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Abstract: The combination of nano-biotechnology advances the biomedical field, opening up groundbreaking opportunities for disease
diagnosis, monitoring and treatment. Quantum dots (QDs) are at the leading edge of this innovation, known B
for their exceptional physicochemical qualities and customizable optoelectronic features. These luminous . 9 U,_ﬁ;u
nanoparticles have become invaluable in theranostics by offering a unique combination of diagnostic and ok ]
therapeutic capabilities. This review offers a comprehensive analysis of QDs, emphasizing their cytotoxicity, e Tugeted
imaging potential, and applications in targeted drug delivery, photothermal therapy (PTT), and photodynamic \ AVl
therapy (PDT). By assessing their potential and limitations, we aim to harness QDs to reshape precision S *
medicine and drive advancements in healthcare. * l \\ &
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1. Introduction
Semiconductor quantum dots (QDs) have continued to
captivate the scientific community in recent decades, with their
unique optoelectronic properties and versatility making them a
prime candidate for a wide range of applications, including
theranostics.? Theranostics, derived from the words
"therapeutics” and "diagnostics,” is an innovative field that
combines diagnostic and therapeutic functionalities into a single
nanoplatform, ushering in a new era of personalized medicine®.
In oncology, QDs have shown immense promise as theranostic
agents. Their tunable emission spectra, high photostability, and
ability to be functionalized with targeting moieties have made
them valuable tools for cancer detection, imaging, and
treatment.® For instance, QDs have been utilized for the
simultaneous diagnosis and monitoring of tumour response to
chemotherapy, allowing for timely adjustments to the treatment
regimen.* Furthermore, the development of multifunctional
quantum dot-based nanocomposites has paved the way for the
integration of both imaging and therapeutic capabilities. By
combining QDs with drug-delivery systems or photosensitizers,
these nanoplatforms can provide a comprehensive approach to
cancer management, enabling early detection, targeted drug
delivery, and photo-induced tumour ablation.> QDs have various
applications (fig.1) in fields like photothermal therapy (PTT),®
chemotherapy,” and photodynamic therapy (PDT),® along with
technigues such as photoacoustic imaging (PAl),° fluorescence
imaging,'® biosensing,'* and magnetic resonance imaging
(MRI).12
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Figure 1: Theranostic applications of QDs along with various

synthetic methods
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Table 1: QDs with their sizes, synthetic methods, capping agents and theranostic applications

QD Type Size (nm) Synthetic Method Capping Agent Theranostic Applications
CdSe QDs 3.5-5.8 Wet chemical Trioctylphosphine ROS-mediated apoptosis, fluorescence imaging,
method (TOP) and oleic acid gastric cancer therapy
(OA)
CdzZnSe QDs 21+7 Hot injection Gallic acid/Alginate Drug delivery (BA, C2), enhanced fluorescence
imaging
CQDs (Orange Juice) ~12 Hydrothermal o ROS-induced apoptosis in HCT-116 cells,
bioimaging
CQDs (Hibiscus) ~12 Microwave- Hibiscus rosa-sinensis ~ Wound healing, anti-inflammatory, antimicrobial
assisted leaf extract
CQDs (Gandha Prasarini) 2-3.5 Hydrothermal Gandha Prasarini Fluorescent tartrazine sensing, antibacterial activity
leaves
CQDs ~2-10 Hydrothermal Intrinsic N-containing NIR-triggered PTT in HeLa and MCF7 cells
functional groups
GQDs ~1-10 Green/microwavef/t Poly-L-lysine, Au Brain cancer therapy, immune modulation, PDT,
op-down nanostars PTT, radiotracer imaging
AIS QDs <8 One-step aqueous 2MPA, PEI/2MPA ALA-based PDT, colon cancer therapy, fluorescence
imaging
SiQDs@DMSNs 140-300 One-pot synthesis DMSNs Bioimaging, anti-counterfeiting, fluorescence stability
Chiral SiQDs ~2-10 (core) Hydrothermal KYF peptide ONOO™ detection in inflammation and cancer
~10-20 diagnostics
(hydrodynamic
size)
CulnSe,@ZnS:Mn QDs ~71 (DLS), Hot injection ZnS shell NIR-II/MRI imaging, PTT, immune activation, anti-
~5-10 (core) tumor therapy

Recent advancements in the field of quantum dot-based
theranostics have also extended beyond oncology, with
potential applications in other disease areas, such as
neurological disorders and cardiovascular diseases.®
Mazahir et al.'* reviewed the theranostic potential of
bioinspired QDs (BQDs) in cancer treatment, highlighting
their superior solubility, low toxicity, biocompatibility, and
targeted action. They emphasized BQDs’ unique features
like photoluminescence, photothermal effect, singlet
oxygen and H,S generation, while also addressing
existing challenges in their clinical application. Ho et al.*®
summarized the theranostic potential of QDs as
multifunctional platforms for imaging and drug delivery
while noting existing challenges.

The synthesis of QDs is generally categorized into two
primary strategies: the top-down!® and bottom-up?!’
approaches. In the top-down method,'® breaks down
larger bulk materials into nanoscale QDs using techniques
like laser ablation, chemical oxidation, arc discharge or
ultra-sonic method. Though effective, this method often
involves high costs and complex setups. The bottom-up
method,*® on the other hand, builds QDs from smaller
precursors using simpler, cost-effective methods like,
hydrothermal  synthesis, electrochemical method,
combustion or microwave irradiation. This method is not
only cost-effective and scalable but also offers the
flexibility needed for various real-world applications, from
advanced drug delivery systems to cutting-edge
diagnostic tools, contributing to its increasing popularity in
both research and industry. The theranostic applications
of the QDs depend upon its material, particle size, capping
agents used and the method of synthesis (see table-1).
After synthesis, QDs are characterized using techniques
such as high-resolution transmission electron microscopy
(HRTEM) for morphology, selected area electron
diffraction (SAED) and X-ray diffraction (XRD) for
crystallinity, UV-Vis and photoluminescence (PL)
spectroscopy for optical properties, and Fourier-transform

infrared spectroscopy (FTIR) for surface functional
group, ensuring their quality and functionality for
biomedical applications?®°. When comparing the
toxicity levels of semiconductor QDs, binary QDs
stand out as the most hazardous. This stems from
their composition, which often includes toxic heavy
metals like Lead (Pb), Cadmium (Cd), and Mercury
(Hg). The harmful effects of these elements on both
health and the environment restrict the use of binary
QDs, particularly in biomedicine and consumer
products.?*?2 In contrast, ternary QDs, often made
from less harmful elements like Copper (Cu), Indium
(In), and Sulfur (S) or Selenium (Se), for example,
CulnS,*® and CdznSe?* show much lower toxicity.
Their advantageous properties make them viable
alternatives to traditional binary QDs, enabling use
in various fields without the risks associated with
heavy metals'® and have piqued interest for their
adjustable optical characteristics and reduced
toxicity, which makes them highly compatible with
biological applications like drug delivery and
imaging.?® The toxicity of quaternary QDs can
fluctuate based on their elemental composition.
While some may exhibit low toxicity, akin to ternary
QDs, the incorporation of specific metals could raise
potential health risks. Nonetheless, many
quaternary QDs are crafted to boost performance
while keeping toxicity at a minimum.?® Because of
their safer profile, ternary QDs are frequently chosen
for sensitive applications, highlighting a movement
towards more sustainable materials in
nanotechnology.

2. Toxicity of Semiconductor QDs

The possible cytotoxicity of semiconductor QDs
remains a significant issue, and understanding the
underlying mechanisms is essential for their safe
and effective application in theranostic. One of the
primary mechanisms of QD-induced cytotoxicity is
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generating  reactive  oxygen species (ROS).”
Semiconductor QDs, particularly those composed of
heavy metal elements, can undergo photocatalytic
reactions, producing superoxide radicals, hydroxyl
radicals and hydrogen peroxide. These ROS can
generate oxidative stress within cells, causing damage to
cellular macromolecules (fig. 2), such as DNA, proteins,
and lipids, ultimately leading to cell death. The interaction
of QDs with cell membranes plays a role in their toxicity.
Smaller QDs can enter cells more readily, accumulate in
organelles, and interfere with regular cellular functions.
Additionally, QD exposure can induce inflammatory
reactions in tissues, worsening tissue damage and
increasing overall toxicity. Carbon-based,?® silicon-
based,?*3° and biomolecule-based ternary I-llI-VI QDs
have emerged as promising alternatives with reduced
toxicity profiles. These novel designs aim to preserve the
desirable optical and semiconductor properties of QDs
while mitigating their inherent toxicity. Some strategies are
used to control the toxicity of QDs including core/shell
structure,®' surface modification,®> biomolecule,®® and
green synthesis methods.3
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Figure 2: The mechanism of cytotoxicity of Quantum Dots

3. Cadmium-based QDs

Cadmium-based QDs are recognized for their excellent
photoluminescence and therapeutic properties, making
them useful in nanotheranostic applications. Nonetheless,
their application is frequently constrained by safety issues,
mainly stemming from the release of (Cd?").%5> Multimodal
nanoparticles combining GZCIS/ZnS QDs, mesoporous
silica, and gold nanoparticles are designed as targeted
therapeutic carriers for colorectal cancer (CRC). These
nanoparticles, which carry the chemotherapy drug
epirubicin and are engineered to specifically target CRC
cells, exhibit selective cytotoxicity towards cancer cells
and enhanced anti-tumour effects in animal studies. This
approach offers the potential for more effective cancer
treatment and imaging with reduced side effects.” Bimodal
nanoprobes were developed by combining CdTe QDs
with thiolated GADOTA complexes for optical and MRI
imaging. These nanoprobes showed enhanced
fluorescence and improved MRI contrast, with r1 values
69% higher than clinical GdDOTA, making them
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promising for imaging applications.*® Huong et al.?”
synthesized CdSe QDs, sized 3.5-5.8 nm with
strong emission peaks from 585-630 nm using the
wet chemical method. Cytotoxicity tests on HepG2
liver cancer cells revealed cell cycle arrest in S and
GO0/G1 phases and apoptosis induced by ROS
generation. Among three QDs sizes, CdSe2 (4.7nm)
showed the strongest anti-cancer activity against
AGS stomach cancer cells as compared to CdSel
(3.5nm) and CdSe3 (5.4nm), with effective
concentrations between 5 and 20 pg/mL, offering
potential for gastric cancer therapy.

4. Carbon QDs

Carbon QDs (CQDs), known for their outstanding
optical properties, high quantum vyield, strong
absorption, low toxicity, and excellent
biocompatibility, hold great potential for cancer
treatment in various applications, including targeted
drug delivery to cancer cells, tumour imaging, and
therapies like PTT and PDT.28 Recent developments
in green synthesis have attracted considerable
attention for producing low-cost and environmentally
friendly CQDs, addressing issues of toxicity and
avoiding the use of harmful chemicals.3?4° Natural
resources such as waste biomass,***? bamboo
leaves,**** orange juice,®* lemon juice,*®
microorganism,*” milk,*® tulsi leaves,*® red lentils,%°
aloe vera,® almond resin,%? egg,*® turmeric® and
neem leaves®® etc. have been explored for eco-
friendly synthesis of CQDs. CQDs were prepared
from orange juice through a hydrothermal synthesis
approach and combined with silver nanopatrticles to
form CQD/Ag heterostructures, which exhibit strong
photoluminescence, low toxicity to healthy cells,
effective cellular uptake, bioimaging capability, and
significant anticancer effects in human colorectal
cancer (HCT 116) cells at 6 pg/mL through a ROS-
mediated mitochondrial apoptosis pathway involving
Akt (RAC-a serine/threonine-protein kinase).5®
Additionally, the bio-fabricated CQDs from
Mesosphaerum suaveolens using microwave-
assisted approach extracts demonstrated anticancer
activity against MDA-MB-231 breast cancer cells at
a concentration of 6 pg/mL, showcasing their
potential for cancer treatment and as a theranostic
agent for cancer diagnosis and therapy.%” Using the
microwave-assisted method, CQDs extracted from
Hibiscus rosa-sinensis leaves showed strong
fluorescence, wound healing, anti-inflammatory
properties, and effectiveness  against K.
pneumoniae and B. Cereus bacteria. They inhibited
COX-2 and regulated inflammatory cytokines, with
excellent biocompatibility, making them promising
for therapeutic applications in wound healing and
infection treatment.>® Activated carbon nanoparticles
(ANs) from coconut shells, loaded with gadodiamide
(Gd@PANSs), efficiently generate hydroxyl radicals
for chemodynamic therapy (CDT) in cancer cells and
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exhibit 45.20% photothermal conversion efficiency for
PTT. They also enable T1-MRI imaging, combining
diagnosis and treatment.? N,S-doped CDs derived from
Gandha Prasarini leaves exhibited green fluorescence
and detected tartrazine with a 0.18 yM detection limit and
92-110.2% recovery in honey and soft drinks. They also
showed strong antibacterial effects against harmful
bacteria by damaging their membranes, without harming
human red blood cells, highlighting their dual role in both
diagnostics and therapy, making them promising for
biomedical applications such as bacterial infection
treatment and targeted detection.’® CQDs synthesized
from citric acid with urea and ammonium fluoride showed
strong NIR emission at 808 nm. The ammonium fluoride-
based CDs (MF) had better NIR absorption and
photothermal efficiency, effectively killing HeLa and MCF7
cancer cells under NIR irradiation, while both types
displayed excellent biocompatibility and caused no toxicity
or tissue damage in mice, indicating their potential for NIR-
triggered cancer treatment.’® However, high-purity CDs
were synthesized from graphite via pulse electrolysis, with
a concentration of 500 ug/mL showed a photothermal
conversion efficiency of 64.3% under NIR irradiation,
raising the temperature to 82.2°C. The CDs were
absorbed by HepG2 cells, decomposed H,O,, and
induced apoptosis. In vivo studies indicated their potential
in PAI and guiding tumour treatment, making them a
promising tool for cancer diagnosis and therapy.®
Curcumin-based carbon nanodots as discussed by Rai et
al.5* are small, water-soluble, biocompatible, and effective
against pathogenic microbes. They can be used for early
diagnosis, bioimaging, and as carriers for antimicrobial
drugs. Wu et al.? developed curcumin-quaternized CQDs
(Q-CQDs) with stronger antibacterial properties than
natural curcumin. The Q-CQDs damage bacterial
membranes, generate ROS, and lead to bacterial death.
In mouse wound infection models, they reduced bacterial
growth, decreased inflammation, and enhanced healing.
These findings suggest that Q-CQDs could be an effective
antibacterial agent for treating infections and promoting
wound healing. CsNs QDs with piezoelectric effects
demonstrated efficient H,O, production at a rate of 918.4
uM/h, with a 2.6% efficiency in converting solar energy
into chemical energy under low light conditions (0.1 sun).
It enabled effective sono-photochemodynamic cancer
therapy by producing reactive intermediates essential for
tumour treatment and supporting diagnostic imaging®3.
Broccoli-based carbon QDs (BCQDs), synthesized using
a simple hydrothermal process, demonstrate significant
promise as a PDT agent. These BCQDs effectively
produce singlet oxygen (*O,) when exposed to 660 nm
light and trigger germline apoptosis in C. elegans via the
cep-1/p53 pathway. This research positions BCQDs as an
effective PDT agent and presents C. elegans as a useful
model for rapid PDT assessment.® Liu et al.® derived CDs
from osmanthus fragrans fruits demonstrated great
biocompatibility, 46.7%  photothermal conversion
efficiency under 808 nm light, and effective cell killing in
Hela cells, indicating their potential for PTT. Rutin-loaded

CDs (R-CDs) effectively killed methicillin-resistant
Staphylococcus aureus (MRSA) at a MIC of 32
pg/mL, causing membrane damage and exhibiting
strong antibacterial effects in a mouse model. They
also showed good biocompatibility, indicating their
potential as an alternative to traditional antibiotics.%*
Khan et al.®® developed blue-emitting CDs (Du-CDs)
from Diaporthe unshiuensis YSP3 extract, which
displayed strong antimicrobial activity against
bacteria and fungi at low MICs. Du-CDs also
prevented biofiim formation, damage cell
membranes, and supported wound healing in a
mouse model, highlighting their potential as an
effective and biocompatible antimicrobial agent.
Mg/N-doped CQDs were synthesized with an
impressive quantum yield of 89.44%, and modified
with hyaluronic acid and folic acid to specifically
target cancer cell delivery of epirubicin (CQD-FA-
HA-EPI). In vitro studies demonstrated enhanced
toxicity and cellular uptake in 4T1 and MCF-7 cell
lines. Additionally, in vivo experiments with breast
cancer mouse models showed a significant
reduction in tumour size and minimal organ damage,
indicating the potential of CQD-FA-HA as an
effective multifunctional drug delivery system.5¢

5. Graphene QDs

Graphene QDs represent a distinctive type of
carbon nanomaterial, defined by their quasi-zero-
dimensional structure and derived from graphene,
which preserves its planar configuration. The quasi-
zero-dimensional structure of GQDs means they are
small graphene segments with an extensive surface
area relative to their volume, offering excellent
chemical reactivity and biocompatibility. Their strong
photoluminescence and tunable emission make
them highly appropriate for bioimaging, drug
delivery, and biological molecule detection.®” These
biocompatible nanoparticles are capable of crossing
the blood-brain barrier, offering promising potential
for the treatment of brain diseases like
glioblastoma,®®  Parkinson's  disease,®® and
Alzheimer’s disease.”® Moreover, GQDs boosted the
efficacy of chemotherapy even at subtherapeutic
levels, including 1 uM doxorubicin and 100 pg/mL
temozolomide, by enhancing drug delivery and
reducing tumour growth in 3D glioblastoma
models.”* In contrast, CQDs are produced from a
wide range of carbon sources, including organic
substances and carbon soot, typically leading to a
more amorphous structure. These differences in
their origins and structural characteristics result in
notable variations in their properties, with GQDs
offering better electrical conductivity and stability
compared to CQDs.”? Deng et al.”® studied the
toxicity of four types of GQDs on zebrafish embryos.
A-GQDs led to developmental problems, such as
reduced survival, heartbeat rates, and more
malformations at concentrations of 100 and
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200pg/mL. mRNA analysis revealed that all GQDs
influenced ion channels, with A-GQDs particularly
disrupting the coagulation pathway. Xia et al.” introduce
a technique to enhance cancer treatment by using GQDs
to deliver microRNA155 (miR) to monocytes. This strategy
helps bypass the tumour's immune defences by
reprogramming harmful immune cells into those that
target the tumour, improving tumour eradication. A novel
fluorescence-based method has been developed for
detecting Carcinoembryonic Antigen (CEA) using poly-I-
lysine-functionalized GQDs (PLL-GQDs) made from
peanut shell waste. This eco-friendly technique offers a
high sensitivity limit of detection 1.19pg/mL and 98.32%
accuracy in real samples, with potential applications in
bioimaging and therapy.”® Tehrani et al.”® created *°™Tc-
labeled GQDs for glioma tumour detection. The GQDs
demonstrated stability with a radiochemical yield above
97% and efficiently targeted tumour sites in animal
models.  Scintigraphy imaging revealed notable
accumulation in both glioma tumours and organs such as
the kidneys, indicating their potential as a radiotracer for
glioma diagnosis. Soleimany et al.”” developed a
nanohybrid combining riboflavin-conjugated GQDs (Rf-
N,S-GQDs) and thiolated chitosan-coated gold nanostars
(AuNS-TCS) for dual PDT and PTT. Utilizing a single low-
power laser (200 mW-cm™, 760 nm), the system
demonstrated increased singlet oxygen production,
efficient thermal effects, and enhanced tumour destruction
compared to standalone treatments. Its notable
effectiveness in 3D tumour models emphasizes its
potential for treating solid tumours and progressing toward
clinical applications. Lung cancer, a leading cause of
death, faces challenges in early detection and treatment.
GQDs show promise in therapies like photolytic therapy,
hyperthermia therapy, and drug delivery, offering the
potential for improved lung cancer management.”® Ku et
al.” investigated three types of GQDs on breast cancer
cells such as MCF-7, MDA-MB-231, T-47D, and BT-474,
at concentrations ranging from 2.5 to 40 pg/L. All GQDs
reduced cell viability, with ortho-GQDs specifically
inducing arrest in the G2/M phase of cell division.
Treatment also led to an increase in the apoptotic proteins
p21 (1.41-fold) and p27 (4.75-fold). These GQDs show
potential for treating estrogen receptor-positive breast
cancer. Organotin (IV) complexes are effective in cancer
therapy but are limited by their poor water solubility. To
address this, nitrogen-doped GQDs were modified with
organotin-based compounds and 4-formylbenzoic acid
(FBA). The resulting NGQDs-FBA-Sn  system
demonstrated significant toxicity against breast cancer
cells (MDA-MB-231), with ICso value of 0.10 uM (Sn2) and
0.41 puM (Snl), while showing minimal effect on non-
cancerous HEK293T cells (ICso of 0.27uM and 0.87 uM
respectively). Additionally, the system allowed for
fluorescence imaging, suggesting efficient cellular uptake
and drug release.®® Khose et al.?! synthesized N-GQDs
from discarded materials like arjuna bark and melamine
sponge using microwave treatment and used for bio-
imaging of MDA-MB-231 breast cancer cells, successfully

staining them in blue fluorescence. The N-GQDs
also showed fluorescence quenching in the
presence of H,;O,, allowing toxin detection. With
70% cell survival at a concentration of approximately
1.8 mg/ml, the N-GQDs showed high
biocompatibility, highlighting their potential for
imaging and sensing applications in cancer studies.
The incorporation of GQDs into polycaprolactone
(PCL) scaffolds significantly enhanced mechanical
strength and bioactivity, with 3 wt% showing optimal
performance, suggesting their potential for
theranostic use in tissue regeneration!!. Najafi et
al.’2 developed a pH-responsive drug delivery
system by combining Agarose, GQDs, and a-Fe;0O3
in a hydrogel nanocomposite for the controlled
release of the highly effective anti-cancer compound
Quercetin. The nanoparticles measured an average
size of 279.04 nm and had a zeta potential of 52.8
mV. Incorporating a-Fe,Os; improved the drug
loading and encapsulation efficiencies to 47% and
86.25%, respectively. In vitro testing on HepG2 cells
demonstrated enhanced anticancer activity,
suggesting the system’s promising potential for
cancer therapy. Zhang et al.l° introduced a new
treatment for liposarcoma using graphene quantum
dot-based nanoprobes. The nanoprobes, made of
gadolinium (Gd®"), IR820 dye, and a heat shock
protein  inhibitor (17-AAG), enhance mild
photothermal therapy and enable effective T1-MRI
and near-infrared fluorescence imaging. In vivo
studies revealed that the nanoprobes had low
toxicity, were efficiently excreted, and lowered heat
shock protein expression in tumour cells, improving
the therapeutic effect.

6. Silver QDs

Silver-based QDs, such as Ag.S, Ag.Se, Ag.Te,
have shown significant potential in theranostic
applications due to their unique optical properties
and biocompatibility. These QDs emit in the second
near-infrared window (NIR-II, 900-1700nm), which
allows for deeper tissue penetration and reduced
background fluorescence, making them ideal for
bioimaging and therapeutic applications.®® Ag,S
QDs combined with ALA and Cetuximab achieved
over 80% cell death in colorectal cancer cells using
only 0.17 mM ALA. When paired with 5-fluorouracil
(5FU), the treatment resulted in nearly complete cell
death at 0.35 mM ALA and 15 ug/mL 5FU. The QDs
also improved photothermal therapy and reduced
the required dose of methotrexate from 10 ug/mL to
0.21 ug/mL for targeted killing of cancer cells. This
approach is being studied for more effective
treatments, including for breast cancer.8* Silver—
indium—sulfide QDs (AIS QDs) were produced using
a simple method, achieving high quantum yields and
long-lasting stability. Cationic (AIS-PEI/2MPA) and
anionic (AIS-2MPA) QDs, when loaded with 5-
aminolevulinic acid (ALA), enhanced PDT in colon
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cancer cells by increasing ROS production, leading to
significant cell death. The cationic AIS QDs notably
reduced the IC50 for ALA to 0.01 mM, demonstrating AlS-
2MPA's potential as a promising theranostic agent for
drug delivery and imaging.®

7. Alloy QDs

Alloy QDs can be engineered to reduce the toxicity
associated with heavy metals in traditional QDs. This is
particularly significant for clinical applications where
ensuring biocompatibility is a critical requirement. For
example, CdZnSeS QDs were prepared using the hot
injection method, with a quantum vyield of 85% were
stabilized in gallic acid/alginate matrices. These QD-
based carriers, loaded with anticancer drugs such as
ceranib-2 (C2) and betulinic acid (BA), demonstrated
enhanced therapeutic efficiency. In vitro results revealed
that BA-loaded carriers achieved an IC50 of 8.76ug/mL
for HL-60 cells, a threefold improvement over free BA,
while C2-loaded carriers displayed IC50 values of
2.24pug/mL for HL-60 and 7.37pg/mL for PC-3 cells,
showcasing their potential for advanced cancer
therapies.® CulnSe,@ZnS:Mn QDs were developed with
high near-infrared (NIR)-II fluorescence efficiency (31.2%)
and MRI contrast, enabling accurate detection of small
metastases in 4T1 breast cancer tumours. These QDs
showed a tendency to accumulate in tumours, and upon
exposure to NIR light, they produced heat and radicals
that destroyed cancer cells and triggered an immune
response. This method successfully prevented tumour
regrowth in 80% of mice.®”

8. Silicon QDs

Silicon QDs (SiQDs) are becoming promising theranostic
agents because of their unique features, such as
biocompatibility, adjustable photoluminescence, and
capability for multimodal imaging and therapy. Traditional
SiQDs encounter issues such as complicated preparation,
inconsistent quality, low water solubility, and aggregation-
caused quenching (ACQ), which lowers their brightness.
However, their key benefit is biocompatibility, as silicon is
less toxic than QDs made from heavy metals, reducing
potential in vivo risks.®8 SiQDs are being increasingly used
to develop high-performance fluorescent biosensors for
detecting chemical and biological substances. These
biosensors leverage the wunique photoluminescent
properties of SiQDs, which offer excellent optical stability
and biocompatibility. Recent developments include the
creation of water-soluble SiQDs and the development of
biosensors that display photoluminescence variations in
response to analytes.®® Huang et al.?® introduced
SiQDs@DMSNSs, a novel fluorescent material consisting
of SiQDs encapsulated within dendritic mesoporous silica
(DMSNSs), with particle sizes ranging from 140 to 300 nm.
These particles emitted blue light under UV exposure, with
sodium salicylate (NaSAL) playing a key role in their
formation. SiQDs@DMSNs exhibited strong
fluorescence, high water solubility, stability, and
successfully avoided ACQ. They are suitable for

applications in biosensors, nanomedicine, imaging,
fingerprint identification, and anti-counterfeiting.
Chiral SiQDs-(K/P) ox were developed for the
precise detection of ONOO™, a molecule involved in
inflammation and cancer. These SiQDs, created
through a one-step hydrothermal method with KYF
as a precursor, have a broad emission range (380—
700 nm) and peak at 490 nm. SiQDs-(K/D-P)ox
demonstrates a high quantum yield (47.66%), while
SiQDs-(K/L-P)ox offers a long fluorescence lifetime
(27.219 ps) and strong biocompatibility. SiQDs-(K/L-
P)ox can effectively detect ONOO- in cells via
fluorescence quenching, making it a valuable tool for
detecting inflammation in cancer cells.®* Moreover,
Pei et al.% developed SiQDs that emit blue
fluorescence and have antibacterial activity. The
SiQDs inhibited the growth of E. coli (0.45 mg/mL)
and S. aureus (0.25 mg/mL) by damaging their cell
walls. A fluorescence sensor for tetracycline (TC)
detection had a limit of 0.0006umol/L and a range of
0.001 to 0.010 pymol/L. The sensor successfully
detected TC in honey with nearly 100% recovery. A
fluorescent probe, SiQDs@PDA, was created by
attaching dopamine to silicon QDs, emitting at 530
nm with a quantum yield of 44.7%. This probe can
interact with various molecules and was employed
to selectively label and image gram-positive and
gram-negative bacteria, along with their biofilms.
Due to the distinctive properties of the SIQDs@PDA
is highly resistant to photobleaching, making it a
valuable tool for studying microbial research.®® Liang
et al.® focused on enhancing the optical properties
of SiIQDs and CQDs by encapsulating them in
polyhedral oligomeric silsesquioxanes (POSS). The
resulting green-emitting POSS-G-CNDs, red-
emitting POSS-R-CNDs, and blue-emitting POSS-
SiQDs showed excellent luminescence,
biocompatibility, and the ability to penetrate cell
membranes. This makes them highly suitable for
multicolour intracellular imaging and offers potential
applications in clinical diagnostics and bioimaging.
Researchers have made significant progress in
synthesizing multi-emissive SiQDs, which can emit
multiple colours depending on the excitation
wavelength. This property is particularly useful for
biological and analytical applications, as it allows for
more precise and versatile detection methods.
These SiQDs exhibit low toxicity to cells, high
luminous efficiency, and strong resistance to
photobleaching.®®

9. Conclusion

This review provides information on the emerging
theranostic potential of QDs, emphasizing their
unique optical tunability, diverse synthesis
strategies, biomedical applications, and the critical
challenges associated with toxicity. While Cd-based
QDs have demonstrated considerable promise, their
clinical translation is hindered by toxicity concerns
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related to their composition, surface coatings, and
administration routes. Studies with other QDs like CQDs,
GQDs, and silicon QDs are actively focusing on
developing biocompatible surface coatings and using
naturally sourced, less toxic materials to reduce toxicity.
Another limitation is the lack of robust clinical data on the
long-term safety and efficacy of theranostic systems.
Extensive preclinical and clinical trials are necessary to
establish the safety and clinical utility of these
nanomaterials before they can be widely adopted in the
clinic. Ongoing research efforts are focused on enhancing
biocompatibility and reducing the toxicity of QD systems,
improving tumour targeting strategies, and establishing
robust clinical data on their safety and efficacy. The future
looks bright for multifunctional QDs that can both
diagnose and treat diseases simultaneously, with artificial
intelligence (Al) playing an important role in their
development. Al enhances QDs by optimizing their
synthesis, predicting toxicity, improving imaging accuracy,
and enabling targeted drug delivery. This combination of
Al and QDs is expected to change personalized medicine,
making treatments safer, more effective, and specially
designed for each patient. As these advancements
continue, the theranostic applications of semiconductor
QDs are poised to have a transformative impact on
managing cancer and other diseases. As we advance
these technologies and accumulate clinical data, the
theranostic capabilities of semiconductor QDs are set to
revolutionize the field of medicine. The combination of Al
with eco-friendly, biocompatible QDs will pave the way for
groundbreaking healthcare solutions, tackling both
disease management challenges and promoting
environmental sustainability.

Author Contribution Declaration

Miss Pratibha Chahal has conducted the literature survey,
designed the images and written the manuscript. Dr. Ajit
Kumar has given suggestion regarding the theranostic
applications and has done the proofreading and editing.
Dr. Avinash Singh has prepared the manuscript draft,
designed the images and performed the proof reading.
Attention! The authors have no financial conflict of interest
to declare.

Data Availability Declaration

In this review, no new data was created or analyzed, and no
primary research findings or software were used.

Acknowledgements

Miss Pratibha Chahal acknowledges Council of Scientific and
Industrial Research (CSIR), New Delhi for the funding. The
authors acknowledge the management of SRM University
Delhi-NCR, Haryana.

References

1. C. Zhu, Z. Chen, S. Gao, Ban L. Goh, I. B. Samsudin,
K. W. Lwe, Y. Wu, X. Su. Recent advances in non-toxic

10.

11.

12.

13.

quantum dots and their biomedical applications.
Prog. Nat. Sci.. Mater. Int. 2019, 29, 628.
https://doi.org/10.1016/j.pnsc.2019.11.007

R. M. Abdelgalil, S. N. Khattab, S. Ebrahim, K. A.
Elkhodairy, M. Teleb, A. A. Bekhit, M. A. Sallam
and A. O. Elzoghby. Engineered sericin-tagged
layered double hydroxides for combined delivery
of pemetrexed and ZnO quantum dots as
biocompatible cancer nanotheranostics. ACS
Omega 2023, 8, 5655.
https://doi.org/10.1021/acsomega.2c07128

C. T Matea, T. Mocan, F. Tabaran, T. Pop, O.
Mosteanu, C. Puia, C. Lancu, L. Mocan. Quantum
dots in imaging, drug delivery and sensor
applications. Int. J. Nanomed. 2017, 12, 5421.
https://doi.org/10.2147/ijn.s138624

L. He, L. Zeng, X. Mai, C. Shi, L. Luo, T. Chen.
Nucleolin-targeted selenium nanocomposites with
enhanced theranostic efficacy to antagonize
glioblastoma. J. Mater. Chem. B 2017, 5, 3024.
https://doi.org/10.1039/C6TB03365B

N. S. Kulkarni, Y. Guererro, N. Gupta, A. Muth, V.
Gupta. Exploring potential of quantum dots as
dual modality for cancer therapy and diagnosis. J.
Drug Del. Sci. Tech 2019, 49, 352.
https://doi.org/10.1016/j.jddst.2018.12.010

S. Liu, H. Cui, J. Huang, B. Tian, J. Bao.
Osmanthus-derived carbon dots for cell imaging
and NIR photothermal therapy. Mater. Lett. 2024,
377, 137347.
https://doi.org/10.1016/j.matlet.2024.137347

A. Abrishami, A. R. Bahrami, S. Nekooei, A. Sh.
Saljooghi, M. M. Matin. Hybridized quantum dot,
silica, and gold nanoparticles for targeted chemo-
radiotherapy in colorectal cancer theranostics.
Commun. Biol. 2024, 7, 393.
https://doi.org/10.1038/s42003-024-06043-6

S. M. Elsherbiny, C. Shao, A. Acheampong, M. A.
Khalifa, C. Liu, Q. Huang. Green synthesis of
broccoli-derived carbon quantum dots as effective
photosensitizers for the PDT effect testified in the
model of mutant caenorhabditis elegans.
Biomater. Sci. 2022, 10, 2857.
https://doi.org/10.1039/D2BM00274D

S. Liu, J. Wang, X. Wang, Y. Guo, S. Guan, T.
Zhang. Nucleus-targeted carbon dots as
peroxidise nanozyme for photoacoustic imaging
and phototherapy of tumour. Colloids Surf. B
Biointerfaces 2024, 239, 113950.
https://doi.org/10.1016/j.colsurfb.2024.113950

J. Zhang, P. Fan, Y. Shi, X. Huang, C. Shi, W. Ye,
H. Tong, F. Shan, Z. Zhang. Near-infrared-
mediated self-assembly of graphene quantum dot-
based nanoprobes to silence heat shock protein
expression for mild photothermal therapy in
liposarcoma. ACS Appl. Nano Mater. 2023, 6,
16276. https://doi.org/10.1021/acsanm.3c02387
D. Meng, Y.-Hou, D. Kurniawan, R.-J. Weng, W.-
H. Chiang, W. Wang. 3D-printed graphene and
graphene quantum dot-reinforced
polycaprolactone scaffolds for bone-tissue
engineering. ACS Appl. Nano Mater. 2024, 7,
1245. https://doi.org/10.1021/acsanm.3c05225

G. Wu, B. Jiang, L. Zhou, A. Wang, S. Wei.
Coconut-shell-derived activity carbon for NIR
photo-activated synergistic photothermal-
chemodynamic cancer therapy. J. Mater. Chem. B
2021, 9, 2447.
https://doi.org/10.1039/D0TB02782K

Y. Hu, X. Wang, Y. Niu, K. He, and M. Tang.
Application of qguantum dots in brain diseases and

https://doi.org/10.63654/icms.2025.02012

18


https://doi.org/10.63654/icms.2025.02012
https://doi.org/10.1016/j.pnsc.2019.11.007
https://doi.org/10.1021/acsomega.2c07128
https://doi.org/10.2147/ijn.s138624
https://doi.org/10.1039/C6TB03365B
https://doi.org/10.1016/j.jddst.2018.12.010
https://doi.org/10.1016/j.matlet.2024.137347
https://doi.org/10.1038/s42003-024-06043-6
https://doi.org/10.1039/D2BM00274D
https://doi.org/10.1016/j.colsurfb.2024.113950
https://doi.org/10.1021/acsanm.3c02387
https://doi.org/10.1021/acsanm.3c05225
https://doi.org/10.1039/D0TB02782K

Singh et al.

REVIEW ARTICLE

Innov. Chem. Mater. Sustain. 2025, 2(1), 012-022

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

their neurotoxic mechanism. Nanoscale Adv. 2024, 6,
3733 https://doi.org/10.1039/DANAOC0028E

F. Mazahir, R. Sharma, A. K. Yadav. Bioinspired
theranostic quantum dots: paving the road to a new
paradigm for cancer diagnosis and therapeutics. Drug
Discov. Today 2023, 28, 103822
https://doi.org/10.1016/j.drudis.2023.103822

Y.-P. Ho and K. W. Leong. Quantum dot-based
theranostics. Nanoscale 2010, 2, 60.
https://doi.org/10.1039/BONRO0178F

Z. Chen, C. Zhao, X. Zhou, L. Xiao, Z. Li, Y. Zhang. A
review of top-down strategies for the production of
guantum-sized materials. Small science 2023, 3,
2300086 https://doi.org/10.1002/smsc.202300086

L. Shi, B. Wang, S. Lu. Efficient bottom-up synthesis of
graphene quantum dots at an atomically precise level.
Matter 2023, 6, 728.
https://doi.org/10.1016/j.matt.2023.01.003

S. Yalshetti, B. Thokchom, S. M. Bhavi, S. R. Singh, S.
R. Patil, B. P. Harini, M. Sillanpaa, J. G. Manjunatha, B.
S. Srinath, R. B. Yarajarla. Microwave-assisted
synthesis, characterization and in vivo biomedical
applications of hibiscus rosa-sinensis linn.-mediated
carbon quantum dots. Sci Rep 2024, 14, 9915.
https://doi.org/10.1038/s41598-024-60726-y

P. Chahal, A. Goel, A. Singh. Recent development and
challenges in metal chalcogenide dots: from material
design strategies to applications. Innov. Chem. Mater.
Sustain. 2024, 1, 30.
https://doi.org/10.63654/icms.2024.01030

P. G. Balkanloo, K. M. Sharifi, and A. P. Marjani.
Graphene quantum dots: synthesis, characterization,
and application in wastewater treatment: a review.
Mater. Adv. 2023, 4, 4272.
https://doi.org/10.1039/D3MA00372H

X. Lin and T. Chen. A review of in vivo toxicity of
guantum dots in animal models. Int. J. Nanomed. 2023,
18, 8143. https://doi.org/10.2147/1IN.S434842

O. A. Aladesuyi, T. C. Lebepe, R. Maluleke, and O. S.
Oluwafemi. Biological applications of ternary quantum
dots: a review. Nanotechnol. Rev. 2022, 11, 2304.
https://doi.org/10.1515/ntrev-2022-0136

J. Ning, Z. Duan, S. V. Kershaw and A. L. Rogach.
Phase-controlled growth of CulnS; shells to realize
colloidal CulnSe,/CulnS, core/shell nanostructures.
ACS Nano 2020, 14, 11799.
https://doi.org/10.1021/acsnano.0c04660

G. Mao, G. Wu, M. Chen, C. Yan, J. Tang, Y. Ma and
X.-E. Zhang. Synthesis of dual-emitting
CdzZnSe/Mn:ZnS quantum dots for sensing the pH
change in live cells. Anal. Chem. 2022, 94, 6665.
https://doi.org/10.1021/acs.analchem.1c04811

B. M. May, M. F. Bambo, S. S. Hosseini, U. Sidwaba, E.
N. Nxumalo, and A. K. Mishra. A review on I-llI-VI
ternary quantum dots for fluorescence detection of
heavy metals ions in water: optical properties, synthesis
and application. RSC Adv. 2022, 12, 11216.
https://doi.org/10.1039/D1RA08660J

N. l.-Rodriguez, R. Munoz, J. A. Rodriguez, R. A. V.-
Garcia, and M. Reyes. Integration of ternary I-111-VI
quantum dots in light-emitting diodes. Front. Chem.
2023, 11,
1106778. https://doi.org/10.3389/fchem.2023.1106778
S. Nikazar, V. S. Sivasankarapillai, A. Rahdar, S.
Gasmi, P S Anumol, M. S. Shanavas. Revisiting the
cytotoxicity of quantum dots: an in-depth overview.
Biophys Rev 2020, 19, 703.
https://doi.org/10.1007/s12551-020-00653-0

A. Nair, J. T. Haponiuk, S. Thomas, S. Gopi. Natural
carbon-based quantum dots and their applications in
drug delivery: a review. Biomed Pharmacother 2020,

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

132, 110834.
https://doi.org/10.1016/j.biopha.2020.110834

.B. J. Furey, B. J. Stacy, T. Shah, R. M. Barba-

Barba, R. Carriles, A. Bernal, B. S. Mendoza, B.
A. Korgel and M. C. Downer. Two-photon
excitation spectroscopy of silicon quantum dots
and ramifications for bio-imaging. ACS Nano
2022, 16, 6023.
https://doi.org/10.1021/acsnano.1c11428

A. Guleria, S. Neogy, D. K. Maurya, and S.
Adhikari. Blue light-emitting Si quantum dots with
mesoporous and amorphous features: origin of
photoluminescence and potential applications. J.
Phys. Chem. C 2017, 121, 24302.
https://doi.org/10.1021/acs.jpcc.7b07283

W. A. A. Mohamed, H. A. E.-Gawad, S. Mekkey,
H. Galal, H. Handal, H. Mousa, and A. Labib.
Quantum dots synthetization and future prospect
applications. Nanotechnology Reviews 2021, 10,
1926. https://doi.org/10.1515/ntrev-2021-0118

L. Hu, C. Zhang, G. Zeng, G. Chen, J. Wan, Z.
Guo, H. Wu, Z. Yu, Y. Zhou, J. Liu. Metal-based
quantum dots: synthesis, surface modification,
transport and fate in aquatic environments and
toxicity to microorganisms. RCS Adv. 2016, 6,
78595. https://doi.org/10.1039/C6RA13016J

A. Singh, A. Guleria, A. Kumar, S. Neogy, M. C.
Rath. Saccharide capped CdSe quantum dots
grown via electron beam irradiation. Mater. Chem.
Phy. 2017, 199, 609.
https://doi.org/10.1016/j.matchemphys.2017.07.0
62

L. J. Desmond, A. N. Phan and P. Gentile. Critical
overview on the green synthesis of carbon
quantum dots and their application for cancer
therapy. Environ. Sci.: Nano 2021, 8, 848.
https://doi.org/10.1039/D1ENOO017A

D. Mo, L. Hu, G. Zeng, G. Chen, J. Wan, Z. Yu, Z.
Huang, K. He, C. Zhang, M. Cheng. Cadmium-
containing quantum dots: properties, applications,
and toxicity. Appl Microbiol Biotechnol 2017, 101,
2713. https://doi.org/10.1007/s00253-017-8140-9
G. M. Albuquerque, R. M. Melo, S. D. Coiado, G.
A. L. Pereira, G. Pereira. Nanoprobes based on
quantum dots and Gd (lll) complexes for dual
optical and magnetic resonance imaging. Mater.
Lett. 2024, 371, 136921.
https://doi.org/10.1016/j.matlet.2024.136921

L. T. T. Huong, N. P. Hung, N. T. Ha, N. T. Luyen,
N. T. Hien, N. X. Ca, N. T. M. Thuy. Chemically
synthesized CdSe quantum dots induce apoptosis
in AGS gastric cancer cells via ROS generation.
Nanoscale Adv. 2025, 7, 572.
https://doi.org/10.1039/D4NAOO795F

P. Bhatia, T. Chaira, L. K. Gupta. Therapeutic
applications of carbon quantum dots (CQDs): a
review. J. Inorg. Organomet. Polym 2024, 1574.
https://doi.org/10.1007/s10904-024-03510-9

S. Sahana, A. Gautam, R. Singh, S. Chandel. A
recent update on development, synthesis
methods, properties and application of natural
products derived carbon dots. Nat. Prod.
Bioprospect 2023, 13, 51.
https://doi.org/10.1007/s13659-023-00415-x

J. Dhariwal, G. K. Rao, D. Vaya. Recent
advancements towards the green synthesis of
carbon quantum dots as an innovative and eco-
friendly solution for metal ion sensing and
monitoring. RCS Sustain. 2024, 2, 11.
https://doi.org/10.1039/D3SU00375B

https://doi.org/10.63654/icms.2025.02012

19


https://doi.org/10.63654/icms.2025.02012
https://doi.org/10.1039/D4NA00028E
https://doi.org/10.1016/j.drudis.2023.103822
https://doi.org/10.1039/B9NR00178F
https://doi.org/10.1002/smsc.202300086
https://doi.org/10.1016/j.matt.2023.01.003
https://doi.org/10.1038/s41598-024-60726-y
https://doi.org/10.63654/icms.2024.01030
https://doi.org/10.1039/D3MA00372H
https://doi.org/10.2147/IJN.S434842
https://doi.org/10.1515/ntrev-2022-0136
https://doi.org/10.1021/acsnano.0c04660
https://doi.org/10.1021/acs.analchem.1c04811
https://doi.org/10.1039/D1RA08660J
https://doi.org/10.3389/fchem.2023.1106778
https://doi.org/10.1007/s12551-020-00653-0
https://doi.org/10.1016/j.biopha.2020.110834
https://doi.org/10.1021/acsnano.1c11428
https://doi.org/10.1021/acs.jpcc.7b07283
https://doi.org/10.1515/ntrev-2021-0118
https://doi.org/10.1039/C6RA13016J
https://doi.org/10.1016/j.matchemphys.2017.07.062
https://doi.org/10.1016/j.matchemphys.2017.07.062
https://doi.org/10.1039/D1EN00017A
https://doi.org/10.1007/s00253-017-8140-9
https://doi.org/10.1016/j.matlet.2024.136921
https://doi.org/10.1039/D4NA00795F
https://doi.org/10.1007/s10904-024-03510-9
https://doi.org/10.1007/s13659-023-00415-x
https://doi.org/10.1039/D3SU00375B

Singh et al.

REVIEW ARTICLE

Innov. Chem. Mater. Sustain. 2025, 2(1), 012-022

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

httgs://doi.org/lo.1039/C5RA26801J

S. Pandiyan, L. Arumugam, S. P. Srirengan, R. Pitchan,
P. Sevugan, K. Kannan, G. Pitchan, T. A. Hegde, V.
Gandhirajan. Biocompatible carbon quantum dots
derived from sugarcane industrial wastes for effective
nonlinear optical behavior and antimicrobial activity
applications. ACS Omega 2020, 5, 30363.
https://doi.org/10.1021/acsomega.0c03290

A. Kundu, B. Maity, S. Basu. Orange pomace-derived
fluorescent carbon quantum dots: detection of dual
analytes in the nanomolar range. ACS Omega 2023, 8,
22178. https://doi.org/10.1021/acsomega.3c02474

X. Yang, D. Wang, N. Luo, M. Feng, X. Peng, X. Liao.
Green synthesis of fluorescent N,S-carbon dots from
bamboo leaf and the interaction with nitrophenol
compounds. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 2020, 239, 118462
https://doi.org/10.1016/j.saa.2020.118462

M. Z. Fahmi, A. Haris, A. J. Permana, D. L. N. Wibowo,
B. Purwanto, Y. L. Nikmah, A. Idris. Bamboo leaf-based
carvon dots for efficient tumour imaging and therapy.
RCS Adv. 2018, 8, 38376.
https://doi.org/10.1039/C8RA07944G

K. Kasirajan, M. Karunakaran, H. K. Choi. Synthesis of
environmentally-friendly carbon quantum dots from
orange juice for selective detection of Fe*® ions,
antibacterial activity, and bio-imaging applications. J.
Environ. Chem. Eng. 2024, 12, 113535
https://doi.org/10.1016/j.jece.2024.113535

M. He, H. Wang, Y. Kong, Y. Xiao, W. Xu. Material and
optical properties of fluorescent carbon quantum dots
fabricated from lemon juice via hydrothermal reaction.
Nanoscale Res. Lett. 2018, 13, 175
https://doi.org/10.1186/s11671-018-2581-7

S. A. Kousheh, M. Moradi, H. Tajik, R. Molaei.
Preparation of antimicrobial/ultraviolet protective
bacterial nanocellulose film with carbon dots
synthesized from lactic acid bacteria. Int. J. Biol.
Macromol. 2020, 155, 216.
https://doi.org/10.1016/j.ijbiomac.2020.03.230

A. Kumar, I. Kumar, A. K. Gathania. Synthesis
characterization and potential sensing application of
carbon dots synthesis via the hydrothermal treatment of
cow  milk. Sci. Rep. 2022, 12, 22495
https://doi.org/10.1038/s41598-022-26906-4

K. Doshi, A. A. Mungray. Bio-route synthesis of carbon
quantum dots from tulsi leaves and its application as a
draw solution in forward osmosis. J. Environ. Chem.
Eng. 2020, 8, 104174
https://doi.org/10.1016/j.jece.2020.104174

Z. M. S. H. Khan, R. S. Rahman, Shumaila, S. Islam, M.
Zulfequar. Hydrothermal treatment of red lentils for the
synthesis of fluorescent carbon quantum dots and its
application for sensing Fe*3. Opt. Mater. 2019, 91, 386.
http://dx.doi.org/10.1016/j.optmat.2019.03.054

J. P. Malavika, C. Shobana, M. Ragupathi, P. Kumar, Y.
S. Lee, M. Govarthanan, R. K. Selvan. A sustainable
green synthesis of functionalized biocompatible carbon
guntum dots from aloe barbadensis miller and its
multifunctional applications. Environ. Res. 2021, 200,
111414 https://doi.org/10.1016/j.envres.2021.111414
P. K. Praseetha, R. I. J. Litany, H. M. Alharbi, A. A.
Khojah, S. Akash, M. Bourhia, A. A. Mengistie, G. A.
Shazly. Green synthesis of highly fluorescent carbon
quantum dots from almond resin for advanced
theranostics in biomedical applications. Sci. Rep. 2024,
14, 24435. https://doi.org/10.1038/s41598-024-75333-0
R. Zhong, C. Peng, L. Chen, N. Yu, Z. Chen. Egg white-
mediated green synthesis of CuS quantum dots as a
biocompatible and efficient 980 nm laser-driven
photothermal agent. RCS Adv. 2016, 6, 40480.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

H. Yan, P. Li, F. Wen, Q. Guo, W. Su. Green
synthesis of carbon quantum dots from turmeric
holds promise as novel photosensitizer for in vitro
photodynamic antimicrobial activity. J. Mater. Res.
Technol. 2023, 22, 17.
https://doi.org/10.1016/j.jmrt.2022.11.090

G. Gedda, Sri A. Sankaranarayanan, C. L. Putta,
K. K. Gudimella, A. K. Rengan, W. M. Girma.
Green synthesis of multi-functional carbon dots
from medicinal plant leaves for antimicrobial,
antioxidant, and bioimaging applications. Sci.
Rep. 2023, 13, 6371
https://doi.org/10.1038/s41598-023-33652-8

S. Mishra, K. Das, S. Chatterjee, P. Sahoo, S.
Kundu, M. Pal, A. Bhaumik, C. K. Ghosh. Facile
and green synthesis of novel fluorescent carbon
quantum dots and their silver heterostructure: an
in vitro anticancer activity and imaging on
colorectal carcinoma. ACS Omega 2023, 8, 4566.
https://doi.org/10.1021/acsomega.2c04964

P. Kumar, A. Ravichandran, S. Durgadevi, V.
Manikandan, K. S. Song, D. Prabhu, J.
Jeyakanthan, D. Thirumurugan, G. Muthusamy.
Microwave-assisted green synthesis of CQDs
from  mesosphaerum  suaveolens  extract:
photocatalytic degradation and anticancer activity.
Waste Biomass Valor 2024, 15, 6539.
https://doi.org/10.1007/s12649-024-02643-9

S. Yalshetti, B. Thokchom, S. M. Bhavi, S. R.
Singh, S. R. Patil, B. P. Harini, M. Sillanpaa, J. G.
Manjunatha, B. S. Srinath, R. B. Yarajarla.
Microwave-assisted synthesis, characterization
and in vitro biomedical applications of hibiscus
rosa-sinensis linn.-mediated carbon quantum
dots. Sci. Rep. 2024, 14, 9915
https://doi.org/10.1038/s41598-024-60726-y

T. Mohanta, H. G. Behuria, S. K. Sahu, A. K. Jena,
S. Sahu. Green synthesis of N,S-doped carbon
dots for tartrazine detection and their antibacterial
activity. Analyst 2023, 148, 5597.
https://doi.org/10.1039/D3AN01609A

Y. Jin, H. Qiao, Y. Zhang, Y. He, S. Xie, Y. Gu, F.
Lin. Facile microwave hydrothermal synthesis of
citric acid-derived carbon dots for photothermal
therapy of cancers under NIR irradiation. Carbon
Lett. 2024, 2233. https://doi.org/10.1007/s42823-
024-00830-1

M. Rai, A. P. Ingle, G. Toros, J. Prokisch.
Assessing the efficacy of carbon nanodots derived
from curcumin on infectious diseases. Expert Rev
Anti Infect Ther 2024, 22, 1107.
https://doi.org/10.1080/14787210.2024.2409401
L. Wu, Y. Gao, C. Zhao, D. Huang, W. Chen, X.
Lin, A. Liu, L. Lin. Synthesis of curcumin-
quaternized carbon quantum dots with enhanced
broad-spectrum antibacterial activity for promoting
infected wound healing. Biomater. Adv. 2022, 133,
112608
https://doi.org/10.1016/].msec.2021.112608

J. Ma, C. Peng, X. Peng, S. Liang, Z. Zhou, K. Wu,
R. Chen, S. Liu, Y. Shen, H. Ma, Y. Zhang. H20,
photosynthesis from H,O and O, under weak light
by carbon nitrides with the piezoelectric effect. J.
Am. Chem. Soc. 2024, 146, 21147.
https://doi.org/10.1021/jacs.4c07170

F. Lang, Q. Zhao, Z. Sun, M. Zhong, L. Xiong, Z.
Hao. Rutin-loaded carbon dots for management of
methicillin-resistant staphylococcus ACS Appl.
Nano Mater. 2024, 7, 10902.
https://doi.org/10.1021/acsanm.3c05774

https://doi.org/10.63654/icms.2025.02012

20


https://doi.org/10.63654/icms.2025.02012
https://doi.org/10.1021/acsomega.0c03290
https://doi.org/10.1021/acsomega.3c02474
https://doi.org/10.1016/j.saa.2020.118462
https://doi.org/10.1039/C8RA07944G
https://doi.org/10.1016/j.jece.2024.113535
https://doi.org/10.1186/s11671-018-2581-7
https://doi.org/10.1016/j.ijbiomac.2020.03.230
https://doi.org/10.1038/s41598-022-26906-4
https://doi.org/10.1016/j.jece.2020.104174
http://dx.doi.org/10.1016/j.optmat.2019.03.054
https://doi.org/10.1016/j.envres.2021.111414
https://doi.org/10.1038/s41598-024-75333-0
https://doi.org/10.1039/C5RA26801J
https://doi.org/10.1016/j.jmrt.2022.11.090
https://doi.org/10.1038/s41598-023-33652-8
https://doi.org/10.1021/acsomega.2c04964
https://doi.org/10.1007/s12649-024-02643-9
https://doi.org/10.1038/s41598-024-60726-y
https://doi.org/10.1039/D3AN01609A
https://doi.org/10.1007/s42823-024-00830-1
https://doi.org/10.1007/s42823-024-00830-1
https://doi.org/10.1080/14787210.2024.2409401
https://doi.org/10.1016/j.msec.2021.112608
https://doi.org/10.1021/jacs.4c07170
https://doi.org/10.1021/acsanm.3c05774

Singh et al.

REVIEW ARTICLE

Innov. Chem. Mater. Sustain. 2025, 2(1), 012-022

65.

66.

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

B. Khan, J. Zhang, S. Durrani, H. Wang, A. Nawaz, F.
Durrani, Y. Ye, F.-G. Wu, F. Lin. Carbo-dots-mediated
improvement of antimicrobial activity of natural
products. ACS Appl. Mater. Interfaces 2024, 16, 47257.
https://doi.org/10.1021/acsami.4c09689

N. Ziaee, N. Farhadian, K. Abnous, M. M. Matin, A.
Khoshnood, E. Yaghoobi. Dual targeting of Mg/N
doped-carbon quantum dots with folic and hyaluronic
acid for targeted drug delivery and cell imaging. Biomed.
Pharmacother. 2023, 164, 114971
https://doi.org/10.1016/j.biopha.2023.114971

. A. Kalluri, B. Dharmadhikari, D. Debnath, P. Patra, C. V.

Kumar. Advances in structural modifications and
properties of graphene quantum dots for biomedical
applications. ACS Omega 2023, 8, 21358.
https://doi.org/10.1021/acsomega.2c08183

G. Perini, V. Palmieri, G. Ciasca, M. D’Ascenzo, J.
Gervasoni, A. Primiano, M. Rinaldi, D. Fioretti, C.
Prampolini, F. Tiberio, W. Lattanzi, O. Parolini, M. D.
Spirito, M. Papi. Graphene quantum dots’ surface
chemistry modulates the sensitivity of glioblastoma cells
to chemotherapeutics. Int. J. Mol. Sci. 2020, 21, 6301
https://doi.org/10.3390/ijms21176301

P. Kaliyaperumal, S. Renganathan, K. Arumugam, B. R.
Aremu.  Engineered graphene quantum  dot
nanocomposite triggers —synuclein  defibrillation:
therapeutics against Parkinson’s disease. Nanomed.:
Nanotechnol. Biol. Med. 2023, 47, 102608
https://doi.org/10.1016/j.nan0.2022.102608

K. Tak, R. Sharma, V. Dave, S. Jain, and S. Sharma.
Clitoria ternatea mediated synthesis of graphene
quantum dots for the treatment of alzheimer’s disease.
ACS Chem. Neurosci. 2020, 11, 3741.
https://doi.org/10.1021/acschemneuro.0c00273

G. Perini, V. Palmieri, G. Friggeri, A. Augello, M. D.
Spirito, M. Papi. Carboxylated graphene quantum dots-
mediated photothermal therapy enhances drug-
membrane permeability, ROS production, and the
immune system recruitment on 3D glioblastoma
models. Cancer Nano 2023, 14, 393.
https://doi.org/10.1186/s12645-023-00168-9

S. Tajik, Z. Dourandish, K. Zhang, H. Beitollahi, Q. Van
Le, H. W. Jang, M. Shokouhimehr. Carbon and
graphene quantum dots: a review on syntheses,
characterization, biological and sensing applications for
neurotransmitter determination. RSC Adv. 2020, 10,
15406. https://doi.org/10.1039/DORA00799D

S. Deng, E. Zhang, Y. Wang, Y. Zhao, Z. Yang, B.
Zheng, X. Mu, X. Deng, H. Shen, H. Rong, D. Pei. In
vivo toxicity assessment of four types of graphene
quantum dots (GQDs) using mRNA sequencing.
Toxicol. Lett. 2022, 363, 55.
https://doi.org/10.1016/j.toxlet.2022.05.006

Q. Xia, Y. Tang, W. Li, T. Liang, Y. Zhou, J. Liu, F. Liu.
Surface-engineered monocyte immunotherapy
combined graphene dots effective against solid tumour
targets. Int. J. Nanomed. 2023, 18, 2127.
https://doi.org/10.2147/IIN.S404486

R. S. Tade, P. O. Patil. Fabrication of poly-L-lysine-
functionalized graphene quantum dots for the label-free
fluorescent-based detection of carcinoembryonic
antigen. ACS Biomater. Sci. Eng. 2022, 8, 470.
https://doi.org/10.1021/acsbiomaterials.1c01087

M. M. Tehrani, M. Erfani, M. Amiri, M. Goudarzi.
Technetium-99m radiolabeling of graphene quantum
dots (GQDs) as a new probe for glioblastoma tumour
imaging. Int. J. Radiat. Biol. 2024, 101, 665.
https://doi.org/10.1080/09553002.2024.2404460

A. Soleimany, S. Khoee, S. Dias, B. Sarmento.
Exploring low-power single-pulsed laser-triggered two-
photon photodynamic/photothermal combination

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

therapy using a gold nanostar/graphene quantum
dot nanohybrid. ACS Appl. Mater. Interfaces 2023,
15, 20811.
https://doi.org/10.1021/acsami.3c03578

R. S. Tade, M. P. More, S. N. Nangare, P. O. Patil.
Graphene quantum dots (GQDs)
nanoarchitectonics for theranostic application in
lung cancer. J. Drug Target. 2022, 30, 269.
https://doi.org/10.1080/1061186X.2021.1987442
T.-H. Ku, W.-T. Shen, C.-T. Hsieh, G. S. Chen, W.-
C. Shia. Specific forms of graphene quatum dots
induce apoptosis and cell cycle arrest in breast
cancer cells. Int. J. Mol. Sci. 2023, 24, 4046
https://doi.org/10.3390/ijms24044046

I. J. Gomez, K. O.-Paredes, J. M. M.-Arriaga, N.
Pizurova, M. Filice, L. Zajickova, S. Prashar, S. G.-
Ruiz. Organotin-(1V)-decorated graphene
quantum dots as dual platform for molecular
imaging and treatment of triple negative breast
cancer. Chem. Eur. J. 2023, 29, e20231845.
https://doi.org/10.1002/chem.202301845

R. V. Khose, P. Bangde, M. P. Bondarde, P. S.
Dhumal, M. A. Bhakare, G. Chakraborty, A. K.
Ray, P. Dandekar, S. Some. Waste derived
approach towards wealthy fluorescent N-doped
graphene quantum dots for cell imaging and H;O,
sensing applications. Spectrochim. Acta A Mol.
Biomol.  Spectrosc 2022, 266, 120453.
https://doi.org/10.1016/j.saa.2021.120453

M. Najafi, Z. Khoddam, M. Masnavi, M.
Pourmadadi, M. Abdouss. Physicochemical and in
vitro  characterization of agarose based
nanocarriers incorporated with graphene quantum
dots/a-Fe,O3 for targeted drug delivery of
quercetin to liver cancer treatment. Mater. Chem.
Phys. 2024, 320, 129333.
https://doi.org/10.1016/j.matchemphys.2024.1293
33

Z. Zhang, H. Yang, M. Wang, Y. Zhang, J. Jiang,
Q. Wang. NIR-Il silver-based quantum dots:
synthesis and applications. Nano Res. 2024, 17,
10620. https://doi.org/10.1007/s12274-024-6977-
7

F. Y. Acar. Theranostic silver chalcogenide
quantum dots in phototherapy. Photodiagnosis
Photodyn Ther 2023, 41, 103397
https://doi.org/10.1016/].pdpdt.2023.103397

M. Hashemkhani, M. Loizidou, A. J. MacRobert,
H. Y. Acar. One-step aqueous synthesis of anionic
and cationic AgInS; quantum dots and their utility
in improving the efficacy of ALA-based
photodynamic therapy. Inorg. Chem. 2022, 61,
2846.
https://doi.org/10.1021/acs.inorgchem.1c03298
E. Tan, P. T. Snee, F. D.-Kalindemirtas. An
investigation of quantum dot theranostic probes
for prostate and leukemia cancer cells using a
CdzZnSeS QD-based nanoformulation. J. Colloid
Interface Sci. 2024, 675, 1032.
https://doi.org/10.1016/j.jcis.2024.07.075

Y. Li, P Zhang, W. Tang, K. J. Mchugh, S. V.
Kershaw, M. Jiao, X. Huang, S. Kalytchuk, C. F.
Perkinson, S. Yue, Y. Qiao, L. Zhu, L. Jing, M.
Gao, B. Han. Bright, magnetic NIR-II quantum dot
probe for sensitive dual-modality imaging and
intensive combination therapy of cancer. ACS
Nano 2022, 16, 8076.
https://doi.org/10.1021/acsnano.2c01153

V. S. Sivasankarapillai, J. Jose, M. S. Shanavas,
A. Marathakam, Md. S. Uddin, B. Mathew. Silicon
quantum dots: promising theranostics probes for

https://doi.org/10.63654/icms.2025.02012

21


https://doi.org/10.63654/icms.2025.02012
https://doi.org/10.1021/acsami.4c09689
https://doi.org/10.1016/j.biopha.2023.114971
https://doi.org/10.1021/acsomega.2c08183
https://doi.org/10.3390/ijms21176301
https://doi.org/10.1016/j.nano.2022.102608
https://doi.org/10.1021/acschemneuro.0c00273
https://doi.org/10.1186/s12645-023-00168-9
https://doi.org/10.1039/D0RA00799D
https://doi.org/10.1016/j.toxlet.2022.05.006
https://doi.org/10.2147/IJN.S404486
https://doi.org/10.1021/acsbiomaterials.1c01087
https://doi.org/10.1080/09553002.2024.2404460
https://doi.org/10.1021/acsami.3c03578
https://doi.org/10.1080/1061186X.2021.1987442
https://doi.org/10.3390/ijms24044046
https://doi.org/10.1002/chem.202301845
https://doi.org/10.1016/j.saa.2021.120453
https://doi.org/10.1016/j.matchemphys.2024.129333
https://doi.org/10.1016/j.matchemphys.2024.129333
https://doi.org/10.1007/s12274-024-6977-7
https://doi.org/10.1007/s12274-024-6977-7
https://doi.org/10.1016/j.pdpdt.2023.103397
https://doi.org/10.1021/acs.inorgchem.1c03298
https://doi.org/10.1016/j.jcis.2024.07.075
https://doi.org/10.1021/acsnano.2c01153

Singh et al.

REVIEW ARTICLE

Innov. Chem. Mater. Sustain. 2025, 2(1), 012-022

89.

90.

91.

92.

the future. Curr. Drug Targets, 2019, 20, 1255.
http://dx.doi.org/10.2174/138945012066619040515231
5

Y. Zhang, N. Cai, V. Chan. Recent advances in silicon
quantum dot-based fluorescent biosensors. Biosensors,
2023, 13, 311. https://doi.org/10.3390/bios13030311

Y. Huang, Y. Zhang, Z. Dai, R. Miao, H. Chen. One-pot
synthesis quantum dots-based fluorescent
nanomaterial and its application. ACS Appl. Mater.
Interfaces, 2024, 16, 37513.
https://doi.org/10.1021/acsami.4c05117

J. Zhou, Y. Du, Q. Wang, R. Zhao, S. Liu, W. Li, S. Gai,
H. Ding, D. Yang, P. Yang. Chiral melanin-like particle-
inspired fluorescent silicon quanum dots for sensitively
detecting inflammation in cells. ACS Appl. Nano Mater.,
2023, 6, 15969.
https://doi.org/10.1021/acsanm.3c02904

S. Pei, X. Hou, Y. Chi, W. Sun, F. Chen, K. Luo, S. Chai.
Facile synthesis of highly efficient fluorescent silicon

93.

94.

95.

quantum dots used for highly sensitive sensor of
tetracycline in honey samples and antibacterial
agent. Food Chem. 2025, 467, 141844.
https://doi.org/10.1016/j.foodchem.2024.141844
J. Lin, L. Xu, Y. Zheng, D. Wu, J. Yue. Imitation-
mussel fluorescent silicon quantum dots for
selective labelling and imaging of bacteria and
biofilms. Front. Bioeng. Biotechnol. 2022, 10, 1.
https://doi.org/10.3389/fbioce.2022.971682

H. Liang, F. Wu, R. Xia, W. Wu, S. Li, P. Di, M.
Yang. Polyhedral oligomeric silsesquioxane
(POSS)-silicon/carbon quantum dots
nanocomposites for cell imaging. RCS Adv. 2024,
14, 25301. https://doi.org/10.1039/D4RA02987A
P. Chowdhury, D. Roy. Multi-emissive silicon
quantum dots: synthesis, characteristics and their
biological and analytical relevance. Bull. Mater.
Sci. 2022, 45, 143.
https://doi.org/10.1007/s12034-022-02706-4

https://doi.org/10.63654/icms.2025.02012

22


https://doi.org/10.63654/icms.2025.02012
http://dx.doi.org/10.2174/1389450120666190405152315
http://dx.doi.org/10.2174/1389450120666190405152315
https://doi.org/10.3390/bios13030311
https://doi.org/10.1021/acsami.4c05117
https://doi.org/10.1021/acsanm.3c02904
https://doi.org/10.1016/j.foodchem.2024.141844
https://doi.org/10.3389/fbioe.2022.971682
https://doi.org/10.1039/D4RA02987A
https://doi.org/10.1007/s12034-022-02706-4

