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Abstract: The multifaceted role of quantum dots (QDs) in breast cancer research highlights significant
advancements in diagnostics, targeted therapy, and drug delivery systems. This comprehensive
review addresses the development of precise imaging techniques for early cancer detection and the
use of QDs in enhancing the specificity of therapeutic delivery, particularly in challenging cases like
triple-negative breast cancer (TNBC). The paper also discusses the critical understanding of QDs’
interactions with cancer cells, offering insights into their potential for inducing cytotoxic effects and
facilitating gene therapy. Limitations such as biocompatibility, toxicity concerns, and the transition
from laboratory to clinical practice are critically analyzed. Future directions emphasize safer, non-
toxic QD development, improved targeting mechanisms, and the integration of QDs into personalized
medicine, aiming to overcome the current challenges and enhance breast cancer management.
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1. Introduction

The pursuit of quantum dot (QD) products in breast cancer research addresses collec-
tive gaps and challenges across diagnostic and therapeutic domains. One primary area of
focus is the development of targeted imaging and therapeutics, aiming to enhance the pre-
cision and efficacy of cancer treatment modalities. Specific challenges include the need for
the targeted imaging of the HER2 receptor [1], the application of peptide-based quantum
dot nanomedicine for tailored therapeutic delivery [2], and the co-delivery of anti-cancer
siRNAs alongside imaging in triple-negative breast cancer (TNBC), addressing the lack
of targeted therapies in such aggressive cancer types [3]. Recent advancements in semi-
conductor QDs highlight their superior fluorescence, resistance to photo-bleaching, and
tunable light emission, potentially offering more sensitive and specific detection methods
compared to traditional bioimaging technologies. Nevertheless, issues such as cytotoxicity
and nonspecific uptake continue to constrain their broader application [4].

Furthermore, the research seeks to improve drug delivery systems, exemplified by ad-
vancements in photothermal therapy [5,6] and the development of dual stimuli-responsive
nanoparticles for HER2-positive breast cancer therapy [7]. In addition, the use of carbon
dots (CDs) has been identified as promising for enhancing natural imaging techniques and
the delivery of targeted therapies. Despite being in the early stages of research, CDs have
shown potential in bioimaging, drug discovery, and photodynamic therapy, although their
societal impact and safety are still under extensive evaluation [8].

Intracellular dynamics and molecular mechanisms represent another critical research
avenue, with a focus on understanding how QDs interact with and affect cancer cells
at the molecular level. Challenges include studying the intracellular uptake of QDs [9],
investigating induced epigenetic and genotoxic changes [10], assessing apoptosis induc-
tion [11], and exploring the internalization and recycling of folate receptors [12]. QD-based
nanotechnology is also proving instrumental in constructing biomedical imaging platforms
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to study cancer cell behavior and the tumor microenvironment, both in vivo and in vitro,
providing crucial insights into carcinogenesis, invasion, and metastasis [13].

The synthesis of nanomaterials and their cytotoxic effects is another pivotal area of
research. Scientists are exploring the synthesis of carbon and cadmium sulfide quantum dots
to evaluate their antitumor activities and cytotoxic effects against breast cancer cells [14,15].
Additionally, the potential of photodynamic therapy using quantum dot conjugates is being
investigated to enhance treatment efficacy against breast cancer cells [16,17].

Advanced diagnostics and biomarker research are also central to the utilization of
quantum dots in breast cancer, focusing on the early detection of mutations, such as
those in the BRCA1 gene [18], and the quantitative analysis of cancer-related proteins like
IGF1R [19]. Moreover, the use of QDs in glycophenotype analysis [20,21] and the detection
of biomarker co-localization [22,23] highlight the role of these nanomaterials in enhancing
the specificity and sensitivity of cancer diagnostics.

Addressing the therapeutic development challenges is essential for advancing breast
cancer treatment. The absence of effective targeted chemotherapy for TNBC [24] and
the overarching need for advanced theranostic approaches [25] are significant motivators
behind quantum dot research. Moreover, studies on quantum dot detoxification mech-
anisms [26] and gene delivery systems [27], as well as efforts to inhibit breast cancer
metastasis [28], underline the broad spectrum of challenges that quantum dot technology
aims to address in the field of breast cancer research.

2. Quantum Dot Products for Breast Cancer

Quantum dots (QDs) are central to the advancements in nanotechnology, effectively
bridging the disciplines of quantum mechanics and materials science. These tiny semi-
conductors, which are typically 2 to 10 nanometers in size, possess the unique ability to
manipulate the behavior of light and electrons, displaying features not present in bulk
materials.

Research on cadmium-based quantum dots has been comprehensive, with cadmium
selenide (CdSe) quantum dots being fundamental in understanding quantum confinement
effects. This research ranges from examining simple structures [29,30] to exploring more
complex forms like core/shell CdSe@ZnS [31], and even bioconjugated variants tailored
for specific uses [32–34]. Cadmium sulfide (CdS) quantum dots are also recognized for
their electronic properties and versatility, progressing from basic to intricate biologically
conjugated forms [35–37].

Concerns over cadmium’s toxicity led to the development of cadmium-free quantum
dots. Among these, indium-based quantum dots stand out for their near-infrared emissions,
which are vital for biomedical imaging [38]. Additionally, graphene quantum dots (GQDs)
exemplify the adaptability of carbon, being explored for their unique electronic properties
and their potential for integration with various materials [39–43].

Recent innovations in quantum dot technology include the creation of functionalized
quantum dots, such as zinc oxide quantum dots for antibacterial purposes [44,45], and
MXene-derived quantum dots that open new technological possibilities [46].

Quantum dots are notable for their exceptional versatility, allowing them to be cus-
tomized for a wide array of applications. Their conjugation with antibodies turns them
into precise tools for imaging and targeting, shedding light on cellular processes [47–49].
Furthermore, quantum dots can be modified with molecules like PEG to enhance their com-
patibility and functionality, broadening their applications from bioimaging to therapeutic
interventions [1,44,47,50,51]. Advances in delivery systems using quantum dots highlight
their potential in nanomedicine, with modifications that enhance biocompatibility and
efficacy [44,45,52–55]. In targeted and co-delivery systems, quantum dots play a crucial role
in advanced therapy, merging with biomolecules for precise therapeutic delivery, marking
significant progress in medical nanotechnology [2,3,12,18,19,21–23,56,57].

Quantum dots represent a dynamic and influential element in nanotechnology’s
progress, merging deep quantum mechanical insights with practical applications, and
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driving significant scientific and technological advancements. Their capacity for tailored
design and application-specific utility features their importance in ongoing research and
development, paving the way for innovative solutions.

3. Diagnostic and Imaging Enhancements

The research explored the application of far-red and near-infrared fluorescent quan-
tum dots (QDs) for imaging tumors in nude mice with HER2/neu-positive breast cancer
xenografts. These quantum dots were either coated with polyethylene glycol, making
them bioinert, or they were attached to anti-HER2/neu scFv antibodies, targeting the
tumors specifically. Both types of quantum dots successfully enabled the visualization
of the tumors, with the anti-HER2/neu-conjugated quantum dots exhibiting a more in-
tense fluorescent signal. This indicates that both bioinert and targeted quantum dots are
effective in tumor imaging, with the targeted approach yielding a stronger fluorescence,
specifically in the tumor areas [47]. Another development was the creation of a quantum
dot (QD)-based double-color imaging technique to analyze HER2 levels in breast cancer
cells and type IV collagen in the tumor matrix. This dual-imaging approach enabled the
simultaneous observation of HER2 expression and matrix alterations, providing direct
insights into the correlation between HER2 levels and the invasive characteristics and blood
vessel penetration of breast cancer, thus underlining the significant link between HER2
expression and the aggressiveness of breast cancer [58].

In another study, graphene quantum dots conjugated with pembrolizumab (GQDs-
pembrolizumab) were developed for breast cancer imaging. Pembrolizumab is known for
targeting PD-1 and PD-L1 immune checkpoints. Various characterization techniques, in-
cluding transmission electron microscopy (TEM), atomic force microscopy (AFM), and spec-
troscopy, were employed. These nanoconjugates were then radiolabeled with technetium-
99m (Tc-99m) for imaging and assessing distribution in mice with 4T1 tumors, revealing
high activity at the tumor site. This demonstrates the potential of using radiopharmaceutical-
based quantum dots conjugated with immune checkpoint monoclonal antibodies for the
specific targeting and imaging of breast cancer [39].

Further research utilized quantum dots conjugated with an EGFR antibody for the
in vivo imaging of metastasis in human breast cancer cells within mice. This particular
study concentrated on the visualization of liver metastasis by labeling MDA-MB231 breast
cancer cells with QDs-EGFR antibody. Through this method, the metastasis of the can-
cer cells in the liver was successfully imaged using confocal microscopy, highlighting
the technique’s capability in detecting and visualizing the process of single cancer cell
metastasis in vivo [48]. Another study introduced indium-based near-infrared emitting
quantum dots (In-based QDs) as a safer alternative to cadmium-based QDs for sentinel
lymph node imaging in breast cancer, attributed to their reduced toxicity. The use of
CuInS2/ZnS quantum dots and their distribution within the body were examined through
inductively coupled plasma mass spectroscopy (ICP-MS). The findings indicated that these
indium-based quantum dots exhibit low toxicity and are effective for imaging sentinel
lymph nodes in breast cancer, irrespective of the metastatic status of the disease [38]. An-
other aspect of research discussed the application of quantum dots in optimizing sentinel
lymph node mapping in breast cancer diagnosis and treatment. The study emphasized the
benefits of using near-infrared quantum dots for image-guided tumor resection, while also
addressing the challenges related to the elimination of quantum dots and the potential for
their accumulation in the body. This highlights the utility of quantum dots in enhancing
sentinel lymph node mapping and tumor margin delineation, albeit with considerations
for their long-term effects [59].

The use of onion-like quantum dot quantum well (QDQW) heteronanocrystals (CdSe/
ZnS/CdSe/ZnS) implanted at tumor sites to improve the sensitivity of thermal imaging
for early-stage breast cancer detection was investigated. The study employed a two-
dimensional finite element method to simulate bioheat transfer and assess the impact of
the QDQW heteronanocrystals on the temperature profile at the tumor site. The results
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demonstrated enhanced sensitivity in thermal imaging for detecting early-stage breast
cancer, facilitated by the unique structure of the quantum dots [60]. Cadmium selenium
quantum dots (QDs) with and without silver coating were utilized to modulate light
transmission. This technology has been adapted for medical use, specifically to differentiate
between healthy and cancerous blood cells, which is crucial for the early detection of breast
cancer. This advancement in detection technology could potentially transform how early
breast cancer is diagnosed, thereby significantly enhancing treatment success and patient
recovery rates [61].

Investigating quantum dot-based immunofluorescent (QD-IHC) technology for imag-
ing HER2 and ER in breast cancer tissue microarrays aimed to elucidate tumor heterogeneity.
The findings revealed that QD-IHC provides a sharper and more sensitive portrayal of
breast cancer heterogeneity compared to conventional immunohistochemistry techniques,
emphasizing its significance in advancing the comprehension of breast cancer’s intricate
nature [62]. Additionally, the use of quantum dot bioconjugates for the in situ molecular
profiling of breast cancer biomarkers was discussed, illustrating the capacity of multicolor
quantum dots for the multiplexed and quantitative detection of tumor biomarkers in both
cells and tissues, thereby offering substantial contributions to the field of molecular pathol-
ogy [32]. The preferential accumulation of CdSe quantum dots in the cytoplasm of breast
cancer cells highlights their potential as fluorescent labels for tumor imaging and therapeu-
tic applications. This preferential localization suggests a promising avenue for the use of
quantum dots in both tumor imaging and therapy, offering a targeted approach to cancer
treatment [29]. The development of cadmium-free, biocompatible zinc-copper-indium-
sulfide (ZnCuInS2) quantum dots was highlighted, noting their long fluorescence lifetimes
and utility as bioimaging probes. These probes are particularly effective in suppressing
cell autofluorescence and improving the signal–background ratio in highly autofluorescent
human breast cancer cells. This advancement suggests a significant potential for these quan-
tum dots in providing safer diagnostic options with improved imaging capabilities [63].

Table 1 summarizes key quantum dot (QD) enhancements for breast cancer imaging.
Each entry outlines specific QD properties and their applications, including fluorescence,
conjugation with antibodies, multiplexed detection capabilities, and suitability for in vivo
imaging. The outcomes highlight effective tumor visualization, the precise targeting of
biomarkers, and potential clinical applications in breast cancer molecular pathology.

Table 1. Quantum dot enhancements for breast cancer imaging.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Cadmium selenide (CdSe) quantum
dots

Preferential accumulation in the
cytoplasm for tumor
imaging/therapy

Pros: effective for imaging specific
cellular components. Cons: potential
toxicity due to cadmium content.

[29]

Multicolor quantum dot
bioconjugates

Potential for in situ molecular
profiling in molecular pathology

Pros: multifunctional with robust
imaging capabilities. Cons: complexity in
synthesis and potential bioaccumulation
issues.

[32]

Indium-based near-infrared
emitting quantum dots
(CuInS2/ZnS)

Effective in SLN imaging; exhibited
low toxicity

Pros: lower toxicity compared to other
quantum dots. Cons: limited data on
long-term effects and complete
biocompatibility.

[38]

Graphene quantum dots conjugated
with pembrolizumab

High tumor activity and specific
targeting using a radiolabeled probe

Pros: the innovative combination of
immunotherapy and imaging. Cons:
complex synthesis, and unknown
long-term biodistribution.

[39]

Cadmium selenide (CdSe) quantum
dots conjugated with PEG and
anti-HER2/neu scFv antibodies

The effective visualization of
tumors with strong fluorescent
signals

Pros: targeted imaging capabilities. Cons:
the use of cadmium raises environmental
and health concerns.

[47]
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Table 1. Cont.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Quantum dots conjugated with
EGFR antibody

Enabled the in vivo imaging of
single cancer cell metastasis in the
liver

Pros: high specificity and detailed
imaging. Cons: potential issues with
targeting efficiency and off-target effects.

[48]

Quantum dot-based double-color
imaging system targeted at HER2

Linked HER2 expression to the
invasive behavior of breast cancer
cells

Pros: provides dual imaging options
enhancing diagnostic capabilities. Cons:
complexity in application and
interpretation of results.

[58]

Near-infrared quantum dots
Potential for SLN mapping and
tumor margin delineation, with
slow elimination concerns

Pros: enhanced deep tissue imaging.
Cons: risks associated with long-term
body retention.

[59]

Onion-like quantum dot quantum
well (QDQW) heteronanocrystal
(CdSe/ZnS/CdSe/ZnS)

Enhanced thermal imaging
sensitivity for early-stage breast
cancer detection

Pros: improved imaging sensitivity. Cons:
still in the early stages of research;
long-term safety unknown.

[60]

Quantum dots conjugated with
antibodies for HER2 and estrogen
receptor (ER)

Provided a clearer and more
sensitive depiction of breast cancer
heterogeneity

Pros: increased clarity and sensitivity
over conventional methods. Cons:
requires precise control over antibody
conjugation.

[62]

Cadmium-free, zinc copper indium
sulfide (ZnCuInS2) quantum dots

Improved signal–background ratio
in imaging, highlighting the
potential for non-toxic diagnostics

Pros: non-toxic and biocompatible. Cons:
may face challenges in commercial
scale-up.

[63]

Quantum dots (CdSe, CdS) with a
zinc sulfide (ZnS) shell,
encapsulated in biocompatible
coatings

The precise targeting of breast
cancer masses and biomarkers

Pros: excellent specificity and
biocompatibility. Cons: potential
environmental impact and production
costs.

[64]

Cadmium selenium QDs with and
without silver coating, for light
transmission modulation.

Differentiates between healthy and
cancerous blood, enabling early
breast cancer detection.

Pros: early detection capabilities enhance
treatment outcomes. Cons: involves the
complex synthesis and characterization
of QDs; potential toxicity of cadmium.

[61]

4. Quantum Dot-Based Biomarker Detection in Breast Cancer

Researchers developed nitrogen-enhanced carbon quantum dots (N-CQDs) on a
graphite sheet substrate to create an immunoelectrode for the electrochemical detection of
the HER2 breast cancer biomarker. The immunoelectrode, modified with bovine serum
albumin (BSA) and a HER2 antibody, exhibited high sensitivity and specificity in detecting
HER2 in blood samples, highlighting its potential for accurate breast cancer diagnosis
(Figure 1) [65]. Quantum dot-based immunofluorescence technology was used for the
quantitative analysis of HER2 expression in breast cancer. This approach involved creating
a quantum dot HER2 probe kit and developing image acquisition and analysis software.
When applied to clinical samples, this method provided the precise and sensitive detection
of HER2, outperforming traditional diagnostic techniques [66]. Further research employed
quantum dot-based nanotechnology and spectral analysis to quantify the total HER2 load in
breast cancer tissues. This method combined molecular and macropathological indicators,
such as HER2 levels and tumor size, to uncover the heterogeneity of breast cancer and
identify new subtypes with varying prognoses. This advancement could lead to more
personalized therapeutic approaches for patients with breast cancer [67].
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providing clear differentiation between antigen levels and enhancing the accuracy of can-
cer diagnosis [68]. An innovative immunoassay was introduced that employs gold nano-
spears electrochemically assembled onto thiolated graphene quantum dots (CysA/GQDs) 
for detecting the breast cancer-specific carbohydrate antigen CA 15-3. This hybrid inter-
face effectively immobilized the CA 15-3 antigens, enhancing the bioactivity and stability 
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cell lysates, with the assay’s construction and performance evaluated using various spec-
troscopic and electrochemical techniques. This method achieved the ultrasensitive detec-
tion of CA 15-3 with high specificity, proving its potential for early breast cancer diagnosis 
[69]. 

Figure 1. Shows a schematic illustration of nitrogen-enchanced carbon quantum dots (N-CQDs) on a
coated graphite sheet (GS) substrate (N-CQDs/GS) for the electrochemical detection of breast cancer
biomarker: human epidermal growth factor receptor 2 (HER2). This bovine serum albumin (BSA)-
modified HER2 antibody/N-CQDs/GS immunoelectrode was highly stable and specific for untreated
blood samples, and provided a linear response range and low detection limit of 0.1–1 ng/mL and
4.8 pg/mL, respectively [65].

The development of a disposable electrochemical immunosensor utilizing core/shell
CdSe@ZnS quantum dots was aimed at detecting the extracellular domain of the human
epidermal growth factor Receptor 2 (HER2-ECD) in human serum. Using bare screen-
printed carbon electrodes as the transducer, this sensor demonstrated a low detection limit
and reliable performance, making it a promising tool for screening HER2-ECD in serum
samples [31]. Additionally, an assay using core/shell streptavidin-modified CdSe@ZnS
quantum dots, combined with immunomagnetic beads, was developed for the voltammet-
ric analysis of HER2-ECD and breast cancer cells in human serum. This method, which
involved carboxylic acid-functionalized magnetic beads and a screen-printed carbon elec-
trode, achieved the sensitive and selective detection of HER2-ECD and HER2-positive
breast cancer cells, offering a robust approach for breast cancer diagnostics [33].

A lab-on-a-bead microarray design was introduced, utilizing quantum dots as fluo-
rescent tags on beads for the quantitative detection of breast and ovarian cancer markers
(CA 15-3, CEA, and CA 125) in human serum. Employing flow cytometry for marker
identification, this system facilitated the multiplexed analysis of cancer markers in serum,
providing clear differentiation between antigen levels and enhancing the accuracy of cancer
diagnosis [68]. An innovative immunoassay was introduced that employs gold nanospears
electrochemically assembled onto thiolated graphene quantum dots (CysA/GQDs) for
detecting the breast cancer-specific carbohydrate antigen CA 15-3. This hybrid interface
effectively immobilized the CA 15-3 antigens, enhancing the bioactivity and stability of the
assay. Its efficacy in detecting CA 15-3 was validated in human plasma and MCF-7 cell
lysates, with the assay’s construction and performance evaluated using various spectro-
scopic and electrochemical techniques. This method achieved the ultrasensitive detection
of CA 15-3 with high specificity, proving its potential for early breast cancer diagnosis [69].

The development of a quantum dot (QD)-based microfluidic method for quantifying
multiple biomarkers in breast cancer cells marked a significant advancement in diagnostic
technologies. This method, known as quantum dot-based microfluidic multiple biomarker



Materials 2024, 17, 2152 7 of 40

quantification (QD-MMBQ), enables the immunochemical labeling of over eight proteins on
cell blocks in less than an hour. It offers the enhanced quantification of multiple biomarkers
with reduced nonspecific binding compared to traditional methods, demonstrating its
efficiency and effectiveness in cancer diagnostics [70].

Researchers also developed an electrochemical biosensor composed of a film of gold
nanoparticles, graphene quantum dots, and graphene oxide (AuNPs/GQDs/GO). This
biosensor, designed for the simultaneous detection of multiple clinically relevant microR-
NAs in breast cancer, utilizes anthraquinone (AQ), methylene blue (MB), and polydopamine
(PDA) as redox indicators. These indicators anchor captured miRNA probes, providing
the ultrasensitive and selective detection of multiple microRNAs in human serum, thus
enhancing the diagnostic accuracy for breast cancer [42].

Another innovative approach led to the creation of a nano-biosensor using cadmium
selenide (CdSe) quantum dots (QDs) for detecting the 185delAG mutation in the BRCA1
gene. By attaching a P2-NH2 strand covalently to QDs with carboxylic acid groups, the
QD-P2 complex was formed, which interacted with complementary DNA (cDNA) and
mutated DNA (mDNA), resulting in emission property changes. This method identified
mutations in the BRCA1 gene with high sensitivity, offering a promising tool for genetic
screening in breast cancer [30].

In addition, cadmium sulfide (CdS) quantum dots were utilized for the optical sensing
of breast cancer antigen 15.3 (CA 15.3). By modifying the surface of CdS-QDs with cys-
teamine and tagging them with CA 15.3 antibodies, researchers were able to study antigen–
antibody interactions using spectroscopic and microscopic techniques. This method demon-
strated the ability to detect low concentrations of CA 15.3, showing potential for the
development of sensitive biosensors for breast cancer detection (Figure 2) [35].
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Figure 2. A schematic illustration of the comparison for the optical detection of CA 15.3 breast cancer
antigen biomarkers. (a) Cds QD and (b) an automated kit. This Ab-Cys-CdS QD-based assay showed
higher sensitivity and was able to detect the CA 15.3 biomarker even at a very low concentration of
0.002 KU/L when compared to the automated assays [35].

A bioconjugate of cadmium sulfide-selenide/zinc sulfide (CdSSe/ZnS) core/shell
quantum dots with anti-estrogen alpha (ER alpha) antibody was developed for the molec-
ular sensing of the breast cancer antigen ER alpha. Through optimized bioconjugation
and fluorescence resonance energy transfer (FRET), this approach achieved high FRET effi-
ciency and the sensitive detection of ER alpha, indicating a wide linear range for potential
diagnostic applications [36].
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Furthermore, the synthesis of thiol-stabilized water-soluble cadmium sulfide (CdS) quan-
tum dots, functionalized with human transferrin protein siderophiline, was detailed. These
customized quantum dots were tailored for visualizing MCF7 breast cancer cells, displaying
intense green fluorescence upon specific excitation parameters. Through characterization via
dynamic light scattering and fluorescence microscopy, these quantum dots facilitated the precise
imaging of cancer cells with notable fluorescence while preserving satisfactory cell viability,
underlining their promise for applications in targeted cancer diagnostics [37].

Researchers developed a novel electrochemiluminescence (ECL) sensor using an
MXene-derived quantum dot (MQD) and gold nanobone (Au NB) heterostructure. Syn-
thesized through a green process, this heterostructure enhanced the ECL signal for the
detection of miRNA-26a in the serum of patients with triple-negative breast cancer. The
sensor provided strong signal enhancement and efficient electron transfer, facilitating the
sensitive detection of miRNA-26a, which is crucial for diagnosing this aggressive breast
cancer subtype [46].

An N-doped graphene quantum dots (N-GQDs)-decorated tin sulfide (SnS2) nanocom-
posite was designed using a hydrothermal method for a non-enzymatic electrochemical
sensor. This sensor aimed at the in situ monitoring of hydrogen peroxide (H2O2) secreted
by human breast cancer cells, leveraging the conductive properties of N-GQDs and SnS2
nanosheets. The sensor exhibited the efficient and stable sensing of H2O2, with a wide
detection range and low detection limit, offering a promising approach for monitoring
cancer cell activity [41].

Quantitative spectral analysis was employed to molecularly classify breast cancer,
utilizing quantum dots for the examination of hormone receptors (HRs) and human epider-
mal growth factor receptor 2 (HER2). Through the integration of quantitative data on HER2
and HRs, this investigation revealed the heterogeneity of breast cancer and delineated five
molecular subtypes characterized by distinct prognoses. This effort established a novel
molecular classification system for the disease [71].

A single quantum dot (QD)-based Forster resonance energy transfer (FRET) biosensor
was developed for the sensitive detection of METTL3/14 complex activity in breast cancer
tissues. This biosensor operates by preventing the cleavage of a substrate probe by the
METTL3/14 complex, leading to nanostructure formation that facilitates FRET between
the QD and a fluorophore. This approach allowed for the extremely sensitive detection
of METTL3/14 complex activity, enabling detailed cell-level analysis and screening for
potential inhibitors [72].

Table 2 presents quantum dot (QD)-based approaches for biomarker detection in
breast cancer. These methods demonstrate enhanced sensitivity and specificity in detecting
biomarkers such as HER2, microRNAs, and hormone receptors, enabling the accurate
quantification and identification of breast cancer subtypes. The table highlights diverse ap-
plications, including electrochemical biosensing, fluorescent labeling, and spectral analysis,
displaying the potential of QD-based technologies for precise and multiplexed biomarker
detection in breast cancer research.

Table 2. Quantum dot biomarker detection in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Cadmium selenide (CdSe)
quantum dots with carboxylic
acid

Identified mutations in the
BRCA1 gene with high sensitivity

Pros: high sensitivity and specificity for gene
mutation detection. Cons: cadmium content
raises toxicity concerns.

[30]

Core/shell CdSe@ZnS quantum
dots with an electroactive label

Low detection limit and reliable
HER2-ECD screening in serum

Pros: effective in detecting low
concentrations of markers. Cons: limited to
specific electrochemical detection setups.

[31]

Core/shell streptavidin-modified
CdSe@ZnS quantum dots

The sensitive detection and
selective identification of
HER2-positive cells

Pros: high specificity for targeted cancer cell
detection. Cons: potential streptavidin
bioactivity issues.

[33]
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Table 2. Cont.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Cadmium sulfide (CdS) quantum
dots modified with cysteamine

Capable of detecting low
concentrations of CA 15.3 for
biosensor development

Pros: promising for early cancer marker
detection. Cons: the stability and
biocompatibility of CdS need clarification.

[35]

Cadmium sulfoselenide/zinc
sulfide (CdSSe/ZnS) quantum
dots

High FRET efficiency and the
sensitive detection of ER alpha

Pros: effective for molecular sensing with a
wide detection range. Cons: complex
synthesis may limit practical use.

[36]

Cadmium sulfide quantum dots
modified with human transferrin
protein

Enabled the targeted imaging of
cancer cells

Pros: specific targeting capabilities. Cons:
concerns about cadmium toxicity remain. [37]

Graphene quantum dots
produced by electrochemical
exfoliation

High sensitivity and low
detection limit for CD44 detection

Pros: excellent sensitivity and broad
application potential in biosensing. Cons:
scale-up and reproducibility may be
challenging.

[40]

N-doped graphene quantum
dot-incorporated SnS2 nanosheets

The efficient and stable sensing of
H2O2 with a wide detection range

Pros: robust and stable electrocatalytic
performance. Cons: application beyond lab
settings not proven.

[41]

Gold nanoparticles/graphene
quantum dots/graphene oxide
film composite

The ultrasensitive and selective
detection of multiple microRNAs
in serum

Pros: high sensitivity and selectivity in
complex biological samples. Cons:
complexity in fabrication and potential cost
issues.

[42]

MXene-derived quantum dots
@gold nanobone heterostructure

Strong signal enhancement for
sensitive miRNA-26a detection

Pros: enhanced electrochemiluminescence
for sensitive detection. Cons: integration into
clinical settings needs further study.

[46]

Nitrogen-enhanced carbon
quantum dots on graphite sheet

Excellent sensitivity and
specificity for HER2 detection in
blood

Pros: high performance with stability in
sensing. Cons: limited information on the
long-term viability of sensors.

[65]

Quantum dot-based probes for
HER2 using immunofluorescent
technology

Accurate and sensitive HER2
detection, superior to
conventional methods

Pros: provides clear advantages over older
diagnostic methods. Cons: dependence on
specific instrumentation for analysis.

[66]

Quantum dots integrated with
spectral analysis for HER2 load

Identified new BC subtypes
enhancing personalized therapy

Pros: innovative approach to BC subtype
classification. Cons: requires detailed
spectral analysis capabilities.

[67]

Quantum dots as bead-bound
fluorescent tags in flow cytometry

Enabled the multiplexed serum
analysis of cancer markers

Pros: enhances multiplexing capabilities in
flow cytometry. Cons: potential for overlap
in fluorescence spectra.

[68]

Thiolated graphene quantum dots
and gold nanospears

The ultrasensitive detection of CA
15-3 in plasma and cell lysates

Pros: high sensitivity and specificity in
immunoassays. Cons: complex
manufacturing process may impede
widespread use.

[69]

Quantum dot-based labels in a
microfluidic platform

Enhanced the quantification of
biomarkers with less nonspecific
binding

Pros: improves accuracy and reduces errors
in microfluidic assays. Cons: microfluidic
device integration may be technically
demanding.

[70]

Quantum dots for quantitative
spectral analysis in breast cancer
classification

Established a new molecular
classification revealing BC
heterogeneity

Pros: leads to better-targeted therapies based
on molecular profile. Cons: high-tech
approach that may not be accessible
everywhere.

[71]

Single quantum dot-based FRET
biosensor for METTL3/14
complex

Extremely sensitive detection
enabling cell-level analysis and
screening

Pros: high sensitivity suitable for drug
screening. Cons: FRET efficiency can vary
depending on experimental conditions.

[72]
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5. Quantum Dot Targeting and Detection of HER2 in Breast Cancer

A new immunohistochemical technique was developed that employs quantum dot-
conjugated trastuzumab for single-particle imaging to quantitatively assess the HER2
expression level in breast cancer tissues. This method allows for the precise calculation of
quantum dot-conjugated trastuzumab particles binding specifically to cancer cells, thereby
offering an accurate measurement of HER2 protein levels. This quantification correlates
with the HER2 gene copy number and potential therapy outcomes, presenting a step
forward in personalized cancer treatment [73]. Semiconductor quantum dots conjugated
with monoclonal anti-HER2 antibody (Trastuzumab) were employed for the molecular
imaging of breast cancer cells. These quantum dots were used to label the cell membranes
of the HER2-overexpressing breast cancer cells, aiming to develop a method for in vivo
fluorescent cancer imaging. This application showed a clear in vivo imaging of breast
cancer cells, indicating a promising future for quantum dots in cancer imaging and drug
tracking applications [74]. Furthermore, three types of anti-HER2 antibody-conjugated
quantum dots (HER2Ab-QDs) were synthesized using different coupling agents. These
conjugates utilized glutathione-coated CdSe/CdZnS quantum dots (GSH-QDs), charac-
terized through various techniques such as dynamic light scattering and fluorescence
correlation spectroscopy. The synthesized quantum dots proved to be effective probes for
detecting HER2 expression in breast cancer cells, offering valuable tools for the fluorescence
imaging of cancerous cells and potentially improving diagnostic and therapeutic strategies
(Figure 3) [34].
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Figure 3. Shows a schematic illustration of the coupling reactions between GSH-QDs and anti-HER2
antibodies using coupling agents: (a) EDC/sulfo-NHS, (b) iminothiolane/sulfo-SMCC, and (c) sulfo-
SMCC coupling. The HER2Ab-QD prepared with SMCC coupling was found to be the most effective
probe for detecting HER2 expression in KPL-4 cells [34].

Another study presented a technique for assessing the labeling efficiency of the quan-
tum dots used to label HER2 in breast cancer cells, utilizing correlative light and liquid-
phase electron microscopy. This method enabled the correlation of fluorescence intensities
with the molecular densities of the quantum dots, thereby refining the labeling process. The
outcome was a notably high labeling efficiency, allowing for the precise quantification of
the HER2 expression levels in cells, thereby improving the accuracy of cancer diagnosis and
treatment planning [75]. Ultra-small quantum dots, conjugated to single-domain anti-HER2
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antibodies, were utilized for the immunolabeling of breast and lung cancer cell lines. This
research compared the staining capabilities of these conjugates with traditional organic
dyes, revealing a superior staining and detection sensitivity for HER2 in cancer cell lines.
This finding highlights the potential of these quantum dot conjugates in improving early
cancer biomarker detection (Figure 4) [76].
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Figure 4. Showing an illustration of a highly sensitive ultra-small and bright nanoprobe based on
QDs conjugated to a single-domain anti-HER2 (human epidermal growth factor receptor 2) antibody
(sdAb) that achieved superior staining conjugate for the detection of lung cancer cell with differential
HER2 expression. The sdAbs–QD conjugates provided superior staining showing potential for the
development of a more sensitive assay for cancer biomarkers [73].

A quantum dot (QD)-based approach was developed for hyper multicolor high-
content single-cell imaging cytometry, enabling the simultaneous monitoring and quantita-
tive estimation of breast cancer receptors such as EGFR1, HER2, ER, and PR. This method,
utilizing different QD-antibody conjugates, allows for the quantitative classification of
breast cancer subtypes by analyzing their molecular profiles. It facilitated a detailed classi-
fication of breast cancer subtypes and uncovered significant tumor heterogeneity, thereby
enhancing the understanding of breast cancer biology, and aiding in tailored treatment
strategies [77].

A quantum dot-based detection system was introduced for tracking HER2 in breast
cancer cells and tissues employing QD525 and HER2-specific monoclonal antibodies. This
study demonstrated the superior optical properties and sensitivity of quantum dots com-
pared to FITC dye, exhibiting higher fluorescence intensity and photostability. This en-
hanced sensitivity for HER2 detection suggests that quantum dots could provide a more
effective means for studying cancer cell dynamics and aiding in targeted cancer therapy [78].

Researchers also developed a technique for the selective collection and detection of
MCF-7 breast cancer cells using aptamer-functionalized magnetic beads and quantum dots.
In this method, the Mucin 1 protein (MUC1) aptamer was attached to magnetic beads, and
CdTe quantum dots were coupled with the nucleolin aptamer AS1411 and coated on silica
nanoparticles. This dual-aptamer bio-probe demonstrated an enhanced selectivity and
sensitivity in detecting MCF-7 cells, achieving a detection limit of 85 cells per milliliter,
showing promise for early cancer detection [79].

A single-cell analysis platform was fabricated using solid-state zinc-adsorbed carbon
quantum dots (ZnCQDs) as an electrochemiluminescence (ECL) probe. This platform
was designed for the detection and evaluation of CD44 expression on breast cancer cells,
where ZnCQDs were combined with gold nanoparticles and magnetic beads to boost the
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ECL signal. Hyaluronic acid functionalization facilitated the specific targeting of cells,
significantly enhancing the ECL intensity and enabling the precise evaluation of the CD44
expression levels, contributing to the advancement of cancer diagnostics [80].

Blue, fluorescent nitrogen-doped graphene quantum dots (N-GQDs) were synthesized
from citric acid and diethylamine via a hydrothermal synthesis. These N-GQDs were
conjugated with hyaluronic acid (HA) to target CD44 overexpressed on MCF-7 breast
cancer cells. The process highlighted the importance of nitrogen doping for efficient amide
bond formation, which facilitated HA conjugation and effective cell targeting. This method
demonstrated a high fluorescence and low toxicity in cancer cell identification, suggesting
its potential for accurate cancer diagnostics [43].

A water-soluble biomarker was developed using CuInS2/ZnS quantum dots (QDs)
conjugated with an anti-Ki-67 monoclonal antibody. The initially hydrophobic QDs were
coated with octadecyl amine and encapsulated with a biocompatible polymer before being
conjugated to the antibodies. The resulting QD-Ki-67 probes enabled the detection of Ki-67
expression in breast cancer, offering new possibilities for bioimaging and diagnosis in the
field of oncology [81].

Furthermore, different functionalized quantum dots were employed for dual-color in
situ fluorescence imaging to study the coevolution of CD68 and CD47 in breast cancer. This
research utilized high spatial resolution imaging to provide the observable evidence of the
interactions between cancer cells and macrophages, enhancing the understanding of the
tumor microenvironment and its implications for cancer progression and prognosis [82].

Table 3 highlights various quantum dot (QD) formulations and their applications in
targeting and detecting HER2 in breast cancer. These QD formulations demonstrate an
enhanced sensitivity and specificity in detecting HER2, facilitating the precise quantification
of HER2 protein levels and enabling a clear in vivo imaging of breast cancer cells. The
table highlights diverse approaches, including conjugation with specific antibodies, the
optimization of labeling procedures, and the utilization of multicolor imaging techniques,
underscoring the potential of QD-based technologies for targeted imaging and diagnosis in
breast cancer research.

Table 3. Quantum dot targeting of HER2 in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Cadmium selenide/cadmium zinc
sulfide (CdSe/CdZnS) quantum
dots conjugated with anti-HER2
antibody

Effective probes for detecting HER2
expression in breast cancer cells

Pros: the specific targeting of cancer
markers. Cons: the potential toxicity of
cadmium-based materials.

[34]

Nitrogen-doped graphene quantum
dots (N-GQDs) conjugated with
hyaluronic acid (HA)

High fluorescence and low toxicity
in cancer cell identification

Pros: low toxicity and high fluorescence
for safe diagnostics. Cons: the durability
of fluorescence in clinical settings needs
validation.

[43]

CdSe/ZnS quantum dots
multiplexed with PEG and EGF

Quantified EGFR expression and
monitored receptor regulation
post-therapy

Pros: effective in the dynamic monitoring
of therapy effects. Cons: complexity in
clinical adaptation.

[50]

Quantum dot-conjugated
trastuzumab

The precise quantification of HER2
protein levels, correlating with gene
copy number and therapy outcomes

Pros: high precision in protein-level
quantification. Cons: specificity to HER2
might limit broader application.

[73]

Polyethylene glycol coated
quantum dot conjugated with
anti-HER2 antibody (Trastuzumab)

A clear in vivo imaging of breast
cancer cells

Pros: improved imaging quality and
photostability. Cons: PEGylation might
affect binding efficiency in some cases.

[74]
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Table 3. Cont.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Quantum dots with high labeling
efficiency (83%) for HER2

High labeling efficiency enabling
the quantification of HER2
expression levels in cells

Pros: high efficiency in target labeling.
Cons: limited information on the impact
on cell viability.

[75]

Quantum dots conjugated with
single-domain anti-HER2
antibodies

Superior staining and detection
sensitivity for HER2 in cancer cell
lines

Pros: enhanced detection sensitivity.
Cons: the potential for nonspecific
binding needs to be evaluated.

[76]

Quantum dot–antibody conjugates
for EGFR1, HER2, ER, and PR

Facilitated the quantitative
classification of BC subtypes and
revealed significant tumor
heterogeneity

Pros: allows for detailed single-cell
analysis and subtype differentiation.
Cons: complexity in simultaneous
detection and analysis.

[77]

Quantum dot (QD525) conjugated
with home-made HER2-specific
monoclonal antibodies

Higher fluorescence intensity and
stability, enhancing sensitivity for
HER2 detection

Pros: improved optical properties for
better diagnostic performance. Cons:
consistency in antibody performance
needs thorough assessment.

[78]

Cadmium telluride (CdTe)
quantum dots on silica
nanoparticles (SiO2 NPs)

Enhanced selectivity and sensitivity
in detecting MCF-7 cells with a low
detection limit

Pros: high selectivity and enhanced
detection capabilities. Cons: cadmium
toxicity remains a significant concern.

[79]

Solid-state zinc-adsorbed carbon
quantum dots (ZnCQDs) on gold
nanoparticles and magnetic beads

Significant enhancements in ECL
intensity, evaluating CD44
expression levels

Pros: improved signal strength for
sensitive analysis. Cons: the integration
of multiple materials may affect
reproducibility.

[80]

CuInS2/ZnS quantum dots
conjugated with anti-Ki-67
monoclonal antibodies

The detection of Ki-67 expression in
breast cancer, suitable for
bioimaging and diagnosis

Pros: low toxicity with high quantum
yield, suitable for long-term studies.
Cons: specificity and long-term effects in
in vivo applications need further
research.

[81]

Dual-color functionalized quantum
dots for the in situ fluorescence
imaging of CD68 and CD47

Direct observable evidence of the
coevolution of CD68 and CD47 in
breast cancer, aiding in prognosis
evaluation

Pros: high spatial resolution enhances the
understanding of the tumor
microenvironment. Cons: requires
sophisticated imaging technology for
analysis.

[82]

6. Quantum Dot Applications in Hormone and Protein Biomarker Detection

A highly selective optical sensor based on nitrogen- and sulfur-doped carbon quan-
tum dots (N/S-doped CQDs) was developed to assess the levels of human chorionic
gonadotropin beta-hCG in the serum of the patients with breast and prostate cancer. The
sensor, engineered to emit blue luminescence at specific wavelengths, responds to the
varying concentrations of beta-hCG, offering a sensitive method for the assessment of this
cancer biomarker in serum samples. This innovation promises the highly selective and
sensitive detection of beta-hCG levels with low detection thresholds (Figure 5) [83].

An electrochemical biosensor was devised for the ultrasensitive detection of MCF-7
breast cancer cells in human serum employing nitrogen-doped graphene quantum dots
(NGQDs) and phytohemagglutinin-L (PHA-L) deposited on screen-printed electrodes.
Synthesized via a microwave-assisted hydrothermal method and coupled with PHA-L, the
NGQDs not only enhanced electrical conductivity but also exhibited selective targeting of
MCF-7 cells, demonstrating the biosensor’s potential for early and precise breast cancer
diagnosis. This advancement highlights the biosensor’s significant sensitivity and speci-
ficity, indicating potential breakthroughs in early cancer detection with exceptionally low
detection limits [84].
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Figure 5. Shows results achieved for luminescence emission spectra of N/S-dopes CQDs in human
chorionic gonadotropin β-hCG in the serum of the patients with breast and prostate cancer created
from a low-cost highly selective method in the presence of different concentrations of β-hCG in
DMSO at λex = 288 nm. The method was successful in measuring the PCT in samples, used to assess
biomarkers for cancer diseases in the body, achieving a dynamic range of 1.35–22.95 mU mL−1, with
the limit of detection (LOD) and quantitation limit of detection (LOQ) of 0.235 and 0.670 mU mL−1,
respectively [83].

Research on the effects of the surface modification of quantum dots (QDs) using PEG
and BSA explored their impact on the viability and migration of triple-negative breast
cancer cells. These QDs were prepared via a hydrothermal method and chemically modified
to assess their optical performance and biological effects. The study aimed to shed light on
the potential clinical application of QDs in breast cancer detection, offering insights into
the design of optical sensors with enhanced luminescence sensitivity for detecting cancer
biomarkers [51].

Researchers also designed a biomarker using water-soluble AgInS2/ZnS quantum
dots (QDs) conjugated to the P53 monoclonal antibody, aiming to diagnose breast cancer.
The quantum dot-based biomarker was crafted to provide targeted recognition ability, low
toxicity, and robust light stability, facilitating the detection of the P53 protein expression in
breast cancer cells through confocal laser scanning microscopy. This method demonstrated
the potential for the targeted and stable imaging of P53 in breast cancer cells, enhancing
early diagnosis with minimal toxicity [85].

For early-stage breast cancer cell detection, quantum dots (QDs) conjugated with two
kinds of anti-HER2/neu antibodies were developed—one for labeling and the other for
imaging. The process involved SK-BR3 cells, the first antibody, and the QD-conjugated
second antibody, generating fluorescent signals for microscopic analysis. This approach
resulted in an enhanced imaging of breast cancer cells, offering brighter signals compared
to those from organic dyes, and indicated a significant potential for improved diagnostic
imaging [49].

Quantum dots were also applied for breast cancer cell detection, utilizing a trio of
antibodies: anti-HER2/neu for capturing cells on silanized glass, anti-EpCAM for labeling,
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and a third antibody against anti-EpCAM conjugated to QDs for imaging. This method
produced bright, fluorescent signals of captured SK-BR3 cells under a UV microscope,
highlighting the enhanced potential of QDs in cell sensing and imaging for multiplexed
immunological assays [86].

A study targeted protease-activated receptor 1 (PAR1) using anti-PAR1 antibody con-
jugated to quantum dots (QDs) for imaging and quantification in HER2-negative breast
cancer tissues. The aim was to enhance the quantitative sensitivity of immunohistochem-
istry with QDs, correlating PAR1 expression with the likelihood of breast cancer recurrence
post-surgery. This method enabled a more accurate monitoring of cancer progression and
response to therapy, providing a predictive tool for assessing breast cancer recurrence [87].

Table 4 presents quantum dot (QD) applications in hormone and protein biomarker
detection, particularly focusing on breast cancer research. These QD formulations demon-
strate enhanced sensitivity and selectivity in detecting biomarkers such as beta-hCG, P53,
HER2/neu, and EpCAM, enabling the accurate assessment and imaging of breast cancer
cells. The table highlights diverse approaches, including conjugation with specific antibod-
ies, surface modifications, and the utilization of fluorescent signal generators, underscoring
the potential of QD-based technologies for precise biomarker detection in breast cancer
diagnostics.

Table 4. Quantum dot applications in hormone and protein biomarker detection.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Cadmium-based quantum dots
conjugated with anti-HER2/neu
antibodies

The enhanced imaging of breast
cancer cells with brighter signals
compared to organic dyes

Pros: higher brightness and stability than
traditional dyes. Cons: toxicity concerns
associated with cadmium.

[49]

N/S-doped CQDs modified with
PEG and BSA, blue-shift in
fluorescence

The accurate and highly selective
assessment of beta-hCG levels in
serum with enhanced luminescence
sensitivity

Pros: improved selectivity and sensitivity
for cancer marker detection. Cons: the
long-term biocompatibility of modified
CQDs needs further study.

[51]

N/S-doped carbon quantum dots
(CQDs)

The highly selective and sensitive
assessment of beta-hCG levels in
serum with low detection limits

Pros: excellent sensitivity and specificity
for detecting serum markers. Cons: the
scalability and consistent production of
doped CQDs may be challenging.

[83]

Nitrogen-doped graphene quantum
dots (NGQDs) fabricated with lectin

Detected breast cancer cells in
serum with high sensitivity and
selectivity, extremely low detection
limits

Pros: high performance in detecting
cancer cells in complex biological fluids.
Cons: specificity to breast cancer cells
may limit broader diagnostic use.

[84]

AgInS2/ZnS quantum dots
conjugated with P53 monoclonal
antibody

The targeted and stable imaging of
P53 in breast cancer cells with low
toxicity

Pros: effective targeting and imaging
with reduced toxicity. Cons: P53
targeting may not be applicable to all
cancer types.

[85]

Semiconductor quantum dots
conjugated with anti-HER2/neu
and anti-EpCAM antibodies

The bright and specific imaging of
breast cancer cells, potential for
multiplexed assays

Pros: enhanced imaging capability,
suitable for complex diagnostic
applications. Cons: complexity in the
conjugation process could affect
reproducibility.

[86]

Streptavidin CdSe/ZnS quantum
dots with PEG, EGF, and
technetium-99m
hydrazinonicotinamide

The quantitative monitoring of
EGFR expression and response to
cetuximab therapy in breast cancer

Pros: provides detailed quantitative data
on therapy response. Cons: the use of
radioactive elements like
technetium-99m requires stringent
handling and disposal measures.

[87]
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7. Quantum Dots for Targeted Drug Delivery in Breast Cancer

Researchers synthesized graphene quantum dots (GQDs) decorated with folic acid
(FA) and methoxy polyethylene glycol (mPEG2000), which were then loaded with the drug
tamoxifen (TMX). The characterization of this nano-drug revealed an average hydrody-
namic diameter of 294.7 nm in water, with a dehydrated particle size ranging from 53 to
210 nm. This development showed that the tamoxifen-loaded GQDs were more toxic to can-
cer cells compared to tamoxifen alone, indicating a potential for enhanced cell monitoring
and targeted therapy in breast cancer [88]. Graphene QDs conjugated with tamoxifen and
folic acid were designed for targeted drug delivery, particularly in the treatment of breast
cancer. These QDs aim to enhance the effectiveness of the drug tamoxifen by delivering it
directly to cancer cells using the folic acid as a targeting agent. The pH-sensitive release
mechanism of these QDs is particularly notable, as it ensures that the drug is released more
significantly in the acidic environment of cancerous tissues compared to normal tissues,
thus maximizing the therapeutic effects while minimizing side effects [89].

Glucosamine (GlcN)-conjugated graphene quantum dots (GQDs) loaded with cur-
cumin (Cur) were fabricated for targeting breast cancer cells. These GQDs were synthesized
from graphene oxide using an environmentally friendly oxidizing method, resulting in
particles 20–30 nm in size with a pH-sensitive release behavior. This design facilitated
the enhanced delivery and increased cytotoxicity of curcumin to cancer cells, offering
precise targeting and tracking capabilities, which could improve the effectiveness of breast
cancer treatments [90]. A graphene quantum dot (GQD)-based nanocarrier was devel-
oped, and labeled with Herceptin (HER) and beta-cyclodextrin (β-CD), to target and treat
HER2-overexpressing breast cancer. The GQDs served as a part of a multifunctional drug
delivery system, providing both therapeutic and diagnostic functions. This theranostic
agent significantly enhanced anticancer activity through targeted delivery and controlled
drug release in the acidic environment of cancer cells, illustrating a sophisticated approach
to breast cancer treatment [53].

Highly luminescent carbon quantum dots (CQDs) were synthesized via the carboniza-
tion of citric acid and modified with transferrin (TF) to improve water solubility and
facilitate the targeted delivery of doxorubicin (Dox) to breast cancer cells. The Dox-loaded
TF-CQDs were characterized using various spectroscopic techniques, demonstrating an im-
proved drug delivery efficiency and increased cytotoxicity to cancer cells, thus suggesting a
promising avenue for enhancing the efficacy of breast cancer chemotherapy [91]. Graphene
quantum dots (GQDs) were coated with a cationic polymer, poly(methacrylic acid-co-
diallyldimethylammonium chloride) (PMA DDA), to investigate their potential in targeted
drug delivery and the imaging of breast cancer. The chemical structure and particle size of
these coated GQDs were analyzed using Fourier transform infrared spectroscopy (FT-IR)
and Field Emission Scanning Electron Microscope (FE-SEM). The evaluations of in vitro
toxicity and in vivo imaging in BALB/C mice with 4T1 breast cancer cells demonstrated
that PMA DDA-coated GQDs could accumulate around cancer cells, highlighting their
potential for effective breast cancer treatment and imaging [92].

The photodynamic therapy (PDT) capabilities of graphene quantum dots (GQDs)
combined with methylene blue (MB) were explored, focusing on their potential to increase
reactive oxygen species generation and eradicate breast cancer cells. The study evaluated
the uptake and cytotoxic effects in MCF-7 breast cancer cells, discovering that methylene
blue enhanced cytotoxicity and singlet oxygen generation in these cells, highlighting the
potential of this combination to improve the efficacy of photodynamic therapy in treating
breast cancer [93]. A photodynamic therapy agent was synthesized using 5,10,15-tris(5-
bromo-2-thienyl),20(phenylcarboxy)porphyrin conjugated to graphene quantum dots, and
its activity against MCF-7 breast cancer cells was studied. This conjugate proved suitable
for photodynamic therapy, showing stable conjugation and significant anticancer activity,
thereby offering a new avenue for effective breast cancer treatment through photodynamic
therapy [94].
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Researchers investigated the anticancer effects of silver graphene quantum dots (SQD)
combined with 17-AAG and radiation on breast cancer cells. The study focused on assessing
cell viability, apoptosis, and the expression levels of related genes and proteins. Findings
indicated that this combination induced apoptosis and enhanced the effects of radiation,
suggesting a promising strategy for combined cancer therapy, particularly in enhancing
treatment efficacy [95]. Organotin (IV)-decorated nitrogen-doped graphene quantum
dots (NGQDs) were developed for targeting and treating triple-negative breast cancer.
These NGQDs, noted for their water solubility, chemical stability, and photoluminescence,
demonstrated high cytotoxic potential and successful cellular uptake, marking them as
potential candidates for targeted therapy and molecular imaging in the context of aggressive
breast cancer types [96].

Doxorubicin was incorporated into liposomal nanoparticles containing quantum
dots using reverse phase evaporation to form the liposome, which was then combined
with graphite nanoparticles to create a nano-complex conjugated with doxorubicin. This
nanoconjugated complex was found to significantly increase toxicity against breast cancer
cells, thereby enhancing the drug’s efficacy and offering a promising approach to improve
therapeutic outcomes [54]. Fluorescent carbon dots were engineered for bioimaging ap-
plications, with a focus on studying the interaction of anticancer drugs at the subcellular
level. This technology helps visualize how drugs interact within cells, providing valuable
insights that could aid in the design and development of new anticancer drugs. Such
detailed imaging is crucial for researchers to understand the mechanisms of drug action,
which could lead to more effective treatments with fewer side effects [97]. Dacarbazine
was encapsulated within fucose-based carbon quantum dots, which were subsequently
coated with exosomes derived from breast cancer cells. This strategy aimed to enhance
the targeted delivery and therapeutic efficacy of the chemotherapeutic agent, leading to
an improved antitumor targeting and efficacy with controlled drug release and cellular
uptake, demonstrating a sophisticated approach to cancer treatment [98].

Zinc oxide quantum dots (ZnO QDs) were functionalized to prevent agglomeration
in aqueous media and evaluated for their in vitro cytotoxic effects on breast and colon
cancer cell lines. The surface functionalization utilized polymers, oily herbal fatty acids,
polyethylene glycol (PEG), and organosilanes. These modified ZnO QDs showed low
toxicity in normal cells while demonstrating the potential for use in cancer chemother-
apy, suggesting they could be a viable option for targeting cancer cells with minimal side
effects [44]. The innovative zinc oxide quantum dot nanoparticles were investigated for
their anticancer properties against breast cancer stem-like cells, focusing on their impact on
cell proliferation, apoptosis, and stemness markers. Synthesized and characterized ZnO
nanofluids were assessed for their biological activities on mammospheres enriched with
breast cancer stem-like cells. The results indicated that these nanoparticles could decrease
stemness markers, induce apoptosis, and inhibit the JAK/STAT pathway, highlighting their
potential as a novel therapeutic agent against breast cancer stem-like cells [45]. Graphene
quantum dots functionalized with hyaluronic acid offer a targeted drug delivery system
specifically aimed at breast cancer cells. By binding to receptors on cancer cells, these QDs
can deliver drugs more efficiently and reduce toxicity, which is beneficial for improving pa-
tient outcomes. The targeted approach not only enhances the effectiveness of the treatment
but also minimizes the impact on healthy cells, making treatments safer and potentially
more effective [99].

Table 5 highlights the utilization of graphene quantum dots (GQDs) for targeted drug
delivery in breast cancer treatment. These formulations demonstrate enhanced drug release
efficiency, the specific targeting of cancer cells, and controlled drug release in the acidic
tumor microenvironment. The table displays various strategies such as conjugation with
targeting ligands, pH-sensitive release systems, and combination therapies, indicating the
potential of GQDs in improving the efficacy and specificity of breast cancer treatment.
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Table 5. Graphene quantum dots for targeted drug delivery in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Zinc oxide QDs modified with
polymers and fatty acids

Low toxicity in normal cells with
potential for cancer chemotherapy

Pros: specific cytotoxicity to cancer cells
while sparing normal cells. Cons:
potential issues with bioaccumulation
and long-term effects.

[44]

Zinc oxide quantum dots against
breast cancer stem-like cells

Decreased stemness markers,
induced apoptosis, and inhibited
JAK/STAT pathway

Pros: effective in targeting cancer stem
cells. Cons: requires further validation
in vivo to confirm efficacy and safety.

[45]

Quantum dots curcumin-loaded
Eudragit RS 100 nanoparticles

The profound inhibition of colon
and breast cancer cell growth

Pros: the effective delivery and enhanced
action of curcumin. Cons: complexity in
nanoparticle formulation may impact
scalability.

[52]

GQD labeled with Herceptin and
β-cyclodextrin for doxorubicin
delivery

Enhanced anticancer activity
through targeted delivery in the
acidic cancer environment

Pros: targeted delivery enhances drug
efficacy. Cons: dependency on the acidic
environment for drug release could limit
broader application.

[53]

Doxorubicin-loaded liposomal
nanoparticles containing QDs

Increased toxicity significantly,
improving drug efficacy

Pros: high drug loading efficiency and
controlled release. Cons: increased
complexity and potential for unintended
toxicity.

[54]

Chitosan/carbon QDs/Fe2O3
nanocomposite containing
curcumin

Effective targeted delivery and
controlled drug release with
cytotoxicity against MCF-7 cells

Pros: enhanced biocompatibility and
stability. Cons: challenges in the clinical
translation of composite materials.

[55]

Graphene quantum dots decorated
with folic acid and mPEG2000,
loaded with tamoxifen

Higher toxicity to cancer cells than
free tamoxifen

Pros: enhances the effectiveness of
tamoxifen and allows for cell monitoring.
Cons: potential for folic acid to interfere
with normal cellular functions.

[88]

Glucosamine-conjugated GQDs
loaded with curcumin

Enhanced the delivery and
cytotoxicity of curcumin to cancer
cells with specific targeting

Pros: specific targeting and enhanced
drug delivery. Cons: the confirmation of
long-term safety and effectiveness
needed.

[90]

CQDs modified by transferrin for
doxorubicin delivery

Improved drug delivery efficiency
and increased cytotoxicity in cancer
cells

Pros: enhanced interaction with cancer
cell receptors. Cons: potential for
immune reaction or side effects due to
transferrin modification.

[91]

GQDs coated with cationic polymer
PMA DDA, imprinted with
doxorubicin

Targeted drug delivery and
imaging capabilities in vivo

Pros: effective targeting and dual
functionality for therapy and diagnosis.
Cons: complexity in synthesis could
affect reproducibility and scalability.

[92]

GQDs combined with methylene
blue for photodynamic therapy
(PDT)

Superior cytotoxicity and singlet
oxygen generation in breast cancer
cells

Pros: the effective generation of reactive
oxygen species for cancer treatment.
Cons: specific conditions needed for
optimal PDT performance.

[93]

Porphyrin-conjugated GQDs for
photodynamic therapy (PDT)

Suitable for PDT with stable
conjugates and significant
anticancer activity

Pros: high stability and effective in
generating singlet oxygen. Cons:
specificity and delivery to tumor sites
may need further optimization.

[94]

Silver graphene quantum dot (SQD)
combined with 17-AAG and
radiation

Induced apoptosis and increased
radiation effects, potential for
combined therapy

Pros: enhances the effectiveness of
conventional therapies. Cons: potential
for increased side effects with combined
therapies.

[95]
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Table 5. Cont.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Organotin(IV)-decorated NGQDs
for the delivery of organotin(IV)
compounds

High cytotoxic potential and
successful cellular uptake for
targeted cancer therapy

Pros: effective delivery and significant
cytotoxic effects. Cons: the toxicity
profile and biodegradability of organotin
compounds need a thorough evaluation.

[96]

Dacarbazine-primed carbon QDs
coated with breast cancer
cell-derived exosomes

Enhanced tumor targeting and
efficacy with controlled drug
release

Pros: innovative approach enhancing
specificity and efficacy. Cons: complex
manufacturing process and the potential
immunogenicity of exosomes.

[98]

Graphene QDs conjugated with
tamoxifen and folic acid, used for
targeted drug delivery.

Enhanced the killing of breast
cancer cells; pH-sensitive release
showing significant release
differences between cancerous and
normal pH environments.

Pros: targeted delivery reduces systemic
side effects; enhanced drug efficacy. Cons:
complex conjugation process; long-term
effects and in vivo behavior remain to be
fully evaluated.

[89]

Fluorescent carbon dots designed
for bioimaging to study the action
of anticancer drugs within cells.

Visualizes drug interactions at the
subcellular level, revealing the
mechanisms of anticancer drugs,
potentially aiding drug design.

Pros: non-toxic and suitable for detailed
bioimaging. Cons: still in the
developmental stage; clinical applications
and scalability need further study.

[97]

8. Theranostic Applications of Quantum Dots in Breast Cancer

Researchers developed tumor-targeted theranostic nanocapsules co-loaded with cele-
coxib and honokiol to enhance the treatment of breast cancer. These nanocapsules were
constructed by assembling anionic CD44-targeting chondroitin sulfate and cationic lacto-
ferrin onto the surface of a positively charged oily core. For imaging purposes, mercapto-
propionic acid-capped cadmium telluride quantum dots were attached to the lactoferrin.
This innovative approach resulted in nanocapsules that not only facilitated imaging but
also exhibited increased cytotoxicity against cancer cells, demonstrating superior in vivo
antitumor efficacy [100]. A novel theranostic hybrid peptide was synthesized for the
simultaneous diagnosis and therapy of cancer cells. It comprised a biotinylation site, a
HER2/neu-binding motif, and a dockerin domain. This peptide was conjugated with quan-
tum dots-streptavidin and magnetic nanoparticles-streptavidin, enhancing the detection
and destruction of the HER2/neu-positive breast cancer cells through fluorescence and
hyperthermia. This dual-functionality approach provided a powerful tool for the targeted
treatment and real-time monitoring of breast cancer [101].

In another advancement, quantum dot-based micelles were engineered, conjugated with
an anti-epidermal growth factor receptor (EGFR) nanobody, and loaded with aminoflavone.
The micelles utilized near-infrared fluorescence indium phosphate core/zinc sulfide shell
quantum dots for in vivo imaging. The incorporation of the anti-EGFR nanobody significantly
improved cellular uptake and cytotoxicity in EGFR-overexpressing triple-negative breast
cancer cells, enhancing tumor targeting and treatment efficacy in an orthotopic xenograft
model (Figure 6) [102].

Multilayered core/shell nanoprobes (MQQ-probe) were developed for the multimodal-
ity imaging of breast cancer, combining magnetic nanoparticles (MNPs) and quantum dots
(QDs) within silica layers. These nanoprobes were conjugated with anti-HER2 antibodies to
target cancer cells specifically and were employed for both in vitro and in vivo fluorescence
and magnetic resonance imaging, enabling the comprehensive and targeted imaging of
breast cancer tumors [103].

Quantum dot-based quantitative immunofluorescence was employed to detect and
analyze the expression of the epidermal growth factor receptor (EGFR) in breast cancer
tissue arrays. Utilizing quantum dots in immunohistochemistry allowed for a more precise
quantitative analysis of EGFR, aiming to determine its prognostic value in breast cancer.
This method helped identify the significance of EGFR expression in specific subgroups of the
patients with breast cancer, enhancing the understanding of its role in cancer prognosis [104].
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The expression of TOP2A in triple-negative breast cancer was quantitatively detected and
analyzed using quantum dot-based immunofluorescent imaging. This approach, compared
with conventional immunohistochemistry, validated the enhanced accuracy and prognostic
significance of TOP2A expression, establishing it as an independent prognostic indicator
in triple-negative breast cancer [105]. The in situ molecular imaging and quantitative
analysis of EGFR and collagen IV were performed in triple-negative breast cancer using
quantum dot-based technology. This research integrated essential tumor microenvironment
components with cancer cell molecules to explore the invasion mechanism in triple-negative
breast cancer and assess the prognostic value of the EGFR and collagen IV ratio. The
findings revealed a negative correlation between EGFR and collagen IV, with the ratio
offering significant prognostic insights for patient outcomes [106].

Materials 2024, 17, 2152 20 of 41 
 

 

and hyperthermia. This dual-functionality approach provided a powerful tool for the tar-
geted treatment and real-time monitoring of breast cancer [101]. 

In another advancement, quantum dot-based micelles were engineered, conjugated 
with an anti-epidermal growth factor receptor (EGFR) nanobody, and loaded with ami-
noflavone. The micelles utilized near-infrared fluorescence indium phosphate core/zinc 
sulfide shell quantum dots for in vivo imaging. The incorporation of the anti-EGFR nano-
body significantly improved cellular uptake and cytotoxicity in EGFR-overexpressing tri-
ple-negative breast cancer cells, enhancing tumor targeting and treatment efficacy in an 
orthotopic xenograft model (Figure 6) [102].  

 
Figure 6. Shows images with results of targeted and non-targeted fluorescence with white arrows 
indicating the tumor sites. (a) Fluorescence images of MDA-MB-468 tumors in mice 1, 2, and 3 
treated with non-targeted and targeted QD-PLA-PEG micelles in mice 4, 5, and 6. (b) Fluorescence 
intensity analysis of the QD-PLA-PEG micelles (targeted and non-targeted) at the MDA-MB-468 
tumor sites (n = 6) in mice. ** Indicates p < 0.01. 

Multilayered core/shell nanoprobes (MQQ-probe) were developed for the multimo-
dality imaging of breast cancer, combining magnetic nanoparticles (MNPs) and quantum 
dots (QDs) within silica layers. These nanoprobes were conjugated with anti-HER2 anti-
bodies to target cancer cells specifically and were employed for both in vitro and in vivo 

Figure 6. Shows images with results of targeted and non-targeted fluorescence with white arrows
indicating the tumor sites. (a) Fluorescence images of MDA-MB-468 tumors in mice 1, 2, and 3 treated
with non-targeted and targeted QD-PLA-PEG micelles in mice 4, 5, and 6. (b) Fluorescence intensity
analysis of the QD-PLA-PEG micelles (targeted and non-targeted) at the MDA-MB-468 tumor sites
(n = 6) in mice. ** Indicates p < 0.01.

A double-color in situ quantitative imaging method based on quantum dots was
developed to analyze the co-expression of Ki67 and HER2 in breast cancer. This technique
utilized quantum dot-based fluorescent immunostaining, allowing for the simultaneous
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visualization of Ki67 (displayed as red fluorescence in the nucleus) and HER2 (depicted as
green fluorescence on the cell membrane). The study quantitatively assessed the individual
and combined impacts of these molecular expressions on breast cancer prognosis, offering
insights into their roles in cancer development and potential treatment targets [107]. A
multiple imaging technique using quantum dots was developed for the quantitative and
in situ analysis of Ki67 and cytokeratin in breast cancer. By employing quantum dots to
stain nuclear Ki67 and cytoplasmic cytokeratin, this method enabled the simultaneous
quantitative analysis of these markers, improving the assessment of Ki67 in breast cancer
diagnosis and prognosis [108].

Quantum dot nanoprobe-based high-content monitoring was employed to evaluate the
effectiveness of capsaicin in inhibiting the growth of breast cancer stem cells. Using highly
sensitive quantum dot–antibody nanoprobes, the study observed NICD translocation
and apoptotic cell death at the single-cell level. This method demonstrated effective
targeting and induced apoptosis in breast cancer stem cells, providing valuable data on the
therapeutic potential of capsaicin against cancer stem cells [109]. Furthermore, quantum
dots were utilized to image and detect the chemokine (C-C motif) ligand 5 (CCL5) and
collagen IV in luminal B (HER2-negative) breast cancer, with the aim of calculating the
CCL5/collagen IV ratio to determine its prognostic value. This quantitative imaging
approach demonstrated that the CCL5/collagen IV ratio has a significant prognostic value
for disease-free survival in patients with breast cancer, providing valuable information for
tailoring patient-specific therapeutic strategies [110]. To effectively address the issue of
poor targeting and increase specificity, a multifunctional nanoplatform called niosomes
(NIO) was developed. This platform co-loaded paclitaxel (PTX) and quantum dots (QD) as
bioimaging agents, along with hyaluronic acid (HA) (HN@QPS). The study demonstrated
that this formulation led to an enhanced apoptosis rate of over 70% in MCF-7 breast cancer
cells while showing no significant cytotoxicity on HHF-2 normal cells. This preliminary
research highlights the potential of HN@QPS as an efficient targeted-dual drug delivery
nanotheranostic agent against breast cancer [111].

Table 6 outlines the theranostic applications of quantum dots (QDs) in breast cancer
management. These applications include targeted imaging, therapy, and the simultaneous
detection of biomarkers, displaying the multifunctional capabilities of QDs in breast can-
cer research. The table demonstrates enhanced tumor targeting, treatment efficacy, and
prognostic value through various QD-based approaches, emphasizing their potential for
personalized medicine and improved patient outcomes in breast cancer care.

Table 6. Theranostic applications of quantum dots in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Lactoferrin-tagged QD-based
nanocapsules loaded with celecoxib
and honokiol

Enhanced cytotoxicity against
cancer cells and superior in vivo
antitumor efficacy

Pros: effective delivery and enhanced
drug action. Cons: complexity in
formulation may impact manufacturing
scalability.

[100]

Hybrid peptide conjugated with
QDs and magnetic nanoparticles for
HER2/neu-positive breast cancer

Enabled the detection and
destruction of HER2/neu-positive
breast cancer cells

Pros: dual function for detection and
treatment. Cons: potential for off-target
effects needs careful evaluation.

[101]

Anti-EGFR nanobody-conjugated
InP/ZnS QDs loaded with
aminoflavone

Enhanced tumor targeting and
treatment efficacy in a xenograft
model

Pros: targeted therapy shows high
efficacy. Cons: nanobody use may face
regulatory and production challenges.

[102]

Core/shell nanoprobes based on
Fe3O4 MNPs and QDs targeting
HER2

Enabled the in vivo multimodal
imaging of tumors and the specific
targeting of cancer cells

Pros: combines imaging and targeting,
enhancing diagnostic precision. Cons:
potential issues with nanoparticle
aggregation and biocompatibility.

[103]
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Table 6. Cont.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Quantum dots for the quantitative
immunofluorescence of EGFR in
breast cancer tissue arrays

High correlation with conventional
immunohistochemistry, identifying
the prognostic value of EGFR

Pros: provides quantitative data
correlating well with established
techniques. Cons: dependency on
specific imaging equipment limits wider
use.

[104]

Quantum dot-based
immunofluorescent imaging for
TOP2A in triple-negative breast
cancer

Demonstrated TOP2A as an
independent prognostic indicator in
TNBC

Pros: high correlation in detection
methods enhances diagnostic confidence.
Cons: specialized imaging requirements
may limit accessibility.

[105]

Quantum dots for the in situ
molecular imaging of EGFR and
collagen IV in TNBC

Identified negative correlation
between EGFR and collagen IV,
with prognostic value

Pros: enables detailed tissue analysis at
the molecular level. Cons: the complex
interpretation of dual molecular
interactions.

[106]

Quantum dot-based double-color
fluorescent imaging for Ki67 and
HER2 co-expressions in breast
cancer

Quantitatively assessed
co-expressions and their impacts on
prognosis

Pros: Allows detailed analysis of
multiple markers simultaneously. Cons:
Complexity in quantifying multiple
signals accurately.

[107]

Quantum dot-based multiple
imaging for Ki67 and cytokeratin in
breast cancer

Developed method provided clear
signal separation, quantification,
and prognostic value

Pros: Enhances clarity and quantitative
analysis in tissue samples. Cons: May
require advanced imaging setups not
available in all labs.

[108]

Quantum dot–antibody nanoprobes
for monitoring notch pathway
inhibition in breast cancer stem cells
by capsaicin

Demonstrated effective targeting
and apoptosis induction in breast
cancer stem cells

Pros: the specific targeting of cancer stem
cells could improve treatment outcomes.
Cons: the complexity and specificity of
pathway targeting may limit general
applicability.

[109]

Quantum dots for imaging CCL5
and collagen IV in luminal B
(HER2-) breast cancer

Demonstrated that the
CCL5/collagen IV ratio has
significant prognostic value for
disease-free survival

Pros: provides valuable prognostic
information for treatment planning.
Cons: specialized applications may not
translate to broader cancer types.

[110]

Niosomes with quantum dots and
hyaluronic acid, loaded with
paclitaxel and sodium oxamate for
chemostarvation therapy.

Highly effective against breast
cancer cells with minimal effects on
normal cells; improved drug uptake
and the induction of apoptosis in
cancer cells.

Pros: dual drug delivery enhances
therapeutic effects; specific targeting
reduces collateral damage to normal cells.
Cons: complexity in nanoparticle
formulation; long-term in vivo efficacy
and toxicity need extensive testing.

[111]

9. Targeted Theranostics and Imaging with Quantum Dots in Breast Cancer

Quantum dots (QDs) were conjugated with Herceptin®®, a fully human monoclonal
antibody, to target the HER2 receptor in breast cancer therapy. These QDs, synthesized
through various methods including top-down, bottom-up, and synthetic processes, were
conjugated to Herceptin®® to enable precise localization within cancer cells for bioimaging.
This strategy facilitated the specific targeting and imaging of HER2 receptors, leading to the
apoptosis of cancer cells, thus indicating a promising approach for treating HER2-positive
breast cancer [1]. CdSe/ZnS core/shell quantum dots were linked with Herceptin to
interact specifically with HER2-overexpressing breast cancer cells (SK-BR3), enhancing cell
death through the binding of Herceptin to the HER-2 receptor on the cell membrane. This
interaction was evaluated, showing that Herceptin-conjugated QDs specifically targeted
and induced apoptosis in SK-BR3 breast cancer cells, while sparing non-cancerous cells
(KB), highlighting their potential for selective cancer therapy [9].

Semiconductor quantum dots were attached to a specific peptide sequence (LTVSPWY)
to achieve targeted delivery to human breast cancer cells. The conjugation exploited the
unique chemical and detection characteristics of quantum dots, showing that peptide-
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conjugated QDs effectively targeted breast cancer cells, underscoring their potential for
both diagnostic and therapeutic applications [2]. Carbon quantum dots (CDs) derived from
sweet lemon peel were conjugated with polyamidoamine (PAMAM) dendrimers to create
CD-PAMAM conjugates. These were further linked with the RGDS peptide to target ανβ3
integrin in TNBC cells, exhibiting efficient gene delivery and selective cancer cell targeting,
suggesting a potential non-viral vector for diagnosis and gene therapy of TNBC [24].

Lipid nanocarriers guided by an anti-EGF receptor aptamer, encapsulating quantum
dots and siRNAs, were developed for the diagnosis and treatment of triple-negative
breast cancer (TNBC). These aptamer-coupled nanocarriers demonstrated an enhanced
targeting and therapeutic efficacy, effectively delivering siRNAs and QDs to cancer cells,
thus inhibiting tumor growth and metastasis while also facilitating tumor imaging [3].
Nitrogen-doped carbon quantum dots (N-CQDs) were prepared via a hydrothermal method
and conjugated with quinic acid for the targeted delivery of the chemotherapy drug
gemcitabine to breast cancer cells. The quinic acid-conjugated N-CQDs exhibited high
tumor accumulation and outstanding luminescent properties, indicating their potential
as effective theranostic agents [112]. Quantum dots were conjugated with calcitriol and
MUC-1 antibodies to target inflammatory breast cancer (IBC) cells. A physiologically
based pharmacokinetic model was developed to predict the behavior of these QDs in vivo,
aiding in the optimization of quantum dot-based treatments for inflammatory breast cancer.
This model provided valuable insights into tissue-specific QD concentrations in mice,
supporting the development of targeted therapies for IBC [56]. Carbon QDs labeled with
anti-PDL1 antibodies were used for targeted theranostic applications in the treatment
of triple-negative breast cancer. These QDs enhance the effectiveness of the anti-PDL1
antibodies by delivering them directly to the tumor cells, thus promoting apoptosis and
reducing tumor viability more effectively than the antibody treatment alone. This targeted
approach is particularly important for treating the aggressive and difficult-to-treat forms of
breast cancer [113].

Table 7 highlights targeted theranostic applications and imaging techniques using
quantum dots (QDs) in breast cancer research. These applications cover the specific target-
ing of cancer cells, the enhanced delivery of therapeutic agents, and multimodal imaging
capabilities, illustrating the potential of QDs for personalized medicine and improved
cancer management. The table underscores the diverse strategies employed, including
conjugation with targeting ligands, the utilization of lipid nanocarriers, and the explo-
ration of photophysical characteristics for various therapeutic modalities, emphasizing the
versatility and promise of QDs in breast cancer theranostic.

Table 7. Targeted theranostic with quantum dots in breast ancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Quantum dots conjugated with
monoclonal antibodies for
HER2-receptor

Enabled the specific localization
and bioimaging of HER2 receptors,
leading to cancer cell apoptosis

Pros: specific targeting enhances therapy
precision. Cons: potential for
immunogenic responses or off-target
effects.

[1]

Quantum dots conjugated with the
peptide sequence LTVSPWY

Successfully targeted breast cancer
cells in vitro and in vivo

Pros: peptide targeting offers a novel
approach to cancer therapy. Cons:
efficacy and safety in human trials
remain to be established.

[2]

Quantum dots in lipid nanocarriers
coupled with anti-EGF receptor
aptamer

Delivered siRNAs and QDs
effectively for tumor imaging and
gene silencing

Pros: dual functionality for imaging and
therapy. Cons: complexity in design may
impact production and scalability.

[3]
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Table 7. Cont.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

CdSe/ZnS core/shell quantum dots
conjugated with Herceptin

Specifically targeted and killed
SK-BR3 breast cancer cells

Pros: high specificity for targeted cancer
cell types. Cons: the stability and
potential toxicity of cadmium content are
concerns.

[9]

Dendrimer-functionalized carbon
quantum dots from sweet lemon
peel

Efficient gene delivery and selective
cancer cell targeting in TNBC

Pros: biocompatible sourcing from
natural materials. Cons: limited data on
long-term effects and delivery efficiency.

[24]

Graphene quantum dots (GQDs)
for photothermal and
photodynamic therapy

Show promise in theranostic
applications for breast cancer

Pros: versatile applications in therapy
and imaging. Cons: long-term effects and
biodistribution need further research.

[25]

Quantum dots conjugated with
1,25-dihydroxyvitamin D3 and
MUC-1 antibodies

Predicted tissue-specific QD
concentrations in mice for
inflammatory breast cancer
treatment

Pros: provides a basis for optimizing
QD-based treatments. Cons: actual
effectiveness in clinical settings to be
verified.

[56]

Carbon quantum dots–quinic acid
conjugate, nitrogen-doped

High tumor accumulation and
excellent luminescent properties

Pros: strong luminescent properties
suitable for imaging and therapy. Cons:
more studies are needed to establish
safety and efficacy in clinical
applications.

[112]

10. Quantum Dots for Metastasis Prediction and Inhibition in Breast Cancer

Silver sulfide quantum dots (Ag2S QDs) were conjugated with AMD3100 to target the
CXCR4 receptor, a key player in breast cancer metastasis. This conjugation aimed to utilize
the quantum dots for both imaging and inhibiting the spread of breast cancer, while also
exploiting their photothermal properties to treat the primary tumor. The AMD3100-Ag2S
QD probes were particularly effective in predicting and inhibiting metastasis, and their
photothermal effect contributed significantly to reducing the size of the primary tumor,
highlighting their potential as theranostic agents in the management of breast cancer [28].

Quantum dots were also conjugated with the anti-IGF1R antibody (AVE-1642) to
detect and quantify IGF1R levels in breast cancer cells. These quantum dots were internal-
ized by the cells through receptor-mediated endocytosis and localized within endosomes
and the nucleus, facilitating not only the effective detection of IGF1R levels but also its
downregulation. This process highlighted the potential of antibody-conjugated quantum
dots as a traceable therapeutic approach, offering a dual benefit of detection and treatment
in breast cancer management [19].

An advanced electrochemical DNA biosensor was developed using a double signal
amplification strategy, employing cadmium telluride quantum dot-labeled DNA nanocom-
posites (3-QD@DNA NC) to hybridize with cleaved DNA probes for miRNA detection,
specifically targeting the BRCA1 gene in human serum samples. This biosensor demon-
strated high sensitivity for detecting BRCA1 gene mutations, offering a significant improve-
ment in early breast cancer diagnostics and potentially allowing for earlier intervention
and treatment [18].

Table 8 highlights the use of quantum dots (QDs) for metastasis prediction and inhi-
bition in breast cancer. These applications include targeting specific molecular pathways,
the sensitive detection of gene mutations, and facilitating receptor-mediated endocytosis
for therapeutic intervention. The table emphasizes the potential of QDs in predicting and
inhibiting breast cancer metastasis, enhancing early diagnostics, and offering traceable
therapeutic approaches.
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Table 8. Quantum dots for metastasis prediction and inhibition in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Quantum dot-DNA
nanocomposites in electrochemical
biosensor

High sensitivity for BRCA1
mutation detection in human
serum, enhancing early breast
cancer diagnostics

Pros: provides a sensitive and specific
method for early genetic screening. Cons:
requires further validation for routine
clinical use.

[18]

Antibody-conjugated quantum dots
with IGF1R antibody AVE-1642

The effective detection and
downregulation of IGF1R,
suggesting a traceable therapeutic
approach

Pros: enhances both detection and
therapeutic targeting. Cons: potential
issues with antibody specificity and
immune responses.

[19]

AMD3100-Ag2S quantum dot
probe targeting CXCR4–CXCL12
axis

Predicted and inhibited metastasis
effectively, with a photothermal
effect reducing primary tumor size

Pros: combines diagnostic, therapeutic,
and photothermal capabilities. Cons:
complex synthesis and potential systemic
toxicity need careful assessment.

[28]

11. Cytotoxicity and Therapeutic Potential of Quantum Dots in Breast Cancer

Zinc oxide quantum dots (ZnO QDs) were synthesized to target breast cancer cells,
specifically MCF-7 and MDA-MB-231, leveraging the acidic tumor microenvironment
to enhance their therapeutic efficacy. These QDs promoted apoptosis and cell cycle ar-
rest, showing significant cytotoxicity against the cancer cells even at low concentrations,
indicating their potential as effective agents in targeted cancer therapy [114].

Graphene quantum dots (GQDs) were synthesized in three different forms (GQD,
ortho-GQD, and meta-GQD) and assessed for their effects on breast cancer cell proliferation
and apoptosis, particularly in estrogen receptor-positive cell lines. These GQDs were found
to induce apoptosis and cell cycle arrest, highlighting their potential as selective agents for
treating hormone-sensitive breast cancer subtypes [115].

Carbon quantum dots (CQDs) were synthesized using a specific chemical process
and analyzed using X-ray diffraction (XRD) and high-resolution transmission electron
microscopy (HRTEM). These CQDs demonstrated significant antitumor activity against
breast cancer cell lines while exhibiting low toxicity to normal cells, presenting a promising
avenue for cancer treatment that minimizes harm to healthy tissue [14].

Cadmium telluride quantum dots (QDs) were examined for their ability to cause
epigenetic and genotoxic changes in human breast carcinoma cells. The QDs triggered
global hypoacetylation and activated the p53 pathway, leading to cytotoxicity and potential
epigenetic modifications. This study highlighted the profound impact of QD exposure on
epigenetic regulation and stress response pathways in cancer cells, suggesting a complex
interaction between nanomaterials and cellular processes [10]. The cytotoxic effects of
various forms of cadmium telluride quantum dots (CdTe QDs), including high-yield CdTe
QDs and CdTe/CdS core/shell QDs, were studied on human breast cancer cell lines. These
QDs induced apoptosis in a dose-dependent manner, affirming the need for the careful
evaluation of quantum dot dosages in therapeutic applications to maximize cancer cell
targeting while minimizing potential side effects [11].

Cadmium sulfide (CdS) quantum dots were synthesized through a green process using
waste tea leaves as a biosurfactant. These QDs showed strong fluorescence emission and
cytotoxic effects on breast cancer cells, effectively inducing cell death, and arresting the cell
cycle. This approach not only demonstrated the therapeutic potential of CdS QDs against
breast cancer but also highlighted an innovative method of utilizing waste materials in the
synthesis of effective cancer therapeutics [15].

Table 9 presents the cytotoxicity and therapeutic potential of quantum dots (QDs)
in breast cancer treatment. These findings demonstrate the diverse cytotoxic effects of
various QDs on breast cancer cells, including the induction of apoptosis, cell cycle arrest,
and activation of stress response pathways. The table highlights the potential of QDs as
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promising therapeutic agents against breast cancer, highlighting their ability to induce cell
death and inhibit cancer cell proliferation with varying degrees of toxicity.

Table 9. Cytotoxicity and therapeutic potential of quantum dots in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Cadmium telluride quantum dots
(QDs)

Induced epigenetic changes and
activated stress response pathways
in cancer cells

Pros: shows potential for inducing
targeted cellular changes in cancer
therapy. Cons: cadmium content raises
significant toxicity and environmental
concerns.

[10]

CdTe and CdTe/CdS core/shell
QDs

Induced apoptosis in breast cancer
cells in a dose-dependent manner

Pros: effective in inducing programmed
cell death in cancer cells. Cons: cadmium
toxicity remains a major drawback for
clinical use.

[11]

Carbon quantum dots synthesized
from bibenzoimidazolyl derivative

Exhibited significant antitumor
activity against breast cancer cells
with low toxicity to normal cells

Pros: high efficacy with lower toxicity to
normal cells enhances therapeutic
window. Cons: more data needed on
long-term effects and biocompatibility.

[14]

CdS quantum dots synthesized
using waste tea leaves

Induced cell death and arrested the
cell cycle in breast cancer cells

Pros: the innovative use of waste
materials in synthesis; shows effective
cytotoxicity. Cons: potential
environmental and health risks
associated with cadmium.

[15]

Zinc oxide quantum dots (ZnO
QDs), small-sized (8–10 nm)

Induced significant cytotoxicity and
apoptosis in cancer cells at low
concentrations

Pros: effective at low concentrations,
indicating the potential for high
therapeutic efficacy with minimal dosage.
Cons: concerns about ZnO toxicity and
accumulation in biological systems.

[114]

Graphene quantum dots (GQDs)
Induced apoptosis and cell cycle
arrest specifically in estrogen
receptor-positive breast cancer cells

Pros: specific action against estrogen
receptor-positive cells could limit side
effects. Cons: requires careful handling
due to graphene’s properties and
potential health impacts.

[115]

12. Quantum Dot Applications in Histochemistry and Glycophenotype Analysis

Cadmium telluride (CdTe) quantum dots were conjugated with lectins, specifically
Concanavalin A and Ulex europaeus agglutinin I, to assess the expression and distribution
of glycoconjugates in various breast tissues. This innovative approach enabled the differ-
entiation between normal and cancerous tissues based on their glycoconjugate profiles,
offering a novel method for tissue characterization in breast cancer research [20]. Further
study into the glycosylation patterns of breast tissues employed quantum dots conjugated
with Cramoll lectin, which targets glucose/mannose residues. This investigation shed light
on the changes in glycosylation between normal and cancerous breast tissues, revealing a
marked increase in glucose/mannose residues within malignant tissues [21].

MPA-COOH-CdTe quantum dots, emitting at the wavelengths of 560 nm and 625 nm,
were utilized to explore efflux mechanisms and toxicity in SK-BR-3 breast cancer cells,
focusing on the role of ABC transporters in detoxification. The study found that ABC
transporters influence the toxicity of quantum dots, with smaller-sized QDs prompting a
greater expression of these transporters, suggesting size-dependent interactions that could
inform the design of safer, more effective quantum dot-based therapies [26]. Folic acid (FA)-
conjugated quantum dots were employed to investigate the internalization and recycling of
folate receptors in breast cancer cells. Through fluorescence correlation spectroscopy (FCS)
and saturation assays, the efficiency and specificity of these conjugates were evaluated,
revealing the effective targeting and internalization of the FA-conjugated quantum dots
by breast cancer cells. This variability in internalization and recycling across different cell
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types highlighted the delicate behavior of folate receptors in cancer cells, offering potential
insights for targeted cancer therapies [12].

Anti-mortalin antibody-conjugated quantum dots were utilized to monitor the inter-
cellular transfer between human mesenchymal stromal cells and breast cancer cells, em-
phasizing the necessity of direct cell-to-cell contact for this transfer. Observed in co-culture
systems, this finding hinted at the potential mechanisms of intercellular communication
and the role of mortalin in cancer progression [57]. In multiplex immunoprofiling, a combi-
nation of Alexa Fluor–quantum dot conjugates and chromogenic dyes was used to detect
and localize breast cancer biomarkers within tissue sections. This approach facilitated
the evaluation of co-expression and the spatial arrangement of prognostic markers, offer-
ing comprehensive insights into the tumor microenvironment. The elucidation of these
biomarkers’ co-expression and spatial relationships provided valuable information for
developing combinatorial therapeutic strategies in breast cancer treatment [22].

Table 10 highlights quantum dot (QD) applications in histochemistry and glycopheno-
type analysis in breast cancer research. These applications include distinguishing between
normal and cancerous tissues based on glycoconjugate expression, analyzing glycopheno-
type, and studying cellular accumulation and interaction with transporters. Additionally,
the table displays QDs’ effectiveness in targeting specific receptors, intercellular transfer
between cells, and the multiplex immunoprofiling of biomarkers, offering insights into
breast cancer pathology and therapeutic strategies.

Table 10. Quantum dot applications in histochemistry and glycophenotype analysis.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Quantum dots conjugated to folic
acid (FA)

Effectively targeted and entered
breast cancer cells, showing
variation in internalization among
cell types

Pros: targeted delivery to cancer cells
via folate receptors. Cons: variable
effectiveness across different cancer
cell types may limit universal
application.

[12]

CdTe quantum dots conjugated with
lectins

Distinguished between normal and
cancerous tissues based on
glycoconjugate expression

Pros: provides a method for
distinguishing tissue types without
invasive methods. Cons: potential
toxicity from cadmium-based
materials.

[20]

Quantum dots conjugated with
Cramoll lectin

Effectively labeled breast tissues,
showing increased
glucose/mannose residues in
malignant tissues

Pros: useful for the detailed analysis
of cancer tissue glycophenotypes.
Cons: the specificity and sensitivity of
lectin binding need further
validation.

[21]

Alexa Fluor–quantum dot conjugates
for multiplex immunoprofiling

Revealed the co-expression and
spatial relationships of breast cancer
biomarkers

Pros: enhances the understanding of
biomarker relationships, aiding in
therapy design. Cons: complexity in
multiplex setup might limit routine
use.

[22]

MPA-COOH-CdTe QDs with
size-dependent cellular
accumulation

ABC transporters modulate QDs
toxicity, with smaller QDs inducing
a greater transporter expression

Pros: insight into QD–cell interactions
and transporter modulation. Cons:
the inherent toxicity of CdTe could
pose health risks.

[26]

Anti-mortalin antibody-conjugated
quantum dots

Demonstrated the requirement of
direct cell-to-cell contact for QD and
mortalin transfer between cells

Pros: offers a novel method for
studying protein transfers in cancer
environments. Cons: limited by the
need for direct contact, which may
not be feasible in all therapeutic
scenarios.

[57]
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13. Quantum Dot-Facilitated Cell Death Monitoring and Gene Delivery in
Breast Cancer

Quantum dot-based total internal reflection fluorescence (TIRF) microscopy was uti-
lized to monitor drug-induced cell death in breast cancer stem cells, focusing on the
detection of phosphatidylserine and HMGB1 protein to differentiate between apoptotic
and necrotic cell death. This technique allowed for the precise determination of drug con-
centrations effective against breast cancer stem cells, providing valuable insights into their
susceptibility to treatment [23]. A formulation for a targeted and pH-sensitive niosomal
system (pHSN) was developed, incorporating quantum dot (QD)-labeled Trastuzumab
(Trz) molecules. This formulation aimed at the specific delivery of Palbociclib (Pal) via a
two-phase pH-dependent release mechanism, resulting in an enhanced apoptosis induction
in HER2-positive cells. The labeled Trz-conjugated Pal-pHSNs (Trz-Pal-pHSNs) exhibited
significant cytotoxic effects, indicating their potential as personalized medicine for the
treatment of HER2-positive breast cancer (Figure 7) [116].
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this study to develop a targeted Pal-Trz-loaded smart niosome platform for treating HER2-positive
BC cells [116].

Graphene oxide quantum dots (GOQD) were enhanced with polyethyleneimine (PEI)
for gene delivery applications. The GOQD particles, covalently bonded with PEI, formed
nanoparticles sized between 8 and 12 nm. This development was explored for its potential
in gene therapy, specifically for delivering a suicide gene to breast cancer models, show-
ing the successful gene delivery and induction of apoptosis in breast cancer cells, hence
demonstrating its therapeutic potential [27].

Zn(II) phthalocyanines (ZnPcs) were linked with graphene quantum dots (GQDs)
to investigate their photophysical properties and singlet oxygen generation capabilities
for use in photodynamic therapy. The conjugation of ZnPcs with GQDs altered their
photophysical properties, leading to an enhanced activity in photodynamic therapy against
breast cancer cells [16]. Morpholino-substituted phthalocyanine (Pc) was conjugated to
nitrogen and nitrogen–sulfur-doped graphene quantum dots for use in photo-sonodynamic
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therapy. The study focused on the reactive oxygen species (ROS) generation abilities
of these conjugates under light and ultrasound exposure, revealing an improved ROS
generation and therapeutic efficacy in combined therapy modalities for treating MCF-7
breast cancer cells [17].

PEGylated graphene quantum dots were conjugated with Herceptin to target HER2-
positive breast cancer, with the nanoparticles designed to degrade in response to the
glutathione and pH levels of the tumor microenvironment. This development demonstrated
efficient tumor targeting, controlled drug release, and enhanced antitumor activity, offering
a nuanced approach to breast cancer therapy [7].

Copper sulfide quantum dots (CuSQDs) were integrated into nano-graphene oxide
(nGO) sheets to enhance photothermal therapy under near-infrared (NIR) laser exposure.
This combination highlighted an enhanced cytotoxic effect against MCF-7 breast cancer cells,
underlining the potential of photothermal therapy in effectively targeting and eliminating
cancer cells [5]. Copper-doped carbon quantum dots (Cu-CDs) are emerging as a promising
tool in the fight against breast cancer, showing remarkable capabilities in inhibiting the
disease’s progression. Studies on MDA-MB-231 breast cancer cells reveal that Cu-CDs
not only induce cell cycle arrest and promote apoptosis, but they also effectively reduce
the migration and invasion of cancer cells. These findings underscore the potential of
Cu-CDs to serve as the basis for new cancer treatment strategies that could effectively curb
cancer progression with minimal adverse effects. Additionally, the anti-cancer properties
of Cu-CDs are highlighted by their ability to mitigate oxidative stress mechanisms and
curb other malignant behaviors, reinforcing their viability as a biocompatible and effective
treatment option [117].

Biomimetic black phosphorus quantum dots (BBPQDs), coated with cancer cell mem-
branes for targeted photothermal therapy and immunotherapy against triple-negative
breast cancer, were studied for their photothermal efficiency and ability to activate immune
responses. This approach effectively combined photothermal therapy with anti-PD-L1
immunotherapy, inhibiting tumor recurrence and metastasis, reprogramming the tumor
microenvironment, and enhancing the antitumor immune response(Figure 8) [6].

Zinc oxide QDs as photosensitizers in photodynamic therapy use blue laser light to
treat breast cancer cells. This combination therapy enhances the cytotoxic effects, promoting
apoptosis and inhibiting cancer markers, thus offering a non-invasive treatment option that
could improve patient outcomes through a synergistic approach [118].

Table 11 displays the role of quantum dots (QDs) in facilitating cell death monitoring
and gene delivery in breast cancer. These applications include evaluating drug efficacies
against breast cancer stem cells, inducing apoptosis through gene delivery, and enhancing
therapeutic efficacy through photodynamic and photothermal therapies. The table em-
phasizes QDs’ potential in targeted therapy, controlled drug release, and the modulation
of the tumor microenvironment, offering promising avenues for breast cancer treatment
strategies.
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Table 11. Quantum dot-facilitated cell death monitoring and gene delivery in breast cancer.

QD Product and Its Properties Outcome of the Study Critical Assessment (Pros & Cons) Ref

Copper sulfide quantum dots on
nano-graphene oxide sheets

Enhanced cytotoxic effect against
MCF-7 breast cancer cells with
photothermal therapy

Pros: effective for targeted photothermal
therapy. Cons: potential issues with
nano-graphene oxide’s long-term
biocompatibility and disposal.

[5]

Cancer cell membrane-coated
biomimetic black phosphorus
quantum dots

Inhibited tumor recurrence and
metastasis, enhancing antitumor
immune response

Pros: innovative approach to
reprogramming the tumor
microenvironment. Cons: the complexity
and stability of biomimetic coatings need
further study.

[6]

PEGylated graphene quantum dot
nanoparticles conjugated with
Herceptin and beta-cyclodextrin

Demonstrated efficient tumor
targeting, controlled drug release,
and enhanced antitumor activity

Pros: high efficiency in targeting and
drug delivery. Cons: potential challenges
in scaling up and ensuring consistent
manufacturing.

[7]

Zinc(II) phthalocyanines–graphene
quantum dot conjugates

Altered photophysical properties
increased photodynamic therapy
activity

Pros: improved the effectiveness of
photodynamic therapy. Cons:
photostability and interactions with
biological tissues require further
investigation.

[16]

Cationic
morpholino-phthalocyanine
conjugated to nitrogen and
nitrogen–sulfur-doped graphene
quantum dots

Improved ROS generation and
enhanced therapeutic efficacy in
combination therapy

Pros: enhanced the generation of reactive
oxygen species for therapy. Cons: safety
and specificity in clinical applications
need validation.

[17]

Quantum dot–antibody conjugates
for TIRF microscopy

The effective determination of drug
concentrations against breast cancer
stem cells with high-content
imaging

Pros: high specificity and precision in
imaging and analysis. Cons: technique
may be limited to specialized research
settings due to equipment requirements.

[23]

Graphene oxide quantum
dot–polyethyleneimine complexes
for gene delivery

Successful gene delivery and
induced apoptosis in breast cancer
cells

Pros: potential for targeted gene therapy
applications. Cons: complexities
involved in ensuring safe and efficient
delivery across different cell types.

[27]

14. Testing and Evaluation of the QD Products

To effectively leverage the capabilities of quantum dots (QDs) in scientific research, a
series of comprehensive tests must be conducted. These tests span various disciplines and
methodologies, each contributing to a deeper understanding of the properties, interactions,
and potential applications of QDs.

Quantum Dot Synthesis and Characterization: This involves assessing optical, photo-
physical, and surface properties to optimize the QDs for specific applications [5,34,39,66,
67,83,88,90–92,112,119]. Advanced characterization techniques such as transmission elec-
tron microscopy (TEM), Scanning Electron microscopy (SEM), Fouriertransform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), Ultraviolet-Visible spectroscopy (UV-Vis),
photoluminescence (PL), high-resolution transmission electron microscopy (HRTEM), Field
Emission Scanning Electron microscopy (FESEM), dynamic light scattering (DLS), pho-
toluminescence spectroscopy (PL), and atomic force microscopy (AFM), are crucial for
uncovering detailed structural and functional insights [5,14,15,30,34,35,79,88–90,112].

Molecular Imaging and Targeting: In molecular imaging and targeting, in vivo and
in vitro studies are essential. These experiments utilize QD conjugation to explore imaging
capabilities and biodistribution, aiming to understand how QDs travel and localize within
biological systems [1,2,9,28,47–50,58,64,74,85,86,110]. Molecular imaging is further refined to
quantify biomarker ratios, analyze statistical correlations, conduct survival analysis, and target
specific receptors, enhancing the precision of diagnostics and targeted therapies [1,2,9,28,110].
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Bioconjugation and Functionalization: For targeted therapy and imaging, the bioconju-
gation and functionalization of QDs are pivotal. Techniques to attach antibodies, peptides,
and other targeting molecules to QDs enable researchers to tailor therapeutic agents that can
precisely navigate to and interact with specific cellular targets [2,9,19,36,43,53,79,81,101,102].

Therapeutic Applications and Mechanisms: Exploring therapeutic applications involves
evaluating drug delivery systems, therapeutic efficacy, and studying underlying mecha-
nisms like apoptosis, and photothermal and photodynamic effects [1,3,6,7,10,16,17,25,96,115].
Mechanistic studies are critical as they delve into cellular responses, such as cell cycle pro-
gression and apoptosis, revealing how QDs influence biological processes at the molecular
level [10,45,95,98,114,115].

Quantum Dots in Bioassays and Sensory Applications: QDs find extensive use in
bioassays and sensory applications, where they are integrated into electrochemical, fluores-
cence, and enzyme-linked assays. These tests are designed to detect and quantify biological
and chemical compounds, highlighting the adaptability and sensitivity of QDs in various
assay contexts [18,27,33,36,46,63,65,72,84].

Cellular Uptake, Toxicity, and Interaction Studies: Understanding the interaction of QDs
with biological systems necessitates studies on cellular uptake and toxicity. These investigations
assess the biocompatibility and safety profile of QDs through the analyses of cellular uptake,
cytotoxicity, and hemolytic activity [16,17,20,21,24,26,29]. Comprehensive toxicity assessments,
both in vitro and in vivo, are fundamental to ascertain the potential adverse effects and ensure
the safe application of QDs in biological environments [5,7,14,15,38,92,97].

Advanced Microscopy and Imaging Techniques: Advanced imaging techniques such
as confocal microscopy, electron microscopy, and total internal reflection fluorescence (TIRF)
microscopy play a crucial role in the detailed analysis of QDs at the cellular and molecular
levels. These methods allow for the in-depth investigation of the interactions, localization,
and functions of QDs within biological systems [7,9,12,22,23,32,48,49,57,74,75,85,102].

Spectroscopy and Photoluminescence Studies: Spectroscopic and photoluminescence
studies are essential for characterizing the emission, absorption, and fluorescence properties
of QDs. These analyses provide valuable information on the optical behavior of QDs, aiding
in their development and application in diverse scientific fields [30,35,76,78,104–106,108].

15. Collective Outcomes

Quantum dots (QDs) have significantly advanced the field of breast cancer (BC)
imaging and diagnosis. Their unique properties, such as small size, adjustable surface
properties, and distinctive optical characteristics, have enabled non-invasive and precise
imaging, facilitating the early and accurate diagnosis of breast cancer. Studies have shown
that QDs enhance the capability for the in vivo imaging and specific fluorescence imaging
of breast cancer cells, allowing the detailed tracking of tumor progression and therapy
response [34,39,43,47,48,58,74,119]. Furthermore, QDs have been integrated with various
materials to develop multimodal imaging techniques and theranostic applications, which
improve the precision of cancer diagnosis and treatment. These advancements are particu-
larly notable in the context of triple-negative breast cancer (TNBC), where combined therapy
and diagnostics have shown potential to improve treatment outcomes [3,24,101,102].

QDs have demonstrated effective tumor targeting and provided an enhanced un-
derstanding of tumor heterogeneity and metastatic processes. Stronger tumor signals
and high tumor uptake in various studies indicate the potential of QDs in enhancing BC
diagnostics and understanding metastatic behaviors [32,39,47,48,58]. Additionally, QDs
have facilitated the development of targeted cancer treatments, improving the delivery and
efficacy of chemotherapeutic agents such as doxorubicin and tamoxifen. They have also
been employed in novel therapeutic strategies, including photodynamic and photothermal
therapies, demonstrating improved targeting and efficacy, and reducing potential side
effects in breast cancer treatment [5,16,17,53,88,91,92,98,100].

The use of QDs in molecular profiling has significantly improved biomarker detection,
aiding in the early and efficient detection of diseases and supporting the development
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of personalized therapy. Enhanced diagnostic accuracy for BC classification, prognosis
prediction, and subtyping has enabled more personalized and effective treatment strategies.
Advanced methods using QDs have facilitated the simultaneous detection of multiple
biomarkers and genetic mutations, augmenting diagnostic efficiency and enabling early
genetic screening for predisposition [22,29–31,33,40,42,46,62,65–71].

QDs conjugated with drugs or biomolecules have shown improved efficiency in
targeted drug delivery and imaging in breast cancer treatment. These advancements
have led to better therapeutic outcomes and have provided crucial insights into folate
receptor dynamics and drug resistance mechanisms in breast cancer cells [12,26,56,112]. The
development of QD-based biosensors has also demonstrated the ultrasensitive detection
of breast cancer cells and genetic mutations, improving early diagnosis and potentially
enhancing treatment outcomes [18,19,84].

QDs have induced cytotoxic effects and apoptosis in breast cancer cells, offering in-
sights into their therapeutic potential and mechanisms of action. Research on the interaction
between stromal and cancer cells facilitated by QDs has uncovered cellular communication
mechanisms, suggesting new therapeutic targets. These findings have contributed to a
better understanding of cancer cell behavior and the potential role of QDs in therapy
design and optimization [10,11,57,114]. Additionally, QDs have been integrated into gene
delivery systems, demonstrating their potential for targeted gene therapy in breast cancer,
particularly in TNBC, and for monitoring drug-induced cell death in cancer stem cells.
Investigations into glycocode changes in breast tissue using QDs have also suggested new
methods for the early detection and monitoring of breast cancer progression [21,23,24,27].

16. Limitations

Concerns about the biocompatibility and long-term safety of quantum dots (QDs) are
prominent, particularly regarding those containing heavy metals like cadmium. Research
is essential to develop safer alternatives that are free from cadmium and other toxic mate-
rials, ensuring QDs can be safely used in clinical settings. The potential toxicity of these
nanoparticles necessitates comprehensive studies to confirm their safety for biomedical
applications. This need is stressed by the requirement for QDs that do not compromise
patient health over time [10,11,30,35,63].

The journey from laboratory to clinic for QD-based technologies is fraught with
challenges. Despite the promising results in preclinical studies, predominantly conducted
on animal models, translating these findings to human applications is complex [7,32,64,85].
The process involves not only demonstrating the clinical efficacy and safety of QDs but also
establishing scalable manufacturing processes for their widespread clinical use. Rigorous
clinical trials and obtaining regulatory approval are critical steps in this journey, which is
necessary to integrate QD-based technologies into standard cancer care protocols effectively.

The specificity and efficiency of QD-based targeting in cancer treatment are areas
needing further optimization. Achieving consistent and reliable detection and treatment
across different breast cancer types and stages remains a significant challenge. This task
is compounded by the need to ensure that QD-based treatments selectively target cancer
cells, minimizing impact on healthy cells. Furthermore, the intricate nature of cellular
interactions in the tumor microenvironment adds another layer of complexity, influenc-
ing cancer progression and therapy resistance. These factors highlight the necessity for
ongoing research to enhance the targeting accuracy and therapeutic efficacy of QD-based
interventions.

The complexity and cost associated with the development of QD-based technologies
may limit their accessibility and adoption in clinical practice. Sophisticated manufactur-
ing processes and the potential excessive cost of these technologies could hinder their
widespread clinical use. Additionally, the variability in tumor response to QD-based
imaging and treatment necessitates further investigation into tumor heterogeneity and
QD interactions, aiming to standardize these methods for broad clinical application. This
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endeavor is crucial for leveraging the full potential of QDs in improving breast cancer
diagnosis, treatment, and patient outcomes.

17. Future Direction

Future directions in quantum dot (QD) research for breast cancer (BC) management
emphasize the development of safer, non-toxic, and biocompatible QDs. This research
aims to reduce potential toxicity and improve imaging efficiency for BC diagnosis, with a
focus on developing cadmium-free QDs that mitigate safety concerns and facilitate clinical
application [30,35,63]. Enhanced targeting and delivery systems are also crucial, with
studies exploring the conjugation of QDs with various biomolecules to improve their
targeting capabilities and therapeutic delivery, thereby enhancing imaging and treatment
strategies [29,39,47].

Clinical trials and regulatory approval processes are pivotal for advancing QD technol-
ogy. Comprehensive clinical trials are needed to establish the efficacy, safety, and regulatory
approval of QD-based technologies, ensuring their integration into standard BC diagnosis
and treatment protocols. The integration of QDs with personalized medicine is another
critical area of focus. QDs hold the potential to facilitate personalized treatment plans
through improved biomarker detection and molecular profiling, thereby aiding in the
development of tailored and effective BC therapies [29,62,65,66].

The future of QD research also includes the creation of integrated platforms that
combine QD-based imaging, biomarker detection, and genetic screening [1,9,32,35,65,112].
These platforms aim to offer comprehensive diagnostic and therapeutic solutions for BC,
enhancing the precision and efficacy of treatments. Additionally, developing cost-effective
production methods for QD-based technologies is essential to ensure their accessibility and
adoption in routine clinical practice, particularly in resource-limited settings [15,23,36,39].

18. Conclusions

Quantum dots (QDs) have shown promising advancements in breast cancer imaging,
diagnosis, and treatment, offering enhanced specificity, targeted therapy, and personalized
medicine approaches. However, challenges such as biocompatibility, safety concerns,
particularly with cadmium content, and the need for clinical validation remain significant.
Future research should focus on developing non-toxic, biocompatible QDs, advancing
targeted delivery systems, and conducting comprehensive clinical trials to ensure their
efficacy and safety. The integration of QD-based technologies into theranostic platforms
holds the potential for transforming breast cancer management, facilitating early detection,
and enabling tailored treatment strategies, thereby improving patient outcomes in the face
of breast cancer’s complexity and heterogeneity.

Author Contributions: The authors confirm contributions to the paper as follows: conceptualization,
writing, review, and editing, H.O.; investigation, review, and editing, R.L.W. and L.X.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This review article received no external funding.

Conflicts of Interest: Authors partly used OpenAI Large-Scale Language Model and its Plugins to
maximize accuracy, clarity, and organization. The authors declare no conflicts of interest.

References
1. Fatima, I.; Rahdar, A.; Sargazi, S.; Barani, M.; Hassanisaadi, M.; Thakur, V.K. Quantum Dots: Synthesis, Antibody Conjugation,

and HER2-Receptor Targeting for Breast Cancer Therapy. J. Funct. Biomater. 2021, 12, 75. [CrossRef]
2. Haglund, E.M.; Seale-Goldsmith, M.M.; Dhawan, D.; Stewart, J.; Ramos-Vara, J.; Cooper, C.L.; Reece, L.M.; Husk, T.; Bergstrom,

D.; Knapp, D.; et al. Peptide targeting of quantum dots to human breast cancer cells. In Proceedings of the SPIE BiOS, San Jose,
CA, USA, 19–24 January 2008; Volume 6866. [CrossRef]

3. Kim, M.W.; Jeong, H.Y.; Kang, S.J.; Jeong, I.H.; Choi, M.J.; You, Y.M.; Im, C.S.; Song, I.H.; Lee, T.S.; Lee, J.S.; et al. Anti-EGF
Receptor Aptamer-Guided Co-Delivery of Anti-Cancer siRNAs and Quantum Dots for Theranostics of Triple-Negative Breast
Cancer. Theranostics 2019, 9, 837–852. [CrossRef] [PubMed]

https://doi.org/10.3390/jfb12040075
https://doi.org/10.1117/12.764107
https://doi.org/10.7150/thno.30228
https://www.ncbi.nlm.nih.gov/pubmed/30809312


Materials 2024, 17, 2152 35 of 40

4. Liang, Z.; Babar Khawar, M.; Liang, J.; Sun, H. Bio-Conjugated Quantum Dots for Cancer Research: Detection and Imaging. Front.
Oncol. 2021, 11, 749970. [CrossRef] [PubMed]

5. Wang, L.; Yan, J. Superficial synthesis of photoactive copper sulfide quantum dots loaded nano-graphene oxide sheets combined
with near infrared (NIR) laser for enhanced photothermal therapy on breast cancer in nursing care management. J. Photochem.
Photobiol. B 2019, 192, 68–73. [CrossRef] [PubMed]

6. Zhao, P.; Xu, Y.; Ji, W.; Zhou, S.; Li, L.; Qiu, L.; Qian, Z.; Wang, X.; Zhang, H. Biomimetic black phosphorus quantum dots-based
photothermal therapy combined with anti-PD-L1 treatment inhibits recurrence and metastasis in triple-negative breast cancer. J.
Nanobiotechnol. 2021, 19, 181. [CrossRef] [PubMed]

7. Ko, N.R.; Van, S.Y.; Hong, S.H.; Kim, S.Y.; Kim, M.; Lee, J.S.; Lee, S.J.; Lee, Y.K.; Kwon, I.K.; Oh, S.J. Dual pH- and GSH-Responsive
Degradable PEGylated Graphene Quantum Dot-Based Nanoparticles for Enhanced HER2-Positive Breast Cancer Therapy.
Nanomaterials 2020, 10, 91. [CrossRef] [PubMed]

8. Bhattacharya, T.; Shin, G.H.; Kim, J.T. Carbon Dots: Opportunities and Challenges in Cancer Therapy. Pharmaceutics 2023, 15,
1019. [CrossRef] [PubMed]

9. Han, S.J.; Rathinaraj, P.; Park, S.Y.; Kim, Y.K.; Lee, J.H.; Kang, I.K.; Moon, J.S.; Winiarz, J.G. Specific intracellular uptake of
herceptin-conjugated CdSe/ZnS quantum dots into breast cancer cells. Biomed. Res. Int. 2014, 2014, 954307. [CrossRef] [PubMed]

10. Choi, A.O.; Brown, S.E.; Szyf, M.; Maysinger, D. Quantum dot-induced epigenetic and genotoxic changes in human breast cancer
cells. J. Mol. Med. 2008, 86, 291–302. [CrossRef]

11. Naderi, S.; Zare, H.; Taghavinia, N.; Irajizad, A.; Aghaei, M.; Panjehpour, M. Cadmium telluride quantum dots induce apoptosis
in human breast cancer cell lines. Toxicol. Ind. Health 2018, 34, 339–352. [CrossRef]

12. Monteiro, C.A.P.; Oliveira, A.; Silva, R.C.; Lima, R.R.M.; Souto, F.O.; Baratti, M.O.; Carvalho, H.F.; Santos, B.S.; Cabral Filho, P.E.;
Fontes, A. Evaluating internalization and recycling of folate receptors in breast cancer cells using quantum dots. J. Photochem.
Photobiol. B 2020, 209, 111918. [CrossRef]

13. Fang, M.; Peng, C.W.; Pang, D.W.; Li, Y. Quantum Dots for Cancer Research: Current Status, Remaining Issues, and Future
Perspectives. Cancer Biol. Med. 2012, 9, 151–163.

14. Prasad, K.S.; Shruthi, G.; Shivamallu, C. One-pot synthesis of aqueous carbon quantum dots using bibenzoimidazolyl derivative
and their antitumor activity against breast cancer cell lines. Inorg. Chem. Commun. 2019, 101, 11–15. [CrossRef]

15. Shivaji, K.; Balasubramanian, M.G.; Devadoss, A.; Asokan, V.; De Castro, C.S.; Davies, M.L.; Ponmurugan, P.; Pitchaimuthu, S.
Utilization of waste tea leaves as bio-surfactant in CdS quantum dots synthesis and their cytotoxicity effect in breast cancer cells.
Appl. Surf. Sci. 2019, 487, 159–170. [CrossRef]

16. Nene, L.C.; Managa, M.E.; Oluwole, D.O.; Mafukidze, D.M.; Sindelo, A.; Nyokong, T. The photo-physicochemical properties and
photodynamic therapy activity of differently substituted-zinc (II)-phthalocyanines and graphene quantum dots conjugates on
MCF7 breast cancer cell line. Inorg. Chim. Acta 2019, 488, 304–311. [CrossRef]

17. Nene, L.C.; Nyokong, T. Photo-sonodynamic combination activity of cationic morpholino-phthalocyanines conjugated to nitrogen
and nitrogen-sulfur doped graphene quantum dots against MCF-7 breast cancer cell line in vitro. Photodiagn. Photodyn. Ther.
2021, 36, 102573. [CrossRef] [PubMed]

18. Yang, B.; Zhang, S.; Fang, X.; Kong, J. Double signal amplification strategy for ultrasensitive electrochemical biosensor based on
nuclease and quantum dot-DNA nanocomposites in the detection of breast cancer 1 gene mutation. Biosens. Bioelectron. 2019, 142,
111544. [CrossRef] [PubMed]

19. Zhang, H.; Sachdev, D.; Wang, C.; Hubel, A.; Gaillard-Kelly, M.; Yee, D. Detection and downregulation of type I IGF receptor
expression by antibody-conjugated quantum dots in breast cancer cells. Breast Cancer Res. Treat. 2009, 114, 277–285. [CrossRef]
[PubMed]

20. Andrade, C.G.; Cabral Filho, P.E.; Tenorio, D.P.; Santos, B.S.; Beltrao, E.I.; Fontes, A.; Carvalho, L.B., Jr. Evaluation of glycopheno-
type in breast cancer by quantum dot-lectin histochemistry. Int. J. Nanomed. 2013, 8, 4623–4629. [CrossRef]

21. Carvalho, M.E.T.; Oliveira, W.F.; Cunha, C.R.A.; Coelho, L.; Silva, M.V.; Carvalho Junior, L.B.; Santos, B.S.; Cabral Filho, P.E.;
Fontes, A.; Correia, M.T.S. Evaluating the glycophenotype on breast cancer tissues with quantum dots-Cramoll lectin conjugates.
Int. J. Biol. Macromol. 2019, 138, 302–308. [CrossRef]

22. Sharaf, S.S.; Lekshmi, A.; Aswathy, S.; Anurup, K.G.; Jyothi, S.P.A.; Chandrasekharan, A.; Somanathan, T.; Santhosh Kumar,
T.R.; Sujathan, K. A multiplex immunoprofiling approach for detecting the co-localization of breast cancer biomarkers using a
combination of Alexafluor—Quantum dot conjugates and a panel of chromogenic dyes. Pathol. Res. Pract. 2024, 253, 155033.
[CrossRef] [PubMed]

23. Ki, J.; Shim, Y.; Song, J.M. High-content cell death imaging using quantum dot-based TIRF microscopy for the determination of
anticancer activity against breast cancer stem cell. J. Biophotonics 2017, 10, 118–127. [CrossRef]

24. Ghosh, S.; Ghosal, K.; Mohammad, S.A.; Sarkar, K. Dendrimer functionalized carbon quantum dot for selective detection of
breast cancer and gene therapy. Chem. Eng. J. 2019, 373, 468–484. [CrossRef]

25. Tade, R.S.; Patil, P.O. Theranostic Prospects of Graphene Quantum Dots in Breast Cancer. Acs Biomater Sci. Eng. 2020, 6, 5987–6008.
[CrossRef] [PubMed]

26. Huang, G.; Wang, L.; Zhang, X. Involvement of ABC transporters in the efflux and toxicity of MPA-COOH-CdTe quantum dots in
human breast cancer SK-BR-3 cells. J. Biochem. Mol. Toxicol. 2019, 33, e22343. [CrossRef] [PubMed]

https://doi.org/10.3389/fonc.2021.749970
https://www.ncbi.nlm.nih.gov/pubmed/34745974
https://doi.org/10.1016/j.jphotobiol.2018.12.024
https://www.ncbi.nlm.nih.gov/pubmed/30685585
https://doi.org/10.1186/s12951-021-00932-2
https://www.ncbi.nlm.nih.gov/pubmed/34120612
https://doi.org/10.3390/nano10010091
https://www.ncbi.nlm.nih.gov/pubmed/31906509
https://doi.org/10.3390/pharmaceutics15031019
https://www.ncbi.nlm.nih.gov/pubmed/36986879
https://doi.org/10.1155/2014/954307
https://www.ncbi.nlm.nih.gov/pubmed/24511553
https://doi.org/10.1007/s00109-007-0274-2
https://doi.org/10.1177/0748233718763517
https://doi.org/10.1016/j.jphotobiol.2020.111918
https://doi.org/10.1016/j.inoche.2019.01.001
https://doi.org/10.1016/j.apsusc.2019.05.050
https://doi.org/10.1016/j.ica.2019.01.012
https://doi.org/10.1016/j.pdpdt.2021.102573
https://www.ncbi.nlm.nih.gov/pubmed/34628070
https://doi.org/10.1016/j.bios.2019.111544
https://www.ncbi.nlm.nih.gov/pubmed/31376717
https://doi.org/10.1007/s10549-008-0014-5
https://www.ncbi.nlm.nih.gov/pubmed/18418709
https://doi.org/10.2147/IJN.S51065
https://doi.org/10.1016/j.ijbiomac.2019.07.088
https://doi.org/10.1016/j.prp.2023.155033
https://www.ncbi.nlm.nih.gov/pubmed/38134837
https://doi.org/10.1002/jbio.201500282
https://doi.org/10.1016/j.cej.2019.05.023
https://doi.org/10.1021/acsbiomaterials.0c01045
https://www.ncbi.nlm.nih.gov/pubmed/33449670
https://doi.org/10.1002/jbt.22343
https://www.ncbi.nlm.nih.gov/pubmed/31004549


Materials 2024, 17, 2152 36 of 40

27. Mohammadi, S.; Akbari-Birgani, S.; Nikfarjam, N.; Rasekhian, M. Polyethyleneimine-decorated graphene oxide quantum dot
as a carrier for suicide gene delivery to the breast cancer three-dimensional model. J. Drug Deliv. Sci. Technol. 2023, 88, 104849.
[CrossRef]

28. Wang, Z.; Ma, Y.; Yu, X.; Niu, Q.; Han, Z.; Wang, H.; Li, T.; Fu, D.; Achilefu, S.; Qian, Z.; et al. Targeting CXCR4–CXCL12 Axis for
Visualizing, Predicting, and Inhibiting Breast Cancer Metastasis with Theranostic AMD3100–Ag2S Quantum Dot Probe. Adv.
Funct. Mater. 2018, 28, 1800732. [CrossRef]

29. Hong, L.; Wang, Z.; Yuan, L.; Tan, J.; Wang, L.; Qu, G.; Zhang, D.; Lin, R.; Liu, S. Subcellular distribution of CdSe quantum dots
(QDs) in breast cancer cells. J. Nanosci. Nanotechnol. 2012, 12, 365–367. [CrossRef] [PubMed]

30. Eftekhari-Sis, B.; Karaminejad, S.; Malekan, F.; Araghi, H.Y.; Akbari, A. CdSe Quantum Dots Based Nano-Biosensor for Detection
of 185delAG Mutation in BRCA1 Gene, Responsible for Breast Cancer. J. Inorg. Organomet. Polym. Mater. 2017, 27, 1911–1917.
[CrossRef]

31. Freitas, M.; Neves, M.; Nouws, H.P.A.; Delerue-Matos, C. Quantum dots as nanolabels for breast cancer biomarker HER2-ECD
analysis in human serum. Talanta 2020, 208, 120430. [CrossRef]

32. Yezhelyev, M.V.; Al-Hajj, A.; Morris, C.; Marcus, A.I.; Liu, T.; Lewis, M.; Cohen, C.; Zrazhevskiy, P.; Simons, J.W.; Rogatko, A.; et al.
In situ molecular profiling of breast cancer biomarkers with multicolor quantum dots. Adv. Mater. 2007, 19, 3146–3151. [CrossRef]

33. Freitas, M.; Nouws, H.P.A.; Keating, E.; Fernandes, V.C.; Delerue-Matos, C. Immunomagnetic bead-based bioassay for the
voltammetric analysis of the breast cancer biomarker HER2-ECD and tumour cells using quantum dots as detection labels.
Mikrochim. Acta 2020, 187, 184. [CrossRef]

34. Tiwari, D.K.; Tanaka, S.; Inouye, Y.; Yoshizawa, K.; Watanabe, T.M.; Jin, T. Synthesis and Characterization of Anti-HER2 Antibody
Conjugated CdSe/CdZnS Quantum Dots for Fluorescence Imaging of Breast Cancer Cells. Sensors 2009, 9, 9332–9354. [CrossRef]

35. Elakkiya, V.; Menon, M.P.; Nataraj, D.; Biji, P.; Selvakumar, R. Optical detection of CA 15.3 breast cancer antigen using CdS
quantum dot. IET Nanobiotechnol. 2017, 11, 268–276. [CrossRef] [PubMed]

36. Kumar, P.; Sharma, S.C.; Deep, A. Bioconjugation of anti estrogen alpha antibody with CdSSe/ZnS quantum dots for molecular
sensing of a breast cancer antigen. Sens. Actuators B Chem. 2014, 202, 404–409. [CrossRef]

37. Pedram, P.; Mahani, M.; Torkzadeh-Mahani, M.; Hasani, Z.; Ju, H.X. Cadmium sulfide quantum dots modified with the human
transferrin protein siderophiline for targeted imaging of breast cancer cells. Microchim. Acta 2016, 183, 67–71. [CrossRef]

38. Helle, M.; Cassette, E.; Bezdetnaya, L.; Pons, T.; Leroux, A.; Plenat, F.; Guillemin, F.; Dubertret, B.; Marchal, F. Visualisation of
sentinel lymph node with indium-based near infrared emitting Quantum Dots in a murine metastatic breast cancer model. PLoS
ONE 2012, 7, e44433. [CrossRef]

39. Ganji Arjenaki, R.; Samieepour, G.; Sadat Ebrahimi, S.E.; Pirali Hamedani, M.; Saffari, M.; Seyedhamzeh, M.; Kamali, A.N.;
Najdian, A.; Shafiee Ardestani, M. Development of novel radiolabeled antibody-conjugated graphene quantum dots for targeted
in vivo breast cancer imaging and biodistribution studies. Arab. J. Chem. 2024, 17, 105518. [CrossRef]

40. Kumar, N.; Yadav, S.; Sadique, M.A.; Khan, R. Electrochemically Exfoliated Graphene Quantum Dots Based Biosensor for CD44
Breast Cancer Biomarker. Biosensors 2022, 12, 966. [CrossRef] [PubMed]

41. Panda, A.K.; Murugan, K.; Sakthivel, R.; Lin, L.Y.; Duann, Y.F.; Dhawan, U.; Liu, X.; He, J.H.; Chung, R.J. A non-enzymatic,
biocompatible electrochemical sensor based on N-doped graphene quantum dot-incorporated SnS(2) nanosheets for in situ
monitoring of hydrogen peroxide in breast cancer cells. Colloids Surf. B Biointerfaces 2023, 222, 113033. [CrossRef]

42. Pothipor, C.; Jakmunee, J.; Bamrungsap, S.; Ounnunkad, K. An electrochemical biosensor for simultaneous detection of breast
cancer clinically related microRNAs based on a gold nanoparticles/graphene quantum dots/graphene oxide film. Analyst 2021,
146, 4000–4009. [CrossRef] [PubMed]

43. Tao, J.; Feng, S.; Liu, B.; Pan, J.; Li, C.; Zheng, Y. Hyaluronic acid conjugated nitrogen-doped graphene quantum dots for
identification of human breast cancer cells. Biomed. Mater. 2021, 16, 055001. [CrossRef] [PubMed]

44. Fakhroueian, Z.; Dehshiri, A.M.; Katouzian, F.; Esmaeilzadeh, P. In vitro cytotoxic effects of modified zinc oxide quantum dots on
breast cancer cell lines (MCF7), colon cancer cell lines (HT29) and various fungi. J. Nanopart. Res. 2014, 16, 2483. [CrossRef]

45. Fakhroueian, Z.; Rajabi, S.; Salehi, N.; Tavirani, M.R.; Noori, S.; Nourbakhsh, M. Anticancer properties of novel zinc oxide
quantum dot nanoparticles against breast cancer stem-like cells. Anticancer Drugs 2022, 33, e311–e326. [CrossRef] [PubMed]

46. Nie, Y.; Liang, Z.; Wang, P.; Ma, Q.; Su, X. MXene-Derived Quantum Dot@Gold Nanobones Heterostructure-Based Electrochemi-
luminescence Sensor for Triple-Negative Breast Cancer Diagnosis. Anal. Chem. 2021, 93, 17086–17093. [CrossRef] [PubMed]

47. Balalaeva, I.V.; Zdobnova, T.A.; Krutova, I.V.; Brilkina, A.A.; Lebedenko, E.N.; Deyev, S.M. Passive and active targeting of
quantum dots for whole-body fluorescence imaging of breast cancer xenografts. J. Biophotonics 2012, 5, 860–867. [CrossRef]
[PubMed]

48. Kawai, M.; Higuchi, H.; Watanabe, T.M.; Tada, H.; Ohuchi, N. In Vivo visualization of metastasis of human breast cancer cells
labeled with quantum dots in mice. In Future Medical Engineering Based on Bionanotechnology, Proceedings of the Final Symposium of
the Tohoku University 21st Century Center of Excellence Program, Sendai, Japan, 7–9 January 2007; Imperial College Press: London, UK,
2006; pp. 369–376. [CrossRef]

49. Xu, H.Y.; Aguilar, Z.P.; Su, H.P.; Dixon, J.D.; Wei, H.; Wang, A.Y. Breast Cancer Cell Imaging Using Semiconductor Quantum Dots.
ECS Trans. 2009, 25, 69–77. [CrossRef]

https://doi.org/10.1016/j.jddst.2023.104849
https://doi.org/10.1002/adfm.201800732
https://doi.org/10.1166/jnn.2012.5765
https://www.ncbi.nlm.nih.gov/pubmed/22523988
https://doi.org/10.1007/s10904-017-0661-2
https://doi.org/10.1016/j.talanta.2019.120430
https://doi.org/10.1002/adma.200701983
https://doi.org/10.1007/s00604-020-4156-4
https://doi.org/10.3390/s91109332
https://doi.org/10.1049/iet-nbt.2016.0012
https://www.ncbi.nlm.nih.gov/pubmed/28476984
https://doi.org/10.1016/j.snb.2014.05.110
https://doi.org/10.1007/s00604-015-1593-6
https://doi.org/10.1371/journal.pone.0044433
https://doi.org/10.1016/j.arabjc.2023.105518
https://doi.org/10.3390/bios12110966
https://www.ncbi.nlm.nih.gov/pubmed/36354475
https://doi.org/10.1016/j.colsurfb.2022.113033
https://doi.org/10.1039/d1an00436k
https://www.ncbi.nlm.nih.gov/pubmed/34013303
https://doi.org/10.1088/1748-605X/ac0d93
https://www.ncbi.nlm.nih.gov/pubmed/34157704
https://doi.org/10.1007/s11051-014-2483-2
https://doi.org/10.1097/CAD.0000000000001207
https://www.ncbi.nlm.nih.gov/pubmed/34419959
https://doi.org/10.1021/acs.analchem.1c04184
https://www.ncbi.nlm.nih.gov/pubmed/34914874
https://doi.org/10.1002/jbio.201200080
https://www.ncbi.nlm.nih.gov/pubmed/22887708
https://doi.org/10.1142/9781860948800_0040
https://doi.org/10.1149/1.3236409


Materials 2024, 17, 2152 37 of 40

50. Jung, K.H.; Choe, Y.S.; Paik, J.Y.; Lee, K.H. 99mTc-Hydrazinonicotinamide epidermal growth factor-polyethylene glycol-quantum
dot imaging allows quantification of breast cancer epidermal growth factor receptor expression and monitors receptor downregu-
lation in response to cetuximab therapy. J. Nucl. Med. 2011, 52, 1457–1464. [CrossRef]

51. Chen, H.; Wang, T.; Li, K.; He, Q.; Hou, X.; Yang, R.; Wang, B. Effects of surface modification of quantum dots on viability and
migration of triple-negative breast cancer cells. J. Colloid Interface Sci. 2017, 485, 51–58. [CrossRef]

52. Khan, F.A.; Lammari, N.; Muhammad Siar, A.S.; Alkhater, K.M.; Asiri, S.; Akhtar, S.; Almansour, I.; Alamoudi, W.; Haroun, W.;
Louaer, W.; et al. Quantum dots encapsulated with curcumin inhibit the growth of colon cancer, breast cancer and bacterial cells.
Nanomedicine 2020, 15, 969–980. [CrossRef]

53. Ko, N.R.; Nafiujjaman, M.; Lee, J.S.; Lim, H.N.; Lee, Y.K.; Kwon, I.K. Graphene quantum dot-based theranostic agents for active
targeting of breast cancer. RSC Adv. 2017, 7, 11420–11427. [CrossRef]

54. Shahabi, J.; Akbarzadeh, A.; Heydarinasab, A.; Ardjmand, M. Doxorubicin Loaded Liposomal Nanoparticles Containing
Quantum Dot for Treatment of Breast Cancer. Iran. J. Chem. Chem. Eng. 2019, 38, 45–53.

55. Zoghi, M.; Pourmadadi, M.; Yazdian, F.; Nigjeh, M.N.; Rashedi, H.; Sahraeian, R. Synthesis and characterization of chi-
tosan/carbon quantum dots/Fe2O3 nanocomposite comprising curcumin for targeted drug delivery in breast cancer therapy. Int.
J. Biol. Macromol. 2023, 249, 125788. [CrossRef]

56. Forder, J.; Smith, M.; Wagner, M.; Schaefer, R.J.; Gorky, J.; van Golen, K.L.; Nohe, A.; Dhurjati, P. A Physiologically-Based
Pharmacokinetic Model for Targeting Calcitriol-Conjugated Quantum Dots to Inflammatory Breast Cancer Cells. Clin. Transl. Sci.
2019, 12, 617–624. [CrossRef] [PubMed]

57. Pietila, M.; Lehenkari, P.; Kuvaja, P.; Kaakinen, M.; Kaul, S.C.; Wadhwa, R.; Uemura, T. Mortalin antibody-conjugated quantum
dot transfer from human mesenchymal stromal cells to breast cancer cells requires cell-cell interaction. Exp. Cell Res. 2013, 319,
2770–2780. [CrossRef] [PubMed]

58. Liu, X.L.; Peng, C.W.; Chen, C.; Yang, X.Q.; Hu, M.B.; Xia, H.S.; Liu, S.P.; Pang, D.W.; Li, Y. Quantum dots-based double-color
imaging of HER2 positive breast cancer invasion. Biochem. Biophys. Res. Commun. 2011, 409, 577–582. [CrossRef]

59. Radenkovic, D.; Kobayashi, H.; Remsey-Semmelweis, E.; Seifalian, A.M. Quantum dot nanoparticle for optimization of breast
cancer diagnostics and therapy in a clinical setting. Nanomedicine 2016, 12, 1581–1592. [CrossRef] [PubMed]

60. SalmanOgli, A.; Rostami, A. Modeling and Improvement of Breast Cancer Site Temperature Profile by Implantation of Onion-Like
Quantum-Dot Quantum-Well Heteronanocrystal in Tumor Site. IEEE Trans. Nanotechnol. 2012, 11, 1183–1191. [CrossRef]

61. Saleem, H.; Thamer, A.K.; Salam Hasan, A.; Majid Muhammed, T.; Al-Hetty, H.R.A.K. Synthesis and Bio-imaging Applications of
Silver Nanoparticles for Breast Cancer Imaging. Front. Biomed Technol. 2024. Available online: https://fbt.tums.ac.ir/index.php/
fbt/article/view/958 (accessed on 10 April 2024).

62. Chen, C.; Peng, J.; Xia, H.; Wu, Q.; Zeng, L.; Xu, H.; Tang, H.; Zhang, Z.; Zhu, X.; Pang, D.; et al. Quantum-dot-based
immunofluorescent imaging of HER2 and ER provides new insights into breast cancer heterogeneity. Nanotechnology 2010, 21,
095101. [CrossRef]

63. Mandal, G.; Darragh, M.; Wang, Y.A.; Heyes, C.D. Cadmium-free quantum dots as time-gated bioimaging probes in highly-
autofluorescent human breast cancer cells. Chem. Commun. 2013, 49, 624–626. [CrossRef]

64. Wang, L.W.; Peng, C.W.; Chen, C.; Li, Y. Quantum dots-based tissue and in vivo imaging in breast cancer researches: Current
status and future perspectives. Breast Cancer Res. Treat. 2015, 151, 7–17. [CrossRef] [PubMed]

65. Amir, H.; Subramanian, V.; Sornambikai, S.; Ponpandian, N.; Viswanathan, C. Nitrogen-enhanced carbon quantum dots mediated
immunosensor for electrochemical detection of HER2 breast cancer biomarker. Bioelectrochemistry 2024, 155, 108589. [CrossRef]
[PubMed]

66. Chen, C.; Peng, J.; Xia, H.S.; Yang, G.F.; Wu, Q.S.; Chen, L.D.; Zeng, L.B.; Zhang, Z.L.; Pang, D.W.; Li, Y. Quantum dots-based
immunofluorescence technology for the quantitative determination of HER2 expression in breast cancer. Biomaterials 2009, 30,
2912–2918. [CrossRef] [PubMed]

67. Chen, C.; Xia, H.S.; Gong, Y.P.; Peng, J.; Peng, C.W.; Hu, M.B.; Zhu, X.B.; Pang, D.W.; Sun, S.R.; Li, Y. The quantitative detection
of total HER2 load by quantum dots and the identification of a new subtype of breast cancer with different 5-year prognosis.
Biomaterials 2010, 31, 8818–8825. [CrossRef] [PubMed]

68. Brazhnik, K.; Sokolova, Z.; Baryshnikova, M.; Bilan, R.; Nabiev, I.; Sukhanova, A. Multiplexed analysis of serum breast and
ovarian cancer markers by means of suspension bead-quantum dot microarrays. Phys. Procedia 2015, 73, 235–240. [CrossRef]

69. Hasanzadeh, M.; Tagi, S.; Solhi, E.; Mokhtarzadeh, A.; Shadjou, N.; Eftekhari, A.; Mahboob, S. An innovative immunosensor for
ultrasensitive detection of breast cancer specific carbohydrate (CA 15-3) in unprocessed human plasma and MCF-7 breast cancer
cell lysates using gold nanospear electrochemically assembled onto thiolated graphene quantum dots. Int. J. Biol. Macromol. 2018,
114, 1008–1017. [CrossRef] [PubMed]

70. Kwon, S.; Kim, M.S.; Lee, E.S.; Sohn, J.S.; Park, J.K. A quantum dot-based microfluidic multi-window platform for quantifying
the biomarkers of breast cancer cells. Integr. Biol. 2014, 6, 430–437. [CrossRef] [PubMed]

71. Chen, C.; Sun, S.R.; Gong, Y.P.; Qi, C.B.; Peng, C.W.; Yang, X.Q.; Liu, S.P.; Peng, J.; Zhu, S.; Hu, M.B.; et al. Quantum dots-based
molecular classification of breast cancer by quantitative spectroanalysis of hormone receptors and HER2. Biomaterials 2011, 32,
7592–7599. [CrossRef] [PubMed]

https://doi.org/10.2967/jnumed.111.087619
https://doi.org/10.1016/j.jcis.2016.09.024
https://doi.org/10.2217/nnm-2019-0429
https://doi.org/10.1039/c6ra25949a
https://doi.org/10.1016/j.ijbiomac.2023.125788
https://doi.org/10.1111/cts.12664
https://www.ncbi.nlm.nih.gov/pubmed/31305024
https://doi.org/10.1016/j.yexcr.2013.07.023
https://www.ncbi.nlm.nih.gov/pubmed/23928292
https://doi.org/10.1016/j.bbrc.2011.05.052
https://doi.org/10.1016/j.nano.2016.02.014
https://www.ncbi.nlm.nih.gov/pubmed/27013132
https://doi.org/10.1109/Tnano.2012.2213096
https://fbt.tums.ac.ir/index.php/fbt/article/view/958
https://fbt.tums.ac.ir/index.php/fbt/article/view/958
https://doi.org/10.1088/0957-4484/21/9/095101
https://doi.org/10.1039/c2cc37529j
https://doi.org/10.1007/s10549-015-3363-x
https://www.ncbi.nlm.nih.gov/pubmed/25833213
https://doi.org/10.1016/j.bioelechem.2023.108589
https://www.ncbi.nlm.nih.gov/pubmed/37918312
https://doi.org/10.1016/j.biomaterials.2009.02.010
https://www.ncbi.nlm.nih.gov/pubmed/19251316
https://doi.org/10.1016/j.biomaterials.2010.07.091
https://www.ncbi.nlm.nih.gov/pubmed/20723971
https://doi.org/10.1016/j.phpro.2015.09.163
https://doi.org/10.1016/j.ijbiomac.2018.03.183
https://www.ncbi.nlm.nih.gov/pubmed/29621501
https://doi.org/10.1039/c3ib40224j
https://www.ncbi.nlm.nih.gov/pubmed/24599518
https://doi.org/10.1016/j.biomaterials.2011.06.029
https://www.ncbi.nlm.nih.gov/pubmed/21745686


Materials 2024, 17, 2152 38 of 40

72. Liu, M.H.; Yu, W.T.; Zhao, N.N.; Qiu, J.G.; Jiang, B.H.; Zhang, Y.; Zhang, C.Y. Development of a N6-methyladenosine-directed
single quantum dot-based biosensor for sensitive detection of METTL3/14 complex activity in breast cancer tissues. Anal. Chim.
Acta 2023, 1279, 341796. [CrossRef]

73. Miyashita, M.; Gonda, K.; Tada, H.; Watanabe, M.; Kitamura, N.; Kamei, T.; Sasano, H.; Ishida, T.; Ohuchi, N. Quantitative
diagnosis of HER2 protein expressing breast cancer by single-particle quantum dot imaging. Cancer Med. 2016, 5, 2813–2824.
[CrossRef]

74. Tada, H.; Higuchi, H.; Watanabe, T.M.; Ohuchi, N. In Vivo breast cancer cell imaging using quantum dot conjugated with
anti-HER2 antibody. In Future Medical Engineering Based on Bionanotechnology, Proceedings of the Final Symposium of the Tohoku
University 21st Century Center of Excellence Program, Sendai, Japan, 7–9 January 2007; Imperial College Press: London, UK, 2006; pp.
515–520. [CrossRef]

75. Peckys, D.B.; Quint, C.; Jonge, N. Determining the Efficiency of Single Molecule Quantum Dot Labeling of HER2 in Breast Cancer
Cells. Nano Lett. 2020, 20, 7948–7955. [CrossRef]

76. Rakovich, T.Y.; Mahfoud, O.K.; Mohamed, B.M.; Prina-Mello, A.; Crosbie-Staunton, K.; Van Den Broeck, T.; De Kimpe, L.;
Sukhanova, A.; Baty, D.; Rakovich, A.; et al. Highly sensitive single domain antibody-quantum dot conjugates for detection of
HER2 biomarker in lung and breast cancer cells. ACS Nano 2014, 8, 5682–5695. [CrossRef] [PubMed]

77. Tak, Y.K.; Naoghare, P.K.; Kim, B.J.; Kim, M.J.; Lee, E.S.; Song, J.M. High-content quantum dot-based subtype diagnosis and
classification of breast cancer patients using hypermulticolor quantitative single cell imaging cytometry. Nano Today 2012, 7,
231–244. [CrossRef]

78. Tabatabaei-Panah, A.S.; Jeddi-Tehrani, M.; Ghods, R.; Akhondi, M.M.; Mojtabavi, N.; Mahmoudi, A.R.; Mirzadegan, E.; Shojaeian,
S.; Zarnani, A.H. Accurate sensitivity of quantum dots for detection of HER2 expression in breast cancer cells and tissues. J.
Fluoresc. 2013, 23, 293–302. [CrossRef] [PubMed]

79. Hua, X.; Zhou, Z.; Yuan, L.; Liu, S. Selective collection and detection of MCF-7 breast cancer cells using aptamer-functionalized
magnetic beads and quantum dots based nano-bio-probes. Anal. Chim. Acta 2013, 788, 135–140. [CrossRef] [PubMed]

80. Qiu, Y.; Zhou, B.; Yang, X.; Long, D.; Hao, Y.; Yang, P. Novel Single-Cell Analysis Platform Based on a Solid-State Zinc-Coadsorbed
Carbon Quantum Dots Electrochemiluminescence Probe for the Evaluation of CD44 Expression on Breast Cancer Cells. ACS Appl.
Mater. Interfaces 2017, 9, 16848–16856. [CrossRef] [PubMed]

81. Sun, G.; Xing, W.; Xing, R.; Cong, L.; Tong, S.; Yu, S. Targeting breast cancer cells with a CuInS2/ZnS quantum dot-labeled Ki-67
bioprobe. Oncol. Lett. 2018, 15, 2471–2476. [CrossRef] [PubMed]

82. Shi, X.H.; Yuan, J.P.; Dai, Y.Y.; Liu, X.; Liu, S.L.; Wang, Z.G. Quantum Dot-Based Dual-Color In Situ Fluorescence Imaging of the
Coevolution of CD68 and CD47 in Breast Cancer. ACS Appl. Nano Mater. 2022, 5, 1200–1208. [CrossRef]

83. AlZahrani, Y.M.; Alharthi, S.; AlGhamdi, H.A.; Youssef, A.O.; Ahmed, S.S.; Mohamed, E.H.; Mahmoud, S.A.; Attia, M.S. Highly
selective optical sensor N/S-doped carbon quantum dots (CQDs) for the assessment of human chorionic gonadotropin beta-hCG
in the serum of breast and prostate cancer patients. RSC Adv. 2023, 13, 21318–21326. [CrossRef]

84. Tran, H.L.; Dang, V.D.; Dega, N.K.; Lu, S.M.; Huang, Y.F.; Doong, R.A. Ultrasensitive detection of breast cancer cells with a
lectin-based electrochemical sensor using N-doped graphene quantum dots as the sensing probe. Sens. Actuators B Chem. 2022,
368, 132233. [CrossRef]

85. Xing, W.Y.; Li, Q.; Ren, X.; Sun, G. Quantum-dot-based immunofluorescent imaging of Cancer Marker P53 Detection in Breast
Cancer. In Proceedings of the 2016 5th International Conference on Environment, Materials, Chemistry and Power Electronics,
Zhengzhou, China, 11–12 April 2016; Volume 84, pp. 593–598.

86. Xu, H.Y.; Wei, H.; Aguilar, Z.P.; Waldron, J.L.; Wang, Y.A. Application of Semiconductor Quantum Dots for Breast Cancer Cell
Sensing. In Proceedings of the 2009 2nd International Conference on Biomedical Engineering and Informatics, Tianjin, China,
17–19 October 2009; pp. 1–5.

87. Gonda, K.; Miyashita, M.; Higuchi, H.; Tada, H.; Watanabe, T.M.; Watanabe, M.; Ishida, T.; Ohuchi, N. Predictive diagnosis of
the risk of breast cancer recurrence after surgery by single-particle quantum dot imaging. Sci. Rep. 2015, 5, 14322. [CrossRef]
[PubMed]

88. Amraee, N.; Torbati, M.B.; Majd, A.; Shaabanzadeh, M. Efficient and Traceable Tamoxifen Delivery to Breast Cancer Cells Using
Folic Acid-Decorated and PEGylated Graphene Quantum Dots. Chemistryselect 2023, 8, e202302465. [CrossRef]

89. Ghanbari, N.; Fam, A.M.; Salehi, Z.; Khodadadi, A.A.; Safarian, S. Synergistic effects of graphene quantum dots nanocarriers and
folic acid targeting agent on enhanced killing of breast cancer cells by tamoxifen. Can. J. Chem. Eng. 2024; Epub ahead of printing.
[CrossRef]

90. Ghanbari, N.; Salehi, Z.; Khodadadi, A.A.; Shokrgozar, M.A.; Saboury, A.A. Glucosamine-conjugated graphene quantum dots as
versatile and pH-sensitive nanocarriers for enhanced delivery of curcumin targeting to breast cancer. Mater. Sci. Eng. C Mater.
Biol. Appl. 2021, 121, 111809. [CrossRef] [PubMed]

91. Mahani, M.; Pourrahmani-Sarbanani, M.; Yoosefian, M.; Divsar, F.; Mousavi, S.M.; Nomani, A. Doxorubicin delivery to breast
cancer cells with transferrin-targeted carbon quantum dots: An in vitro and in silico study. J. Drug Deliv. Sci. Technol. 2021, 62,
102342. [CrossRef]

92. Mirzababaei, M.; Larijani, K.; Hashemi-Moghaddam, H.; Mirjafary, Z.; Madanchi, H. Graphene quantum dots coated cationic
polymer for targeted drug delivery and imaging of breast cancer. J. Polym. Res. 2023, 30, 268. [CrossRef]

https://doi.org/10.1016/j.aca.2023.341796
https://doi.org/10.1002/cam4.898
https://doi.org/10.1142/9781860948800_0057
https://doi.org/10.1021/acs.nanolett.0c02644
https://doi.org/10.1021/nn500212h
https://www.ncbi.nlm.nih.gov/pubmed/24873349
https://doi.org/10.1016/j.nantod.2012.06.009
https://doi.org/10.1007/s10895-012-1147-9
https://www.ncbi.nlm.nih.gov/pubmed/23212129
https://doi.org/10.1016/j.aca.2013.06.001
https://www.ncbi.nlm.nih.gov/pubmed/23845492
https://doi.org/10.1021/acsami.7b02793
https://www.ncbi.nlm.nih.gov/pubmed/28481500
https://doi.org/10.3892/ol.2017.7615
https://www.ncbi.nlm.nih.gov/pubmed/29434960
https://doi.org/10.1021/acsanm.1c03816
https://doi.org/10.1039/d3ra01570j
https://doi.org/10.1016/j.snb.2022.132233
https://doi.org/10.1038/srep14322
https://www.ncbi.nlm.nih.gov/pubmed/26392299
https://doi.org/10.1002/slct.202302465
https://doi.org/10.1002/cjce.25267
https://doi.org/10.1016/j.msec.2020.111809
https://www.ncbi.nlm.nih.gov/pubmed/33579453
https://doi.org/10.1016/j.jddst.2021.102342
https://doi.org/10.1007/s10965-023-03638-1


Materials 2024, 17, 2152 39 of 40

93. Monroe, J.D.; Belekov, E.; Er, A.O.; Smith, M.E. Anticancer Photodynamic Therapy Properties of Sulfur-Doped Graphene
Quantum Dot and Methylene Blue Preparations in MCF-7 Breast Cancer Cell Culture. Photochem. Photobiol. 2019, 95, 1473–1481.
[CrossRef] [PubMed]

94. Makola, L.C.; Nwahara, N.; Managa, M.; Nyokong, T. Photodynamic therapy activity of 5,10,15-tris(5-bromo-2-thienyl),20
(phenylcarboxy)porphyrin conjugated to graphene quantum dot against MCF-7 breast cancer cells. J. Coord. Chem. 2022, 75,
1112–1128. [CrossRef]

95. Esgandari, K.; Mohammadian, M.; Zohdiaghdam, R.; Rastin, S.J.; Alidadi, S.; Behrouzkia, Z. Combined treatment with silver
graphene quantum dot, radiation, and 17-AAG induces anticancer effects in breast cancer cells. J. Cell. Physiol. 2021, 236,
2817–2828. [CrossRef]

96. Gomez, I.J.; Ovejero-Paredes, K.; Mendez-Arriaga, J.M.; Pizurova, N.; Filice, M.; Zajickova, L.; Prashar, S.; Gomez-Ruiz, S.
Organotin(IV)-Decorated Graphene Quantum Dots as Dual Platform for Molecular Imaging and Treatment of Triple Negative
Breast Cancer. Chemistry 2023, 29, e202301845. [CrossRef]

97. Clermont-Paquette, A. Abstract 494: Fluorescent carbon dots: A novel bioimaging tool to reveal the mechanism of action of
anticancer drugs in cells. Cancer Res. 2024, 84, 494. [CrossRef]

98. Tiwari, P.; Shukla, R.P.; Yadav, K.; Singh, N.; Marwaha, D.; Gautam, S.; Bakshi, A.K.; Rai, N.; Kumar, A.; Sharma, D.; et al.
Dacarbazine-primed carbon quantum dots coated with breast cancer cell-derived exosomes for improved breast cancer therapy. J.
Control Release 2024, 365, 43–59. [CrossRef] [PubMed]

99. Bavaskar, K.; Patil, V.; Morani, D.; Jain, A. Review on Hyaluronic Acid Functionalized Sulfur and Nitrogen Co-Doped Graphene
Quantum Dots Nano Conjugates for Targeting of Specific type of Cancer. Adv. Pharm. Bull. 2024. [CrossRef]

100. AbdElhamid, A.S.; Zayed, D.G.; Helmy, M.W.; Ebrahim, S.M.; Bahey-El-Din, M.; Zein-El-Dein, E.A.; El-Gizawy, S.A.; Elzoghby,
A.O. Lactoferrin-tagged quantum dots-based theranostic nanocapsules for combined COX-2 inhibitor/herbal therapy of breast
cancer. Nanomedicine 2018, 13, 2637–2656. [CrossRef]

101. Chang, C.H.; Tsai, I.C.; Chiang, C.J.; Chao, Y.P. A theranostic approach to breast cancer by a quantum dots- and magnetic
nanoparticles-conjugated peptide. J. Taiwan Inst. Chem. E 2019, 97, 88–95. [CrossRef]

102. Wang, Y.; Wang, Y.; Chen, G.; Li, Y.; Xu, W.; Gong, S. Quantum-Dot-Based Theranostic Micelles Conjugated with an Anti-EGFR
Nanobody for Triple-Negative Breast Cancer Therapy. ACS Appl. Mater. Interfaces 2017, 9, 30297–30305. [CrossRef] [PubMed]

103. Ma, Q.; Nakane, Y.; Mori, Y.; Hasegawa, M.; Yoshioka, Y.; Watanabe, T.M.; Gonda, K.; Ohuchi, N.; Jin, T. Multilayered, core/shell
nanoprobes based on magnetic ferric oxide particles and quantum dots for multimodality imaging of breast cancer tumors.
Biomaterials 2012, 33, 8486–8494. [CrossRef]

104. Yang, X.Q.; Chen, C.; Peng, C.W.; Hou, J.X.; Liu, S.P.; Qi, C.B.; Gong, Y.P.; Zhu, X.B.; Pang, D.W.; Li, Y. Quantum dot-based
quantitative immunofluorescence detection and spectrum analysis of epidermal growth factor receptor in breast cancer tissue
arrays. Int. J. Nanomed. 2011, 6, 2265–2273. [CrossRef] [PubMed]

105. Zheng, H.; Li, X.; Chen, C.; Chen, J.; Sun, J.; Sun, S.; Jin, L.; Li, J.; Sun, S.; Wu, X. Quantum dot-based immunofluorescent imaging
and quantitative detection of TOP2A and prognostic value in triple-negative breast cancer. Int. J. Nanomed. 2016, 11, 5519–5529.
[CrossRef] [PubMed]

106. Zheng, H.M.; Chen, C.; Wu, X.H.; Chen, J.; Sun, S.; Sun, J.Z.; Wang, M.W.; Sun, S.R. Quantum dot-based in situ simultaneous
molecular imaging and quantitative analysis of EGFR and collagen IV and identification of their prognostic value in triple-negative
breast cancer. Tumour Biol. 2016, 37, 2509–2518. [CrossRef]

107. Xiang, Q.M.; Wang, L.W.; Yuan, J.P.; Chen, J.M.; Yang, F.; Li, Y. Quantum dot-based multispectral fluorescent imaging to
quantitatively study co-expressions of Ki67 and HER2 in breast cancer. Exp. Mol. Pathol. 2015, 99, 133–138. [CrossRef]

108. Yuan, J.P.; Wang, L.W.; Qu, A.P.; Chen, J.M.; Xiang, Q.M.; Chen, C.; Sun, S.R.; Pang, D.W.; Liu, J.; Li, Y. Quantum dots-based
quantitative and in situ multiple imaging on ki67 and cytokeratin to improve ki67 assessment in breast cancer. PLoS ONE 2015,
10, e0122734. [CrossRef] [PubMed]

109. Shim, Y.; Song, J.M. Quantum dot nanoprobe-based high-content monitoring of notch pathway inhibition of breast cancer stem
cell by capsaicin. Mol. Cell. Probes 2015, 29, 376–381. [CrossRef] [PubMed]

110. Zhu, Y.Y.; Chen, C.; Li, J.J.; Sun, S.R. The prognostic value of quantitative analysis of CCL5 and collagen IV in luminal B (HER2−)
subtype breast cancer by quantum-dot-based molecular imaging. Int. J. Nanomed. 2018, 13, 3795–3803. [CrossRef] [PubMed]

111. Kaveh Zenjanab, M.; Abdolahinia, E.D.; Alizadeh, E.; Hamishehkar, H.; Shahbazi, R.; Ranjbar-Navazi, Z.; Jahanban-Esfahlan, R.;
Fathi, M.; Mohammadi, S.A. Hyaluronic Acid-Targeted Niosomes for Effective Breast Cancer Chemostarvation Therapy. ACS
Omega 2024, 9, 10875–10885. [CrossRef]

112. Samimi, S.; Ardestani, M.S.; Dorkoosh, F.A. Preparation of carbon quantum dots- quinic acid for drug delivery of gemcitabine to
breast cancer cells. J. Drug Deliv. Sci. Technol. 2021, 61, 102287. [CrossRef]

113. Azizi, M.; Sheini, A.; Seyed Dorraji, M.S.; Alidadi, H.; Fekri, E. Carbon quantum dot based nanocarrier labeled with anti-PDL1
antibody as a promising theranostic candidate for the triple negative breast cancer treatment. Mater. Chem. Phys. 2024, 315,
128981. [CrossRef]

114. Roshini, A.; Jagadeesan, S.; Cho, Y.J.; Lim, J.H.; Choi, K.H. Synthesis and evaluation of the cytotoxic and anti-proliferative
properties of ZnO quantum dots against MCF-7 and MDA-MB-231 human breast cancer cells. Mater. Sci. Eng. C Mater. Biol. Appl.
2017, 81, 551–560. [CrossRef] [PubMed]

https://doi.org/10.1111/php.13136
https://www.ncbi.nlm.nih.gov/pubmed/31230353
https://doi.org/10.1080/00958972.2022.2087515
https://doi.org/10.1002/jcp.30046
https://doi.org/10.1002/chem.202301845
https://doi.org/10.1158/1538-7445.Am2024-494
https://doi.org/10.1016/j.jconrel.2023.11.005
https://www.ncbi.nlm.nih.gov/pubmed/37935257
https://doi.org/10.34172/apb.2024.043
https://doi.org/10.2217/nnm-2018-0196
https://doi.org/10.1016/j.jtice.2019.02.013
https://doi.org/10.1021/acsami.7b05654
https://www.ncbi.nlm.nih.gov/pubmed/28845963
https://doi.org/10.1016/j.biomaterials.2012.07.051
https://doi.org/10.2147/IJN.S24161
https://www.ncbi.nlm.nih.gov/pubmed/22072864
https://doi.org/10.2147/IJN.S111594
https://www.ncbi.nlm.nih.gov/pubmed/27799773
https://doi.org/10.1007/s13277-015-4079-6
https://doi.org/10.1016/j.yexmp.2015.06.013
https://doi.org/10.1371/journal.pone.0122734
https://www.ncbi.nlm.nih.gov/pubmed/25856425
https://doi.org/10.1016/j.mcp.2015.09.004
https://www.ncbi.nlm.nih.gov/pubmed/26384954
https://doi.org/10.2147/IJN.S159585
https://www.ncbi.nlm.nih.gov/pubmed/29988769
https://doi.org/10.1021/acsomega.3c09782
https://doi.org/10.1016/j.jddst.2020.102287
https://doi.org/10.1016/j.matchemphys.2024.128981
https://doi.org/10.1016/j.msec.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/28888009


Materials 2024, 17, 2152 40 of 40

115. Ku, T.H.; Shen, W.T.; Hsieh, C.T.; Chen, G.S.; Shia, W.C. Specific Forms of Graphene Quantum Dots Induce Apoptosis and Cell
Cycle Arrest in Breast Cancer Cells. Int. J. Mol. Sci. 2023, 24, 4046. [CrossRef]

116. Saharkhiz, S.; Nasri, N.; Naderi, N.; Dini, G.; Ghalehshahi, S.S.; Firoozbakht, F. Evaluating a targeted Palbociclib-Trastuzumab
loaded smart niosome platform for treating HER2 positive breast cancer cells. Int. J. Pharm. X 2024, 7, 100237. [CrossRef]

117. Wang, M.; Lan, S.; Zhang, W.; Jin, Q.; Du, H.; Sun, X.; He, L.; Meng, X.; Su, L.; Liu, G. Anti-Cancer Potency of Copper-Doped
Carbon Quantum Dots Against Breast Cancer Progression. Int. J. Nanomed. 2024, 19, 1985–2004. [CrossRef]

118. Javani Jouni, F.; Rastegar-Pouyani, N.; Najjar, N.; Nasirpour, M.; Payez, A.; Kashi, G.; Zafari, J. Evaluation of the effects of
photodynamic therapy consisted of the blue laser and zinc oxide QDs on MDA-MB-231 cancer cells by inhibiting cancer markers
and inducing apoptosis. Lasers Med. Sci. 2024, 39, 28. [CrossRef]

119. Alipour, B.; Mortezazadeh, T.; Abdulsahib, W.K.; Arzhang, A.; Malekzadeh, R.; Farhood, B. A systematic review of multimodal
application of quantum dots in breast cancer diagnosis: Effective parameters, status and future perspectives. J. Drug Deliv. Sci.
Technol. 2023, 86, 104682. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms24044046
https://doi.org/10.1016/j.ijpx.2024.100237
https://doi.org/10.2147/IJN.S449887
https://doi.org/10.1007/s10103-024-03977-5
https://doi.org/10.1016/j.jddst.2023.104682

	Introduction 
	Quantum Dot Products for Breast Cancer 
	Diagnostic and Imaging Enhancements 
	Quantum Dot-Based Biomarker Detection in Breast Cancer 
	Quantum Dot Targeting and Detection of HER2 in Breast Cancer 
	Quantum Dot Applications in Hormone and Protein Biomarker Detection 
	Quantum Dots for Targeted Drug Delivery in Breast Cancer 
	Theranostic Applications of Quantum Dots in Breast Cancer 
	Targeted Theranostics and Imaging with Quantum Dots in Breast Cancer 
	Quantum Dots for Metastasis Prediction and Inhibition in Breast Cancer 
	Cytotoxicity and Therapeutic Potential of Quantum Dots in Breast Cancer 
	Quantum Dot Applications in Histochemistry and Glycophenotype Analysis 
	Quantum Dot-Facilitated Cell Death Monitoring and Gene Delivery in Breast Cancer 
	Testing and Evaluation of the QD Products 
	Collective Outcomes 
	Limitations 
	Future Direction 
	Conclusions 
	References

