaela et al.,
propanoic acid was heated to 120 °C and refluxed with 2-(4-
morpholinyl) benzaldehyde in the presence of 4-(4-morpholi-
nyl) benzaldehyde. The mixture was then added to pyrrole and
refluxed, and cooled to precipitate the porphyrin, giving a
yield of 78%192 (Scheme 2a). Santos et al. employed two dis-
tinct synthetic approaches to covalently functionalize GQDs
with aminoporphyrin 1. Using the thionyl chloride (SOCl2)
and 1-ethyl-3-(3′-dimethylaminopropyl) carbodiimide (EDAC)
coupling methods, GQDs were coupled with an aminopor-
phyrin via an amide linkage. The carboxylic groups at the
edges of the GQDs were transformed into acid chlorides using
SOCl2 before being coupled with porphyrin 1 to create the
necessary amide group via A. The GQDs were first treated with
chloroacetic acid to provide extra carboxylic functions, fol-
lowed by conjugation with porphyrin 1, utilising EDAC as the
carboxyl activating agent via B. The EDAC process (via B, 63%)
gave a greater reaction yield than the SOCl2 procedure (via A,
43% yield). However, the SOCl2 technique resulted in a better
porphyrin loading based on structural characterization
(Fourier transform infrared and X-ray photoelectron spec-
troscopy)18 (Scheme 2b).

2.2 Characterization of GQD-based porphyrin hybrid systems

Pp/Pc, GQDs, and their hybrids present multiple options to
govern their optical, electronic, and magnetic properties via
easy and well-established synthetic methods.39 UV/Vis spec-
troscopy, electrospray ionization (ESI) and MALTI-TOF mass

Scheme 1 (Contd).
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spectrometry, Raman spectroscopy, elemental analysis,
Fourier-transform infrared spectroscopy (FT-IR), 1H NMR spec-
troscopy, transmission electron spectroscopy (TEM), and
dynamic light scattering (DLS) are used to characterize
GQD-Pp/Pc nanohybrid systems.119 DLS equipment can
measure the size and size distribution of nanoporphyrin
(NPs).194 Transmission electron microscopy (TEM) and atomic
force microscopy (AFM) were used to analyze the surface mor-
phologies, lateral dimensions, and height distribution of a
GQD-Pp/Pc hybrid system.194 The functional groups or conju-
gation in porphyrins can be characterized via FTIR spec-
troscopy. The photophysical methods include UV-visible spec-
troscopy, fluorescence emission spectroscopy, and time-corre-
lated single photon counting (TCSPC). Furthermore, the elec-
tron transfer dynamics can be obtained from TCSPC.184 The
zeta potential measures the charges in GQDs and GQD-Pp/Pc
hybrid systems and helps to confirm the conjugation between
GQDs and Pp/Pc. X-ray diffraction (XRD) is used to measure
the disorder and defects in hybrid systems. X-ray photo-
electron spectroscopy (XPS) is used to investigate the chemical

composition of hybrid systems. Fluorescence spectrometry can
be used to measure fluorescence signals and the absorbance
of NPs.194 Nene et al. reported that GQDs are monodispersed
in their pristine form and tend to cluster when conjugated to
Pc (TEM images). The average size for the non-conjugated
GQDs determined from TEM imaging was ∼9 nm, which
increased upon conjugation to about ∼19 nm for the GQD-Pc
hybrid. The increase in size could be due to aggregation.181

GQDs display diagnostic Raman bands namely, G and D
bands, arising from the E2g tangential vibrational mode of the
sp2-bonded carbons and disordered A1g breathing vibrational
mode of the aromatic sp2 carbon rings, respectively. A shift in
the G and D bands is generally considered a good factor for
the characterization of the mode of binding of Pp/Pc with
GQDs. There is minimal or no shift in the G and D band in
the case of non-covalent bonding through π–π stacking of Pp/
Pc and GQDs, whereas there is a large shift in the case of a co-
valently bound hybrid system.41,131,195

Recently, Menilli et al. reported that the inner filter effect
(IFE) of Pp on GQDs produces significant fluorescence quench-

Scheme 2 (a) Synthetic pathway of porphyrin complex 1.192 Copyright 2015, Wiley-V.V. (b) Illustration of the two synthetic routes (via A and B)
investigated for the preparation of two different types of GQD hybrids, namely GQD-1A and GQD-1B.18 Copyright 2021, ACS.18
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ing in GQDs upon conjugation because the Pp absorption
bands are close to the emission bands of GQDs at the given
excitation wavelength (Fig. 3a and b). The conjugation of
GQDs with Pp increased the particle average size slightly (28.5
± 4.4 nm) in the TMPyP@GQD hybrid (Fig. 3c). The Raman
spectrum of the TMPyP@GQD hybrid exhibited features of
both GQDs and 5,10,15,20-tetramethyl(4-pyridyl)porphyrin
(TMPyP) (Fig. 3d). These findings imply non-covalent inter-
actions between the TMPyP molecules and GQDs. All three
hybrids provided Raman results that could be similarly inter-
preted.119 According to Managa et al., DLS data demonstrated
that GQD nanoconjugates are larger than GQDs alone, indicat-
ing the creation of supramolecular assemblies of GQDs and
porphyrins.196

3 Effect on photophysical properties
due to GQD-Pp/Pc hybrid
nanocomposites

Broad knowledge on the complex multicomponent architec-
tures of GQD-Pp/Pc hybrids remains unclear in terms of
photophysical behavior including electron transfer

dynamics.5,130,142,167,168,197 Porphyrins can easily govern their
conformation to comply with their local environment via reor-
ientations of their axial/peripheral ligands and macrocycle
deformations, which are usually induced by molecule–sub-
strate interactions.163,169,198 The center-oxidized configurations
of GQDs cause a larger perturbation in their conjugated
π-system, reducing their band gap, and causing a redshift in
their absorption spectrum. For some center-oxidized configur-
ations, the addition of solvent causes red shifts in their
absorption spectrum and increased intensities. In the absorp-
tion spectrum of edge-oxidized configurations, only red-shifts
occur. The placement of the hydroxyl group in the basal plane
of GQDs accelerates non-radiative decay, whereas that at the
edges suppresses non-radiative decay. The current observation
sheds light on the relationship between the surface chemistry
and photoluminescence efficacy of GQDs.148 Depending on
the modes of interaction and bonding, two types of bonding
interactions, i.e., covalent and non-covalent, arise in GQD/Pp
composites, especially in their absorption and fluorescence
spectrum studies.27,52,71,82,131,133,142,199–202 For instance, Xue
et al. chosen three porphyrins with different functionalities to
understand the interaction and bonding modes between GQDs
and Pp.1 Consequently, the red-shift in the Soret band and the
new broad Q-band suggest that the edge and the surface of

Fig. 3 Normalized fluorescence spectra of TMPyP@GQDs in aqueous solution at 330 nm with 10 min intervals. The spectra were produced by
adding the porphyrin solution (42 M) to a 0.1 µg mL−1 GQD solution. (b) Porphyrins quench the GQD fluorescence (λexc = 330 nm). Under a 366 nm
lamp, GQDs lose their fluorescence. (c) STEM images of TMPyP@GQDs. The red dotted lines represent the microscopically detected TMPyP@GQDs
hybrid. (d) Raman spectra of free GQDs (blue), TMPyP (green), and TMPyP@GQDs (red line).119 Copyright 2021, MDPI.
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GQDs play an important role in the π–π interaction of Pp and
GQDs. The fluorescence of GQDs is quenched by Pp, and sim-
ultaneously the emission properties of Pp are efficiently
enhanced due to Förster resonance energy transfer (FRET) or
non-radiative dipole–dipole coupling.124 Similar findings were
reported by Achadu et al., where GQDs were bound to ZnPc co-
valently (amide coupling) or non-covalently (π–π or electro-
static) to check their fluorescence behavior.203 The FRET
efficiency is dominant for covalent bonding compared to non-
covalent conjugates given that the former mode of bonding
results in closer proximity or stronger bonding between two
molecules.180 Thus, these synergistic properties of GQD and
porphyrins/Pcs provide insight into their host–guest molecular
assembly and have application in various fields.37,204 The
potential applications of GQD-porphyrin/Pc hybrid systems in
PDT and photocatalysis depend on the high quantum yield (ϕ)
of 1O2.

66,205–207 For this, the effective transfer of energy from
the T1 state of these systems to the S0 state of molecular
oxygen is important for efficiently generating 1O2. The updated
Jablonski figure (Fig. 4) shows the main photochemical reac-
tions prevailing in PDT. Photosensitizers can be excited from
the ground state (S0) to the excited singlet state (S1) by an
appropriate wavelength of light.207 Among the three factors in
PDT (photosensitizer, light, and oxygen molecules), the photo-
sensitizer is the most important, given that it has a direct
impact on the PDT efficiency. Intersystem crossover can either
relax the excited photosensitizer back to the S0 state with fluo-
rescence photon emission or change it to an excited triplet
state (T1). A phosphorescent photon can relax the energy of a
photosensitizer in the T1 state or transfer it to ambient mole-
cules via photochemical reactions of type I and II. By interact-
ing with water or oxygen molecules, hydroxyl radicals (OH•) or
superoxide anions (•O2

−) are produced. Notably, type-I PDT
can occur in hypoxic conditions, particularly in deep-seated
tumor microenvironments. The toxic singlet oxygen (1O2) is
formed when well-oxygenated photosensitizers in the T1 state
participate in an energy-transfer process with localised 3O2.
The PDT process is considered to be dominated by the type II
path. However, high photosensitizer concentrations and
hypoxia can favour the type I PDT pathway. Due to its non-
invasiveness and spatiotemporal control, PDT is a promising
anticancer approach151 (Fig. 4).

Pallikkara et al. revealed that in GQD/Pp system, the HOMO
and LUMO levels of Pp are above the energy levels of GQDs.
Hence in the hybrid system, GQDs act as electron acceptors,
whereas Pp as electron donors.184 Notably, the mode of conju-
gation of porphyrin or phthalocyanine plays a vital role in the
generation of quantum yield.148,208 Nyokong et al. reported a
detailed study on the type of linkage efficiency between
covalent bonding and non-covalent bonding to GQDs.209,210

This was demonstrated by designing a nano-construct of GQD/
Pc supports in a photoactive membrane, where Pc is conju-
gated to GQD via covalent bonding ((c)Pc-GQD) and π–π stack-
ing ((π)Pc-GQD). The results showed that the triplet quantum
yield (ϕT) for (π)Pc-GQD is higher than that for (c)Pc-GQD due
to the intramolecular rotational flexibility of Pc in the covalent
conjugate. However, despite the higher ϕT of (π)Pc-GQD com-
pared to (c)Pc-GQD, its singlet oxygen quantum yield (ϕΔ) is
lower due to the screening effect caused by the GQDs, which
prevents the interaction of the excited triplet state of conju-
gates with the ground state of molecular oxygen.209 Thus,
covalent linkage to GQDs is beneficial and may even be the
most profitable way to use conjugates in PDT or
photocatalysis.

4 Applications of GQD-Pp/Pc
conjugates

Pp/Pc-based GQD nanohybrids can be implemented in a
myriad of applications based on photosensitizers (PSs) for
PDT,46,47 photocatalysis, electrocatalysis, and sensing48,49 due
to the biomimetic photophysical, electrochemical,50 and bio-
active characteristics of Pp with improved efficacy2,51 (Fig. 5).

4.1 Sensing

GQDs as sensors have been used for the quantitation of bio-
molecules, metal ions, and organic molecules but usually lack
greater selectivity and sensitivity than other reported probes,
mainly due to their low affinity and low quenching efficiency
because of their poor induction by the analyte of
interest.1,10,211 In contrast, based on specific molecular reco-
gnition, GQD-Pp2 nanocomposites with surface modification
display enhanced selectivity in imaging, anticounterfeiting,

Fig. 4 Updated Jablonski diagram depicting reactive oxygen radical formation in type I and type II PDT.151
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data security, and sensing using a combined multi-technology
approach26 (Table 1).

4.1.1 Sensing of heavy metals. The success of the MPp col-
lection culminated in the development of GQD-Pp/Pc hybrid
systems as sensor arrays mostly based on the “turn-OF” prin-
ciple, involving fluorescence quenching due to the inner filter
effect (IFE) and FRET.1,133,224,225 Field-effect transistor (FET)/
IFE analysis is widely used to understand the sensing mecha-
nism of GQD/porphyrin hybrid systems. IFE originates from
the overlap of the absorption band of GQDs with the fluo-
rescence excitation or emission spectrum of porphyrin. IFE is
an effective tool in converting analytical absorption signals to
fluorescence signals and provides better sensitivity and selecti-
vity in complex biological conditions compared to other fluo-
rescence quenching mechanisms such as photoinduced elec-
tron transfer (PET) and FRET. Another advantage of IEF-based
sensors is that they do not require any covalent linkage
between the receptor and fluorophore or surface modification
of GQDs, thus providing simplicity and flexibility in the con-
struction of probes. Zhang et al., for the first time, demon-
strated the catalytic effect of nitrogen-doped GQDs (N-GQDs)
in the synthesis of MP-hybrids for the rapid sensing of Cd2+

ions, resulting in the fluorescence quenching of NGQDs due to
the IFE of porphyrin on the assembled NGQDs.212 Peng et al.
demonstrated the rapid detection of Hg2+ ions due to the IFE
of porphyrin on NGQDs. They reported that incorporation of
Mn2+ ions in TMPyP was significantly faster in the presence of
a trace amount of NGQDs and Hg2+. The heavy metal Hg2+

deforms the structure of Pp, which facilitates the incorporation
of the small divalent metal Mn2+ carried by the NGQDs
(Fig. 6a). The formation of the metalloporphyrin resulted in a
red shift in the absorption of the porphyrin and a quenching
of its fluorescence due to the weakening of IFE.213 This
phenomenon was further used to monitor intracellular Hg2+

ions in lung cancer cells (A549) (Fig. 6b). Confocal imaging
showed that TMPyP and NGQDs were cell permeable and indi-
vidually gave red and blue fluorescence, respectively. However,
when both TMPyP and NGQD were treated together, there was
a quenching of the blue fluorescence, indicating that IFE can
efficiently exist in the biological environment. Simultaneous
treatment of TMPyP, Mn2+, Hg2+, and NGQDs showed quench-
ing of the red fluorescence and remarkable enhancement in
the blue fluorescence due to the formation of the
MnIII(TMPyP) complex under the synergistic effect of Hg2+.226

To date, the IFE of porphyrin in GQD/porphyrin conjugates
has been exploited to detect heavy metal ions such as
cadmium (Cd2+) and mercury (Hg2+) via the fluorescence
“turn-OFF” approach. However, this approach suffers from low
sensitivity and specificity, and interference from a variety of
ligand or solvents may occur, leading to false signals.

4.1.2 Biosensing. A N-GQD-porphyrin hybrid was studied
by Zhang et al. for sensing cadmium(II), which is one
example of the use of this type hybrid of as a biosensor for fast
and sensitive metal ion sensing.212 The preferential recovery of
fluorescence was observed by Monteiro et al. during the titra-
tion of a GO-Pp composite with guanine-quadruplexes (G-Q),
which mimics a judicious “turn-off-on” biosensor for the
detection of G-Q, presenting an opportunity for a better class
of chemotherapeutics. Raman mapping was used for the first
time to provide insight into stacking and electrostatic inter-
actions.219 Another in vivo application of GQD-Pp hybrids was
proposed by Kamal et al. as an immunosensor for the detec-
tion of antigens of Salmonella typhi in human serum. Here,
the structural assessment of the bio-mimetic Fe-porphyrin-
GQD hybrid showed its bioimaging activity. This bioconju-
gated hybrid works as a prominent transfer system in the fluo-
rescence system owing to its bio-conjugation sites and rich
oxygen-containing surface.220 A modified porphyrin and rGO

Fig. 5 Various applications of GQD-Pp/Pc conjugates.
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hybrid was fabricated by Wang et al., functioning as a bio-
sensor for the rapid and selective DNA detection of
M. tuberculosis and its resistant strands. As a result of its elec-
trical and morphological characteristics, broad surface area,
high electron transferability, and high loading efficiency for
bioreceptors (covalently bonded) offered by its carboxyl func-
tional groups, the biosensor exhibited excellent sensitivity
towards the hybridization of DNA. Measurements using several
independent biosensors were used to assess the reproducibil-
ity of this DNA hybridization platform.221 Various studies
using rGO-porphyrin and GQD-Pp composite have been
reported for the electrochemical sensing of serotonin, dopa-
mine, and glucose sensing, demonstrating enhanced selecti-
vity and sensitivity towards these analytes.222,223

Zhang et al. developed a “turn-ON” fluorescence sensor via
optical sensing for the detection of hydrogen peroxide (H2O2)
and glucose using a GQD/FeTMPyP hybrid system (Fig. 6c).
The absorption band of metalloporphyrin (FeTMPyP) has a
complementary overlap with the emission band of GQDs,
leading to fluorescence quenching of GQDs due to IFE. The
reversibility of the fluorescence of GQD via the hindrance of
IFE permits the detection of glucose and H2O2. Thus, designed

MPs exhibit potential to be highly inventive for other desirable
analytes.135 Similarly, Xue et al. developed rapid, sensitive, and
selective “turn-ON” fluorescent probes for the detection of
biothiol (GSH or cystine) in a FRET system via the Michael
addition reaction between maleimide-functionalized GQDs
(M-GQDs) and tetrakis(4-aminophenyl) porphyrin (TAPP). The
hybrid system is formed via stacking and electrostatic inter-
actions between the negatively charged GQDs (due to the pres-
ence of carboxylate group on their surface) and positively
charged porphyrin (due to the presence of amine group on its
surface), which results in fluorescence quenching of M-GQDs
by porphyrin due to FRET. In contrast to the single component
detection system, the hybrid-based FRET system exhibited
rapid, selective, and sensitive detection302 in a wider range
without interference from other biomolecules in the quantitat-
ive spotting of biothiol.1 This hybrid system was used for
detection of biothiol (GSH) in blood serum and fruits, with
detection recoveries ranging from 95% to 106% and an relative
standard deviation (RSD) less than 2%. Similarly, Achadu et al.
reported the detection of biothiol using an M-GQD and zinc
phthalocyanine (ZnPc) hybrid system.214 Another interesting
report by Achadu et al. demonstrated a novel supramolecular

Table 1 Summary of the different types of GQD-Pp/Pc conjugate-based sensors

Sl.
no. Nanocomposite Type of sensor

Target
analytes Phenomenon

Linear
range LOD R2 Sample Ref.

1. NGQD/TMPyP Fluorescence probe Cd2+ Inner filter effect 0.5–8 μM 88.0 nM — Water 212
UV-vis Absorption 0.1–10 μM 90.0 nM —

2. NGQD/TMPyP/Mn2+ Fluorescence probe Hg2+ Inner Filter effect 0–100 nM 0.18 nM — Water 213
3. GQD/FeTMPyP Fluorescence Probe H2O2 Inhibition of Inner

Filter effect
2–300 μM 0.30 μM 0.993 Water 135

GQD/FeTMPyP/GOx Glucose 3–100 μM 0.50 μM 0.992 PBS/Water
4. M-GQD/TAPP Fluorescence Probe GSH Switching OFF

FRET (“turn ON”)
0.67–130
nM

0.23 nM 0.999 PBS 1

Cys 3.33–100
nM

1.30 nM 0.997

5 M-GQD/ZnPc Fluorescence Probe Cys Switching OFF
FRET (“turn ON”)

2–120 nM 0.85 nM 0.994 DMSO
(25%)/PBS

214

Hcys 1.5–120
nM

1.42 nM —

GSH 5.0–150
nM

3.20 nM —

6. GQD-T-ZnPc Fluorescence Probe Hg2+ Fluorescence “turn
ON”

0.1–20
nM

0.05 nM — DMF
(25%)/PBS

203

T-GQD-T-ZnPc 5.0–50
nM

24.7 nM —

7. PEI-GQDs-Pc-
Au@Ag

Fluorescence Probe Hg2+ Fluorescence “turn
ON”

0.5–25.0
nM

0.25 nM 0.997 PBS 215

PEI-GQDs/Pc-
Au@Ag-Hg2+

Cys Fluorescence “turn
OFF”

1.0–50
nM

0.72 nM 0.989

Hcys 0.87 nM
GSH 1.05 nM

8. CoPc-GQD Gas Sensor NO2 Current Response — 50 ppb — Air 216
9. CoPc-HFIP-GQD Gas Sensor DMMP Current Response — 500 ppb Air 217

CoPc–6FBPA–GQD
10. GQD@CoPc-COOH Electrochemical or

photoelectrochemical
Hydrazine Electrocatalytic — 8 μM — 0.1 M

NaOH
218

GQD@CoPc-NH2 — 43 μM —
11 GCE-GQD-CoPc

(π–π)-aptamer
Electrochemical impedance
spectroscopy (EIS)

Prostate
specific
antigen

Impedance 1.2–2.0
pM

3.66 pM PBS 111

Differential pulse voltammetry 0.66 pM
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hybrid system consisting of polyethylenimine (PEI)-GQD and
mercaptopyridine-substituted zinc phthalocyanine (Pc)-Au@Ag
nano-alloys using “OFF–ON–OFF” fluorescence for the detec-
tion of Hg2+ and biothiol in an aqueous medium. This strategy
is based on turning “ON” the quenched fluorescence of the
PEI-GQD-Pc-Au@Ag hybrid system in the presence of Hg2+ and
switching “OFF” the fluorescence in the presence of biothiol
due to the stronger affinity between Hg2+ and biothiols and
the formation of a strong Hg–S bond. These nanoprobes were
target selective and highly stable in the presence of other
molecules, exhibiting their successful application.215

4.1.3 Gas sensing by GQD-Pc conjugates. Presently,
GQD-Pp/Pc conjugates provide an ideal avenue for the fabrica-
tion of wearable sensors. In 2021, Jiang et al. described how
the surface of metal phthalocyanine (CoPc) nanofibers was

anchored by GQDs for sensing NO2. The gas sensitivity per-
formance was greatly enhanced due to the formation of charge
transfer conjugates at room temperature compared to the indi-
vidual material. The introduction of GQDs provides good con-
ductivity to CoPc, and thus fastens the response of the hybrid
material. The authors suggested the mechanism of NO2

sensing by the conjugate, wherein NO2 accepts an electron
from the conjugate and transforms into NO2

−. The holes
formed in the hybrid system change the conductivity of the
sensor, with a lower detection limit. Thus, the reproducibility,
selectivity, and stability of the hybrid materials are greatly
improved (Fig. 6d).216 Due to the unique features of reproduci-
bility, selectivity, and stability of the MPc/GQD hybrid system
as a gas sensor, the same group used a similar system for the
detection of dimethyl methylphosphonate (DMMP). The

Fig. 6 (a) Schematic showing the synergistic mechanism of NGQDs and Hg2+ in the co-ordination of Mg2+ with TMPyP. (b) Confocal microscopy
images of lung carcinoma cells (A549). First column shows images obtained through the red channel, second column is the green channel, third
column is the bright field, and the fourth column is the merged image. Panel (a–d) cells treated with TMPyP; panel (e–h) cells treated with NGQDs;
panel (i–l) cells treated with TMPyP and NGQDs; and panel (m–p) cells treated with TMPyP, NGQDs, Hg2+ and Mg2+. Reprinted with permission from
ref. 226 Copyright 2018, ACS. (c) Schematic showing the sensing of H2O2 and glucose through the inhibition of IFE between GQDs and TMPyP.
Reprinted with permission from ref. 227 Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic diagram showing the
adsorption and desorption of NO2 on MPc/GQDs. Reprinted with permission from ref. 216 Copyright 2021, RSC.
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hybrid system showed a good gas response for the detection of
DMMP due to the presence of a strong hydrogen bond
between hexafluoroisopropanol (HFIP) and hexafluorbisphenol
A (6FBPA) conjugated to MPc and DMMP. The presence of
GQDs in the hybrid system increased the conductivity of the
Pc derivative, and thereby fastened its sensing response.217

4.1.4 Electrochemical sensing by GQD-Pc conjugates. The
literature shows that GQDs are a great platform for the specific
and sensitive recognition of biomarkers, which are highly
synergistic with electrochemical sensors.303 Recently Nxele
et al. developed an aptasensor for the electrochemical detec-
tion of the prostate specific antigen (PSA) using different com-
binations of aptamer, CoPc, and GQD modified on a glass
carbon electrode (GCS). The best efficacy was obtained by the
GCE-GQD-CoPc (π–π)-aptamer with an LOD of 3.66 pM deter-
mined by electrochemical impedance spectroscopy (EIS) and
0.66 pM by differential pulse voltammetry (DPV). The LOD is
much lower than the cut off value of PSA, i.e., 13.3 nM, for a
patient with prostate cancer. The electrode showed specificity
towards PSA even in the presence of interfering biological
molecules such as BSA, glucose and L-cysteine. The aptasensor
showed good stability, reproducibility, and repeatability.228

Centane et al. explored the electrochemical properties of Pc
conjugated with electron-withdrawing groups (–COOH) and
electron-donating group (–NH2) when non-covalently anchored
to π-electron-rich graphene quantum dots. The incorporation
of GQDs in amino conjugated Pc (GQD@Pc-NH2) resulted in a
lower potential compared to only Pc-NH2. In contrast, when
GQDs were conjugated to Pc functionalized with an electron-
withdrawing group such as carboxy (GQD@Pc-COOH), the
hybrid demonstrated a higher hydrazine oxidation potential
than Pc-COOH. Nevertheless, GQD@Pc-COOH showed a better
catalytic current than GQD@Pc-NH2. The good catalytic
activity is governed by both the decrease in potential and
increase in current. Hence, the catalytic current for GQD@Pc-
COOH dramatically increased compared to that of Pc-COOH
and GQD@Pc-NH2, resulting in a better LOD for the detection
of hydrazine compared to GQD@Pc-NH2.

218

4.2 Energy conversion

4.2.1 Light-harvesting antenna (LHA). Various challenges
are involved in designing artificial LHAs that work well in
aqueous solution through a regular combination of multi-
donor and single acceptor structures with efficient energy
transfer capability. The hybrids of GQDs and porphyrin
provide an excellent electron donor and acceptor pair, whereas
porphyrin and its derivatives also behave as natural or artificial
LHAs. However, the absorption spectrum of porphyrin only
covers a limited portion of the visible region, which is the
biggest hurdle for light harvesting. As mentioned earlier,
GQDs have a broad absorption spectrum with a high extinc-
tion coefficient, and thus the light-harvesting property of por-
phyrin can be easily enhanced by using GQDs as donors.
Accordingly, Liu et al. reported novel aqueous LHAs with the
srikaya-like structure of multiple GQDs as donors and a single
porphyrin unimolecular micelle as an acceptor. This construct

overcame the problems related to the insolubility of porphyrin,
minimized the electron transfer, and maximized the energy
transfer efficacy from the GQD donor to the porphyrin acceptor
by up to 93.6% with an antenna effect of 7.3 in aqueous solu-
tion233 (Fig. 7a).

4.2.2 Solar cells. Solar cells or photovoltaic cells have the
ability to transform light energy into electricity due to the
photoelectric effect. GQDs due to their large Bohr exciton
radius and 0D quantum confinement effect, can be used to
tune the HOMO–LUMO gap over a wide spectrum range (ultra-
violet to visible to infrared wavelength) by varying their size,
having implications in solar cells. However, the low photo-
luminescence quantum yield (below 20%) of pristine GQDs
and their absorbance band in the UV region hinder their
effective utilization as a photosensitizer in dye-sensitized solar
cells (DSSCs). Accordingly, doping GQDs with heteroatoms (S,
F, B, and N) provides them with tunable photoluminescence
and band gap energy in the visible region for better appli-
cation in solar cells. Compared to GQDs, N-doped carbon
quantum dots (NCQDs) show relatively better performance
with TiO2, exhibiting an efficiency of 0.13%.234 This efficiency
is further enhanced in the presence of conventional dyes such
as N3 and N719 as a co-sensitizer, e.g., (NGQDs-N719)/TiO2

and NFS-GQDs-TiO2-N719 having a power conversion
efficiency (PCE) of 7.49% and 11.7%, respectively (Table 2). In
DSSCs, N719, which is a ruthenium compound, is widely used
as a photosensitizer, but it suffers from several disadvantages
such as multi-step synthesis, problems in purification and use
of expensive material.235 Thus, to overcome this, a metal-free
organic photosensitizer, i.e., porphyrin, has emerged as an
alternative due to its to high visible extinction coefficient, 2D
π-electron framework, excellent light-harvesting properties
(mimicking natural photosynthesis) and tunable functional
molecule for optoelectric applications, especially in
DSSC.236,237 Furthermore, the poor performance of por-
phyrin238 due to aggregation can be overcome by synthesizing
nanohybrids, wherein porphyrin is co-sensitized with GQDs.
The presence of GQDs improves the electron movement and
reduces the charge recombination, increasing the performance
of solar cells.239 Mandal et al. demonstrated that smaller-size
GQD/porphyrin nanohybrids showed type-II band energy align-
ment, where their LUMO (on GQD) and HOMO (porphyrin)
had larger spatial charge separation, resulting in the low
recombination of electron–hole pairs to increase the photovol-
taic cell efficacy. In contrast, larger-size GQDs in the nano-
composite showed type-I band energy alignment, where the
HOMO and LUMO were located on the GQDs, resulting in less
charge separation. However, larger nanohybrids can be con-
verted to type-II band alignment by functionalizing Pp with an
electron-donating group such as –NH2 or –OCH3. Another
interesting feature was evident from the density of state (DOS)
studies on nanocomposites, where the energy gap between the
LUMO of GQDs and Pp controls the rate of electron transfer
from the photoexcited Pp to GQDs, which increases with an
increase in the size of GQDs.42,57,240,241 Furthermore, Sehgal
et al. fabricated a porphyrin sensitized solar cell (PSSC),
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GQD@ZnO/TCCPPZn, where GQD@ZnO acted as the photo-
anode and zinc tetrakis(4-carboxy phenyl) porphyrin (TCPPZn)
as a sensitizer (Fig. 7b). The enhancement in the photovoltaic
properties was due to the ability of GQDs to emit multiple exci-
tons from a single photon242 and transfer them into the con-
duction band (CB) of ZnO and the mechanism of electron
transfer occurred through electron injection from GQDs to
ZnO. Therefore, this type of hybrid composite device holds
great potential for application in dye-sensitized solar cells
(DSSC) and PSSCs at an economical low cost.230

4.3 GQD/Pp and GQD/Pc as catalysts

4.3.1 Electrocatalysis. GQDs can serve as an efficient
alternatives to platinum-based electrocatalysts for the oxygen
reduction reaction (ORR) given that GQD can lower the oxygen

adsorption barrier and first electron transfer barrier, thereby
providing enhanced electrocatalytic activity for the ORR due to
the increase in electrocatalytically active edge sites. Doping of
GQDs with nitrogen (N-GQDs) is highly beneficial for the
enhancement of their electrocatalytic activity for the ORR.
N-GQDs increase the charge density of graphene, which results
in the better affinity of oxygen with graphene, and thus
weakens the O–O bonding on the surface of the catalyst, indi-
cating reduced overpotential and better electrocatalytic activity
for the ORR250,251 (Table 3). However, some hurdles associated
with GQD, such as low limiting current density and onset
potential, still exist. Metallophthalocyanine (MPc) and metallo-
porphyrin (MPp) are known for their electrocatalytic pro-
perties, but their use is limited due to their low conductivity,
which affects their electron transfer and electrochemical

Fig. 7 (a) Schematic diagram showing the light harvesting antenna (LHA) nanosystem with multiple GQD donors and a single porphyrin unimolecu-
lar micelle as the acceptor formed through electrostatic self-assembly. Reprinted with permission from ref. 229 Copyright 2016, RSC. (b) Diagram
showing the schematic energy transfer mechanism of the GQD@ZnO@TCPPZn nanocomposite in the fabricated porphyrin sensitized solar cell
(PSSC). Reprinted with permission from ref. 230 Copyright 2018, Elsevier B.V. (c) Linear sweep voltammetry (LSV) of GQD-FePc. Reprinted with per-
mission from ref. 231 Copyright 2017, RSC. (d) Effect of no scavenger, tert-butyl alcohol, iodide ion, EDTA and NBT on the degradation of methylene
blue by the GQD–Zn porphyrin under xenon lamp irradiation. (Right) Schematic of the photocatalytic process for the GQD–Zn porphyrin under
visible light. Reprinted with permission from ref. 232 Copyright 2015, RSC.
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activity.252,253 Therefore, the catalytic activity of FePc supported
on muti-walled carbon nanotubes (FePc/MWCNT) has been
studied for the oxygen reduction reaction, which was found to
be comparable to that of the commonly used Pt/C catalyst with
similar current densities and a very low overpotential
(60 mV).254

Therefore, conjugating MPc/porphyrin with N-GQDs will
be a potential candidate for a synergistic effect in electro-
chemical reactions. The functionalization of MPc/porphyrin
with N-GQDs containing pyrrolic nitrogen atoms provides
additional nitrogen atoms to GQDs, modifying the bandgap,
leading to faster charge transfer and synergistically enhan-
cing the electrocatalytic activity performance of GQDs, while
averting the aggregation of FePc (Fig. 7c). The results
demonstrated an amended onset potential, remarkable
methanol tolerance, a higher limiting current density com-
pared to Pt/C, and electrochemical stability without CO poi-
soning for the hybrid system, which may have further com-
mercial application in fuel cells.94,103 Pham et al. studied
the thermodynamic and kinetic aspects of FePc and FePc-
GQD and their catalytic activities, and concomitantly their
tolerance toward CO through density functional theory (DFT)
calculations. They showed that the four-electron pathway is
the most energetically favourable for the ORR in both cases.

FePc-GQD showed high catalytic ORR activity, with a limiting
potential of 0.70 V, which is comparable to that of Pt/C
(0.79 V). FePc-GQD showed high CO tolerance due to its
positive CO adsorption energy of 2.39 eV, unlike the FePc
system. Thus, all these characteristics make FePc-GQD an
efficient electrocatalyst for the ORR, which can be used for
commercial application in fuel cells.255 Reduced GQDs
(rGQD) show better electrocatalytic activity than amino-func-
tionalized GQDs given that the reduction process involves
the elimination of carboxyl, epoxy, and hydroxy groups on
the surface of GQDs, which results in narrowing of the
energy band gap of GQDs, thus enhancing electron transfer
properties.252 Centane et al. conjugated rGQD covalently and
non-covalently with cobalt phthalocyanine (CoPc), where
CoPc has three tert-butyl substituents, acting as electron
donating groups (push), and a single COOH as an electron-
withdrawing group (pull). These push–pull substituents
enhance the electron delocalization, which leads to facile
electron transfer properties in CoPc. The rGQD-CoPc conju-
gates were used for the electrocatalysis of hydrazine oxi-
dation on a glassy carbon electrode and improved catalytic
behavior was obtained in the non-covalently (π stacking) con-
jugated CoPc compared to the covalently conjugated CoPc,
giving an LOD of 2.1 μM and 4.4 μM, respectively.252

Table 2 J–V characteristics of GQDs, doped GQDs and GQD-MPc/MPp as photoanodes

SL.
no.

Photocurrent density at short circuit
voltage ( Jsc) (mA cm−2)

Open circuit
voltage (Voc) (V)

Fill factor
(FF)

Efficiency η
(%) Ref.

1. NGQDs/ZnO nanorods 0.92 0.34 — 0.121 243
2. ZnO nanowires-GQDs 0.45 0.8 0.5 0.2 244
3 SNGQD/C-ZnO NT 3.4 0.45 — 0.59 245
4 ZnTCPP (12 h)/N719 (a ruthenium

complex)
18.9 0.61 0.55 6.35 246

5 NGQD/TiO2 1.49 0.48 0.53 0.37 247
N719/TiO2 12.61 0.71 0.64 5.7
(NGQDs-N719)/TiO2 17.65 0.72 0.59 7.49

6. NFS-GQD-TiO2 0.35 0.51 0.53 0.71 248
NFS-GQDs-TiO2-N719 dye 22.6 0.79 0.7 11.7

7 DNA-ZnO Nano flower + B-GQDs/
N719

— — — 3.7 249

8 ZnO@TCPPZn 7.2 0.37 0.307 0.817 230
GQD@ZnO@TCPPZn (30%) 8.9 0.47 0.400 1.67
GQD@ZnO@TCPPZn (40%) 10.1 0.48 0.507 2.45
GQD@ZnO@TCPPZn (50%) 9.8 0.48 0.4377 2.05

Table 3 Electrochemical parameters for the catalytic oxygen reduction reaction (ORR)

SL.
no. Type of electrode

ORR onset potential
(V)

Limiting current (mA
cm−2)

No. of electrons followed for
ORR Ref.

1 N-Colloidal GQD −0.1 — 4-Electron pathway 251
2 N-GQD/graphene (N/C atomic ratio of

4.3%)
−0.16 — 4-Electron pathway 250

3 N-GQDs-35-10/graphene −0.11 — 4-Electron pathway 256
4. FePc/MWCNTs −0.09 −4.5 4-Electron pathway 254

Pt/C −0.03 −4.7 4-Electron pathway
5. (G-dye-Fe-Porphyrin)n MOF −0.087 — 4-Electron pathway 257
6 GQDs −0.13 −4.68 2-Electron pathway 231

GQD–FePc −0.04 −1.65 4-Electron pathway
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4.3.2 Photocatalysis. The synergistic and cooperative
effects between macrocycles and GQDs in close proximity have
tremendous influence in governing their physicochemical pro-
perties via bond activation, catalysis, reactivity, etc.258,304

Metalloporphyrin or porphyrin derivatives have a high extinc-
tion coefficient in visible light and can generate a good
quantum yield of singlet oxygen upon photoexcitation. This
property has applications in various photocatalytic processes,
especially in oxidation reactions.143 However, homogeneous
catalysis has various disadvantages such as difficult recovery
and reuse of the catalyst, and additionally the catalyst suffers
from intermolecular self-oxidation, dimerization and
decomposition during the reaction, together with high prepa-
ration cost. These problems can be easily overcome by immo-
bilizing porphyrin on a solid surface. GQDs can provide good
support given that they have a large surface area for loading,
excellent electrical and optical properties, uniform dispersion
in water, and photostability.259 Lu et al. demonstrated the
photocatalytic degradation of an organic pollutant under
visible-light irradiation using zinc porphyrin-functionalized
GQDs (GQDs/ZnP) (Fig. 7d). The mechanistic investigation
suggested that the superoxide radical (•O2

−) and holes (hVB
+)

were involved in the photocatalytic reaction. Doping of GQDs
with electron-rich atoms such as N and S lower their bandgap,
resulting in a broad absorbance band in the visible region.
Therefore, S, N: GQDs as photocatalytic carriers improve the
energy conversion of solar light for aerobic oxidation reactions
due to their broad visible light absorption.232

Mahyari et al. synthesized efficient, green and visible-light
recoverable photocatalysts using anionic Fe(III)tetra(4-sulfona-
tophenyl) porphyrins (FeTSPP) supported on S, N: GQDs for
the selective aerobic oxidation of alcohols to the corresponding
carbonyl compounds.260 The same group synthesized cobalt
porphyrin-supported nitrogen and phosphorus co-doped gra-
phene quantum dots/graphene for the aerobic oxidation of
alcohol with a much higher conversion (∼92%) and selectivity
(∼86%) than most of the reported photocatalysts. The high
photocatalytic activity under mild conditions, reusability, and
selectivity of CoTSPP@N,P:GQDs/G make them potential
materials for using solar light for energy conversion and
environmental therapy.261 Notably, the doping of GQDs with
nitrogen induces ionic interactions between the active sites of
porphyrin (TSPP) and the support, which increases the hydro-
philic character of the catalyst, and consequently increases the
dispersion and stability of the catalyst in aqueous solution.262

4.4 Therapeutic applications of GQD and Pp/Pc hybrid
systems

Porphyrin, due to its abundant presence in nature and its
physiological properties, has become an attractive candidate in
the field of therapeutics. This is a crucial topic because por-
phyrin-based nanostructures can help to identify cancer and
other degenerative diseases that are difficult to detect or cure
in the early stage. This review sheds light on GQD Pp/Pc
hybrid systems, their interactions, and applications spanning
the theragnostic role of Pp/Pc in biomimetic systems.

Porphyrins and their analogous macrocycles display fascinat-
ing, photochemical, and luminescence properties besides
disease diagnosis, sensing, therapy, and biomedical appli-
cations, indicating their high prospects in the treatment of
numerous diseases.252,261,263 Various Pp derivatives serve as a
chemical basis for many drugs that are in preclinical and clini-
cal trials.264

For instance, the application of PDT and antimicrobial/anti-
parasitic PDT is of prime importance.3,265 Carbon nano-
materials offer competent schemes to augment the bio-
availability and integrate targeted delivery features in tra-
ditional pharmaceuticals, enhancing their efficiency and redu-
cing their toxicity, thus improving the therapeutic effect. The
previously mentioned hurdles can be overcome as follows: (1)
amalgamation of hydrophilic groups in the porphyrin ring,
while governing the interaction with living systems and (2)
integration into nanovehicles and delivery nanosystems.
Unquestionably, nanohybrid systems are the current choice to
expand the transport and tumor targeting efficacy.
Furthermore, formulations that embrace the viewpoint of com-
bined therapy and image guidance are valuable to improve the
clinical outcome. Currently, the “one-for-all” concept is
gaining support in the field of photonanomedicines, where it
overcomes the limitations concerning multistep fabrication
and low reagent loading of traditional delivery systems based
on various nanoparticles.266

In 2015, Su et al. first synthesized porphyrin-functionalized
graphene oxide for the photothermal ablation of the glioblas-
toma cell line U87-MG using 808 nm irradiation.267 The find-
ings pave the way for the therapeutic use of graphene
nanosheets in cancer treatment, particularly for deep-seated
tumors. In continuation of this research, in 2016 the same
group synthesized L-arginyl-glycyl-L-aspartic (RGD) conjugated
Pp immobilized nano-graphene oxide (PNG) to selectively
target brain cancer cells with improved clinical effectiveness
and no discernible side effects. The proficient photothermal
transformation of PNG-RGD, as well as its ligand-targeting
activities inhibited tumor development in mice upon laser
irradiation, whereas tumour recurrence was observed in the
case of graphene oxide (GO). Thus, PNG-RGD can be a poten-
tial photothermal therapy (PTT) agent for the therapy of brain
tumors, with active photo-to-thermal transfer and a high pene-
tration depth in tissues.259 In 2018, Santos et al. synthesized
nano-GO covalently linked to glycol porphyrins and studied
the biocompatibility of the hybrid system with human Saos-2
osteoblasts. Their proliferation, viability, and ROS generation
findings showed that the graphene-based hybrid nano-
materials exhibited excellent biocompatibility, making them
very promising for use in biomedicine, especially in cancer
therapy.24 However, despite these recent advancements, GO
still has some limitations and challenges, including the lack of
reproducibility in its synthesis, which may weaken its final
physicochemical properties and workability.27 Thus, to over-
come a few of the aforementioned challenges, Xu and col-
leagues were the first to develop an organic-solution-processa-
ble functionalized-graphene (SPFgraphene) hybrid material
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with Pp with rich photophysical properties, together with
optical-limiting properties, which is largely due to greater
photoinduced electron- and/or energy-transfer processes.165

Given that graphene is a good electron acceptor, the energy/
electron transfer can be easily modulated by non-covalently or
covalently conjugating electron-donating organic moieties
such as Pp/Pc.268 Suhag et al. synthesized Pp-functionalized
nitrogen-doped graphene nanosheets (PFNGS) for the detec-
tion of nitric oxide (NO) released from macrophage cells.
PFNGS were biocompatible, facile, highly sensitive, and pos-
sessed exceptional electrocatalytic properties, together with
reproducibility and stability. The in vitro studies of PFNGS in
murine macrophage cells showed that they were cytocompati-
ble with 96% cell viability. Furthermore, the blood compatibil-
ity studies demonstrated that PFNGS were hemocompatible.269

Due to their versatile properties, GQDs can be extensively
used in a variety of biological applications such as nano-
medicine (e.g., drug delivery), bio-sensing, and bio-imaging.
However, it is important to determine the cellular uptake, cir-
culation, and cytotoxicity of unmodified GQDs, functionalized
GQDs, and doped GQDs before their use as conjugating
materials. Various parameters such as concentration, chemical
doping, methods of synthesis, particle size, and surface
functionalization govern the uptake mechanism of GQDs
inside cells and their toxicity.266,270,271 GQDs can be interna-
lized through caveolae-mediated endocytosis and are partially
involved in the energy-dependent endocytosis pathway in
human gastric cancer (MGC-803) and breast cancer (MCF-7)
cells. In addition, it has been reported that nanometer-sized
GQDs are less toxic compared to micrometer-sized graphene
oxide (GO) based on different biological studies such as intra-
cellular ROS level, cell viability, mitochondrial membrane
potential, and cell cycles. The toxicity of GO is a consequence
of the change in the cell membrane integrity, resulting in the
hemolysis of cells, which is not the case with GQDs.266

GQD-Pp/Pc-based hybrid systems with more favorable
photophysical properties can serve as third-generation PSs.
GQD-porphyrin/Pcs hybrid systems can generate a high
quantum yield of ROS, mainly singlet oxygen, upon light
irradiation, exhibiting great potential for enhanced PDT and
PTT combined therapy in both in vitro and in vivo
models.272,273 The suitable design of GQD-Pp/Pc hybrid
systems can solve problems related to their synthesis, includ-
ing the size mismatch problem between GQDs and porphyrin
and the insolubility of porphyrin in water, and also increase
their light absorption range, increasing the energy transfer
efficiency from GQD donors to porphyrin acceptors and their
potential tumor targeting ability by grafting certain tumor-tar-
geting groups.140 According to Gao et al., the fluorescence
efficiency of Pp increased when titrated with varying concen-
trations of GQDs. The fluorescence emission of Pp was
efficiently improved by the GQDs due to FRET, which is an
advantage in biosensing and bioimaging. These studies also
shed light on GQD and porphyrin host–guest nanoensembles,
which are important for exploiting the synergistic properties of
Pp/Pc and GQDs in drug delivery, bioimaging, and developing

novel PDT agents that outperform other traditional agents in
terms of water dispersibility, singlet oxygen generation, and
biocompatibility.124,274,275

4.4.1 Photodynamic cancer therapy. Pp-based derivatives
have been extensively used as PSs for PDT in cancer treatment,
being noninvasive276 in nature. PDT leads to the production of
ROS in the tissue, which offers a promising modality for
tumor destruction.296 PSs play a central role in PDT, which
produce cytotoxic ROS to abolish tumor cells via apoptosis/
necrosis upon exposure to an appropriate wavelength of
light.151,277 An ideal PS for PDT should have low dark toxicity,
solubility in bodily fluids, photochemical reactivity with high
triplet state yields, and a long triplet state lifetime.119 Given
that Pp/Pc molecules possess multiple intrinsic theragnostic
features, these molecules have enormous virtues for cancer
treatment. Porphyrin molecules absorb light energy to trans-
form it into potent therapeutic properties, where light energy
interacts with surrounding oxygen to generate ROS. Pp/Pc
endow excellent PDT effects, being highly energized and toxic
in nature. Besides, these molecules have the ability to generate
hyperthermia using photon energy released as molecular
vibration, which culminates in a photothermal therapeutic
(PTT) effect55,278–280 (Fig. 8a).

PTT uses nanoporphyrins as multiphase nanotransducers
to convert light to heat inside tumors, while PDT uses nano-
porphyrins to convert light to singlet oxygen.69 Several Pp
derivatives and molecular PS were investigated with the aim to
overcome significant problems such as reduced aqueous solu-
bility, dark toxicity, restricted structural stability, and short
excitation wavelength arising due to scattering or absorption
by tissues. Tetrapyrrole-based derivatives are the most com-
monly applied PS in the PDT domain due to their structural
characteristics, low toxicity, and ability to generate a high
quantum yield of superoxide anion, singlet oxygen, hydroxyl
radicals, and hydrogen peroxide.281 Generally, the features of
these chromophores include a relatively long lifetime and high
triplet quantum yield, which promote the creation of 1O2 in
high quantum yield, intense absorption within the optical
therapeutic window ranging from 650 nm to 850 nm with
better penetration depth and minimum absorption and scat-
tering, together with the absence of dark toxicity.187,282–284

A recent strategy to tackle important issues consists of
mimicking nature using biologically inspired hybrids, namely
porphyrinoid-based photosensitizes (PSs),305 which have been
classified into three groups. First-generation Pp PSs include
hematoporphyrin derivatives and Photofrin, which have been
used for the treatment of skin cancer and colorectal cancer.
However, their use is restricted owing to their chemical impur-
ity, poor extinction coefficient and low water solubility, pro-
longed skin photosensitization, short circulation time in the
blood, and suboptimal tissue penetration. Porphyrin-based
derivatives have developed into second-generation PS for PDT
in cancer treatment. Second-generation porphyrin PSs (e.g.,
Lutrin) alleviate the problems of first-generation PSs but have
high toxicity, low cellular uptake, and poor light penetration.
Eventually, third-generation porphyrin PSs refer to modifi-
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cations of second-generation PSs such as porphyrin or its deriva-
tives conjugated to site-specific delivery agents and/or formu-
lated with nanocarriers (e.g., modified porphyrin with GQDs)305

or targeting antibodies or nanoparticles to increase their cellular
uptake at the target site via improved characteristics, such as
less aggregation, better solubility in physiological media and
selective accumulation in the targeted tissue.13,60,125,126 Menilli
et al. discovered that cationic porphyrins are more easily inter-
nalized than their non-cationic counterparts, and their posi-
tively charged structures allow non-covalent bonding with both
GQDs and GO at physiological pH.119

Most organic PS systems, including third-generation PS and
porphyrin derivatives, are hydrophobic in nature, resulting in
limited biocompatibility and unspecific tissue accumulation,
especially when not appropriately adorned with immunosup-
pressing moieties and targeting labels. Consequently, they are
more prone to aggregation, which compromises the thera-
peutic efficacy of the drug, leading to lower singlet oxygen
generation and poor fluorescence in the aggregated state.
Besides, nonselective activation or nonspecific drug leakage
during blood circulation can lead to unwanted side effects
such as toxicity and drug resistance.8,151,285,286

Unfortunately, most tetrapyrrole-based PSs are hydro-
phobic, creating masses in aqueous solutions, which prevent
their biodistribution and even cause fluorescence self-quench-
ing, prompting researchers to focus their efforts on Pp-nano-
material-coupled systems.18 GQD-porphyrin/Pc-based hybrid
systems with more favourable photophysical properties can
serve as third-generation PSs. The introduction of GQDs with
Pp derivatives is an operative strategy to produce hydrophilic
porphyrins, which are imperative for biomedical applications,
including PDT.

In addition, GQD-Pp/Pc hybrid systems can generate a high
quantum yield of ROS, mainly singlet oxygen, upon light

irradiation, exhibiting great potential for improved PDT and
PTT combined therapy in both in vitro and in vivo
models.273,289 Therefore, Cao et al. synthesized a multifunc-
tional theranostic platform coupling polyethylene glycol (PEG)
ylated and aptamer-functionalized GQDs loaded with por-
phyrin derivatives (GQD-PEG-P). Most importantly, GQD-PEG-P
exhibited a PTT conversion efficiency of 28.58% and a high ϕΔ

of 1.08, which enabled it to show a combined PTT and PDT
effect for treating cancer. The in vitro MTT assay performed on
non-small cell lung cancer (A549) cells showed significant cell
death when irradiated simultaneously with a 635 nm and
980 nm laser. The GQD-PEG-P theranostic platform has signifi-
cant biomedical potential because it combines therapeutics
with effective cancer cell diagnostics276 (Fig. 9a and b). Under
white light, the novel hybrids GQD_1A and GQD_1B were
tested by Santos et al. as phototherapeutic agents in a high-
intensity breast cancer cell line (T-47D), and a significant
photocytotoxic effect was seen at 10 nM. When compared to
non-immobilized porphyrin, the coupling of GQDs to amino-
porphyrin improved their effective cellular uptake in T-47D
cells18 (Fig. 9c). Magaela et al. studied the PDT effect of an Sn
(IV) porphyrin linked with biotin-decorated nitrogen-doped gra-
phene quantum dot nanohybrid, (SnPp/B-NGQD).
Consequently, ϕΔ of 0.59 and 0.79 were achieved for SnPp and
the SnPp-B-NGQDs, respectively, in DMSO. Studies showed
that SnPp-B-NGQDs had greater cellular uptake, which corre-
lates with its PDT activity against MCF-7 cells. SnPp-B-NGQDs
showed high phototoxicity with an IC50 value of 10.4 μg mL−1

compared to SnPp alone with an IC50 value of 11.2 μg mL−1,
which implies that the biotin-decorated nitrogen-doped gra-
phene quantum enhanced the activity of SnPp192 (Fig. 8b and
c). Managa et al. studied the PDT effect of a GQD/porphyrin
nanocomposite in MCF-7 breast cancer cells. The nanoconju-
gates did not show any dark toxicity even at a high concen-

Fig. 8 (a) PDT for innovative cancer therapy (b and c) Cellular uptake of NGQDs, SnPp, and SnPp-B-NGQD in MCF-7 cells at various concentrations
over 24 h. Reprinted with permission from ref. 192 Copyright 2021, Elsevier Ltd.
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tration of 120 μg mL−1 but showed a PDT effect upon photo-
excitation.196 Nwahara et al. constructed a hybrid system,
BODIPY@GQD/ZnPc, consisting of three PDT agents to
increase the PDT effect. The hybrid system gave a higher ϕΔ

due to the increase in triplet state population compared to the
individual ZnPc and GQD/ZnPc moieties.290

4.4.2 Photodynamic antimicrobial chemotherapy. There is
a pressing need to broaden the horizons of antibiotic research
and development.4,291–293 Interestingly, various micro-organ-
isms and parasites can be inactivated by light, and based on
this phenomenon, Pc can exhibit high photochemical activity
and act as a potential photosensitizer (due to its high triplet

quantum yield).293 Feng et al. reported that with the introduc-
tion of porphyrin in carbon (CDs) they exhibited high antibac-
terial action by producing singlet oxygen under red light
irradiation. Laser Scanning Confocal Microscopy (LSCM)
imaging showed that the carbon dots (CDs) stick to the bac-
teria and generate ROS when exposed to red light to kill them.
In vitro pigskin tests also revealed the antibacterial efficacy of
CDs when exposed to a 638 nm laser.294 This family of com-
pounds had better photostability and absorption in the red
area, allowing deeper ROS species production in tissues for
longer.108,168,301 Recently, Mei et al. demonstrated the anti-
microbial properties of chitosan oligosaccharide-functiona-

Fig. 9 Showing PDT and PTT effect of GQD-Pp/Pc conjugates (a) Schematic showing the theranostic application of GQD-PEG-P for the detection
of intracellular miRNA and combined PTT/PDT effect. (b(A)) Confocal imaging of A549 treated with GQD-PEG-P with laser irradiation and treated
with calcein-AM (live: green) and PI (dead: red). Scale bar: 40 μm. (b(B)) Cell viability of A549 when treated with GQD-PEG-P in dark and upon laser
irradiation. Reprinted with permission from ref. 276 Copyright 2016, ACS. (c) Viability of T-47D cells treated with porphyrin 1, GQDs, GQD_1A, and
GQD_1B at different concentrations, nonirradiated (“Dark”) and irradiated (“PDT”) with white light. Reprinted with permission from ref. 18 Copyright
2021, ACS. (d(A)) Phototoxicity studies: S. Aureus in the presence of ZnPc (3), quaternized derivative ZnPc (4), 3@N,S-GQD and 4@N,S-GQD with
light and in the dark. (d(B)) Agar plates depicting S. Aureus colonies after treatment with 5% DMSO in PBS as the control (B(i)) and 3@N,S-GQD (B(ii))
after 80 min irradiation. Reprinted with permission from ref. 287 Copyright 2021, Elsevier B.V.
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lized GQDs (GQDs-COS) based on the synergistic combination
of PDT, PTT, and chemotherapy against Gram-positive and
Gram-negative bacteria.160 The results indicated that photo-
dynamic antimicrobial chemotherapy (PACT) can be a poten-
tial strategy to develop novel antibiotics to combat anti-
microbial resistance. Using similar principles, GQD-Pp/Pc
hybrid systems can be explored to develop a new era of PACT
via ROS generation. ROS causes random oxidation of DNA,
RNA, and/or lipid, leading to bacterial destruction, and thus
preventing the development of specific resistance mechanisms
in bacteria.295,297

Sen et al. recently reported the antibacterial activity of novel
ZnPcs (3,4)-containing octa-imines and their nanoconjugates
(3@N,S-GQDs and 4@N,S-GQDs) in S. aureus. As the singlet
oxygen production increased for 3@N,S-GQDs and 4@N,
S-GQDs compared to ZnPcs (3,4) alone, photoactivity resulted
in complete cell destruction. Fig. 9d (A) and (B) and Table 4
show the existence of the bacteria colonies before and after
treatment, respectively. This implies that the nanoconjugate
has better activity than that of the unconjugated Pc alone. The
enhanced activities of 3@N,S-GQDs and 4@N,S-GQDs com-
pared to Pcs alone (3,4) could be due to the high ability of
GQDs to bind to the cellular membranes. GQDs may disrupt
the membrane and cause a canal large enough to allow PS to
enter the cytoplasm. After entering the cell, they may prevent
protein synthesis and DNA replication in addition to generat-
ing singlet oxygen.287 Openda et al. reported that in compari-
son to other Pcs and conjugates, indium phthalocyanines
(InPc) conjugated with GQDs demonstrated greater photo-anti-
bacterial action. In comparison to only Pc, conjugate
InPc@GQDs and ZnPc@GQDs were found to be highly
effective, causing a 9.68 and 3.77 log reduction of bacteria at
10 μM, respectively288 (Table 4).

4.4.3 Bioimaging. Monodisperse nanoparticles made of
biocompatible building block conjugates can be useful in
developing multipurpose new optical imaging systems and
enhancing the therapeutic index.6,298 In the case of near-
infrared fluorescence imaging (NIRFI), magnetic resonance
imaging (MRI), positron emission tomography (PET), and
dual modal PET-MRI, nanoporphyrins can be employed as
amplifiable multimodality nanoprobes. Nanoporphyrins con-
siderably improve the imaging sensitivity for tumour identifi-
cation by suppressing the background in the blood and pre-
ferentially accumulating and amplifying signals in
tumours.69 Biocompatible porphysomes can also be functio-
nalized with receptor ligands to target nanoparticles or che-
lated with paramagnetic metal ions to serve as contrast
agents in PET, MRI, and in vivo fluorescence imaging.298 In
the case of PDT, bioimaging of compounds is important for
deciding the PDT dosimetry. Bioimaging helps to decide
various matrices, such as the amount of PS at the site of
treatment before and after PDT. However, metalloporphyrin/
MPc-nanoparticle conjugates suffer from low fluorescence,
which becomes a limitation in imaging. Thus, to overcome
the reduced fluorescence of Pc, Nwahara et al. synthesized
an assembly of gold nanoparticles (AuNPs) on functional
GQD-Pcs conjugates, where imaging could be done through
Raman spectroscopy of GQDs. The surface-enhanced Raman
scattering of GQDs increased by 32-fold due to the chemi-
sorbed AuNPs. Another important feature for PDT of this
hybrid is that it had an increased singlet oxygen quantum
yield. The composite system showed a high triple quantum
yield due to the heavy atom effect of Au, which translated to
a high singlet quantum yield as high as 87%. These remark-
able features make the composite system a unique Raman-
based PDT dosimetric agent.299

Table 4 Comparison of the phototherapeutic effect of porphyrin (Pp), GQDs, and the GQD-Pp hybrid system

Sl. no.
Singlet quantum
yield (ϕΔ)

Cell viability
(Conc.)

Wavelength of laser and
duration of irradiation

Cytotoxicity studied
in cancer/bacterial cells Ref.

1 GQD-PEG-P 1.08 14% (100 μg mL−1) 635 nm and 980 nm for 10 min A549 lung cancer cells 276
61.3% (100 μg mL−1) 635 nm for 10 min
30.5% (100 μg mL−1) 980 nm for 10 min

2 NGQDs — 50% (14.2 μg mL−1) 625 nm for 30 min MCF-7 breast cancer cells 192
B-NGQDs — 50% (14.4) μg mL−1)
SnPp 0.59 50% (11.2 μg mL−1)
SnPp-B-NGQDs 0.79 50% (10.4 μg mL−1)

3 Porphyrin 1 0.47 50% (10–100 nM) White light for 90 s T-47D breast cancer cells 18
GQD 0.07 —
GQD_1A 0.51 25% (10 nM)
GQD_1B 0.25 25% (10 nM)

4. ZnPc (3) 0.23 0.09% (10 μM) 680 nm for 80 min S. aureus (Gram positive bacteria) 288
quaternized
derivative ZnPc (4)

0.31 0% (0.5 μM) 680 nm for 40 min

3@N,S-GQD 0.32 0% (10 μM) 680 nm for 80 min
4@N,S-GQD 0.42 0% (0.5 μM) 680 nm for 20 min

5 Pc 0.22 24% (10 μM) 670 nm for 120 min S. aureus (Gram positive bacteria) 287
ZnPc 0.72 0.23% (10 μM)
InPc 0.75 0.14% (10 μM)
Pc@GQD 0.2 75% (10 μM)
ZnPc @GQD 0.77 0.12% (10 μM)
InPc@GQD 0.79 0% (10 μM)
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Santos et al. studied the cellular distribution of GQDs,
GQD-Pp nanohybrids (GQD_1A and GQD_1B) and Pp in T-47D
cells (Fig. 10a). Confocal imaging of porphyrin showed red
fluorescence, which appeared as large bright aggregates prefer-
entially at the periphery of the plasma membrane and as
single spots in the cytoplasm. GQDs without porphyrin
appeared green with some bright spots due to vesicular
accumulation. GQD-Pp showed a red staining pattern, which
encompassed manly bright spots in the cytoplasm, similar to
porphyrin 1. The fluorescence of the GQD-Pp nanohybrid
inside the cells was visible at low concentration of 10 nM
similar to that of porphyrin 1 at a higher concentration of
1 mM. This indicates the better internalization of the GQD-Pp
hybrid system than porphyrin alone.18 Cao et al. showed that
GQD-PEG-P could discriminate cancer cells (A549) from
somatic cells (HDF cells) due to the intrinsic fluorescence of
GQD (Fig. 10b). The GQD-PEG-P-loaded molecular beacon
(MB) facilitated gene delivery for the detection of cancer-
associated microRNA (miRNA), as visible from the green color
in A549 cells.276

Menilli et al. used LysoTracker Green DND-26, an acidic
organelle marker, to visualise the intrinsic fluorescence of
GO-Pp and GQD-Pp hybrids to determine the intracellular dis-
tribution of these Pp complexes in T24 human bladder cancer
cells (porphyrin channel). TMPyP and ZnTMPyP in the free
form were mainly carried to the lysosomes, as evidenced by
the high co-localization (yellow) of the porphyrin red fluo-
rescence with the green fluorescence of LysoTracker. The GO
and GQD hybrids showed similar behaviour. It is worth noting
that substantial aggregates of GO hybrids could be seen
outside the cells, indicating that it was difficult for these
hybrids to be fully internalised. This study suggests that the
GO-complex required a very high concentration to have any
photosensitizing effect119 (Fig. 10c and d).

4.4.4 Drug delivery. Nanovehicles are used to deliver photo-
sensitizers for photodynamic treatment (PDT) because of their
enhanced penetration and retention effect; however, there are
still drawbacks such as premature leakage and non-selective
release of the photosensitizer.300 Nanoporphyrins can also be
used as programmable nanocarriers for the delivery of medi-
cations or therapeutic radio-metals into tumours.
Nanoparticle-based medication delivery systems encounter
blood as the initial biological barrier. Interactions with blood
proteins and lipoproteins can induce the dissociation of nano-
particles, resulting in premature drug release. To improve the
structural stability of GQDs in the blood circulation, GQDs
based on porphyrin conjugates may be helpful.69 Porphyrins
and related compounds, particularly their derivatives, accumu-
late in cancerous tissues such as sarcomas and mammary car-
cinomas, and thus can be employed as drug transporters.
Except for haematological malignancies, the accumulation of
these substances in lymph nodes may reduce their therapeutic
efficacy against practically all cancers.298

A novel multicomponent coordination self-assembly strat-
egy based on the combination of histidine-containing short
peptides, photosensitizers (Pp), and metal ions to design and

engineer metallo-nanodrugs for antitumor therapy is based on
the cooperative coordination of histidine residues and por-
phyrin derivatives (Fig. 11a). Zinc ion-coordinated multicom-
ponent self-assembly with a photosensitizer yields spherical
metallo-nanodrugs quickly (Fig. 11b and c). Surprisingly,
metallo-nanodrugs exhibit both colloidal stability and burst
release behaviour in the tumour microenvironment, complying
with pH and glutathione (GSH) level variations. The robust-
ness and flexibility of various coordination interactions with
short peptides and photosensitizers underpin these behaviors.
The constructed metallo-nanodrugs exhibited improved tumor
accumulation, extended blood circulation, and tumor abla-
tion301 (Fig. 11d and e).

5. Current challenges, future
perspectives, and conclusion

GQD-based porphyrin nanocomposites can allow specific tar-
geting, extended tissue lifetime, drug delivery, immune toler-
ance, photophysical, electrochemical, and bioactive properties,
healing and repair of damaged organs, biomimetic function,
improved hydrophilicity, and cancer theranostics, depending
on their kinetics, structure–function relationships, etc.6,298 The
tendency of nanohybrids to undergo intersystem crossing to
an excited triplet state allows their use in therapeutic appli-
cations such as PDT and PTT. Surface modifications of Pp/Pc
have helped to regulate their physicochemical, fluorescence,
and pharmacological properties, which can permit their use
for both diagnostic and therapeutic effects in fluorescence-
guided tumor dissection and imaging. However, it is critical to
study the pharmacokinetics and biodistribution of GQD-Pp/Pc
conjugates before using them as nanoprobes for in vivo
imaging. There are various challenges in designing GQD-por-
phyrin/Pc nanocomposites due to (i) the “uncertainty” of
functionalization on the surface of GQDs will alter the conju-
gation of porphyrin or Pc, which will hamper the reproducibil-
ity, (ii) challenge of getting a high-quality single layer of GQDs
with a narrow size distribution and high yield for their large-
scale industrial and cost-effective production, and (iii) achiev-
ing nanocomposites with compositional and structural com-
plexity, while preserving the monodispersity to create uniform
and well-defined nanoparticles of various elemental compo-
sitions, sizes, and shapes as well as facet control via interface
engineering. Fascinatingly, we envision meeting these chal-
lenges by integrating the special topographies of these single
components into efficient and robust nanohybrid structures,
which will result in novel and amplified features. Both Pp/Pc
and GQDs present multiple options to govern their optical,
magnetic, and electronic properties via easy and well-estab-
lished synthetic methods. The multifunctional hybrid systems
of GQD-Pp/Pc have been developed as promising novel
materials for sensing, organic electronics, catalysis, various
types of light-harvesting systems, and therapeutic applications,
whereas in the arena of ecological, bio-analysis, and energy-
related areas more studies need to be conducted together with
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chemical yield. GQDs-Pp/Pc hybrids as electrode materials
may satisfy many needs of future power sources, such as high
power densities and energy, improved cyclic stability in electro-
des, electrical conductivity, long lifetime, safety, and environ-
mental benignity. This facet of the challenges provides more
prospects for scientists working in the field of materials-based
research, and it is strongly believed that GQDs can meet the
higher expectations in future applications. The investigation of
the physical and medical properties of GQDs is still in progress
with natural substitutes. Maybe this will be an eye-opening
material for drug or gene delivery and beyond. As suitable, dic-
tating their arrangement in specific environments, this hybrid
system can show improved medicinal and site-localizing pro-
perties. To achieve this goal, new design concepts for func-

tional GQD-Pp/Pc are strongly necessary. This study inspires
us to elucidate opportunities associated with newer analogues
of Pp and their derivatives as full-fledged therapeutic agents as
the basis for preparing drug conjugates, which is required to
further to employ their appropriate status in contemporary
medicine. The result is considered a sign of even more
impressive microbial eradication efforts that are still to come.
From a conceptual viewpoint, Pp/Pc can be observed as essen-
tial for the development of GQD-Pp/Pc (GPP) conjugates.

In this contribution, we focused on the recent examples
reported in the literature illustrating the integration of carbon
nanomaterials (i.e., graphene quantum dots) and Pp/Pc in dis-
closing structure–property trends to guide experimentalists
towards a more rational design of nanohybrid systems. These

Fig. 10 (a) Confocal images of the cellular distribution of porphyrin, GQDs and GQD-Pp in T-47D cells. Cells were not exposed to any compound
(control, A) or were exposed to porphyrin 1 (B), GQD (C), or the hybrids GQD-1A and GQD_1B (E). F-actin is labeled in green in panels A, B, D, and E
and the nuclei marker (DAPI) is shown in blue. Scale bar is 20 mm. Reprinted with permission from ref. 18 Copyright 2021, ACS. (b) Confocal
microscopy images of A549 cells transfected by GQD-PEG-P. Scale bar: 20 μm. Reprinted with permission from ref. 276 Copyright 2016, the
American Chemical Society. Intracellular localization of TMPyP (c) and Zn-TMPyP (d) in the free form (top) and hybridized with GO (center) and
GQDs (bottom).
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hybrids have become a treasure trove in which promising
photochemical energy harvesting and therapeutic applications
are emerging with novel examples of molecular organization.
In summary, the field of biohybrid materials has been
merging in the last few decades with that of PS, enabling the
implementation of several biomedical technologies with enor-
mous future impact. Accordingly, photosensitizing biohybrid
materials represent a new generation of PS systems with
improved features regarding their behavior in biological
media. Importantly, the wide variety of biomolecular struc-
tures available in nature makes this approach versatile, allow-
ing tuning of the type of biohybrid depending on the intended

application or the target tissue. Supramolecular chemistry of
these novel systems using weak to fairly strong binding motifs
is emerging and should furnish future avenues for integration
into nanoscience and nanotechnology developments. Thus,
the intrinsic physicochemical properties of GQD-Pp/Pc will
depend on the accuracy of controlling their shape and size.
Because of the inherent synthetic control available for the
design of GQD-based materials, the optical sensing approach
has potential to be highly versatile for various target analytes.
Consequently, the large range of possible bond orders of
GQD-Pp/Pc hybrid systems offers fertile ground for chemical
modification. The preparation of hybrids with high bond

Fig. 11 Schematic diagram of (a) metalloporphyrin coordination for effective anticancer PDT. (b) Metalloporphyrin nanodrugs are formed by the
cooperative coordination of short peptides and photosensitizers in the presence of zinc ions. (c) Pattern of metal-binding peptide and Zn2+ mole-
cular organisation. (d) The EPR effect causes an accumulation of cancers. (e) Cellular internalisation of metalloporphyrin nanoparticles and efficient
PDT.153 Copyright 2018, ACS.
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orders is usually challenging because their moieties are highly
reactive. Undoubtedly, this reactivity can be used in catalytic
activities. GQD-Pp/Pc hybrid systems exhibit multiple bonding
features at one extreme, while favoring definite conformations,
resulting in various physical properties such as photo-
luminescence and magnetism. Increasing evidence implies
that the conjugation of GQD-Pp/Pc hybrid systems can be
employed in catalytic processes, which has proven to be
popular because these preorganized structures have many
tunable features, such as bond order, polarity, and comple-
mentarity, facilitating multisite activation-reactivity unattain-
able with truly monomolecular species. These nanohybrids
can also be advantageous in dye-sensitised solar cells, photo-
dynamic therapy, and photocatalysis as analogous uniformly
arranged similar structures operate as photosensitizers and
electron transmission medium.184 If the intrinsic properties of
porphyrin macrocycles, that is, the incorporation of metal
centers capable of axial ligation of adducts, are preserved
upon coupling with graphene, further options for the
functionalization of graphene nanostructures will emerge.
This immense interest stems from their ability to serve as
ligands for a variety of metals to catalyze many reactions and
absorb and convert light into other forms of energy. Also, we
addressed the exemplary developments regarding the fabrica-
tion, control, and functionality of hybrid and bio-inspired
nanosystems and architectures. As fully synthetic, and often
privileged, macrocycles, Pp analogs have a rich future in the
design of drug conjugates.

This review addressed the efforts to improve the delivery
and uptake of porphyrinoid-based compounds in a myriad of
applications. The premiere biomedical application of porphyri-
noids is as photosensitizers in PDT. Their synthetic versatility,
long-range order, and rich host–guest chemistry make these
nanohybrids an ideal platform for identifying design features
for advanced functional materials. We anticipate that with this
review, new archetypes and strategies in the application of Pp
and its derivatives will progressively flourish and lead to un-
precedented chemical and structural tunability. To enhance
their stabilization, porphyrin-containing polymers have been
developed. To develop new PSs, various properties such as bio-
compatibility, biodegradability, and tumor selectivity must
also be considered.

The highly polar nature of these compounds is also proble-
matic in separating the products from the unwanted by-pro-
ducts. In this regard, the late-stage introduction of GQD moi-
eties with Pp/Pc is desirable, and click chemistry is ideal for
this purpose. Consequently, high reactivity is required for
surface modification reactions. Because of its high efficiency,
click chemistry enables efficient surface modification. Using
the CuAAC reaction, various surfaces can be efficiently functio-
nalized with porphyrin units.

Consequently, porphyrin chemists can now focus on explor-
ing the properties and functions of sophisticated porphyrins
without much synthetic effort. The important goal for che-
mists is to achieve intriguing and useful properties and func-
tions of materials, not just their synthesis. Continued work in

these emerging fields is of great value to understand their
functions. The emergence of hybrid-Pp/Pc opens up new
opportunities in different branches of science and technology
primarily because of their conducive biocompatibility, tunable
bandgaps, and unique optoelectronic properties, namely,
photoluminescence and fluorescence.
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