#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Recent trends in macromolecule-conjugated
hybrid quantum dots for cancer theranostic
applications

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 18760

Lokesh Kumar Boopathy,? Thiyagarajan Gopal, & ® Anitha Roy,°
Rakhee Rathnam Kalari Kandy® and Madan Kumar Arumugam@*e

Quantum dots (QDs) are small nanoparticles with semiconductor properties ranging from 2 to 10
nanometers comprising 10-50 atoms. The single wavelength excitation character of QDs makes it more
significant, as it can excite multiple particles in a confined surface simultaneously by narrow emission.
QDs are more photostable than traditional organic dyes; however, when injected into tissues, whole
animals, or ionic solutions, there is a significant loss of fluorescence. HQD-based probes conjugated
with cancer-specific ligands, antibodies, or peptides are used in clinical diagnosis. It is more precise and
reliable than standard immunohistochemistry (IHC) at minimal protein expression levels. Advanced
clinical studies use photodynamic therapy (PDT) with fluorescence imaging to effectively identify and
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Accepted 2nd June 2023 treat cancer. Recent studies revealed that a combination of unique characteristics of QDs, including their
fluorescence capacity and abnormal expression of miRNA in cancer cells, were used for the detection
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and monitoring progression of cancer. In this review, we have highlighted the unique properties of QDs

rsc.li/rsc-advances and the theranostic behavior of various macromolecule-conjugated HQDs leading to cancer treatment.

return to the ground state by releasing emission frequencies.?
These emitted frequencies regulate the movement of electrons

1. Introduction
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Quantum dots (QDs) are small nanoparticles with semi-
conductor properties ranging from 2 to 10 nanometers
comprising 10-50 atoms." These semiconductor-based nano-
particles are excited to higher energy levels by photons, and
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through their ability to tune the band gaps in absorbance and
emission frequencies.® In connection to this, their dimension
and size play a major role, as their size range of 2-6 nm is widely
considered in several biological research based on their
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similarity with proteins and nucleic acids.* The major advan-
tage of QDs in biological research arises from their fluorophore
properties at various regions that regulate the excitation spec-
trum, emission spectrum, photostability, and decay lifetime.?
The single wavelength excitation character of QDs makes it
more significant as it can excite multiple particles on a confined
surface simultaneously by narrow emission.® Based on their
narrow emission and broad absorption spectra by engineered
wavelengths from the ultraviolet (UV) to infrared (IR) regions,
they are applied to encode genes, proteins, and small biological
molecules. Unlike other organic dyes, QDs exhibit prolonged
photostability, which makes them useful in the long-term
monitoring of labeled biological samples with no changes in
intensity as in the case of dihydrolipoic acid (DHLA)-capped
cadmium selenide-zinc sulphide (CdSe-ZnS) compared to
rhodamine dye.” This unique property has decreased the decay
time by 30-100 ns compared to the autofluorescence back-
ground decay from other organic compounds. These charac-
teristic features are used to determine the cancerous growths
and fibroblasts in many experimental animals concerning 3T3
mouse models.? QDs have superior optical properties that allow
for the detection of clinically significant compounds in breast
cancer diagnosis by their ability to target oligonucleotide
sequences that connect with DNA or mRNA, which has been
demonstrated in several studies.’ QD synthesis can be designed
to meet various biological compounds, as its photochemical
properties are influenced by the parameters of the core, shell,
and coating (Fig. 1). In connection, the precise growth processes
involve high annealing temperatures to produce QDs with
diameters ranging from a few nanometers to a few micrometers,
and the size distribution can be regulated to within 2%." In
various protocols, QDs have been shown to be more photostable
than traditional organic dyes. Nonetheless, when injected into
tissues, whole animals, or ionic solutions, there is a significant
loss of fluorescence.™ It has been hypothesized that this signal
loss is caused by components absorbed to the surface when
exposed to bodily fluids, which causes surface flaws and fluo-
rescence quenching, or by the progressive degradation of
surface ligands and coating.”” The commercial availability of
QDs and their expanded application area due to published
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Fig. 1 Excitation and emission profiles of QDs with symmetrical
emission and narrow peaks with broad excitation at a wavelength
between 400 nm to 550 nm. Intensity peak based on the absorbance
and time (ns) with respect to biological samples.
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conjugation procedures caused an exponential rise in QD-
related research articles, which have been extensively reviewed
in recent years. With an emphasis on current breakthroughs for
in vitro and in vivo biosensing, we summarize the developments
of QD-based imaging approaches in pertinent biological mate-
rials in this review.

2. QDs fluorescence imaging
property

Recently, QDs have been extensively studied for tracing,
imaging, and diagnosis of several forms of cancers. Usage of
MRI is limited owing to their poor intracellular penetration and
accumulation in the tumors.” QDs with photothermal, photo-
acoustic, and photodynamic properties are employed as
a nanocarrier for bioimaging and drug delivery targeting
cancers." More than any other nanomaterial, semiconductor
nanocrystals have influenced bioimaging research with their
relationship between the size and band-gap of the semi-
conductor materials and their diversity in QD-based applica-
tions.”™ Their distinct photophysical characteristics were used
for animal imaging, cellular effectors, small organic molecules,
biological macromolecule sensing, bioconjugation, and cell
labeling.’® This photophysical feature of QDs is primarily
responsible for their widespread use in biosensing, as the
exciton (which consists of an electron-hole pair) is produced
due to the absorption of photons with energy greater than the
band gap. In that juncture, the chance of absorption increases
with increasing excitation energy (shorter wavelength), result-
ing in a vast absorption spectrum and, if necessary, substantial
effective Stokes shifts."” This causes the intermittent fluores-
cence (blinking) of QDs, and non-radiative deexcitation is dis-
rupted on the QD surface. QDs cover a broad spectrum range
from the ultraviolet (UV) to the infrared (IR) by tuning the color
and manipulating their size with various materials with
a narrow full-width-at-half-maximum of around 20 to 30 nm
and a negligible tendency of photobleaching.’ Utilizing the
entire fluorescence property, it provides an almost infinite
variety of fluorescent probes for biosensing. It is a predominant
choice because each class of fluorophore has benefits such as
tunable absorption and emission spectra, spectrally broad and
strong absorption, small emission bands, and good photo-
stability.” QDs that have been successfully delivered can be
excellent fluorophores for analyzing cellular functions and
architecture. One illustration is the determination of cell
motility through the phagokinetic absorption of QDs and the
correlation of the cells' motion to their potential for metas-
tasis.”® QDs are bound to specific targets like monitoring stem
cells to look at their process during and after differentiation and
the behavioral activity of the offspring. Due to their low toxicity,
excellent biocompatibility, and solid photoluminescence, the
QDs are used for both in vitro and in vivo bioimaging (PL).>*
Recent studies revealed that a combination of unique charac-
teristics of QDs, including their fluorescence capacity and
abnormal expression of miRNA in cancer cells, were used for
the detection and monitoring progression of cancer.”” Jabeen
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et al. produced highly fluorescent nitrogen-doped graphene
QDs (N-GQDs) by hydrothermal method. N-GQDs were
demonstrated to detect DNA damage induced by UV radiation
and were reported to be used in assessing aging, skin cancer,
and cell death® (Fig. 2). In that connection, a nanocapsule was
developed by combining highly fluorescent QDs conjugated
with gelatin/chondroitin through layer-by-layer assembly. After
internalization into cancer cells, the nanocarriers displayed
strong fluorescence to enable tracing and imaging of the
proliferation of cancer cells.*

Similarly, lactoferrin was coupled with the QDs nanocapsule,
wherein highly fluorescent mercaptopropionic acid-capped
cadmium telluride QDs were attached to lactoferrin.>® The
nanocapsule showed an enhanced intercellular uptake with
potential fluorescence activity, signifying their use in the tracing
and bioimaging of cancer progression.*® A steady multifaceted
complex of 2-dimensional nano-graphene oxide (GO) and 0-
dimensional graphene quantum dots (GQD) was developed by
electrostatic layer-by-layer assembly through a polyethylene
imine bridge (GO-PEI-GQDs).”” Furthermore, mono- and
complex-equivalents of the GO-PEI-GQDs complex were inves-
tigated for their bioimaging, photothermal, and oxidative stress
properties in breast cancer cells, such as MDA-MB-231.”® These
nanoparticles were used for cell imaging and as a photo-
thermal-mediated anti-cancer therapeutic tool. In addition,
Kwon et al. developed multiphoton cancer imaging using PEG
coupled with FeSe QDs. These QDs, when attached to human
epidermal growth factor receptor 2 (HER2) antibodies, dis-
played two-photon imaging in HER2-overexpressed MCF7
cancer cells and xenograft breast tumors in mice.”® The multi-
functional studies demonstrated by these fluorescence HQDs
could be helpful in imaging and targeted cancer therapy.*’
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Fig. 2 The GQDs are excited from the electron—hole through the
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ODs have been successfully used to decipher biological
function at the molecular level, but their potential for bio-
sensing applications remains largely unexplored. Based on the
previous reports, it is clear that QDs efficiently address some of
the issues with traditional fluorophores that are currently the
foundation for biosensors and bioanalytical assays due to their
distinctive spectral features and physicochemical stability
(Fig. 3). Sapsford et al. reported the advances in adapting QDs
for in vitro biosensing applications in various immunoassays
and nucleic acid detection assays.*' The basic characteristic of
the QDs is to bind to specific biomolecules, such as oligonu-
cleotides, proteins (peptides, antibodies or enzymes), and
polymers.** Chen et al. investigated the quick and sensitive
detection of avian influenza virus in the H5N1 subtype by using
QDs-based fluoroimmunoassay techniques.*

3. Role of QDs in cancer treatment

The creation of biomarkers in cell biology makes it possible to
follow specific cells, including cancer cells, by combining QDs
with biotinylated annexin V. This enables the functionalized
QDs to attach to phosphatidylserine (PS) moieties found on the
membrane of apoptotic cells, but not on healthy or necrotic
cells.** This helps monitor apoptotic cells and image them
specifically during cancer treatment by its fundamental photo-
stable property. In connection with that, Cao et al. labeled the
squamous cell carcinoma cell line U14 (U14/QD800) using near-
IR QDs with an emission wavelength of 800 nm (QD800).** In
a similar way, QDs combined with cancer antibodies have been
exploited for pancreatic cancer cells to target the nucleus of
living cells for fluorescent imaging.*® Specific quantities of QDs
collected in the tumor could produce fluorescence signals that
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photovoltage plates and get trapped at the UV wavelength to exhibit

photoemission that can be utilized for the bioimaging of in vivo models, in vitro tracking of cancer cells, and study of apoptotic cells specifically.
GQD - graphene quantum dot; FRET — fluorescence resonance energy transfer.
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Fig. 3 The applications of GDs by serving as a biosensor in the detection of various disease conditions by its specific attachment, which targets
the desired antibodies linked with conjugated quantum materials. COV - covid; HCV — hepatitis C virus; HIV — human immunodeficiency virus;

HPV — human papillomavirus; HBV — hepatitis B virus.

could be seen. It was indicated that QD800-based imaging, as
opposed to CT and MRI, could effectively boost the sensitivity of
early cancer cell diagnosis.*” Imaging of moving lymph nodes
using QDs with various emission spectra in mouse models has
been established with specific fluorescence color by simulta-
neously injecting five QDs into multiple places in the middle of
the phalanges, the upper extremity, the ears, and the chin to
observe various emission spectra of fluorescence lymphangi-
ography.”® In a study, QD particles within living mice were
evaluated for their mode of action into different pathways
labeled with antibodies that could lead to insights into the
metabolic pathways in cancerous conditions.** Understanding
antibody delivery mechanisms can enhance the therapeutic
effectiveness in cancer treatment at that juncture. It is crucial to
study the membrane interactions that are important in metas-
tasis to better comprehend the movement of cancer cells.*
Using QDs tagged with antibodies against a component
encouraging metastasis, Gonda et al. examined the membrane
dynamics in metastatic cancer cells. For cancer to metastasize,
changes in the membrane shape and protein dynamics
dependent on its fluidity are essential.** In another study,
different amounts of QD-labeled cells were injected into the
dorsum, back muscle, and behind the oral mucosa of naked
mice. The findings showed that a significant signal requires
a minimum of 104 QD-labeled cells. Over a 16 day period, the
most considerable cell amount consumed (106 cells) was
visible.*>

QD labeling to track natural killer cells was used in immu-
notherapeutic cell-based cancer therapy. Qdot 705 QDs were
linked to the Kkiller cells using antibodies, and a therapeutic
effect was observed compared to that of unlabeled killer cells.**
The conjugates were intratumorally injected, and NIR fluores-
cence was used to capture the images. Immunotherapeutic cells
marked with QDs can provide a flexible platform for precisely
tracking injected therapeutic cells when used in cell-based

© 2023 The Author(s). Published by the Royal Society of Chemistry

cancer therapy. Conjugated QD offers an efficient solution
with increased intensity. In the case of active targeting with
c¢RGD-QD conjugates to passive targeting with QDs alone, the
tumor PL intensity increased by almost five times.** When
tumor cells undergo angiogenesis, receptors like integrins are
strongly expressed, and targeting such receptors for diagnostic
purposes can shed light on the nature and severity of cancer.*
The conjugation of anti-vascular endothelial growth factor
receptor 2 (VEGFR2) antibodies to QDs demonstrated the
potential of QD-antibody conjugates as a diagnostic imaging
tool for cancer angiogenesis.*® Sung et al. reported that a RBC
membrane-enveloped nanosponge mediated tumor accumula-
tion and QD penetration of QDs with drug-loaded graphene,
which effectively reached the cancer cells and released the
loaded drug DTX efficiently to kill the cancer cells (Fig. 4).
Furthermore, these QDs accumulated cells treated for NIR
radiation and induced thermal energy led to the GQDs pene-
tration and release of DTX into tumors.*”

4. Advantages of hybrid quantum
dots (HQDs)

HQDs have received much attention in research for their
potential theranostic use in various malignancies. However,
QD toxicity issues resulting from their origin (ROS generation
and high surface responses) and composition (heavy or inor-
ganic materials) generated doubts about their functionaliza-
tion for biological purposes.*® Thus, methods have been
developed to reduce their toxicity and increase their biocom-
patibility through hybridization or functionalization with
other moieties (such as polymers, lipids, polysaccharides,
proteins, etc.), providing effective accumulation in cancerous
tissue, along with avoiding their accumulation in healthy
tissues. Using aqueous detergent shells with chemical groups
like COOH, NH,, or SH, the biological molecules are linked to

RSC Adv, 2023, 13, 18760-18774 | 18763
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Fig. 4 Schematic representation of targeted RBC-membrane enveloped nanosponge-mediated tumor accumulation and penetration of drug/
GQDs. (i) The protein/RBCm-capped carbon/silica nanosponge delivery of DTX/GQD. (ii) The particles accumulated at the targeted sites by
long-ranged motion protein/RBCm-mediated targeting. (iii) While applying NIR irradiation, the induced thermal energy leads the GQDs to
penetrate and release DTX into the tumors. Reproduced with permission from ref. 47. Copyright American Chemical Society, 2019.

QDs. Several techniques, like adsorption, covalent bonding,
electrostatic contact, etc.,, have been used to form attach-
ments.** HQDs are designed as a nanocarrier to deliver drugs
to the target sites, and monitor the growth and prognosis of
the tumor. In connection with this, they are widely used in
cancer detection and imaging of the cancerous growth and
treatment of therapeutic drugs for various cancer models.*
QDs can interact with proteins either by structural trapping or
interfacial tension. For instance, gemcitabine-loaded human
serum albumin nanostructures have successfully had gra-
phene QDs attached to their surfaces.> The biocompatibility
of QDs has been shown to be enhanced by embedding CdSe
QDs in gelatin, as demonstrated by the fact that QD-gelatin
exhibited no harmful effects on cells up to a level of 5 mg
ml ', while preserving their powerful luminous capabilities.>
In a different work, spray-dried single bovine serum albumin
(BSA) nanospheres were used to physically encapsulate
multiple CdTe/CdS QDs of various sizes to create multi-
fluorescent nanospheres by altering the QDs size, as it is
possible to change the fluorescence of the nanospheres that
included a high molar ratio.>® Another study created multi-
stage QD nanocarriers by fusing silica-coated QDs to the
interface of the gelatin NPs to develop 100 nm nanohybrids,
among other intriguing methods to improve tumor penetra-
tion.* The gelatin core extravasation into the tumor tissue was
followed by the hydrolysis of the ultra-small 10 nm QDs
released by the increased matrix metalloproteinases in the
tumor microenvironment, enabling the effective penetration
into the tumor parenchyma.’® In terms of extending QD,
systemic circulation boosts their physical stability, improves
their capacity to target tumors, and lessens their toxicity.*®

18764 | RSC Adv, 2023, 13, 18760-18774

4.1. Theranostic behavior of HQDs in cancer treatment

HQDs-based imaging has become one of the most promising
technologies for early cancer diagnosis, and demonstrates
excellent performance in biomedical imaging.”” HQDs-based
probes conjugated with cancer-specific ligands, antibodies, or
peptides are used in clinical diagnosis. It is more precise and
reliable than standard immunohistochemistry (IHC) at the
minimal protein expression levels.® Cancer therapeutic prop-
erty can be achieved by quantitative detection, which can
provide considerably more information for individualized
treatment.> HQDs have relatively large surface areas. They can
be conjugated with multiple targeting ligands, like malignant
cells and monoclonal antibodies, that effectively deliver the
nanocarriers to the tumors and involve therapy selection.® The
HQDs technique will make it possible to measure numerous
biomarkers simultaneously, which could produce a significant
targeted ligand.®® These characteristics are also ideal for
examining the physiological characterization of cancer cells and
the tumor microenvironment, an essential topic in under-
standing the mechanisms behind cancer progression and
creating more specialized therapy strategies.®

In experimental animal models, HQDs exhibit significant
promise for treating tumors with a small-molecule anticancer
drug Dox. Fluorescence resonance energy transfer was used in
this system to quench the fluorescence of HQDs by Dox and the
fluorescence of Dox by the double-stranded RNA aptamers.® As
a result, Dox was gradually released, enhancing the local anti-
cancer effects. At the same time, the HQDs fluorescence served
as a tool for monitoring the drug release and a versatile nano-
scale scaffold for creating multifunctional nanoparticles for
siRNA administration and imaging.*® Compared to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conventional siRNA delivery agents, it can increase gene
silencing activity by 10 to 20 factors and decrease cytotoxicity by
5 to 6 folds. Moreover, HQDs naturally function as double
imaging probes, enabling transfection-related real-time
tracking and anatomical localization. For the effective identifi-
cation and treatment of cancer, advanced clinical studies use
photodynamic therapy (PDT) with fluorescence imaging.®
These treatments give selective therapy, while leaving the
immune system and normal cells unharmed, in contrast to
chemotherapy and radiation therapy.®® The most advantageous
feature of PDT is HQDs, which have efficient photostability to
destroy and suppress the tumor, while using a single dose of
radiation. The theranostic technique in cancer treatment may
use the simultaneous delivery of chemotherapeutics and
photolytic chemicals for deep tumor penetration.*” Both in vitro
and in vivo studies have been conducted on the HQDs for cancer
therapy. The most effective non-invasive cancer treatment
modality with little adverse effects is PDT.®® It can be applied
alone or in conjunction with ionizing radiation, chemotherapy,
or surgery to eradicate malignant cells that were missed during
resection. PDT uses photosensitizing chemicals, which are
pharmacologically inert until a specific light wavelength irra-
diates them in the presence of oxygen, causing reactive oxygen
species to be produced, and inducing tissue necrosis and cell
death.”” Real-time monitoring of therapeutic progress is
possible as hybrid QDs could be multi-modeled to treat various
cancers. Combining these QDs with different nanoparticulate
systems (including NPs of polymeric, lipid, and inorganic
origin) to create a theranostic system for treating cancer,
specifically to enhance the effectiveness of treatment for
cancer.”

4.2. HQDs for anticancer drug delivery

Although cancer therapy is considered a clinically powerful tool
for the treatment of cancer, it is now time to develop and
synthesize a novel targeted anticancer drug delivery system to
overwhelm the therapeutic problems possessed by QDs,
including limited use of the drug, poor penetration, retention in
tumors, undesired adverse effects to normal cells and drug
resistance.”””> Therefore, improving the effectiveness of
chemotherapy requires sophisticated tools that allow the iden-
tification of more specific, effective, non-toxic cancer-targeting
agents with potential drug release systems for improving
cancer care. Chen et al. synthesized zinc oxide HQDs with
a carbohydrate copolymer by combining two kinds of core-shell
structured multifunctional nanocarriers (NCs) of ZnO QDs-
tagged with Au nanoparticles as a core and an amphiphilic
hyperbranched block copolymer as a shell for the cancer-
targeted drug delivery system.” In their synthesis, the amphi-
philic hyperbranched block copolymer used as a shell had
a poly(r-lactic acid) inner arm and folic acid attached with
a sulfated polysaccharide isolated from the outer arm of the
vine Gynostemma pentaphyllum Makino (GPPS-FA). Camptothe-
cin (CPT), a pentacyclic alkaloid used as targeted anticancer
drug delivery and co-loaded NCs, has been shown to enhance
cytotoxicity with the rapid release of the drug in HeLa cells.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The reason for this tremendous potential anticancer activity was
found to be an increased cell uptake facilitated by a folate
moiety attached to the NCs. A nanocomposite, GQD-
ConA@Fe;0,4, was developed as a nanocarrier for the loading
and delivery of doxorubicin (DOX) through conjugation of
GQDs and magnetic iron oxide (Fe;0,) with concanavalin A,
a lectin protein. Upon being coated on a platinum electrode, the
nanocomposites were observed to efficiently detect and increase
the DOX susceptibility to HeLa cells.” In addition, a nanoprobe
was produced by conjugating carboxyl-terminated GQD with
Fe;0,@Si0, and functionalized with folic acid (FA), and DOX
was co-loaded for intracellular drug release using the FRET
mechanism. Fe;0,@Si0,@GQD-FA/DOX exhibited enhanced
therapeutic efficacy in the HeLa cells.”

4.3. HQDs for photothermal cancer therapy

Chu et al. investigated red/brown and brown/black CdTe and
CdSe QDs for their effect against cancer photothermal therapy.
After laser irradiation with 671 nm, CdTe (710) QDs conjugated
with SiO, shell generated more heat and displayed significant
inhibitory activity against growing mouse melanoma tumors,
suggesting the photothermal potential of CdTe could be helpful
in the therapeutic application of skin cancers.” Fe;0, QDs and
Fe;0,-Ag,0 QDs/cellulose fiber nanocomposites were prepared
and investigated as a nanocarrier for targeted melanoma cancer
therapy. The nanocomposites conjugated with the anticancer
drug, including etoposide and methotrexate, exhibited
outstanding drug-releasing capacity by kinetic studies, and
displayed effective cytotoxic and antioxidant activity in the
human malignant melanoma cancer cell line (SKMEL-3).”” Yang
et al. developed carbon dots (CDs) functionalized with a nuclear
localization signal peptide (NLS). NLS-CDs were transiently
used to transport the anticancer drug DOX into cancer cells.
DOX conjugated to NLS-CDs (DOX-CDs) via an acid-labile
hydrazone bond showed significant induction of apoptosis in
A549 cells (human lung adenocarcinoma cells). DOX-CDs
inhibited tumor proliferation in A549 xenograft nude mice.”®
Thus, these HQD complexes with enhanced therapeutic efficacy
might be helpful for targeted delivery against different types of
cancers.

Integrins, a cell surface receptor, are upregulated in prolif-
erating cancer cells and are found as potential agents for tar-
geted cancer therapy. A novel nanocarrier was synthesized using
designed MiRGD peptides and GQDs. For targeted drug
delivery, DOX and curcumin (Cur) were used as hydrophilic and
hydrophobic drug models, respectively, and these drugs were
assembled as DOX/Cur-MiRGD-GQDs peptideticles by non-
covalent interactions.” Administration of DOX/Cur-MiRGD-
GQDs peptideticles into av integrin overexpressed HUVEC
cells or intravenous injection into 4T1-induced breast cancer
mice showed an improved cellular uptake by a fluorimetric
assay.® Prasad et al. developed an HQD with superior penetra-
tion and retention of graphene QDs coupled with mesoporous
silica. After near-infrared light exposure, shrinkage of solid
tumors (68.75%) was observed in comparison to non-NIR light
exposure. The emissive, photothermal activity and enhanced

RSC Adv, 2023, 13, 18760-18774 | 18765
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permeability made the carbon silica a promising nanohybrid
agent for cancer therapy.** In addition, the development of
graphene QDs (GQDs)-tagged hollow copper sulfide nano-
particles (CuS NPs) by Zheng et al. led to the controlled intra-
cellular drug release, and exhibited an improved photothermal-
chemotherapy. DOX-CuS@GQDs NPs were synthesized by
encapsulating CuS NPs with DOX, followed by the GQDs tagging
on the surface of CuS NPs.*> Upon NIR laser irradiation, the CuS
NPs readily converted light energy to heat to photothermally
ablate the MDA-MB-231 cancer cells, and the photothermal
ablation potential was improved by the overlaying of GQDs on
the CuS NPs. These combinatorial effects (photothermal and
chemotherapy) of DOX-CuS@GQDs could be used as a prom-
ising platform for synergistic therapeutics to kill cancer cells.*®

Similarly, Li et al. synthesized CulnSe,@ZnS : Mn QDs with
multifunctionality by having the potential to localize small
metastases in the lungs and tumor ablation activity. After NIR
laser light, the excited tumor-resident CulnSe,@ZnS:Mn
produced thermal heat and radicals by nonradiative recombi-
nation pathways, which, in turn, ablated cancer cells and
induced an anticancer immune defense to protect from the
progression of tumor growth in 4T1 tumor-bearing mice.*
Nanocapsules were developed by combining highly-fluorescent
QDs tagged with gelatin/chondroitin through layer-by-layer
assembly. Drugs including celecoxib (COX-2 inhibitor) and
rapamycin (mTOR inhibitor) were co-loaded into the nano-
capsules to inhibit the proliferation of MCF-7 and MDA-MB-231
breast cancer cells, signifying the enhanced cytotoxicity of the
nanocapsules against breast cancer cells. These hybridized
nanocapsules displayed superior antitumor efficacy and non-
immunogenic response in vivo.** The same group developed
lactoferrin coupled with the QDs nanocapsule, wherein highly
fluorescent mercaptopropionic acid-capped cadmium telluride
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QDs were attached to lactoferrin. Celecoxib, a COX-2 inhibitor,
and honokiol, a lignan isolated from herbal Magnolia grandi-
flora seeds, were encapsulated in the nanocapsule, and showed
an enhanced intercellular uptake with increased antitumor
activity against breast cancers in vitro and in vivo.*®

4.4. HQDs therapy for liver cancer

Hepatocellular carcinoma (HCC) is an end-stage liver disease
with increased mortality in males compared to females.*
Nano-dimensional particles, including HQDs, may be alter-
native therapeutics with enhanced potential against patients
with rapidly growing cancers. Recently, Wang et al. synthe-
sized bio-friendly trichrome-tryptophan-sorbitol carbon QDs
(TC-WS-CQDs) from naturally biocompatible tryptophan
through the one-pot hydrothermal method,* as shown in
Fig. 5. Upon photoexcitation at 470 nm, TC-WS-CQDs had
a potent green fluorescence emission in human hepatoma
Huh7 cells. After 470 nm-irradiation, TC-WS-CQDs were
observed to produce more reactive oxygen species, induction
of autophagy, and inhibition of tumor proliferation through
the p53-AMPK pathway in Huh7 hepatoma cells (shown in
Fig. 6(A-D)), and TC-WS-CQDs were found to be non-cytotoxic
in normal cells.*” Furthermore, the cytotoxic efficiency and
mechanism of ZnO-QDs were investigated in HepG2 hepato-
cellular cancer cells.®

Zn0O-QDs were shown to reduce the proliferation of HepG2
cells through significant upregulation of critical genes involved
in apoptosis, including Bax, P53, and Caspase-3, with the
concurrent downregulation of Bcl-2, an anti-apoptotic gene.*®
Similarly, cadmium-selenium quantum dot nanomaterials
(CdSe QDs) also demonstrated an enhanced cell death with
modulation in the expression of apoptotic genes, such as Bcl2,
B-catenin, Bax in the HepG2 cells.”* Together, these studies
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160°C 10h |,y HO HO
HO [ y «—— NH2 l + HO OH
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Fig.5 Schematic representation of the preparation of TC-WS-CQDs and light-induced antitumor mechanism of the TC-WS-CQDs, reproduced

with permission from ref. 87. Copyright BMC Springer Nature, 2022.
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Fig. 6 Schematic representation of the preparation of TC-WS-CQDs and their light-induced antitumor mechanism in Balb/nu mice. Induction
of autophagy by photoexcited TC-WS-CQDs in Huh7 cells. (A) Detection of autophagosomes by transmission electron microscopy. Arrows
indicate autophagosomes. (B) Western blot analysis of autophagy markers including LC3 conversion, expression of Beclin-1 and p62. (C)
Fluorescence images of LC3 puncta expressing mcherry-GFP-LC3. Autophagosomes and autolysosomes observed in Huh7 cells. The data in (C)
are mean + SD (n = 3, statistical significance analyzed via Mann—-Whitney test, *p < 0.05). (D) Western blot analysis of p53 expression and
phosphorylation of AMPK. CQDs + I470 nm: TC-WS-CQDs with 470 nm irradiation, /470 nm: 470 nm irradiation without TC-WS-CQDs, CQDs: TC-
WS-CQDs, control: no TC-WS-CQDs and irradiation. Reproduced with permission from ref. 87. Copyright BMC Springer Nature, 2022.

showed a mechanistic inhibitory effect of HQDs against various
cancers, including breast cancers, melanoma, lung adenocar-
cinoma, and HCC.

5. Protein-conjugated HQDs in
cancer treatment

Protein-QDs are extensively used as nanohybrids due to their
prominent role in bioimaging, as they provide high integrity in
a biological system through their physical and chemical prop-
erties.®” The QDs used are prepared with respective metal ions
that can interact with the functional groups of the amino acids,
such as the carboxylic acid group, amine group, and thiol

© 2023 The Author(s). Published by the Royal Society of Chemistry

group.”® In connection with this, the optimum temperature is
maintained to prevent protein denaturation and to achieve
a high quantum yield by a narrow emission range. High pho-
tostability is the critical target in bioimaging studies on
malignant tissues, and obtaining its long decay time is essential
to prolong the intensity during its synthesis.®* Graphene QDs
are conjugated with human serum albumin nanoparticles to
determine the tumor cells intake capacity. Based on this data,
treatment drugs are standardized over penetrating tumor
cells.” Many studies have mentioned the toxic characterization
during the hybridization of protein QDs. To compromise that
effect, encapsulation of CdSe QDs into gelatin NPs has provided
positive results with biocompatibility and no toxicity in a dose-
dependent manner.*® Cytotoxic studies were carried out with
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MCF-7 cell lines that expressed significant outcomes with
profound biocompatibility and nontoxic with higher photo-
stability properties.”” Jin et al. reported using QDs as fluorescent
probes for receptor imaging because the QD surface is modified
with biomolecules, such as antibodies, peptides, carbohydrates,
and small-molecule ligands for receptors.”® Thus, protein-
conjugated QDs are suitable for cell surface imaging, which
these QDs can easily attach to the cell surface receptors based
on the conjugated protein or antibodies, as shown in Fig. 7. Jin
et al. showed the utility of ProteinA conjugated QDs, wherein
HER?2 (anti-human epidermal growth factor receptor 2) in KPL-4
human breast cancer cells were stained using anti-HER2 anti-
body conjugated Protein A-QDs.*® Thus, protein hybridization
with QDs is essential for delivering target drugs into systemic
circulation.

6. Carbohydrate-conjugated HQDs in
cancer treatment

Polysaccharide QDs are widely used due to their distinctiveness
of multifunctional groups with self-biocompatibility and
biodegradability. Polysaccharide-based nanoparticles have
received considerable attention as a transporter in numerous
pharmacological drugs.®® Due to the synergistic effects,
combining nanoparticles with biological molecules has
received significant attention. Recently, the physicochemical
and biological effects of combining natural polysaccharides
with nanomaterials have been studied for high water content
and surface action, which makes it more flexible in size for
various drug delivery systems.'® The physical synthesis of
polysaccharide QDs can be a very effective method for shielding
many bioactive substances, particularly hydrophobic medicines
and biomacromolecules, through the mechanical stability ob-
tained by chemical cross-linking, providing a wider range of
uses and more flexibility.'** In connection with this, conjugated
polysaccharide QDs have high porosity, low weight, and a wide
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surface area to improve drug bioavailability and loading
capacity. A recent study has reported on applying poly-
saccharide nano systems in treating cardiovascular disease,
comprising heparin, chitosan, and numerous other
substances.'” These polysaccharides can act in various ways,
including cell signaling and adhesion, by attaching to the
proper proteins and sending a message that could affect the
proteins biological processes.'® In other cases, the binding
proteins may chemically mimic the system to run the entire
process naturally. Many studies have been published on the
combined use of natural polysaccharides and nanomaterials for
a variety of applications. For instance, it has been discovered
that the drug heparin interacts with nanoparticles comprising
biodegradable and inert synthetic polymers, which might open
new opportunities for biosensors, tissue healing, anticancer
and antitumor therapy, and improved anticoagulant efficacy.**

7. Lipid-conjugated HQDs in cancer
treatment

The novel and fascinating class of nano-range delivery devices
produced by the hybridization of QDs and liposomes enables
the development of multifunctional drug delivery systems.'*
These devices combine the distinctive optical characteristics of
QDs with a lipid functional moiety so that hydrophilic phar-
maceutical chemicals can be kept inside the internal liposome
aqueous core and hydrophobic QDs inserted into the lipid
bilayer.'® Hydrophobic QDs might be easily incorporated into
the lipid bilayer when used on a thin lipid film."” An increased
production of LUV with some MLV, with diameters ranging
from 50 nm to 50 m, was created using this technique.'*®
Compared to when hydrophobic QDs were utilized alone in
toluene, the lipid bilayer's optical stability under storage and UV
exposure was dramatically increased. Unlike encapsulating
hydrophobic QDs, where thin film hydration is frequently used,
hydrophilic QDs can be added to liposomes using several

.
@ o

i A

3 Cytoplasm

QDs conjugated with protein or
Antibody attached to cell surface
receptor

Fig. 7 Schematic representation of the QD bioconjugate synthesis. (Step 1) QDs were activated by a linker, which can attach to the specific
antibody or protein. Furthermore, these QDs conjugated antibodies or proteins were treated with cell lines for imaging or therapy. (Step 2) The
antibody was specific to the cell surface receptor that can interact and attach to the cells. (Step 3) Finally, QDs were conjugated with antibodies or

proteins to form the QD bioconjugate.
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methods.' To synthesize COOH-PEG-lipid coated L-QDs, thin
film hydration with the hydrophobic CdSe/ZnS QDs was used.
Then, sonication was used to insert the hydrophilic QDs into
the aqueous core of liposomes."° The single-step reverse-phase
evaporation approach produced a liposomal system that
transported green hydrophobic and red hydrophilic CdSe/ZnS
QDs into cancer cells.”* After putting the QDs into the L-QDs,
which led to improved photostability compared to conven-
tional QDs, it is possible to quantitatively analyze the QDs
photostability using photoluminescence (PL) spectroscopy.*** It
is possible that the liposome-encapsulated QDs' excellent pho-
tostability will increase their effectiveness as fluorescent
markers."® Another study used three phospholipids with
different melting temperatures to investigate the photostability
of CdSe QDs encased in lipid bilayers of diverse physical states
(Tm)."** The PL of CdSe QDs changed in a phospholipid-
dependent manner while stored at room temperature. They
discovered that the lipid membrane's Tm regulates the optical
and chemical characteristics of the implanted QDs, and that
gel-phase lipid bilayers contained the most stable QDs."** The
liposomal QD hybrid system significantly improves the photo-
stability and biocompatibility of the QDs, enabling both in vitro
and in vivo bio-imaging applications."® The use of such hybrid
liposomal devices has been discussed in a few publications. For
instance, L-QDs-labeled B16F10 cells were infused into the
caudal veins of C57BL/6 mice, and demonstrated that neither
the host animal nor the tagged cells were harmed by the L-QD
labeling.**”

8. Synthetic macromolecules-
conjugated HQDs in cancer treatment

Synthetic macromolecules conjugated with HQDs have photo-
thermal and photodynamic properties that can be utilized in
imaging or as a therapeutic cargo in drug administration, and
are advantageous for bioimaging and treating cancer."*® It is
susceptible and has an excellent temporal and spatial resolu-
tion, which exhibits excellent sensing and imaging cell
targets.*® Carbon QDs (C-QDs) are easily coupled with biolog-
ical species and exhibit outstanding fluorescence, photo-
stability, and photobleaching resistance after being
manufactured and distributed. In numerous studies using C-
QDs with selective cell targeting, malignant cells can be
specifically discovered.” Y. Song et al. studied C-QDs conju-
gated with folic acid (FA) (C-dots-FA). They were able to distin-
guish between folate receptor (FR)-positive cancer cells and
normal cells by culturing and researching NIH-3T3 and HeLa
cells (FR-negative).”*" Similarly, G. Nocito et al. reported that
maleimide-terminated TTA1 aptamers complexed with CDs
(TTA1-CDs) are primarily expressed in HeLa and C6 (a rat
glioma cell line), but not in healthy CHO cells, exhibiting high
fluorescence along cancer cell membranes and minimal
absorption in healthy cells.” Graphene QDs have been applied
in various biomedical imaging in the life sciences with more
efficiency. The employment of magnetic nanoparticles and
GQDs in these hybrids is a potential possibility due to their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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distinct chemical, physical, and biological properties."** A
synthetic nanocomposite, GQD-ConA@Fe;0,, was studied by A.
Dutta Chowdhury et al. for bioimaging of cancer cells in vitro by
conjugating GQDs and magnetic iron oxide (Fe;0,) with
concanavalin A, a lectin protein. This resulted in an effective
approach towards cancer tracking and treatment.** Upon being
coated on a platinum electrode, the nanocomposites were
observed to efficiently detect HeLa cells through electro-
chemical cyclic voltammetry techniques.'* Similarly, Su et al.
developed a less cytotoxic graphene QD (GQD)@Fe;0,@8Si0,,
a luminomagnetic nanoprobe, for in vitro fluorescence
imaging."*® The nanoprobe was synthesized by conjugating
carboxyl-terminated GQDs with Fe;0,@SiO, and functionalized
with folic acid, a molecule targeting for imaging the cancer cells
using the fluorescence resonance energy transfer (FRET)
mechanism.” In contrast, the development of near-infrared
fluorescence-based carbon dots have been shown to have an
effective photostability with low cytotoxicity in the H22 tumor
models of the ICR mice, and reported to use this highly efficient
nanomaterial for photothermal and photoacoustic imaging.'*”
The clinical importance of conjugated QDs in the diagnosis,
drug administration and treatment for various disease condi-
tions are summarized in Table 1.

9. QDs cytotoxicity and its drawbacks

Although QDs have attracted much attention and have started
to be used in preclinical settings, one significant unresolved
concern is their potential for cytotoxicity. According to the
previous reports, QD cytotoxicity can be explained by their
physicochemical characteristics, such as their size, surface
charge, ligands nature, and interactions with other molecules
already present in biological media."®” For instance, when
capping QDs, mercaptoacetic acid has the potential to be cyto-
toxic to the cells. A deleterious effect on cells becomes evident
for mercaptoacetic acid concentrations over 6 pM and for PEG-
silica-coated QDs concentrations above 30 pM.*** Additionally,
the metallic core of the QDs or the process by which the core
dissolves may be poisonous if the coating is disturbed. The ions
used in the core of QDs, cadmium and selenium, are known to
be cytotoxic.” Also, unfavorable in vivo results due to shell
erosion are a possibility. The composition of QDs, which was
seen in in vitro studies, suggests that QDs might be detri-
mental.**® Numerous other investigations have also revealed
that QDs may be systemically distributed, and may accumulate
in organs and tissues like the kidney, spleen, and liver.**® Lovric
et al. reported that rat pheochromacytoma cells were found to
be hazardous when exposed to CdTe QDs coated with mercap-
toacetic acid."** Previous studies reported that the QDs cyto-
toxicity appears to be dose-dependent, as 5 billion QDs micelles
injected into xenopus blastomeres resulted in aberrant cell
morphologies in contrast to when 2 billion micelles were
injected.™® For instance, experiments by Jaiswal et al. using
acute exposures of cells to QDs for 15 min to 2 h observations
showed no cytotoxicity.*** Hanaki et al. used exposure times that
were comparable. However, investigations with exposure
periods ranging from two hours to many days typically revealed
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that the QDs exposure caused cytotoxicity.** Hence, each QDs
type will need to be evaluated individually for its possible
toxicity. It is likely that grouping or categorizing QDs according
to their potential toxicities only based on size or other physi-
cochemical attributes would prove to be challenging early on.

10. Conclusion and future directions

HQDs are organic and biocompatible with alluring bright
nanomaterial properties, which make it possible as an optical
imaging platform. Through proof-of-concept experiments,
recent investigations on QDs have revealed diverse physical and
chemical characteristics. Despite the encouraging news
regarding QDs applications, the specific mechanism of cellular
absorption and the long-term toxicological effects remain
unknown. The shape, physiochemical properties, surface
chemistry, and formulation of QDs are just a few factors
affecting their pharmacokinetics and bio-distribution. Long-
wavelength excitation is required for fluorescence imaging to
simultaneously increase tissue penetration and resolution.
Most of the research in recent years has focused on creating
novel sensing probe chemicals to improve the sensor proper-
ties, including the selectivity, sensitivity, and biocompatibility.
Among the synthesized nanomaterials, HQDs are frequently
used to build the sensor's surface for the interaction of molec-
ular components in the biological system. The research field
now has numerous dimensions, where the dynamics of its
reaction are exposed to stimuli in depth due to the continued
introduction of external stimuli. HQDs act as a unique tool in
both imaging and probing, allowing a study of fundamental
molecular mechanisms and chemistry at the cellular level.
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