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Foreword by Dr. Soumitra Kumar Choudhuri

Quantum dots (QDs) are currently being used for various research purposes as they
are nanocrystals of semiconductors wherein an electron-hole pair can be trapped.
The application of QDs or nanoparticles (NPs) is thriving in the biomedical field,
and plenty of books have been published, but there is a dearth of books covering
the details of the application of QDs from bio-imaging to theragnostic applications,
from synthesis to their optical characterization, and from specific QDs systems to
their cytotoxicity.

The present book describes the above aspects in an elaborate manner. The
contributing authors offer their profound knowledge related to the colloidal synthesis,
optical characterizations, and biomedical applications of various water-soluble QDs.
I recommend this book, as it illustrates the progress, significant research develop-
ments in the field, and its prospects. During the last two decades, scientists have
achieved significant progress in understanding and refining many aspects and facts
related to various groups of QD systems and their applications in the biomedical
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field, both in vitro and in vivo. The editors of this book have done an excellent job
for the readers who are (and will be) interested in applying QDs in the biomedical
field.

Dr. Soumitra Kumar Choudhuri

Former Head, Department of IVCCC

and Emeritus Medical Scientist (EMS, ICMR)
Chittaranjan National Cancer Institute (CNCI)
Kolkata, India



Foreword by Prof. Pranab Sarkar

In 1959, in his prophetic talk titled There’s Plenty of Room at the Bottom: An Invi-
tation to Enter a New Field of Physics, the great Physicist Feynman predicted that
the time would come when one can arrange the atoms at his/her will. Now, we are
in the era when the researchers made possible the prediction of this great scientist
a reality. Quantum dots or semiconductor nanoparticles have emerged as a class of
fascinating materials with a wide spectrum of tailor-made properties. The photolumi-
nescent quantum dots are being exploited in a wide range of fields, e.g., developing
sophisticated and high-accuracy biomedical tools and targeted drug delivery vehi-
cles, etc. In this context, the two young and budding scientists, Dr. Puspendu Barik
and Dr. Samiran Mondal, have made an extraordinary effort to bring about such
spectacular and massive applications of quantum dots in a single volume of their
edited book, Application of Quantum Dots in Biology and Medicine.

Throughout the thirteen chapters of this book, the readers will be acquainted
with the tremendous flurry of activities going on in the synthesis and applications
of quantum dots in biomedical fields. This book is indeed a very good attempt by
Dr. Barik and Dr. Mondal, where various researchers worldwide shared their knowl-
edge, expertise, and views on the recent developments regarding the fundamentals of
luminescent and biocompatible quantum dots, their synthetic protocols, and poten-
tial applications in biology and medicine. Each of the thirteen chapters in this book
is comprehensive, well-referenced, and represents a current and systematic as well
as coherent portrayal of the synthesis, characterization, properties, and biomedical
applications of luminescent quantum dots.
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Itis noteworthy that this book would be useful as a general introduction to lumines-
cent and biocompatible quantum dots, which will attract novice readers, and simulta-
neously, it will also draw the attention of the experts seeking in-depth information in
the field of quantum dots. I am sure that this book will be extremely valuable and expe-
dient to the scientific community. I would like to extend my heartfelt congratulations
to Puspendu and Samiran for their outstanding effort and contribution.

Prof. Pranab Sarkar

Department of Chemistry
Siksha-Bhavana (Institute of Science)
Visva-Bharati

Santiniketan, West Bengal, India



Preface

Quantum dots (QDs) or nanoparticles (NPs) are nanoscale semiconductor mate-
rials with tunable optical and electrical properties due to the quantum confinement
effect. QDs are currently utilized in a wide range of optoelectronic devices, in many
in vivo and in vitro imaging, single-molecule tracking, labeling, therapeutic, and
energy transfer-based sensing techniques since their first synthesis. During the last
two decades, many QDs have been developed and enriched with superior photophys-
ical properties due to the advancement of synthesis strategy (both hydrophobic and
hydrophilic) and in-depth analysis of their exciting properties. However, a complete
risk assessment arising from QDs is still in its infancy stage due to the lack of
knowledge of all the relevant toxicological mechanisms for all QDs.

We have brought together eleven contributed chapters from some leading
researchers worldwide in this edited book. The book comprises thirteen chapters. In
the chapter “Introduction to Quantum Dots”, Mondal starts with a brief introduction
of QDs as a potential candidate in the biomedical field and summarizes each chapter
in this book. Chapter “Synthetic Developments of Semiconductor Quantum Dot
for Biological Applications” describes the synthesis methodologies of QDs and their
surface modifications for application in biomedical fields. In the chapter “All-Op-
tical Detection of Biocompatible Quantum Dots”, Barik will discuss the photophys-
ical properties of QDs and the fundamentals of the origin of unique optical proper-
ties to characterize QDs. In the chapter “A Toxicologic Review of Quantum Dots:
Recent Insights and Future Directions”, Guha reviews the pharmacology of QDs, the
cellular uptake mechanism, and review of the assessment techniques of QD toxicity.
In the chapter “Advantages and Disadvantages of Using Quantum Dots in Lateral
Flow and Other Biological Assay Formats”, Bruno describes the advantages and
disadvantages of using quantum dots, including toxicity and toxicity management
in various assay formats, with some real-world examples. In the chapter “Recent
Developments in Quantum Dots Technologies as Effective Theranostic Tools Against
Cancer”, Mukherjee and Sarkar discuss the recent developments in QDs technolo-
gies as effective theranostic tools against cancer. In the chapter “The Underlying
Mechanism of Quantum Dot-Induced Apoptosis: Potential Application in Cancer
Therapy”, Mondal et al. presents the underlying mechanism of QD-induced apoptosis
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and its application in cancer therapy with various cell lines of malignant cells in mice
and humans. In the chapter “Fluorescent Quantum Dots, A Technological Marvel
for Optical Bio-imaging: A Perspective on Associated in Vivo Toxicity”, Poddar
portrays the fluorescent QDs as a technological marvel for optical bio-imaging. In
the chapter “Quantum Dots in Biosensing, Bioimaging, and Drug Delivery”, Mondal
and Pan cover applications of different QDs in drug delivery, bio-sensing, and bio-
imaging. In the chapter “Quantum Dots: Potential Cell Imaging Agent”, Mallick
et al. depict the supreme characteristics features of different QDs and their appli-
cations in vitro and in vivo cell imaging. In the chapter “Quantum Dot: A Boon
for Biological and Biomedical Research”, Pandit and Chandra review QD’s synthetic
approaches, biological relevance, and potential in clinical applications like targeted
molecular therapy, cancer cell imaging, as well as the left-over issues and future
perspectives. In the chapter “Upconversion and Downconversion Quantum Dots
for Biomedical and Therapeutic Applications”, Dutta and Barik comprehensively
discuss the fundamentals of upconversion (UC) and downconversion (DC) QDs/NPs
and their biomedical and therapeutic applications. In the last chapter ‘“Present Status
and Future Perspective”, Mondal concludes with the present status of QDs in the
biomedical field and a future perspective.

We hope that this book will benefit a wide range of physicists, chemists, biologists,
and material scientists working in the science and application of QDs. In particular,
those who work with the application QDs in bio-imaging, apoptosis, drug delivery,
and cancer therapy will find the book helpful. This book consists of two dedicated
chapters for UC and DC mechanisms and toxicity arising from QDs. In addition,
the book will assist graduate students who are working in these fields in building an
understanding of the fundamental of QD’s properties, various types of QDs, synthesis
methodologies, and their immediate applications in biomedical fields. We want to
thank the contributing authors for their excellent contributions. We sincerely thank
Dr. Soumitra Kumar Choudhuri and Professor Pranab Sarkar for writing the book’s
foreword. Finally, we thank Sunny Guo for her assistance in completing this book
project.

Kolkata, India Dr. Puspendu Barik
March 2022 Dr. Samiran Mondal
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Introduction to Quantum Dots M)

Check for
updates

Samiran Mondal

Abstract Quantum dots (QDs) or luminescent semiconductor nanocrystals possess
size-tunable elegant electro-optical properties, broad absorption spectra, and narrow
emission ranging from UV to NIR region, high fluorescent quantum yields, fluores-
cence intermittency, resistance to photobleaching, and significant Stoke shift, which
are the prerequisites for the application in vitro and in vivo bioimaging, biomarker,
molecular pathology, drug delivery, and many more. The suitable applicability of
QDs in the biomedical field needs to understand the science behind the QDs and
their fundamental properties, which are most relevant to biology and medicine. In
recent years, QDs have shown a wide variety of possibilities in the biomedical field
due to their recent development of synthetic procedures and biocompatibility. The
chapters will focus on the fundamentals of QDs. The chapter also includes a brief
description of chapters in the book, which may help readers understand the topics’
overview.

Keywords Quantum dots (QDs) + Fundamentals and applications of QDs *
Biomedical field

QDs are nanometer-scale (typically 2—10 nm in diameter) semiconductor nanocrys-
tals composed of Groups II (e.g., Zn, Cd),-VI (e.g., Se, S) or III (e.g., Ga, I),-V
(e.g., N, P) or IV (e.g., Pb)-VI (e.g., Se, S) elements of Mendeleev periodic table
that exhibit size-dependent optical properties, including absorbance and photolu-
minescence [1, 2]. Unique optoelectronic, catalytic, and semiconductor properties
of QDs are arising due to their three-dimensional quantum confinement regime,
i.e., the size of the QDs in the range of exciton Bohr radius [3, 4]. Valence and
conduction bands are separated by a band gap in the semiconductor material. On
photon absorption, electrons from the lower electronic energy state (valence band)
are promoted to the higher electronic energy state (conduction band), producing a
hole in the valence band. Bandgap energy becomes higher for the smaller QDs, and
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Fig. 1 a Representation of different types of quantum confinement as 0D, 1D, 2D, and 3D b
density of states (DOS) (schematically) for bulk semiconductor, quantum wells, quantum wires,
and quantum dots

therefore, an electron will require more energy to become excited. Consequently,
QD’s fluorescence is emitted when the excited electron returns to the valence band
from the conduction band [5] and the wavelength range of the emitted light in the
ultraviolet (UV) to the infrared (IR) region [6]. QDs were first identified in solids
(glass crystals) in the 1980s, more than three decades ago by Ekimov et al. [7], and
significant advancement in the field of QDs was driven after 1984 when L. E. Brus
discovered the same phenomenon in colloidal solutions [8]. He discovered that the
wavelength of light emitted or absorbed by a quantum dot changed over time as
the crystal grew and concluded that the confinement of electrons gave the particle
quantum properties [9]. Unique characteristics of QDs involve a typical size range
of 2-10 nm in diameter, high photostability, broad range excitation, size-tunable
narrow emission spectra, making them potential materials in promising applications
in nanodiagnostics, bioimaging, targeted drug delivery, and photodynamic therapy
[10, 11].

A quantum dot is a semiconductor nanocrystal with unique properties distinct
from bulk semiconductors or discrete molecules. The different types of quantum
confinements are used during the design of QDs, shown in Fig. 1. Depending on the
spatial confinement of electron—hole pairs (excitons), one may classify the confine-
ment nature of nanostructures as (i) one-dimension confinement: quantum well;
(ii) two-dimension confinement: quantum wire; (iii) three-dimension confinement:
quantum dot.

The quantum-confined properties of any material are determined by the quantum
nature of electrons and holes [12, 13]. The size and shape of the individual QDs
altered the conductive properties of the QDs. The semiconductor bandgap increases
with a decrease in nanocrystal size, as depicted in Fig. 2a, hence the difference in
energy between the highest valence band and the lowest conduction band will be
higher [14]. Consequently, more energy will be required to excite the dot, and when
the crystal returns to its resting state, more energy is released [15]. The size governs
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the wavelength of the emission from QDs; as the size decreases, there is a color shift
from red to blue in the light emitted (shown in Fig. 2b).

Structurally, QDs consist of a semiconductor core overcoated by a shell to improve
the biocompatibility, photoluminescence (PL) quantum yield (QY) of fluorescence,
and stability of these core nanocrystals, as depicted in Fig. 3. PLQY can be altered
via passivation of the surface of QD by a shell of a larger bandgap semiconductor
and the leaching of the metal ions from the core of QD [15, 16]. At first, CdSe/ZnS
and CdSe/CdS were most intensively studied [17, 18]. Later, many more QDs of
“core—shell” type were developed, such as CdSe/ZnSe, CdTe/CdS, CdTe/ZnS, and
even CdTe/CdS/ZnS “core/shell/shell” QDs [18-22].

Here, we summarize the essential physicochemical properties of QDs:

¢ (QDs are comparatively more resistant to degradation and photostable to traditional
dyes due to their inorganic composition and fluorescence intensity and also having
a high signal to noise compared to organic dyes [23, 24].

e (QDs absorb over a broad range and have fluorescence emission over a narrow
range with excellent photoresistance capacity [25, 26].

e The photoluminescence behavior of QDs can be tuned depending on the material
and the size [26].

e The surface of QDs can be coated with different chemical entities and biomaterials
owing to their easily molded shape [27].
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e The photoluminescence follows the quantum confinement effect, where smaller
quantum dots emit at higher energy (lower wavelength) and larger quantum dots
emit at lower energy (higher wavelength) [14].

QDs have shown outstanding advantages in a long time, from detection to diag-
nosis to treatment. Recently, QDs have been designed in many biological applica-
tions (e.g., diagnosis of disease, single protein tracking, drug delivery, intracellular,
and therapy) [28]. Because of the unique physical, optical, and exciting electrical
properties of QDs, they are extensively applied in other applications such as diag-
nostics, bioimaging, tissue engineering, cancer treatment, photo-thermal therapy,
biosensing, and especially drug delivery. Due to the high photostability and less
photobleaching properties of QDs are used as fluorescence probes for all types of
labeling studies and in cell marking [29]. Nowadays, the core shell structure has
opened an excellent window of research to use in broad fields, such as catalysis,
optics, electronics, biomedical, pharmaceutical, and drug delivery [30]. In the field of
diagnosis, magnetic resonance imaging (MRI), optical, and nuclear imaging based on
the optical properties of fluorescent QDs seems to be the critical imaging techniques
[31, 32]. Recent progress in surface modification and bioconjugation have expanded
their use as suitable probes for live-cell applications [33]. The development of multi-
functional nanoparticle probes based on semiconductor QDs is now used widely
in vitro (biomolecular tracking in cells, cellular imaging, and tissue staining) as well
as in vivo (QD biodistribution, vascular imaging, tracking, and tumor imaging) [34].
One of the most critical applications of QDs is cancer detection, diagnosis, manage-
ment, and treatment [35, 36]. Biocompatibility and toxicity are extremely important
to use QDs in biology. ZnS or CdS capping improved the quantum yield of the QDs
and protected them against photo-oxidation, which provides photostability and mini-
mizes cytotoxicity. Absorption, distribution, metabolism, excretion and toxicity of
QDs depend on physicochemical and environmental factors [37]. The size, charge,
concentration, outer coating bioactivity (capping material and functional groups), and
oxidative, photolytic, and mechanical stability have been associated as determining
factors in QD toxicity.

This book aims to provide basic information on the properties of QDs, and then
explore their potential in advanced biological and medical strategies. The book
consists of eleven chapters showing the important properties, synthesis procedures,
all-optical detection techniques, and the applications of QDs in biology and medicine.
First two chapters, Barik et al. discussed the synthetic developments of semicon-
ductor QDs for biological application and all-optical detection of biocompatible QDs.
Biocompatibility is one of the prerequisites for using QDs in biological and biomed-
ical research. In one of the chapters, Barik et al. addressed a more green synthetic
approach of QDs preparation with less toxicity, making QDs more water-soluble
and biofunctionalization of chemically synthesized QDs. In another chapter, Barik
et al. focus on the basics and the all-optical detection techniques for biocompatible
QDs, considering their various application toward bioimaging, biomolecule sensing,
and their interaction with biomolecules. The article also includes recently explored
optical detection techniques for QDs. John G. Bruno has discussed the advantages and
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disadvantages of using QDs, including toxicity and toxicity management in various
assay formats with real-world examples. Sarkar et al. presented recent developments
in quantum dots technologies as effective theranostic tools against certain cancers and
their drawbacks like cytotoxicity. Moving to the review concerning the application
of QDs in cancer therapy, Mandal et al. discussed the multimodal application of QDs
in cancer treatment and cellular mechanism initiated by apoptotic and autophagy cell
death after application of QDs in various cell lines of malignant cells. S. Poddar has
elaborately discussed the utility of QDs as an excellent fluorescent probe for a wide
range of fluorescence microscopy technologies ranging from conventional epifluo-
rescence, confocal, multiphoton to super-resolution microscopy for in vitro cell and
tissue imaging to in vivo deep tissue and whole animal imaging and their relevant
toxicity issues associated with using QDs in vivo investigations. In the next chapter,
Mondal et al. aim to focus on applications of different quantum dots in drug delivery,
biosensing, and bioimaging. On the other hand, Mallick et al. have depicted the
supreme characteristics features of different QDs and their applications in vitro and
in vivo cell imaging. Chandra et al. provide the background for QDs, including their
synthetic approaches, biological relevance, and potentials in clinical applications like
bioimaging (cancer cell imaging) and targeted molecular therapy (drug delivery). In
one separate chapter, Dutta et al. summarize the chemical and optical properties and
the functionalization of different up-conversion (UC) and down-conversion (DC)
QDs. The chapter focuses on the recent advances of each category of UCQDs and
DCQDs in bioimaging, biosensing, disease diagnostics, and light-controlled drug and
gene delivery. Finally, S. Mondal concluded with the present status and some possible
future development of the applicability of QDs in the biomedical field. In recent years,
the availability of green and biocompatible QDs demands progressively more appli-
cation in the biomedical field owing to the unique properties of QDs. Furthermore,
QDs provide a suitable platform for engineering multifunctional nanodevices with
the capabilities of exploiting multiple imaging modalities or merging imaging and
therapeutic functionalities within a single nanoparticle. Recently, QDs have been
safely used in advanced clinical research and are a promising diagnostic tool that
will open up a new direction. This book is exciting and valuable to a wide variety
of readership communities (students, early-stage researchers, and scientists) in the
various fields of chemistry, physics, biology, and medicine.

References

1. Alivisatos AP. Semiconductor clusters, nanocrystals, and quantum dots. Science.
1996;271(5251):933-7.

2. Medintz IL, Uyeda HT, Goldman ER, Mattoussi H. Quantum dot bioconjugates for imaging,
labelling and sensing. Nat Mater. 2005;4(6):435-46.

3. Reimann SM, Manninen M. Electronic structure of quantum dots. Rev Mod Phys.
2002;74(4):1283-342.

4. Bawendi MC, Steigerwald ML, Brus LE. Mechanics of larger semiconductor clusters
(“quantum dots”). Annu Rev Phys Chem. 1990;41(1):477-96.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

S. Mondal

Fomenko V, Nesbitt DJ. Solution control of radiative and nonradiative lifetimes: a novel
contribution to quantum dot blinking suppression. Nano Lett. 2008;8(1):287-93.

Jamieson T, Bakhshi R, Petrova D, Pocock R, Imani M, Seifalian AM. Biological applications
of quantum dots. Biomaterials. 2007;28(31):4717-32.

Ekimov AI, Onushchenko AA. Quantum size effect in three-dimensional microscopic
semiconductor crystals. JETP Lett. 1981;34(6):345-9.

Brus LE. Electron-electron and electron-hole interactions in small semiconductor crystallites:
The size dependence of the lowest excited electronic state. ] Chem Phys. 1984;80(9):4403-9.
Brus L. Electronic wave functions in semiconductor clusters: experiment and theory. J Phys
Chem. 1986;90(12):2555-60.

Samia ACS, Chen X, Burda C. Semiconductor quantum dots for photodynamic therapy. ] Am
Chem Soc. 2003;125(51):15736-7.

. Viana OS, Ribeiro MS, Fontes A, Santos BS. Quantum dots in photodynamic therapy. In:

Batini¢-Haberle I, Rebougas J, Spasojevic¢ I, editors. Redox-active therapeutics, oxidative stress
in applied basic research and clinical practice. Cham: Springer; 2016. https://doi.org/10.1007/
978-3-319-30705-3_23.

. Siegel RW. Synthesis and processing of nanostructured materials. In: Nastasi M, Nastasi M,

Parkin DM, Gleiter H, editors. Mechanical properties and deformation behavior of materials
having ultrafine microstructures, NATO-ASI, vol. E233. Dordrech: Kluwer Academic; 1993.
p. 508-36.

. Chowdhury S, Barik P. Nanocrystal materials, fabrications, and characterizations, nanocrystals

in nonvolatile memory; 2018. p. 1-73.

Maksym P, Chakraborty T. Quantum dots in a magnetic field: role of electron-electron
interactions. Phys Rev Lett. 1990;65:108-11.

Minnich A, Dresselhaus M, Ren ZF, Chen G. Bulk nanostructured thermoelectric materials:
current research and future prospects. Energy Environ Sci. 2009;2:466-79.

Hines MA, Guyot-Sionnest P. Synthesis and characterization of strongly luminescing ZnS-
capped CdSe nanocrystals. J Phys Chem. 1996;100(2):468-71.

Dabbousi BO, Rodriguez-Viejo J, Mikulec FV, Heine JR, Mattoussi H, Ober R, Jensen KF,
Bawendi MG. (CdSe)ZnS core-shell quantum dots: synthesis and characterization of a size
series of highly luminescent nanocrystallites. J Phys Chem B. 1997;101(46):9463-75.

Peng X, Schlamp MC, Kadavanich AV, Alivisatos AP. Epitaxial growth of highly luminescent
CdSe/CdS core/shell nanocrystals with photostability and electronic accessibility. ] Am Chem
Soc. 1997;119(30):7019-29.

Reiss P, Bleuse J, Pron A. Highly luminescent CdSe/ZnSe core/shell nanocrystals of low size
dispersion. Nano Lett. 2002;2(7):781-4.

He Y, Lu HT, Sai LM. Microwave-assisted growth and characterization of water-
dispersed CdTe/CdS core-shell nanocrystals with high photoluminescence. J Phys Chem B.
2006;110(27):13370-4.

Zhao D, He Z, Chan WH, Choi MMF. Synthesis and characterization of high-quality water-
soluble near-infrared-emitting CdTe/CdS quantum dots capped by N-Acetyl-l-cysteine via
hydrothermal method. J Phys Chem C. 2009;113(4):1293-300.

Chakravarthy KV, Davidson BA, Helinski JD, Ding H, Law WC, Yong KT, et al. Doxorubicin-
conjugated quantum dots to target alveolar macrophages and inflammation. Nanomedicine.
2011;7:88-96.

He Y, Lu HT, Sai LM, Su YY, Hu M, Fan CH, Huang W, Wang LH. Microwave synthesis
of water-dispersed CdTe/CdS/ZnS core-shell-shell quantum dots with excellent photostability
and biocompatibility. Adv Mater. 2008;20(18):3416-21.

Dabbousi BO, Rodriguez-Viejo J, Mikulec FV, Heine JR, Mattoussi H, Ober R, et al. (CdSe)
ZnS core-shell quantum dots: synthesis and characterizationofasizeseriesothighlyluminescent-
nanocrystallites. J Phys Chem B. 1997;101:9463-75.

Ghasemi Y, Peymani P, Afifi S. Quantum dot: magic nanoparticle for imaging, detection and
targeting. Acta Biomed. 2009;80:156-65.


https://doi.org/10.1007/978-3-319-30705-3_23
https://doi.org/10.1007/978-3-319-30705-3_23

Introduction to Quantum Dots 7

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Bera D, Qian L, Tseng TK, Holloway PH. Quantum dots and their multimodal applications: a
review. Materials. 2010;3:2260-345.

Dubertret B, Skourides P, Norris DJ, Noireaux V, Brivanlou AH, Libchaber A. In vivo imaging
of quantum dots encapsulated in phospholipid micelles. Science. 2002;298:1759-62.

Field LD, Walper SA, Susumu K, Lasarte-Aragones G, Oh E, Medintz IL, Delehanty JB. A
quantum dot-protein bioconjugate that provides for extra-cellular control of intracellular drug
release. Bioconjug Chem. 2018;29:2455-67.

Derfus AM, Chan WC, Bhatia SN. Intracellular delivery of quantum dots for live cell labeling
and organelle tracking. Adv Mat. 2004;16:961-6.

He D, Zhang C, Zeng G, Yang Y, Huang D, Wang L, Wang H. A multifunctional platform
by controlling of carbon nitride in the core-shell structure: from design to construction, and
catalysis applications. Appl Catal B Environ. 2019;258: 117957.

Kroutvar M, Ducommun Y, Heiss D, Bichler M, Schuh D, Abstreiter G, Finley JJ. Opti-
cally programmable electrone spin memory using semiconductor quantum dots. Nature.
2004;432:814.

Cassidy PJ, Radda GK. Molecular imaging perspectives. ] Royal Soc Interface. 2005;2:133—44.
Sapmaz S, Jarillo-Herrero P, Kouwenhoven LP, vander Zant HSJ. Quantum dots in carbon
nanotubes. Semicond Sci Technol. 2006;21:S52-63.

Schnee VP, Woodka MD, Pinkham D. Quantum dot material for the detection of explosive-
related chemicals. In: SPIE defense, security, and sensing, international society for optics and
photonics, vol. XVII; 2012. p. 83571J. https://doi.org/10.1117/12.921403.

Biju V, Mundayoor S, Omkumar RV, Aaas A, Ishikawa M. Bioconjugated quantum dots for
cancer research: present status, prospects and remaining issues. Biotechnol Adv. 2010;28:199—
213.

Gao X, Cui Y, Levenson RM, Chung LWK, Nie S. In vivo cancer targeting and imaging with
semiconductor quantum dots. Nat Biotechnol. 2004;22:969-76.

Hardman R. Environ Health Perspect. 2006;114:165.


https://doi.org/10.1117/12.921403

Synthetic Developments )
of Semiconductor Quantum Dot ezt
for Biological Applications

Puspendu Barik

Abstract To date, numerous varieties of semiconductor quantum dots (QDs) have
been successfully synthesized with proper control over size and shape. Some have
shown good biocompatibility, which is one of the prerequisites for using QDs
in biological and biomedical research. However, chemically processed QDs show
their non-biocompatibility issue in most cases, limiting their direct use in biolog-
ical and biomedical research. Various types of QDs, their synthesis methodologies,
surface passivation techniques for biocompatibility, and biofunctionalization will be
addressed in this chapter.

Keywords QDs - Classification - Synthesis methodologies *
Biofunctionalization - Surface passivation

1 Introduction

Semiconductor Quantum Dots (QDs) are gaining importance due to their potential
applications in medicine, biotechnology, and catalysis in recent years. In the past
30 years, the development of colloidal synthesis techniques modifies the electrical,
optical, magnetic, and chemical properties of QDs compared to their bulk coun-
terparts, enabling enormous technological applications and cultivating fundamental
scientific knowledge. QDs are nanocrystals with dimensions less than exciton Bohr
radius in three space dimensions. After its first demonstration [1, 2], colloidal QDs
make their path in the biomedical field because of their excellent physicochemical
properties, fluorescence stability, and biocompatibility. However, the biotoxicity,
solubility, and blinking properties have been criticized. The stability and emis-
sion properties of QDs depend on the characteristics of the chemical bonds of
the composting materials. However, semiconductor QDs can also lose their unique
optical and electrical properties due to the ruptured surface. Hence, the surface of
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QDs must be protected besides developing a new synthesis method for the homoge-
neous distribution of QDs. In most cases, semiconducting shells or ligands or coating
of polymers perform the surface passivation of QDs efficiently.

Numerous recent reviews describe the synthesis methods to efficiently produce
high-quality QDs in both aqueous and organic solvents. This chapter does not include
all the synthesis methods elaborately; instead, the chapter describes the fundamentals
behind the synthesis techniques. The chapter includes a brief overview of different
types of QDs and their surface passivation techniques so that QDs can be favorable
to many biomedical applications. Reiss et al. discuss the fundamental properties and
synthesis methods of II-VI, IV-VI, III-V QDs [3], and nontoxic QDs [4]. Pietryga
et al. review synthesis methods of QDs elaborately and discuss tuning the properties
beyond traditional size manipulation, the concept of “Stokes shift engineering,” and
interface engineering to obtain high-quality QDs [5]. Hiihn et al. describe selected
standard protocols for the synthesis, surface modification via ligand exchange reac-
tions, purification, and characterization of various types of colloidal QDs in organic
solvents and aqueous solutions [6]. Embden et al. provide an overview of the vast
array of QDs synthesized successfully using heat-up approaches, including detailed
discussions of controlled precursor chemistry, reaction additives, and heating condi-
tions on their crystallinity, defect density, and surface passivation [7]. Boles et al.
elaborate on the bonding, electronic structure, and chemical transformations at QD’s
surfaces due to surface ligands for their importance for biomedical (imaging, diag-
nostics, and therapeutics) applications [8]. Zhao et al. summarize basic structures, the
related synthetic methods, the functionalization and surface bioconjugation of NIR
QDs, and their biomedical applications in biosensing, bioimaging, and drug delivery
[9]. Pu et al. present a comprehensive overview of the synthesis of colloidal QDs
synthesized via chemical approaches in the solution phase, emphasizing green routes
aiming for reproducible and large-scale production [10]. Makkar et al. discuss the
advantages and challenges involved in impurity doping in semiconductor QDs arising
from colloidal synthesis methods [11]. Agarwal et al. summarize the recent advances
in the exfoliation and synthesis of single-layered transition metal dichalcogenides
and their biomedical applications [12]. Wagner et al. review the recent advances
and challenges in the molecular design of QDs for drug delivery, theranostic, and
imaging [13]. Molaei et al. review carbon QDs, their synthesis routes, optical prop-
erties, and recent advances in biomedical applications like bioimaging (in vivo and
in vitro), drug delivery, cancer therapy, gene delivery [14]. Bian et al. discuss the
research progress in the microfluidic synthesis of QDs, the design of microfluidic
synthesis devices, and their nanomedical application [15]. Heuer-Jungemann et al.
provide a comprehensive review on the role of the ligands in designing QDs for
desired morphology, colloidal stability, and function toward the applications ranging
from biomedicine to sensing and energy [16]. Algar et al. provide a comprehensive
overview of the development and application of luminescent QDs, including II-
VI, IV-VI, III-V, I-1II-VI, I-VI, and IV QDs for chemical and biological analysis
and imaging [17]. Peng et al. describe doped semiconductor QDs, their synthesis
approaches and techniques, and their current biomedical applications [18]. Shi et al.
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detail the advanced progress of biomedical applications of biosynthesized QDs and
their synthesis methods via low-cost and eco-friendly biosynthesis approaches [19].

Classification of QDs by their composition will be reviewed in the first section
of the chapter. In the following section, physicochemical principles of nucleation
and growth, the chemistry of the inorganic core, and interaction with organic surface
ligands will be discussed elaborately. In the third section, various surface modifica-
tion techniques will be reviewed, emphasizing the biological applications. Finally, a
perspective on remaining challenges and future directions for the biomedical appli-
cations of QDs will be presented. Interested readers are encouraged to explore further
reviews/articles cited throughout the text for specific QDs.

2 Classification of QDs by Their Composition

Quantum confinement of electrons and holes in QDs defines quantization of energy
levels where the level spacing decreases with the confinement length in general. The
spatially confined electron—hole pair (i.e., exciton) inside QDs control the optical
and electro-optical properties. The distance between the electron and hole probability
distributions in an exciton is called the exciton Bohr radius, ag (see Chapter “All-Op-
tical Detection of Biocompatible Quantum Dots” for more details) that resembles
a simple H-atom system. The electronic structure of semiconductor materials can
be altered by confining the spatial distribution of the exciton, electron, or even hole
wavefunctions in all three physical dimensions. The strong, intermediate, and weak
confinement depends on the specific size in each dimension relative to the exciton
Bohr radius, ag. In a strong confinement regime, the size of QDs is less than ap
and in a weak confinement regime, it is greater than apg. In the intermediate regime,
the size of QDs is comparable to ag. The electrical and optical properties of QDs
strongly depend on the confinement regime, and thus their properties are somewhere
between the individual atoms/molecules and the bulk materials.

Further, QDs can be classified according to their elemental composition. Table
1 summarize the various types of QDs and their respective uses in the biomedical
field. However, robust and good-quality QDs are the prerequisites for biomedical
fields. An important strategy to enhance the electrical and optical properties of QDs
is the surface passivation with a shell of a second semiconductor (shell) or a strong
coating of ligands. According to the shell material, the QDs can be divided into core,
core/shell, and alloyed core/shell. Another type of QDs, i.e., core/shell/ligand, will
be discussed in the following subsections. Core/shell and alloyed shell structures are
the most favorable QDs variants for the application in biomedical fields due to low
cytotoxicity (even if the presence of toxic core), enhanced dispersibility, prone to bio-
, and cytocompatibility, improved conjugation ability to other bioactive molecules,
enhanced thermal and chemical stability, resistant to photobleaching, and increased
affinity to bind with drugs, receptors, ligands.
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Table 1 Classification of QDs according to the elemental composition
Type Examples Application References
[-I-1II-VI Ag—Cu-Ga-Se Imaging [20]
I-II-IV-VI | AgrZnSnS4, NIR luminescence [21-23]
CuzZnSn(Sl,xSex)4
I-III-VI CulnSe;, CulnS;, AgInS,, Real-time tumor-targeted [24-28]
AgInSe;, AgGaS; bioimaging, drug carriers,
FRET
[-II-MI-VI | Ag—In-Ga-S, Ag—In-Ga—Se, | Bioimaging [27, 29, 30]
Cu-In-Ga-Se
I-VI Cu,S, Ago X (X=S, Se, Te) Chemodynamic therapy, [9, 31, 32]
fluorescence imaging, inhibit
protein fibrosis
I-vVII AgBr Biomedical, food detection, and | [28, 33, 34]
environmental analysis
[I-I-1I-VI | Zn—-Ag-In-Se, Zn—Cu-In-S | Biomedical imaging [35-37]
II-11-VI Cd,Zn;_,S, Cd;_yZn,Se Biological labeling [38]
1I-VI ZnTe, ZnSe, ZnS, ZnO, CdS, | FRET, gene technology, [18, 39-42]
CdSe, CdTe, HgTe, HgSe, fluorescent labeling of cellular
HgS proteins, pathogen and toxin
detections, drug carriers,
Anticancer applications,
bioimaging
[I-VI-VI CdSe,Te_y, CdS,Se_y NIR bioimaging, high QY, [43-45]
artificial photosynthesis
n-v InP, InAs, GaAs, InSb Bioimaging, NIR bioimaging [42, 46, 47]
1-v-v InAs;_,Sby Infrared detector [48]
v Si, C Bioimaging, targeted drug [14, 49-53]
delivery, nanomedicine,
biosensing, photocatalysis
V-Vl PbSe, PbS NIR bioimaging [9, 54, 55]
\% P Photothermal therapy, [56-58]
photodynamic therapy, drug
delivery, bioimaging,
biosensing, and combined
immunotherapy
2D Graphene, Graphitic carbon | Biosensing, implants, tissue [59-66]

nitride (g-C3Ny4), Hexagonal
boron nitride (h-BN),
phosphorene, MXene

engineering, antimicrobial and
antifouling, reactive oxygen
species generation and
scavenging, cancer
phototherapy

(continued)
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Table 1 (continued)
Type Examples Application References

TMDC (2D) | Transition metal Drug delivery, anticancer [17, 62, 67, 68]
dichalcogenide, e.g., TiS, photothermal therapy,

TiSe;, TaS,, MoS;, MoSe;, | photodynamic therapy,

WS,, WSes, ReS» combined phototherapy,
bioimaging, biosensing,
theranostics, toxicity, tissue
engineering, and antimicrobials

Pdots Semiconducting polymer NIR bioimaging, image-guided | [67, 69-72]
dots tumor surgery, molecular
imaging, multicolor imaging,
cell tracking, combinational

phototherapy
Perovskite MPbX3 (M=Cs or CH3NH3; | Therapeutic and energy storage | [73-75]
X=Cl, Brorl) applications, biosensing,

bioimaging, photocatalysis

QY quantum yield

2.1 Core Type QDs

Core QDs or bare QDs means semiconductor QDs without any shell material or
robust polymer coating. Initially, core QDs were synthesized. However, they have a
high density of surface defects/traps, low PL lifetime, low quantum yield and poor
chemical, thermal, and photochemical/physical stability in a biological environment,
and high toxicity. For example, bare CdSe QDs fail to maintain their properties under
different environments, including argon, oxygen, air, water vapor, wet oxygen, and
under different excitation conductions, even if they are stored in an inert gas atmo-
sphere [3, 76]. Hence, bare QDs can not be used in the biomedical field. Therefore,
coating shell materials is essential to preserve their properties for application in
various fields.

2.2 Core-Shell Type QDs

The shell (obviously of semiconductor origin) can have different functions in
core/shell QDs depending on the bandgaps and the relative position of electronic
energy levels of the involved semiconductors, the thickness of the shell compared
to core, and the number of different shells in core/shell/shell QDs. The schematic
in Fig. 1 shows the electronic-band alignment for different core/shell QD systems
(light gold color for electron and red color for hole wave functions). According to
the relative alignment of conduction and valence band edges of core and shell mate-
rials, core/shell QDs are divided into type-I (Fig. 1a), where both the charge carriers
(electron and hole) remain confined within the core (e.g., CdSe/CdS, CdSe/ZnS,
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(@ Type- (b) Reverse-Type-t (€)  Typen (d)  quasi-ype-i

Energy (eV)

Synthesis of core/shell QDs Corefthin-shell QDs

. “giant” Core/alloyed shell’shell QDs

Fig.1 The schematic shows the electronic-band alignment for different classes of core/shell QD
system (light gold color for electron and red color for hole wave functions): a type-I, b reverse
type-1, ¢ type-II, d quasi-type-II. e Schematic representation of the synthesis of colloidal core/shell
QDs. The core can be synthesized via a hot injection or cation exchange approach, and the shell can
be developed on the core via cation exchange/SILAR or a combination of both. Reproduced from
Ref. [77]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

InAs/CdSe) and Type-II (Fig. 1c), where one carrier is confined in shell and the other
in the core (e.g., ZnTe/CdSe, CdS/ZnSe). Schematic representation of the synthesis
of colloidal core/shell QDs and multiple shell formation is shown in Fig. le, where
SILAR represents successive ionic layer adsorption and reaction. Type-I1 QDs gener-
ally emit red-shifted light upon radiative recombination relative to the core. The
shell in type-I QDs is used to passivate the surface of the core to protect them from
the surrounding medium and improve its optical properties. Moreover, type-1 QDs
have more stability against photodegradation and higher fluorescence quantum yield
(QY) by reducing the number of surface dangling bonds during shell formation. In
reverse Type-I QDs (e.g., CdS/HgS, CdS/CdSe, ZnSe/CdSe, InP/ZnS, PbSe/PbS),
the bandgap of the core is larger than the shell material. Exciton energy separation
will be minimum when charge carriers are confined in the shell, and emission wave-
length can be altered by changing the thickness of the shell. Adding one more shell
formation of a larger bandgap semiconductor on the reverse type-I QDs may enhance



Synthetic Developments of Semiconductor Quantum Dot ... 15

the photostability and fluorescence QY. In type-II QDs (CdSe/CdTe, ZnSe/CdS), the
emission wavelength’s significant redshift occurs due to staggered band alignment
than the constituting core and shell materials. However, Type-II QDs effectively tune
the emission spectral range, varying the shell thickness, e.g., in particular for near-
infrared emission. Comparatively, the amount of redshift in emission wavelength
occurs relative to the core as Type-I < reverse Type-I < Type-II. In contrast, the
photoluminescence decay time of Type-II QDs is much more than the others. In
quasi-type I QDs (e.g., CdSe/CdS, PbSe/CdSe, and CulnS,/CdS), the core and shell
must have similar conduction band edge levels or valence band edge levels (i.e.,
small offsets) without the interfacial defects.

2.3 Alloyed Shell Type QDs

An alloyed shell means a composite or mixed semiconducting or continuously graded
shell around the core rather than a single semiconducting shell. The graded shells have
severely impacted the dynamics of multiexcitons and charged QDs to obtain superior
fluorescence quantum yield, low lattice strain, and high performance in applications.
CdSe/Cd,Pb;_,S, CdSeTeS/ZnS, ZnSeTe/ZnSe/ZnS, CdSeZnS/ZnS, CdSe/AgZnS,
CdS/AgZnSe, CdTe/CdTeSe/CdSe, Zn—-Ag—In-Se, InZnPS, Cd,Zn;_,SeyS;_,/ZnS
are few examples of alloyed shell QDs.

3 Synthetic Strategies

3.1 Physicochemical Principles of Nucleation and Growth

According to the classical theory, the nucleation and growth of QDs involve two
distinct processes—burst nucleation by LaMer’s theory [ 78, 79] and Ostwald ripening
[80] to describe the particle size change. The key idea of the LaMer mechanism is
the conceptual separation of two stages of nucleation and growth. The process of
nucleation and growth can be divided into three distinct stages: (a) rapid increase of
monomer concentration in solution, (b) a burst of the self-nucleation process reduces
the concentration of free monomers in solution, (c) growth process occurs under the
control of the diffusion of the monomers. The variation of monomer concentration
with time is schematically plotted in Fig. 2. However, LaMer’s conditions for nucle-
ation are not sufficient conditions for mono-dispersity but play an essential role in
deciding the particle size and size distribution. For example, in most of the synthetic
procedures of QDs, the reactants are mixed or often one of the components mixed
to another within a short duration, ensuring the nucleation process in a short time
followed by a much slower growth process. The nucleation process can be divided
into heterogeneous and homogeneous nucleation processes and can be explained by
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Fig. 2 The schematic shows the nucleation and growth process of QDs. Different classical theories
can explain the nucleation and growth processes—LaMer Mechanism, Ostwald Ripening, Finke-
Watzky Two-Step Mechanism, Coalescence, and Orientated Attachment, Intraparticle Growth.
Reproduce from Ref. [84] under ACS AuthorChoice with CC-BY license

classical nucleation theory because the thermodynamic system tends to minimize its
Gibbs free energy. The seeded growth method is a prototype reaction for the heteroge-
neous nucleation process [81]. The seeded growth of Au nanoparticles is an example
of heterogeneous nucleation. However, the seeded growth method is a robust tech-
nique for synthesizing spherical core/shell semiconductor heterostructures varying
in size and shape. Heterogeneous nucleation requires lower activation energy than
homogeneous nucleation, and preferential growth can be possible. Therefore, the
whole process can be summarized as precursors — monomers/seeds = QDs.

According to the Gibbs—Thompson equation, the chemical potential of a particle
increases with decreasing particle size, i.e., smaller particles have increased solu-
bility and surface energy owing to their high surface-to-volume ratio. Therefore, in
the solution initially not in thermodynamic equilibrium, larger particles form at the
cost of smaller particles controlled by mass transport or diffusion. As a result, the
concentration gradients lead to the transport of the solute from the small particles
to the larger particles and, in turn, allow the larger particles to grow even more, as
shown in Fig. 2. The process is often called the Ostwald ripening process and hence
plays a crucial role in the growth of nanocrystals. The mathematical formulation of
Ostwald ripening is the basis of Lifshitz—Slyozov—Wagner (LSW) theory and post-
LSW theory [82—84], where the growth mechanism was first quantified. Digestive
ripening is effectively the inverse of Ostwald ripening. Smaller particles grow in the
solution where the larger particles redissolve, governed by the surface energy of the
particles within the solution.
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According to Finke-Watzky’s two-step mechanism, the nucleation and growth
process happens simultaneously in the solution, where the autocatalytic surface
growth follows a slow nucleation process [85]. However, this process is not diffusion-
controlled and follows a critical size described in a classical nucleation framework
[84]. The growth process of iridium, platinum, ruthenium, and rhodium follow Finke-
Watzky’s two-step mechanism. Coalescence and orientated attachment are similar
except randomly orientated lattice planes within coalescence, whereas a perfect
alignment of the planes in orientated attachment. Coulombic and van der Waals
interactions play a vital role in these processes.

During the last three decades, numerous synthesis methods for QDs have been
developed to understand how these particles nucleate and grow within the solution.
Several reviews summarize the method and study the properties of QDs [4, 6, 7, 10,
18, 86]. The hot injection (HI) and the heat-up method (HU) are the most studied
synthesis methods to obtain monodisperse QDs by separating nucleation and growth
in organic solvents.

Till today, the HI approach remains the most common method to obtain monodis-
perse QDs. The HI method involves homogeneous nuclei via the rapid injection
of organometallic reagents into a hot solvent. The reaction solution contains surfac-
tant molecules/ligands (typically alkylphosphine, alkyl phosphine oxides, long-chain
carboxylic acids, and long-chain amines) to prevent QDs agglomeration. The nucle-
ation process is rapid enough to generate large quantities of small nuclei within a
short period. After nucleation, a homogeneous diffusion-controlled growth happens
to grow the size of the QDs, where larger QDs grow slower than the smaller ones.
Ostwald ripening occurs during the growth, where smaller QDs redissolve due to
their higher chemical potential, and larger QDs continue to grow. Thus the average
size of QDs increase, and the concentration of QDs decrease until the saturation
point. The HI method effectively obtains high quality and size tuneable QDs varying
the temperature, concentration of the surfactants, and reaction time by separating
nucleation from the growth stage to reduce particle polydispersity. The HI methods
are successfully employed for the synthesis of cadmium- and lead-based QDs, all-
inorganic cesium lead halide perovskite (CsPbX3, X=Cl, Br, I), CulnX; (X=S, Se),
InP, and various alloyed shell QDs [7]. Embden et al. elaborately describe analytical
and numerical aspects of nanocrystal formation mechanisms to elucidate the concepts
and governing equations to understand the nucleation and growth process of QDs
in solution [7]. They derive the expression for the temperature-dependent precursor
to monomer conversion rate, the nucleation rate varying the supersaturation, surface
energy, temperature, and the growth rate.

The main difference between HU and HI methods is that the nucleation and growth
times are similar for the HU method. During the HU method, monomers are produced
progressively faster as heated linearly (Arrhenius behavior). The nucleation process
goes slowly after its trigger, and the supersaturation lasts for a long time before
the decrease in the monomer concentration in the solution. Thus, lengthening the
nucleation event is unique to the HU method to design a practical synthesis approach.
The overlap between the nucleation and growth process of QDs restricts obtaining
narrow particle size distribution.
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3.2 Chemistry of the Inorganic Core, Interaction
with Organic Surface Ligands

The choice of surface ligands is the crucial parameter to obtain defined morpholo-
gies and photophysical properties of QDs. Ligands play an essential role in regu-
lating the solubility, colloidal stability, the availability of anchoring groups during
synthesis and post-synthesis ligand exchange, and QD’s functionality. Ligands are
the key parameters to control the properties of QDs to preferentially bind to func-
tional biomolecules such as peptides, proteins, and oligonucleotides. The quality of
the QDs can be determined with the ability to attach different types of ligands or
conjugation to secondary ligands for application in drug delivery, biomedical field,
bioimaging, and many more. The strength of ligand binding is critical to assess the
long-term colloidal stability and can be enhanced by using multidentate anchoring
groups on ligands. Ligand binding must be strong enough to remain bound in complex
biological media and buffers with different pH values and interacting biomolecules.
Ligands play an essential role in determining the dispersibility in solution, colloidal
stability, the ability to complexate with active components, inherent size-dependent
emission, photoluminescence quantum yield (PLQY), and moderating agent for the
exciton relaxation, Auger recombination, or energy transfer to ligands [8, 16, 87-89].
For example, o - and -donating ligands (e.g., alkylamines, thiolates) can modify the
PLQY of QDs up to 50% due to the effective passivation and thus ligands must be
carefully selected to control the PL emissions [90-92].

In most synthesis methods, common anchoring groups for ligand conjugation
are phosphine oxide (O=PR3), thiol (—SH), phosphonyl (—PO(OR),), carboxyl
(—COOH). Most high-quality QDs are synthesized using hot-injection methods
which involve the pyrolysis of organometallic precursors in nonpolar coordinating
solvents. Figure 3 shows various ligands and anchoring groups available for colloidal
QDs. This figure also depicts the ligand chemistry, and surface ligand strategies
of QDs applied for biological applications. However, the use of different sizes
of ligands may affect the overall hydrodynamic radius, especially in a biological
context for bioconjugation of functional molecules to the QD. During the last decade,
aqueous syntheses of QDs (e.g., CdS, CdTe, CdSe, ZnSe, HgTe, PbS) have been
intensely studied of good quality, defect-free emission, and large polydispersity in
size [16]. The synthesis process generally involves metal-thiol complexes and metal-
chalcogenide precursors in water by adjusting the pH, temperature, and injection time
into the reaction solution, which induces the nucleation and growth process. A short
alkyl chain thiols and phosphates like thioglycolic acid, mercaptopropionic acid, thio-
glycerol, mercaptoethylamine, glutathione, and L-cysteine, mercaptobenzoic acid,
per-6-thio-a-cyclodextrin, and per-7-thio-p-cyclodextrin are common ligands in the
aqueous synthesis of QDs.
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«Fig. 3 A The schematic shows the ligand binding at the QD surface. B The right-hand side shows
the hydrophilic/functional ligand (blue) with the native QD ligands (red). C Ligand chemistries (i)
thioalkyl acids, (ii) PEGylated ligands, (iii) zwitterionic ligands, (iv) dihydrolipoic acid ligands and
(v) PEGylated, (vi) zwitterionic and (vii) modular derivatives thereof, (viii) multidentate charged,
and (ix) multidentate PEGylated ligands. D Amphipol coatings (i) phospholipid micelles, (ii)
hydrophilic polymer backbones grafted with alkyl chains, (iii) triblock copolymers, and (iv) alter-
nating copolymers that hydrolyze to acids or (v) are grafted with PEG chains. E Copolymers with
pendant PEG oligomers and (i) dithiol or (ii) imidazole groups. Discrete moieties for (a) QD binding,
(b) solubility, and (c) bioconjugation are identified where applicable (green). The arrows illustrate a
conceptual progression and not synthetic pathways or chronological development. Reprinted from
Ref. [93] under standard ACS AuthorChoice/Editors’ Choice usage agreement, American Chemical
Society

4 Surface Modification of QDs for Biological Applications

The successful application of QDs requires preserving their unique properties even if
interacting with different environments. A large fraction of constituent atoms of QDs
reside on the surface, and hence any exposure to the surface with the environment may
lead to loss of photophysical properties. It is critical to control these surface atoms
to prevent the trapping of electrons, quenching of fluorescence emission, and charge
transfer. For all biological applications of QDs, these surface atoms must be attached
to coordinating ligands that dictate how the QD interacts with the biological fluid. The
interface between atoms of a crystalline solid and ligands coordinated to the surface
atoms is chemically heterogeneous. In most cases, chemisorption occurs to form the
ligand layer on the surface of QDs during synthesis, and the post-synthetic ligand
exchange can modify the surface ligand. Water solubilization of QDs is a fundamental
criterion for biological applications. QDs must be coated in biocompatible ligands to
survive and create less toxicity with aqueous biological media because bare surfaces
are highly reactive and adsorb the constituents of biological solutions [94] composed
of water molecules, ions, small molecules (like sugars), and macromolecules (like
proteins). Ligands play a vital role in determining the hydrodynamic size, optical
and chemical stability, and nonspecific interactions for the applications of QDs in
molecular imaging and labeling. Different strategies are adopted to make QDs water-
soluble, described in the following sections.

QDs are typically synthesized in an organic solution containing surface ligands
with a head-group bound to the QD surface and a hydrocarbon tail directed away.
QDs are typically synthesized in an organic solvent containing surface ligands such
as trioctyl phosphine oxide (TOPO), trioctyl phosphine (TOP, tetradecylphosphonic
acid (TDPA), oleic acid with a head-group bound to the QD surface, and a hydro-
carbon tail directed away. Water-soluble bifunctional molecules such as mercapto-
carbonic acids [HS—(CH,)n-COOH, n = 1-15], 2-aminoethanethiol, dithiothreitol,
dihydrolipoic acid, oligomeric phosphines, peptides, crosslinked dendrons connects
to QDs surface in one end, and the other end is hydrophilic. The hydrophilic group not
only imparts water solubility but can also be used for the conjugation of biomolecules.
Different ligand exchange strategies will be adopted to achieve bright and compact
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QDs with homogeneous monodisperse population, retain high fluorescence quantum
yield long-term stability, minimize nonspecific interaction, retain synthetic reactivity.

4.1 Surface Coating

Encapsulation with phospholipids is one of the fundamental methods to solubilize
QDs [95, 96]. Amphiphilic phospholipids overcoat the existing organic ligands where
aliphatic phospholipid chains can organize within the organic ligands on the surface
of QDs due to the hydrophobic interactions. The composition of the phospholipid
formulations can be tailored to yield fairly monodisperse QDs for biological appli-
cations for specific applications. Due to the aggregation and reduced cytoplasmic
mobility of the phospholipids-coated QDs, the octylamine-modified poly-acrylic
acid-based polymer can be used to coat QDs [97]. Guo et al. recently demonstrated
that the QDs encapsulated with Canine Parvovirus-like particles modified using 3-
mercaptopropanoic acid can significantly improve the cellular-targeted labeling that
could expand these encapsulated applications of QDs in biological medicine [98].

Silicon-containing ligands are the most widely used in functional QDs for
biomedical applications due to hydrophilic properties, dispersibility, biocompati-
bility, minimum particle aggregation, and colloidal stability. Silica coating on the
QD reduces oxidation and its toxicity too. Several strategies have been reported to
make QDs/SiO; core/shell structure the sol—gel synthesis of silica from an alkoxysi-
lane: Si(OR),+2H,0 — SiO,+4ROH. However, silica-coated QDs with shells less
than ~5 nm have not been widely implemented due to silane chemistry’s complex
and unpredictable nature [99]. Silica encapsulated QDs have been used to over-
come many of the problems concerning bioapplication. Goftman et al. fabricated
silica nanoparticles encapsulated CdSe/CdS/ZnS core—shell QDs through water-in-
oil reverse microemulsion process and used for the immunoassay detection of the
mycotoxin deoxynivalenol in food and feed [100]. Bardi et al. developed NH, func-
tionalized CdSe/ZnS QD-doped silica nanoparticles having imaging and gene carrier
capabilities both in vitro and in vivo [101].

4.2 Encapsulation of Amphiphilic Ligands

Amphiphilic ligands, comprised of a hydrophobic backbone and hydrophilic
alkyl chains, are appreciated for their ability to facilitate organometallic
reactions in the presence of water; the hydrophobic part intercalates the
hydrophobic stabilizing agent during the synthesis of QDs, while the hydrophilic
portion offers aqueous solubility. For example, poly(maleic anhydride-alt-1-
octadecene) (PMAO)-PEG, (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000] (PE-PEG), poly(maleic anhydride alt-1-
tetradecene) (PMAT), poly(styrene-co-maleic anhydride) (PSMA), phospholipids,
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polystyrene-bpoly(acrylic acid), poly(methyl methacrylate)-poly(ethyleneoxide),
poly(isoprene)-bpoly( ethylene glycol) (PI-b-PEG), poly(isoprene-block-ethylene
oxide) (PI-b-PEO) are common amphiphilic ligands for QDs synthesis [102—107].
These polymers are flexible for functionalization in terms of tuned type and number
of functional groups that have a barrier to control the permeability of the QDs.
The nontoxicity and water solubility of PEO, PI-b-PEO, and PI-b-(PEO), reduce
unspecific protein absorption and provide good biocompatibility [95]. PEG-PEO
amphiphilic polymer-based micelle encapsulation processes are more effective at
reducing QD cytotoxic responses to QDs, making them excellent candidates for
bioimaging, biosensing, and therapeutic applications [96].

The amphiphilic phospholipid vesicles or liposomes with hollow spherical struc-
tures and high loading capacity are advantageous for packaging QDs for delivery
applications. Using liposomes in vivo applications leads to dramatic instability
and high sensitivity toward the external medium, while it can be overcome by
using an extra layer of silica on QDs [97]. Lopes et al. demonstrated a process
of hydroxyapatite-coated liposomes for the controlled release of QDs and bupiva-
caine [98]. The amphiphilic block polymers approach has been previously proposed
to encapsulate QDs for the biomedical field, and one can manipulate size tunability,
composition, and chemical properties [100]. During the last decade, a wide range
of amphiphilic block polymers has been developed to improve the solubility
and biocompatibility of QDs; however, common drawbacks of the increase of
hydrodynamic radius remain in comparison to simple organic ligands [95].

4.3 Multidentate Ligands for Ligands Exchange

Small organic molecules, which allow only one interaction site to bind QDs surface,
are called monodentate ligands. In contrast, the multidentate ligands have multi-
coordinating groups, which can bind by complementing the chelate effect on the
surface, can enhance the colloidal stability of QDs. Theoretically, it was shown that
the equilibrium constant of ligand adsorption to the QD surface could increase expo-
nentially by increasing the number of ligating groups per molecule [101, 108], e.g.,
binding strengths are slightly higher for ligands containing two thiols to QDs [109].
Optimizing ligands on QDs surface can be complex due to non-independent contri-
butions from ligand affinity, packing density, conformation, hydrophobicity, and
solubility [94]. In this perspective, researchers have attracted much attention to poly-
meric multidentate ligands in recent years to overcome the limited aqueous stability
of QDs coated with thiolate ligands maintaining a small hydrodynamic size. QDs
coated with polymers containing few binding groups show dramatically increased
colloidal stability, i.e., stable for years without ligand loss after extensive purification
and dilution, without the need of any hydrophobic solvent [110-114]. These ligands
comprise a linear polymeric backbone decorated with groups that act either as anchor
groups bound to the QD facets or as a functional group to interact with the solvent.
For example, X-type thiolates, L-type imidazole, and pyridine groups yield high
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stability at neutral pH; however, imidazole and pyridine ligands are independently
unstable in an acidic environment (pH < 6) [115, 116]. If a polymer contains both
thiol and imidazole groups, QDs show high stability over a pH range of 3—13 [117].
However, it is challenging to attach multidentate polymeric ligands to QD surfaces
with a stable and compact conformation despite their high binding affinity, as some
unbound groups can crosslink QDs [118—120]. Total coordination is not practical
as the QDs surfaces are not atomically flat. Complete removal or replacement of
the original hydrophobic ligands with some weakly bound hydrophilic ligands must
be satisfied to achieve homogeneous products. Talapin group screened a variety of
metal-free and intermediate ligands for colloidal nanocrystals [121]. They found
that weakly bound X-type ions (hydroxide) are optimal for yielding compact and
homogeneous products. Small QD clusters can be dissociated by heating (~110 °C),
and it yields densely packed homogeneously polymer coated QDs showing high QY
and stability in an aqueous environment with a hydrodynamic size of 7-12 nm [111,
113]. Bidentate ligands such as folic acid (FA), ethylenediamine tetra-acetic acid
(EDTA), succinic acid (SA), and glutamic acid (GA) can be effective to develop
efficient water-compatible perovskite QDs with good optical properties as compared
to oleic acid (OA) and all other ligands [122, 123].

A modular ligand based on poly(ethylene glycol) (PEG, single-chain to promote
hydrophilicity) and a dihydrolipoic acid (DHLA) unit connected to one end of the
PEG chain for strong anchoring onto the QD surface, providing QDs with significant
stability from pH 5 to 12 for over one year under the broad range pH solubility of the
polymers segment [124]. The multidentate polymer ligands, which contain binding
motifs, can overcome the colloidal stability, photobleaching and minimize the hydro-
dynamic size of QDs [111, 116]. For example, the pyridine polymer-coated QDs
show biocompatibility and long-term stability through cellular delivery, intracellular
single QD tracking studies, and cytotoxicity testing. A poly(isobutylene-alt-maleic
anhydride) (PIMA) is used to synthesize multidentate polymer amphiphilic ligands
that maintain PL intensity in water like that in hexane and long-term stability in
a broad pH range of 3—13 at a nanomolar concentration under ambient conditions
[117, 125]. Giovanelli et al. discussed that the significant advantage of multiden-
tate polymer ligands over bidentate zwitterionic ligands is the higher affinity for
long-term bioimaging [112]. However, a comprehensive study of multidentate poly-
mers and small-molecular ligands is essential for biological applications. Mattoussi
et al. reported a general strategy for lipoic acid (LA) based on zwitterionic ligands-
controlled phase transfer of QDs, providing high PL QY and high colloidal stability
over an extensive pH range and excess salt concentration [126], allowing QDs to
conjugate globular proteins in acidic and basic conditions. The polymers containing
multiple coordinating sites such as thiols, imidazole, or pyridine groups act as
multidentate small molecular substrates which exhibit stronger resistance against
photo-oxidation. His-Tag-based self-assembly [116, 117, 127] and metal-free strain-
promoted click chemistry of high selectivity [125, 128, 129] are helpful for coupling
biomolecules.
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5 Conclusion

QDs are already well recognized for the current state-of-the-art bioimaging appli-
cations as an alternative label to molecular dyes; however, the regular application is
limited due to the lack of understanding of bioconjugation chemistry. Recent research
for bioanalytical development is rapidly improving, and it will overcome the chal-
lenges of using QDs in biomedical fields. Polymeric multidentate ligands coated
QDs are colloidally stable and yield high PL QY; however, further comprehensive
research must be needed to minimize the ligand coating size with chemical inert-
ness. Multidentate ligands cause the monolayer porosity to increase, and hence the
core of the QDs may be exposed to chelating solutes, which is a common problem
during protein stabilization. Amorphous silica (SiO;) shell may solve the problem,
but it is not accessible to the formation of silica shell less than ~5 nm due to silane
chemistry’s complex and unpredictable nature. In summary, the development of new
QDs is still going on, and a vast pace of research is waiting for researchers to develop
biocompatible QDs and the techniques for introducing outstanding properties of QDs
in bioanalysis. The cost of commercial QD materials and the complex synthesis tech-
niques are conventional obstructions for applying QDs in biomedical fields. Besides,
most medical scientists and biologists are unaware of complex synthesis with desired
properties. Collaborative work would produce fruitful results.
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All-Optical Detection of Biocompatible )
Quantum Dots Quechc

Puspendu Barik and Manik Pradhan

Abstract Quantum dots (QDs) or luminescent semiconductor nanocrystals possess
size-tunable elegant electro-optical properties, broad absorption spectra and narrow
emission ranging from UV to NIR region, high fluorescent quantum yields, fluores-
cence intermittency, resistance to photobleaching, and significant Stoke shift, which
are the prerequisite for the application in vitro and in vivo bioimaging, biomarker,
and many more. The suitable applicability of QDs in the biomedical field needs
to understand the science behind the QDs and the fundamental properties which
may be tuned to achieve the desired optical properties. Therefore, the knowledge
of optical detection techniques is desirable to explore the surface chemistry, the
interactions with biomolecules, bioconjugation, energy transfer mechanisms, disease
identification, and drug delivery, single biomolecule tracking, intracellular reporting,
cellular imaging, and trace metal ion detection. This review focuses on the basics
and the all-optical detection techniques for biocompatible QDs, considering their
various application toward bioimaging, biomolecule sensing, and their interaction
with biomolecules. The chapter also includes recently explored optical detection
techniques for QDs.

Keywords QDs - Biocompatible QDs - Optical detection technique + SERS -
Fluorescence

1 Introduction

The applicability of quantum dots (QDs), which are tiny semiconductor nanocrystals,
has been growing day by day since it was first discovered in the early 1980s. QDs
are currently utilized in a wide range of optoelectronic devices, in many in vitro
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and in vivo imaging, single-molecule tracking, labeling, therapeutic, and energy
transfer-based sensing techniques [1-7] since their first synthesis [8]. In the glass
matrix, Alexei Ekimov first observed that semiconductor microcrystals like CdS,
CdSe, CuCl, and CuBr could absorb light at much lower wavelengths than bulk [9].
Ekimov, with the theoretician Alexander Efros, subsequently demonstrated the size-
dependent optical properties of these semiconductor nanocrystals. Size-dependent
absorption spectra were demonstrated independently for QDs in glass [9, 10] and an
aqueous solution [8, 11]. Murphy and Coffer published the first review of its kind on
QDs in 2002 [12].

During the last two decades, many QDs have been developed and enriched with
superior photophysical properties due to the advancement of synthesis strategy (both
hydrophobic and hydrophilic) and in-depth analysis of their exciting properties.
Initially, QDs were synthesized with an organic ligand on the surface to protect
from agglomeration, the decay of quantum efficiency, and the reduction of optical
properties over time. Over the time, formation of shells on the surface of core QDs
solves these problems to some extent. Still, the QDs cannot be used in the biological
system due to nonpolar organic ligands, which restricts their solubility in a buffer. An
original approach to this problem is to exchange nonpolar ligands with polar ligands
using a thiol functional group [13, 14]. However, the thiol ligand on the surface is
not stable and emission properties of QDs decay over time. An amphiphilic polymer
strategy was developed to encapsulate the dot in a “plastic bag” that was water-soluble
[15]. The demonstration of QDs in biological imaging as fluorescent biological labels
was first introduced in 1998 [13, 16]. Bruchez et al. demonstrated CdSe/ZnS QDs
(2- to 6-nm size range) with a spectral emission range from 400 nm to 2 pum for fluo-
rescent probes in biological staining and diagnostics [16] and covalently coupled
to biomolecules for use in ultrasensitive biological detection [13]. After that, the
application of QDs in the biomedical field was flourished exponentially in several
applications, including molecular biotechnology and bioengineering [17], medical
diagnostics [18], biological labeling [13]. Many recent reports and review articles
discuss the vast applications of QDs in the biomedical field for different uses like
cancer imaging agents [19], biosensing, imaging, drug delivery and therapeutics
[20-22], and biomedical application [23-27]. The demand for nontoxic QDs has
been growing for biomedical applications to avoid serious safety concerns for their
undesired environmental or healthy impact [2, 28-31]. Recent reports on the modi-
fication of QDs by using nontoxic shells and biocompatible ligands or polymers are
efficient techniques to effectively minimize the toxicity effects of traditional QDs
[2, 3, 25, 32, 33].

This chapter will discuss the photophysical properties of QDs and the fundamen-
tals of the origin of unique optical properties. In the following sections, the optical
techniques will be discussed to characterize the QDs and discuss an essential question
for the applicability of QDs in a biomedical perspective—how will these properties
be necessary for the biomedical field?
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2 Basic Properties of QDs

Here, we would like to recapitulate the basic concepts of quantum mechanics to
understand the properties of QDs and their detection mechanism optically. QDs
are semiconductor nanostructures that consist of ~10°~10° atoms. QDs are typically
between 2 and 20 nm in size and have discrete energy levels like an atom. The optical
bandgap of QDs is always more significant than its bulk counterpart. Size-tunable
photophysical properties of the QDs and their emission from the ultraviolet to the
infrared region are shown in Fig. 1.

Structural composition: The QDs are composed of an inorganic core and an outer
shell composed of organic ligands or some inorganic compound. The inorganic
core controls the optical and electrical properties. At the same time, ligands or
inorganic shells in the QDs play an essential role in developing the solubility,
stability, particle morphology, and particle size distribution. The core part of the
QDs is composed of several elements of the periodic table, for example, group
IV (Si, C), groups II-VI (CdSe, ZnS, CdTe), group I-VI-VI or II-1I-VI (alloyed
QDs, e.g., CdSe, Te;_,, CdS,Se;_,, Cd,Zn,_,S, Cd;_,Zn,Se), groups III-V (InP,
InAs, GaAs, InSb), group III-V-V (InAs;_,Sb,), groups IV-VI (PbSe, PbS), groups

Single light source Simultaneous emission

f /

L —
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Fig. 1 Photophysical properties of the QDs with size-tunable properties. The emission of QDs
consists of abroad spectral window from the ultraviolet to infrared region. Reprinted with permission
from Ref. [3]. Copyright © 2015, American Chemical Society
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[-III—-VI (CulnSe,, CulnS,, AgInS,, AgInSe,) and groups II-I-111-VI (Zn—Ag—
In-Se, Ag-In—-Ga-S). The most common ligands for QDs are carboxyl (—COOH),
hydroxyl (—OH), primary amines (-NH;), phosphine oxide (O=PR3), phosphonyl
(—PO(OR),), and thiols (-SH). The inorganic shell materials are generally of group
[I-VI and IV-VI elements (ZnO, ZnS, MgO, HgS, CdSe, CdS). Moreover, the shell
structure can be a single shell, multi-shell, and graded shell.

Quantum Mechanical Concepts: Quasiparticle (QP) is a purely mathematical concept
that tackles the many-body problem of fundamental quantum particles and makes
them comprehensible in a simple way. The concept of QPs was first developed in
the 1940s and 1950s. A system of bosonic QPs, e.g., phonons, plasmons, excitons,
are primarily discussed in solids [34]. An example of QP is “hole,” which represents
the absence of an electron and has a positive charge. In the theory of many-body
systems, physicists consider a small number of noninteracting QPs instead of a large
number of interacting particles. Commonly, an electron—-hole pair is bound with a
characteristic length in a bulk semiconductor, called the exciton Bohr radius, with
the analogy of a hydrogen atom. The bound state of electrons and holes occurs due
to Columbic attraction between them. When the size of a semiconductor crystal
becomes comparable to the material’s exciton Bohr radius (ap), the electron energy
levels should be treated as discrete, and it is called quantum confinement. Quantum
confinement in QDs implies the confinement of the electron motion in all three
directions of crystalline nanoparticles (nanocrystals) with their size, no more than
a few nanometers. Exciton Bohr radius (ap) is calculated with the analogy of the

hydrogen atom:
R*e (1 N 1
ap=—|—+—
P e \me mj

where 7 is the reduced Plank’s constant, m} and m; are the effective masses of the
electron and hole, respectively, ¢ is the effective permittivity of the semiconductor, e
is the charge of the electron. The value of effective mass represents the interaction of
the particle with the periodic crystal lattice, i.e., the increased or decreased mobility
of a charge carrier (electron or hole) in a semiconductor compared to an electron in a
vacuum. Therefore, mj » > mo,implies thatlow carrier mobility whereas m: p < Mo,
reflects higher carrier mobility for an interaction. The degree of delocalization is
inversely proportional to the effective mass of charge carriers, i.e., lighter carriers
are more delocalized [35]. For example, the values of effective masses for PbS QDs
are m; = 0.085m and m; = 0.085m at 300 K where m is the rest mass of the
electron [36]. The dielectric constant of PbS is ¢, = 17.2 and &y = 161 [36, 37].
Putting all the value in the above expression, the exciton Bohr radius (ap) for PbS
will be ~18 nm. However, the above expression shows that the magnitude of ap is
of the order of 2-50 nm for most semiconductors [38—40].

Several quantum mechanical concepts like Bohr radius, de Broglie wavelength
or Heisenberg’s uncertainty formalism, and infinite square well potential approx-
imation are employed to understand the quantum confinement regime. We can
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explain the quantum size effect using these concepts, i.e., the size dependence of
optical bandgap in various semiconductor nanoparticles. Moreover, the quantum
confinement depends on the effective electron and hole masses and the dielectric
constant. However, the confinement of electrons in QDs can be categorized into
two distinct regimes—strong confinement and weak confinement regime. Strong
quantum confinement takes place at the size of the QDs much smaller than ag, i.e.,
at least several times smaller in size. The confinement potential in a strong confine-
ment regime becomes more significant than the Coulomb interaction, much larger
than in a bulk crystal. But, in a weak confinement regime (the size of QDs is larger
than ap), the rise in exciton energy is observed because of the quantization of the
exciton center-of-mass motion where exciton behaves like a particle in a spherical
potential. The confinement effect vanishes when the size of the QDs becomes more
than 2-3 times of ap. In both cases, the quantum confinement effects support the
formation of discrete energy levels and more significant energy gaps with decreasing
sizes in QDs.

According to Heisenberg’s uncertainty principle, the quantum confinement effect
can be observed when the diameter (d) of the QDs has the same order of magnitude
as the thermal de Broglie wavelength of the electron wave function (d & A., Ap).

h h

he= ' and Ae=
SomiksT J2mksT

For an electron in a vacuum, the above equation gives the de Broglie wavelength of
7.3 nm. For PbS QDs at 300 K, R = A, = A, = 4 nm and hence strong confinement
limit for PbS QDs is ~4 nm, i.e., the diameter of the QDs. The confinement energy
will be considered if it is equal to or greater than the thermal energy, and we can
derive the condition for the quantum confinement as

h
1/2]’]’!:311161_971

The electronic structure of QDs with spherical shape can be described by the
effective mass approximation using a simple model “particle in aquantum box” where
the electron’s motion is limited in all three dimensions [10, 41, 42]. The condition
will be applicable when the size of the QDs (d) obeys the condition, d; < d < Aem,
where dy. is the crystal lattice constant, Ap, is the photon wavelength corresponding
to the lowest possible optical transition. Quantum size effect can be effective when
the energy separation is greater than the thermal energy ks T'. Brus has introduced a
theoretical insight on the size dependence of the bandgap energy of QDs considering
effective mass model and neglecting spatial correlation effects [43]. The bandgap
energy can be expressed as

~
~

Eg = (Eg)Bulk + EConﬁnemem + ECoulomb
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where E, is the bandgap energy of the QDs, R is the radius of QDs, ¢ is the dielectric
constant of the material of QDs, and ¢ is the permittivity of free space. We neglect
the electron-hole spatial correlation effect [44]. Considering all the parameters for
PbS QDs (diameter ~4 nm), the bandgap energy will be E; = 0.41eV +2.21eV —
0.08eV =2.54¢eV.

Quantum confinement effects are also observed in the optical absorption spectra
of QDs. The material’s composition and physical dimensions influence the quantum
confinement effects. In bulk semiconductor materials, bandgap energy (E,) is defined
as the difference between the valence band’s highest occupied energy state and the
conduction band’s lowest unoccupied state, as depicted in Fig. 2. ap determines the
transition point between the different properties observed in the bulk and quantum
confined states. Therefore, the size of the QDs controls the optical properties.

Absorption and emission: QDs offer excellent photoelectronic properties, including
broad excitation spectra, tunable fluorescence, and multicolor fluorescence compared
to dye molecules. The significant absorption coefficients make QDs excellent solar
absorbers when QD layers combine with a metal contact (form a Schottky junction)

(2) (b) (c)

CB

Fig. 2 The figure shows the effect of quantum confinement on the electronic structure of Semi-
conductor nanocrystals or QDs. The arrows indicate the lowest energy absorption transition for
a Bulk semiconductors. b The energy levels and corresponding wave functions in semiconductor
nanocrystals or QDs, and ¢ Semiconductor nanocrystals or QDs (CB = conduction band; VB =
valence band). Reproduced from Ref. [42] under CC BY 4.0
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or another semiconductor (form a heterostructure). QDs exhibit high fluorescence
intensity with higher stability, which is helpful for in vivo and in vivo imaging. QDs
are an effective sensitizer coupled with organic chromophores due to their strong
absorption properties. Lanthanide doped QDs can down-convert one high-energy
photon to multiple lower-energy photons, i.e., quantum cutting. QDs can convert
optical energy into chemical energy when carrier density increases at the interface
of QDs and nearby molecular acceptors, owing to a strong confinement regime.

Stokes shift: The Stokes shift is named after Irish physicist George Gabriel Stokes
and is the difference between the wavenumber/wavelength/energy of the incident
light and the scattered light or emitted light after an interaction [45]. It is an essential
concept in both fluorescence and Raman spectroscopy. Stokes’ Law states that the
fluorescence emission occurs at a longer wavelength (redshift) than the incident light
wavelength (absorption). However, the emission occurs at a lower wavelength (i.e.,
higher energy or blueshift) than the incident light wavelength (absorption) in upcon-
version photoluminescence. The shift to a longer wavelength is called the Stokes shift
in his honor. In fluorescence spectroscopy, the Stokes shift is the difference between
the spectral position of the first absorption maxima and the maxima of fluorescence
emission in either wavelength (nm) or wavenumber units (cm~') or in an informal
way of energy unit (meV) [46, 47]. The size-dependent redshift of emission peaks
is an exciting feature of QDs. Stokes shift changes with the nature of QDs, and the
solvents owing to dielectric mismatch between QDs and the surrounding medium,
e.g., more polar solvents typically produce more significant Stokes shifts. Moreover,
the Stokes shift for QDs depends on several factors like size [48], polydispersity [49,
50], ligands, defects [50, 51], and dopants [52, 53].

Fluorescence quantum yield (QY): The fluorescence quantum yields (® ;) are defined
as the ratio of the number of emitted photons (Ney,) from QDs and the number of
absorbed photons (V) at the excitation wavelength (Aex). The QY represents the
spectral sensitivity, photo-emissive efficiency, photostability, and brightness of the
QDs. Its value remains in the range of 0-1.

Synthesis of QDs: According to synthesis techniques, the QDs are divided into two
broad groups—i(i) Colloidal QDs [32, 54-60]—formed by the wet chemical synthesis
technique. The size and shape of the QDs can be controlled by varying several
reaction conditions. In most cases, the passivating organic ligands on the surface
of the QDs form an energy barrier between QDs and the surrounding medium, (ii)
Epitaxial or self-assembled QDs [61-66]—QDs are grown by epitaxy technique.
These are nearly defect-free as compared to colloidal QDs. The molecule- and/or
solid-like structures are possible with synthesis techniques. In contrast to epitaxial
QDs, the colloidal QDs assembly is much more flexible as it is accomplished in
solution, and functionalizing QDs with organic molecules is much more effective.
It is worth mentioning that the fabrication costs of the colloidal QDs, which benefit
from self-purification, are certainly cheaper than the epitaxial growth of QDs, which
requires ultra-high vacuum equipment and expensive high purity materials. However,
considering the advanced integration in the micro-optoelectronic device, epitaxial
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QDs demand its applicability for precise deposition processability, quantum light
sources, quantum well formation, and many more. Nevertheless, in terms of the
applicability of QDs in biological systems or conjugation to biomolecules, colloidal
QDs are superior to epitaxial QDs as it is possible to synthesize QDs to cover the
whole visible spectral range and near-infrared (NIR) just by varying the size. In this
chapter, we will consider colloidal QDs and all-optical detection of them. Some of
the unique properties of QDs and their corresponding applicability are presented in
Table 1.

Biocompatibility of ODs: QDs must have appropriate physical and optical proper-
ties to be applied for bio-applications. QDs must show high quantum yield (QY),
good thermal and photostability, low cytotoxicity, and excellent biocompatibility
with proper surface functionalization. The size, shape, composition, and surface are
the critical factors for different bio-applications of QDs. Above all, the surface must
be carefully designed to obtain the proper QDs functionality, e.g., targeting specific
epitopes, making stealth to the environments to circumvent the immune system,
and high biomolecules loading capability [60, 67]. Several surface functionalization
processes complete via ligand exchange procedure or through steric stabilization
have been demonstrated to improve the biocompatibility of QDs and reduce toxicity
in vivo and in vivo applications [60]. QD bioconjugation is very versatile, and the
size of QDs is large compared to conventional dye molecules, which leads to alter-
ations in the biological function of the QD-bioconjugate. Moreover, charged surfaces
of QDs provide ample space for non-specific interactions and control the specific
recognition of the QD-bioconjugates [68]. Figure 3 summarizes the different surface
coating strategies and functionalization pathways of QDs. Many reviews discussed
different kinds of surface coating strategies and functionalization pathways of QDs
and their application in biomedical fields [3, 7, 20, 69]. The large surface of QDs
offers efficient surface modification to render QDs biocompatible. The biocompat-
ibility of QDs can be improved by functionalizing it by some standard, nontoxic,
highly hydrophilic polymer ligands, such as polyethylene glycol (PEG) [70-74],
polyvinylpyrrolidone (PVP) [73, 75], mercaptopropionic acid (MPA), bovine serum
albumin (BSA) [74, 76-79], zwitterionic polymer ligands [80], phospholipid [81—
83], amphiphilic polymer [84, 85], polypeptides [86], and block copolymer micelles
[87, 88], to name just a few.

3 Optical Techniques for the Detection of QDs

QDs can be regarded as large molecules from the viewpoint of molecular physics.
QDs show nonhomogeneous broadened absorption and emission spectra owing to
their distribution of sizes, defect concentrations, shape variations, surrounding inho-
mogeneities, and other factors. Therefore, the most efficient way to characterize QDs
is the luminescence spectroscopy technique. As discussed in the previous sections,
the effect of quantum confinement is clearly observed in the optical properties of
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Table 1 Notable properties and possible application area for QDs

‘ Description ‘ Application
Physical properties
Size The size of a typical QDs is in | Solar cells, ultrafast all-optical
the range of 1-20 nm and may | switches, quantum computing,
contain between 100 and and many others
100,000 atoms
Color The emission wavelength Biosensor, bioimaging,
covers from UV to NIR region | labeling
depending on the size and
material of QDs
Solubility or dispersibility Soluble in aqueous and Biocompatibility,
non-aqueous solvents heteroconjugation

depending on the nature of the
capping molecules/ligands

Thermal stability

Excellent resistance to
photobleaching; observation
time of minutes to hours

Bioimaging, labeling

Optical properties

Absorption spectra

QDs absorb over a broad range

Useful to determine size and
concentration

Emission spectra

Tunable emission from UV to
NIR, Symmetric, Gaussian
profile; FWHM: 30-90 nm

Enables deeper tissue imaging

Stokes shift

Up to >150 nm. Typically
<50 nm only for visible
wavelength-emitting QDs

Enables simultaneous
multiplexed imaging with a
single excitation source

Quantum yield (QY)

It determines a QD’s
photo-emissive efficiency.
0-0.25 (NIR region) and 0-1.0
(visible region)

High imaging contrast

Fluorescence lifetimes

Long photoluminescence
lifetime, Decay in10-100 ns,
typically multiexponential

Allows time-gate detection for
reducing auto-fluorescence

Energy transfer

(1) Forster resonance energy
transfer (FRET), (2)
Chemiluminescence resonance
energy transfer (CRET), and
(3) Bio-luminescence
resonance energy transfer
(BRET)

Biosensing

Chemical properties

Photochemical stability

Resistant to photobleaching
and other environmental
factors

Allows for long-term exposure

(continued)
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Table 1 (continued)

Description Application
Toxicity Compatible with biomolecular | Capable of targeting a tumor
functionalization and show or lymphatics, compatibility to
enhanced permeation and biomedical diagnostics and
retention (EPR) effect by therapeutics
proper surface modifications
Light to chemical energy Convert optical energy into Photocatalytic H, evolution,
conversion chemical energy that can be CO2/N3 reduction
stored in useful chemical
bonds
Compatible with biomolecular | It can be done using ligand Capable of targeting a tumor
functionalization chemistry, and several or lymphatics or other
biomolecules can bind to a biomolecules of interest
single QD
Reproducibility of labels Limited due to the complex Labeling

structure and also due to
surface chemistry

m—N:ﬁ:N_ (i) Strain-promoted

azide-alkyne

(x) Hydrazone ligation cycloaddition

— aniline (o} (i) Amphiphilic polymer
E‘Q-ﬁ'ﬂ H g d? (carboxyl)

(ix) Heterobifunctional &~

crosslinking
G-+

SMCC
€D
(viii) Amide
coupling

£ y (i) Amphiphilic polymer
PEG
HoN, W .. _yor (PEG)

(iv) Ligand
{zwitterionic)

(v) Ligand (carboxyl)

{vi) Biotin-streptavidin
binding

Fig. 3 Overview of bioconjugation (left side, BOI = biomolecule of interest) and surface coating
(right side) strategies for QDs. The double arrows are intended to represent conjugation between
the functional groups. They are not drawn to scale. Reprinted with permission from Refs. [68, 89].
Copyright 2013 Society for Applied Spectroscopy
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QDs. A simple interpretation of a two-level system can be considered to understand
the optical transitions in QDs [35, 90]. Recent biological applications of QDs rely on
spectroscopic techniques, including absorption spectroscopy measuring the absorp-
tion coefficient; emission spectroscopy measuring intensity, polarization, or life-
time; quantifying energy and charge transfer; fluorescence enhancement employing
photonic crystals and plasmon coupling; confocal and two-photon excitation (TPE)
microscopy; single-particle tracking and fluorescence correlation spectroscopy; and
super-resolution imaging and near-field scanning optical microscopy [89].

3.1 Absorption and Emission Spectroscopy

The absorption and emission spectroscopy can quantify the light absorption and
emission by a QD in the cell environment or a solvent. Here, we discuss the basic
mathematical understanding of absorption spectroscopy, which can apply to QDs.
Since absorbance (A) depends on the thickness (L) of the sample, absorbance is a
sample property rather than a material’s property. We can express the attenuation
of light intensity /(x) as it travels a distance x, by (at a wavelength A, the complex
refractive index, n = n + ik, where k is the extinction coefficient of the material, n
is the real part of refractive index).

ank

I(x) = I(0)e -

Now, we can define a thickness independent absorption coefficient (), an intrinsic
property of the medium.

The above relation connects the experimentally accessible A to the property of
material, i.e., the extinction coefficient k. For composite medium, e.g., suspended
QDs in a solvent, the relation will be valid by replacing the k by k.. Hence, the
absorption coefficient of the composite medium is expressed as

B In10A B 47Tkeff
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A colloidal dispersion of QDs contains both solid QDs and the solvent (organic
or inorganic). The composition can be described by volume fraction (f, the volume
occupied by the QDs per unit of sample volume) and the molar concentration of QDs
(c, the amount of QDs in mole per unit sample volume). Considering the QDs as
polarizable point dipoles in the solvent, the effective (complex) dielectric function &g
of the colloidal solution of QDs can be related to the polarizability (a) of an individual
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QD employing the Clausius—Mossotti relation (N4 is the Avogadro’s number) [91—
93]

Eoff — € 1

2T _eNaa

Eefi + 28 3
where ¢, is the dielectric function of solvent. For a spherical QDs in a solvent, the
polarizability can be written as

£QD — &s
a=4nriep = 47rr385<—QD g >
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ggp 1s the dielectric function of QDs. From these above two equations, &e can be
expressed as (i.e., the well-known Maxwell Garnett mixing rule)

z 1 -28f
o= T g

For a diluted colloidal solution of QDs (i.e., f <& 1), (Eer)reas & and
Befd)im ﬁ f(€qp)y,- (Beft)im represent the idea of local field factor fig, which
is deﬁnedolzis tfle ratio between the external driving field E( and the resulting local
field E)o.. For spherical QDs, local field factor can be expressed as, fig = sQSiza,. .
Thus, the absorption coefficient p for dispersion of QDs as (considering Maxwell

Garnett composites for spherical particles approximation, (Eetf)in = 2neftkett),
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According to the above equation, the local field effect strongly modifies the
absorption of a material when it is dispersed in another medium. Since p increases
proportionally to f, one can define intrinsic absorption coefficient y; as:
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The intrinsic absorption coefficient only depends on the optical constant of QDs,
the local field factor, and the solvent. At incident light energies, a strong dielectric
screening of the external electric field occurs and hence the reduction of the absorp-
tion of QDs compared to bulk. The substantial enhancement of the absorbance at
high energy is due to an increase in fir at these energies. The intrinsic absorption
coefficient p; can be measured experimentally by the following relation knowing the
value of volume fraction f (i.e., the total number of atoms and the lattice constants)

_ In10A
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The above equation helps us to quantify and understand the QD light absorption
by knowing p;, f, and vice versa. Beer’s Law states that A is proportional to ¢ and
the path length L (A o cL). The proportionality constant (¢) is defined as the molar
extinction or molar absorption coefficient (A = ecL). The absorption cross-section
o of a single QD can be derived as 0 = Vgp ;. The QD band structure consists of
a discrete set of energy levels. According to the quantum mechanical description of
light absorption and emission, the optical properties can be realized starting from the
oscillator strength and corresponding exciton emission rate of a two-level system.
The description in detail is out of the scope of the book chapter. Cadmium selenide
(CdSe) QDs show size-tunable fluorescence throughout the visible light spectrum,
as depicted in Fig. 4.

Absorption spectroscopy is a technique that performs quantitative and qualitative
analysis through the absorption of light by QDs. The electron—hole pair (exciton)
in a QDs absorb a photon in absorption spectrum measurements with the excita-
tion by a source, whereas in emission spectrum measurements, a photon is emitted,
which is measured. Photoluminescence (PL) spectroscopy is a technique where the
emission properties of a material are measured by varying the excitation energy.
Photoluminescence excitation (PLE) spectroscopy is a complementary technique to
get insights into the absorption properties. Absorption spectra are acquired in trans-
mission configuration by varying the incident energy, whereas in PLE, detection is
carried out in reflection configuration, and the detection energy is fixed. In general,
PLE must be a replica of absorption spectra, but the size distribution of QDs and the
dependence of luminescence quantum efficiency on the excitation energy may alter

(a)
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el
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Fig. 4 a Size-tunable fluorescence spectra of CdSe QDs, b a representative illustration of the
relative particle sizes (not in size ratio). The particle diameters are 2.1 nm, 2.5 nm, 2.9 nm, 4.7 nm,
and 7.5 nm from left to right. Reproduced from Ref. [94] with permission from The Royal Society
of Chemistry
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the characteristics of the PLE spectra [95]. However, PLE shows a better signal-to-
noise ratio, i.e., a better energy resolution than absorption spectra. Ultraviolet—visible
(UV-Vis) absorption spectroscopy is a routine analytical technique to characterize
QDs in a colloidal dispersion that is based on the variation of the position of the
first excitonic absorption peak with the size of QDs of narrow size distribution. The
average size and concentration of QDs can be approximately estimated from the
absorption spectra.

Photoluminescence (phosphorescence and fluorescence) is triggered by the
absorption of a photon with high energy, resulting in emission with a low energy
photon (Stoke emission). In chemistry, it is termed fluorescence spectroscopy.
The relaxation processes can be studied using time-resolved fluorescence spec-
troscopy. Photoluminescence (PL) imaging techniques map the intensity (confocal
microscopy) or the lifetime (fluorescence-lifetime imaging microscopy) across a
sample (biological sample marked with fluorescent QDs). After the absorption of
a photon by the QDs (considering a two-level system), the excited electron typi-
cally goes to the bottom of excited states after successive vibrational relaxation
in a picosecond time range (ps). Now, the electron quickly recombines with the
vacancy/hole in the ground state, i.e., fluorescence resulting in an emission of a
photon at a time delay in the range of nanosecond (ns). Otherwise, the electron
will go to a metastable state and relax to the ground state with a longer recombi-
nation time (microseconds (js) to minutes), i.e., phosphorescence. PL spectra of
QDs in solution or QDs solid provide several important information about QDs: (i)
the size of QDs and the bandgap energy, (ii) impurity levels and defect detections,
(iii) surface structure and excited states, (iv) recombination mechanisms, and (v)
molecular structure and crystallinity. Charges can be created inside QDs by Auger
autoionization or injection from outside, leading to nonradiative recombination of
excitons. Therefore, time-resolved photoluminescence (TRPL) spectroscopy of QDs
ensembles can identify the nature of the suppression of light emission, and hence,
TRPL can identify the individual ionized particles.

3.2 Fluorescence Microscopy

Fluorescence microscopy plays a crucial role in bioimaging to visualize biolog-
ical samples. Fluorescence imaging can offer real-time imaging with high contrast
and resolution and is an alternative modality for imaging like magnetic resonance
imaging (MRI), computed tomography (CT), positron emission tomography (PET),
single-photon emission computed tomography (SPECT), and ultrasound. Fluores-
cence imaging involves three main steps: an external fluorescent probe to allow
for signal generation, optical excitation, and collection of fluorescent light emis-
sions. These imaging techniques are advantageous for medical diagnosis, single-
cell tracking, studying the immune system, fluorescence-guided surgery, and many
more. The fluorescent probe must be selective for the target, possess low toxicity,
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and have excellent fluorescent properties, i.e., high photoluminescent QY, photo-
stability, and tunable emission. In this perspective, QDs with emission bands at the
near-infrared (NIR) region of the electromagnetic spectrum can be employed as the
fluorescent probe for fluorescence imaging where scattering, absorption, and auto-
fluorescence from tissues have a minimum effect in obtaining high image quality
and greater tissue penetration. The interference of the biological media is lowest for
two NIR regions, i.e., NIR biological windows: NIR-I (650-950 nm) and NIR-II
(between1000 and 1400 nm). During the last decades, QDs are crucial for imaging
applications compared to dye molecules due to the high brightness (QY x absorp-
tivity) caused by high QYs and significant molar extinction coefficients [68, 96].
Another advantage of QDs is a more significant two-photon cross-section (103—
10* Goeppert-Mayer units (GM)) for in vivo applications with NIR excitation and
advantageous for multiphoton excitation. The in vivo two-color fluorescence molec-
ular imaging of an essential immune cell, myeloid-derived suppressor cell (MDSC),
was achieved using QD-based nanoprobes in the second near-infrared window (NIR-
II, 1000-1700 nm), confirming the successful binding of two separate receptors on
MDSCs, as shown in Fig. 5.

Confocal microscopy is one of the essential derivatives of the wide-field
microscopy technique, and implementing a pinhole in confocal microscopy is the
main difference. A pinhole can filter away the fluorescence photons coming from
out-of-focus points to obtain a background-free image. The resolution of the confocal
microscopy (the optical diffraction limit) can be expressed as

. 0.61x . 0.611
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where n is the refractive index, A is the emission maxima, N.A. is the numerical
aperture, 6 is half the light collection angle, and R is the closest distance between
two neighbor locations that can be resolved. However, confocal laser scanning micro-
scope (CLSM) or resonant scanning confocal microscopy, the derivatives of confocal
microscopy are generally used in biomedical imaging. Super-resolution microscopy
has been developed to overcome the resolution limit beyond its optical diffrac-
tion limit for studying single molecules and the dynamics of biomolecules. So far,
stimulated emission depletion microscopy (STED), stochastic optical reconstruction
microscopy (STORM), photoactivated localization microscopy (PALM), and satu-
rated structured illumination microscopy (SSIM) are used in the biomedical field.
By separating spontaneous emission and stimulated emission in STED, localiza-
tion of fluorescence molecules on a nanometer scale can be achieved. QDs have
been effectively employed for STED microscopy to study biological phenomena.
The fluorescent probes like QDs can be distributed evenly, making them excellent
for the STORM technique. Recently, super-resolution microscopies, including 3D-
STED, 3D-STORM, or iPALM, have been developed in 3D-bioimaging for three-
dimensional (3D) construction of tissues or the progression of cell development. QD
blinking was employed to achieve three-dimensional (3D) super-resolution imaging
with nm resolution [97]. Likewise, light-sheet fluorescence microscopy (LSFM) can
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be employed to obtain deep-tissue imaging. Many other optical microscopy tech-
niques can resolve the biological tissue with an outstanding signal-to-noise ratio,
e.g., universal point accumulation for imaging in nanoscale topography (PAINT),
conical diffraction microscopy (CoDiM), differential interference contrast (DIC)
microscopy, phase contrast microscopy, and total internal reflection fluorescence
microscopy (TIRF).

Fluorescence microscopy-related techniques: QDs have been extensively used in
bioassays, immunoassays, and bioimaging as probes to detect pathogens, medical

NIR-IIa channel NIR-IIb channel

24 h p.i.

48 h p.i.

72 h p.i.

Fig. 5 In vivo non-invasive two-color fluorescence imaging of mouse in the NIR-II window. Two
kinds of PbS/CdS QDs emitting in NIR-IIa and NIR-IIb regions with the combination of long-pass
(LP) and short-pass (SP) emission filters by using a NIR-II imaging setup equipped with an InGaAs
CCD camera (1 x magnification objective, 808 nm laser excitation, laser power ~20 mW/cm?, and
exposure time of 200 ms). Reprinted with permission from Ref. [98]. Copyright © 2019, American
Chemical Society
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imaging, biosensing, assay labeling, optical barcoding, bio-analytes, and heavy metal
ions during the last decades [99-105]. The biosensors involve three key components:
the probe, the analyte, and the capturing agent (primary antibody, aptamer, peptides.
QDs act as the probe attached to a revealing agent (secondary antibody, aptamer,
monoclonal antibody). The interaction between revealing agents and the analytes will
reflect the nature of the fluorescence. Photon-induced energy transfers phenomena
affect the fluorescence and pave a pathway for sensing an analyte molecule. There are
three classes of energy transfer mechanisms [106, 107]: (1) Forster resonance energy
transfer (FRET), (2) Chemiluminescence resonance energy transfer (CRET), and
(3) Bio-luminescence resonance energy transfer (BRET). The mechanism of FRET
involves a donor fluorophore (QDs) in an excited electronic state on the absorption
of photons via external optical excitation, which may transfer its excitation energy
to the ground state of a nearby acceptor chromophore (light-sensitive biomolecules)
through nonradiative emissions due to long-range dipole—dipole interactions. The
change in fluorescence quantifies that moieties have been attached to QDs and can
be used as a sensor. The applications of FRET in biological investigations are the
measurement of distances between two sites on a macromolecule (protein or nucleic
acid) or the examination of in vivo interaction between two biomolecular objects.
Biosensors can detect multiple biomolecules based on the fluorescence sensor model,
including DNAs, microRNAs, proteins, enzymes, and small molecules [103]. QD-
based fluorescent biosensors are extensively utilized due to their high sensitivity,
and the FRET technique is frequently adopted. The detection of target biomolecules
is possible in a homogeneous manner without any washing and separation steps.
Fluorescent probes like QDs can label the protein to serve as the donor and acceptor.
Significant Forster distance can be possible for QDs due to their high quantum yield.
Size-tunable properties of QDs also help to adjust the Forster distance by tuning the
spectral overlap over a range of values exciting with lower intensity and minimizing
or even avoiding photobleaching. Moreover, QDs also act as acceptors during FRET
when organic chromophore [108-110].

Fluorescence correlation spectroscopy (FCS) is another essential optical modality
to study single biomolecules. Combining FCS with optical microscopy techniques
like STED, FRET, and confocal microscopy is quite powerful for biological sample
sections to obtain the fluorescence signal of molecules from precisely selected areas.
Fluorescence-activated cell sorting (FACS) uses fluorescence signal detection to sort
out labeled cells by charging biological particles and morphology. Near-field scan-
ning optical microscopy (NSOM) can obtain simultaneous topographic and fluo-
rescence images to identify nanosized domains of molecules (R 50 nm) on the cell
surface [111-113].

These optical imaging techniques were demonstrated to understand biological
processes and their dynamics like single-molecule recognition, investigating cellular
structures and functions, in vivo (cell movement, cell delivery, muscle contraction,
cell migration, intracellular transport), and in vivo (investigations of the lymphatic
system, tumors, and metastases) imaging applications. However, a more profound
investigation of QDs-biomolecule conjugates has been necessary to quantify the
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molecular interactions on the cellular and subcellular level at higher multiplexing
dimensions (considering intensity, lifetime, color, and polarization of PL).

3.3 Dynamic Light Scattering (DLS) Technology

The light scattering cross-section is comparable to r°, where r is the radius of
the particles present in the solution. Elastic scattering happens when the particle
size is less than 1/10th of the incident light wavelength (i.e., ~\/10), and it is not
angle-dependent. Dynamic light scattering (DLS), also called photon correlation
spectroscopy (PCS) or quasi-elastic light scattering (QELS), relies on detecting and
analyzing the interference of electric fields scattered by inhomogeneities in a medium
caused by dispersed objects (e.g., polymers or colloidal nanoparticles or QDs) subject
to electromagnetic irradiation [114—-116]. PCS and QELS are standard in older litera-
ture. DLS is based on the Brownian motion of dispersed particles, and the DLS instru-
ments measure the intensity of the light scattered over time. The scattered intensities
are similar in the beginning and lose similarity over time due to Brownian motion.
Now, let us consider QDs scatter electromagnetic waves in all directions, depending
on QDs’ size isotropically or anisotropically. Scattering intensity patterns correlate
with themselves (auto-correlation) after short time delay intervals (t), depending
on how fast QDs are diffusing. The exponential auto-correlation function (ACF)
expresses the continuous decay of correlation. The photon correlation is lost faster
for small particles than large ones. One can determine the hydrodynamic diameter
by measuring the speed of the particles where smaller particles will move at higher
speeds than larger particles. The Stokes—Einstein equation gives the hydrodynamic
particle radius (Ry) with known temperature (7)) and viscosity of the fluid (7).
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where D is the translational diffusion coefficient (m? s~!')—represent the speed of the
particles, kp is the Boltzmann constant (m”> kgs~>K~!). An ACF of scattered light
at time point 7 is generated during a DLS experiment depending on the correlation
time delay t so that a second order ACF is generally given by:
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Multi-channel DLS allows us to characterize the solution of QDs solution or
suspension efficiently. Alternatively, diffusing-wave spectroscopy (DWS) is most
suitable for highly dense colloidal suspensions or highly scattering media, e.g., gels
or biological media. The applications of DLS include the study of the homogeneity of
proteins, RNA, and their complexes, reliable estimates of the quality of biomolecular
preparations (both degradation and aggregation), protein—protein interaction studies,
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the study of size and shape macromolecules. However, the DLS experiments have
some notable limits like being very sensitive to temperature and solvent viscosity,
hard to resolute monomer and dimer, restricted to transparent sample.

Zeta potential (¢), also called electrokinetic potential, is the potential at the shear
plane of a colloid particle moving under an electric field and routinely measured
using the technique of micro-electrophoresis [116, 117]. The ¢ reflects the potential
difference between the EDL (electric double layer) of electrophoretically mobile
particles and the dispersant layer around them at the slipping plane. ¢ can be assessed
by the electrophoretic mobility of charged particles under an applied electric field.
The electrophoretic mobility (u.) of the particles is calculated by Henry’s equation
[116]
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where ¢, is the relative permittivity/dielectric constant of the medium, g is the permit-
tivity of vacuum, f (1 or 1.5, for organic medium or aqueous medium, respectively) is
the Henry’s or Helmholtz-Smoluchowski function. Zeta potential depends on pH, the
concentration of the solution, and ionic strength. pH is perhaps the most influential
parameter in Zeta potential measurements. Colloids of QDs fail to retain their stability
and agglomerate/flocculate when the pH is close to the isoelectric point. Concentra-
tion alters both surface adsorption and the effect of EDL by complex relationship.
According to drug delivery perspective, the values of ¢ of the order of 20—10mV,
+10—20mV, £20—-30mV, and >430 mV represent as highly unstable, relatively
stable, moderately stable, and highly stable, respectively. As Zeta potential does
not include the contribution of van der Waals attractive forces, the low potential
value may show for a stable solution like colloidal silica [118]. Surface function-
ality, the colloidal stability of dispersed QDs in a medium, and the interaction of
QDs with the solid surface can be characterized by measuring the zeta potential.
Zeta potential provides indicative evidence of the nature of the surface charge (posi-
tive/negative) in nanoparticles. Usually, naturally occurring surfaces or molecules
show negative charge (e.g., cell membrane, proteins, lipids, mucus), and synthetic
molecules or surfaces are often cationic. The zero value of Zeta potential cannot
claim to have “neutral” nanoparticles due to unavoidable charge build-up on their
surfaces in dispersion. Both DLS and Zeta potential techniques rely on the scattering
of light. Hence the inability to handle high concentrations (>100 pg/ml) and nonho-
mogeneous solution are major weakness of both these techniques. Therefore, they
are not independently conclusive in vivo circumstances. However, they are excellent
tools to characterize QDs at their initial stages of development.
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3.4 FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy technique can identify the variations
in the composition of biomolecules and their QDs-conjugates by determining changes
in functional groups in biomolecules. FTIR spectroscopy is a common analytical
technique in pharmaceutical, medical, and forensic laboratories for qualitative and
quantitative analysis [119-122]. It measures the vibration and rotation of molecules
influenced by infrared radiation at a specific wavelength. It measures the absorption
of infrared radiation by each bond in the molecule and produces a transmittance
spectrum (%) versus wavenumber (cm™"). It is an essential technique to investi-
gate the ion—dipole interactions, characterize the surface chemistry of biomaterials,
the quantitative analysis of complex mixtures, the qualitative verification of func-
tional groups, and investigate surface and interfacial phenomena. Moreover, FTIR
spectroscopy overcomes the limitations encountered with dispersive instruments,
i.e., slow scanning process, measuring intensity at a single wavelength at a time,
by employing a simple optical device called an interferometer and a well-known
mathematical technique called the Fourier transformation. In comparison to UV-Vis
spectroscopy, the FTIR spectrum supplies a rich array of absorption bands and gives
us more insight into the structure of molecules in all three physical states (i.e., gas,
liquid and solid). The FTIR spectrum covers near-IR (~15,000 cm~! to 3000 cm™!),
mid-IR (~4000 cm~! to 400 cm™ 1), and far-IR (~200 cm™! to 10 cm~"). However, the
most used spectrum range is 4000 cm ™! to 400 cm ™! to analyze common molecules
in biomedical fields.

Symmetrical molecules are not IR sensitive as it has no net dipole moment (e.g.,
H;, O,). Two molecules with different structures always produce different infrared
spectrums, although some frequencies might be the same. Every bond (predom-
inantly covalent for organic molecules) has a natural vibrational frequency, and
the amplitude of vibrational modes of the molecules increases when the natural
vibrational frequencies are matched with the incident IR frequencies. Moreover, all
molecular bonds absorb specific IR radiation (frequencies) and do not affect by the
adjacent bonds. The movement of the bonds in a molecule has two main vibrational
modes—stretching and bending vibrational mode. Stretching mode is further divided
into symmetric and asymmetric vibrations modes while wagging, twisting (out of
plane bending vibration) and rocking, scissoring (in-plane bending vibration) are the
characteristic modes of bending vibrations. FTIR spectroscopy can be helpful for the
structural determination of protein where X-ray crystallography or multidimensional
NMR spectroscopy techniques cannot be appropriately applied.

Attenuated Total Reflection (ATR) sampling revolutionized FTIR spectroscopy
in several ways—simplicity in sample handling and applicability for any form of
samples. ATR-FTIR spectroscopy has been used to investigate biomedical samples,
protein crystallization, surface interaction with proteins, and the behavior of proteins
[123, 124]. IR radiation gets internally reflected and attenuated at an interface
between a high refractive index material (an internal reflection element such as
diamond, Ge, Si, and ZnSe) and an infrared absorbing low refractive index material
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(the sample). Hence, generated evanescent wave at the interface can penetrate with the
depth of penetration (d},) in the sample in the range between 0.2 and 5 wm. Therefore,
it can characterize the surface and a depth of a few micrometer samples adjacent to the
surface of the ATR crystal within the imaging field of view. The generation of amide
vibrational bands in the FTIR spectra of proteins are very useful for determining
changes in the secondary structure, disordered regions, and aggregated S-sheets in
the protein. As ATR-FTIR spectroscopy analyzes only the surface molecules, it can
be free from the issue of complete absorption of the IR radiation by the aqueous
phase. Thus, the ATR-FTIR imaging technique is label-free, nondestructive, and can
distinguish between protein and nonprotein crystals, proving a viable alternative to
X-ray crystallography and dye-based fluorescence. Protein aggregation of purified
protein in vivo, which has a significant impact on biotherapeutics, can be effec-
tively visualized using ATR-FTIR spectroscopic imaging compared to other tech-
niques, including size-exclusion chromatography (SEC), dynamic light scattering,
and circular dichroism. The combination of two nondestructive vibrational spec-
troscopy—Raman and FTIR—are complementary techniques or fingerprint spec-
troscopic techniques that allow real-time analysis or the identification (qualitative
analysis) and structural elucidation of molecules of interest in biomedical samples
with excellent sensitivity with relatively low detection limit.

3.5 Raman Spectroscopy

Raman scattering, a feeble effect, occurs during an inelastic collision
of photons with molecules. Typical Raman cross-sections are between
10730 and 107 cm? per molecule in comparison with fluorescence spectroscopy
(between 1077 and 10~'®cm? per molecule), infrared absorption (between
107! and 10-2° cm? per molecule). However, surface-enhanced Raman scattering
(SERS) is an ultrasensitive technique for detecting molecules on or in the vicinity
of metal nanostructures owing to the resonances between optical fields and surface
plasmons leading to strongly enhanced Raman scattering signals of molecules. The
SERS effect can improve the Raman signal by 10*~10'° times and detect trace
concentrations of specific analytes. SERS is superior to conventional optical spec-
troscopic techniques such as fluorescence and UV/Vis absorption spectroscopy.
Over the last two decades, SERS has become one of the most promising analyt-
ical techniques in biomedical and agri-food applications [125-130]. A labeled
SERS approach can detect biomolecules efficiently and provide high specificity.
A multiplex detection uses encoding nanoprobes with a unique code to identify the
attached ligand molecules. SERS—fluorescence dual-encoded nanoprobe (layer-by-
layer assembly—SERS layer consisting of Raman reporters and a fluorescent layer
composed by QDs) guarantees the high-throughput sensing and imaging technologies
(e.g., clinical diagnosis, biosensing, and imaging) and high stability inhibiting the
signal cross-talk [131-134]. QDs bioconjugate is covalently linked with proteins,
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antibodies, and DNA eliminating the need for biomarker and labeling in biomed-
ical imaging. Here, SERS biosensing plays a vital role in the potential of a cancer
diagnosis using Si-based semiconductor material [135].

4 Conclusion

QDs attract much attention in the biomedical field owing to their excellent photophys-
ical properties. However, QDs may show the following drawbacks: poorly controlled
growth rate and difficulties in high-throughput synthesis, aggregation in the cell envi-
ronment, single QDs blinking, reduction of QY owing to surface traps, complicated
surface chemistry, relatively large size, and toxicity. In the present scenario, we
could not use the QDs to supplant the other fluorophores (e.g., dye) in labeling and
imaging; instead, we successfully have deployed them in combination with other
types of fluorophores. Therefore, more research (both in vitro and in vivo) must be
needed to thoroughly investigate the possible effects of the applicability of QDs for
clinical applications (still questionable). Most of the QDs are not biodegradable,
and the long-term effect of the accumulation of QDs inside the body of animals
is unknown based on the present knowledge. However, QDs have proved effective
for in vitro studies, e.g., diagnostics, imaging, and biomarker. Multiple functional-
ities of QDs are already established as fluorescent labels for bioimaging, specific
capture molecules for targeted delivery, and therapy. More investigation of the influ-
ence of QDs in the pharmacokinetic properties and functional activity of drugs must
be performed to explore more possibilities in the biomedical field. Tunable emis-
sions of NIR QDs have become an attractive tool for deep-tissue, high-resolution
in vivo imaging. FRET is an excellent biosensing tool where QDs act as donors
for detecting biomolecules. Nevertheless, spectroscopy and DLS provide accurate
data about QDs surface properties for accurate identification of bioconjugates with
retaining of biological activity of conjugated molecules. Hence, all-optical detection
of the surface properties of QDs is desirable for application in the biomedical field.
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A Toxicologic Review of Quantum Dots: )
Recent Insights and Future Directions ek

Arun Guha and Debasree Ghosh

Abstract An engineered nanoscale product such as quantum dots (QDs) attracts
the fascination and attention of scientists due to simultaneous targeting and imaging
potential in drug delivery in fields of pharmaceutical and biomedical applications.
The absorption, distribution, metabolism, excretion, and toxicity of QDs, i.e., the
pharmacology, depends on QDs’ inherent physicochemical properties of QDs (size,
charge, concentration, capping materials, and functional groups) and environmental
conditions (temperature, surrounding medium). Therefore, understanding the phar-
macology of QDs becomes essential for researchers to elucidate the adverse effects
of in vivo and in vitro studies in recent years. The first part of the chapter describes
the cellular uptake mechanism and reviews the QD toxicity assessment techniques.
The following sections will focus on exposure to toxicity and the key factors that
decide the toxicity level. The following section will discuss the possible approaches
to reduce the toxicity of QDs during the processes of imaging and therapeutic appli-
cations. An overview of the present status and a future perspective of the toxicity of
QDs will be discussed.

Keywords Quantum dots + Toxicity + Toxicology + Cellular uptake - Pharmacology

1 Introduction

QDs are semiconductor nanocrystals having size-dependent optical properties. The
physicochemical properties of QDs depend on the size, composition/structure, and
material used during synthesis. In general, at least one spatial dimension of the
QDs must be below the Bohr radius (the value is different for every QDs) to fulfill
the quantum confinement regime. However, the other spatial dimensions may be ~
100 nm for asymmetric structures, like nanorods. By altering the size, size distribu-
tion, composition, and crystal structure of QDs, one can tune the emission spectra in
the electromagnetic spectrum. Solubility or dispersibility of QDs in water or organic
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solvent depends on the surface ligand or capping molecules. Thermal stability also
depends on the nature/composition of shell and surface ligands.

Toxicity is an adverse health effect caused by many substances (e.g., a drug,
chemical, toxin or poison, nanomaterials, and many more substances) ranging from
a minor unpleasant side effect to a significant threat to an organism, life quality,
and health. Cytotoxicity, toxicity at the cellular level, is often caused by direct
chemical toxicity, inflammatory reactions, or immune responses to the materials.
Systemic toxicity involves excessive or severe cytotoxicity, inflammatory reactions,
or immune responses affecting organs or organ systems. Cytotoxicity or nonimmune
systemic toxicity depends on the dose of the material and a threshold below which the
material exposes little toxicity ascertained by in vitro and in vivo studies. However,
determination of such a threshold is extremely difficult for systemic immune toxi-
city as it depends on the individual materials’ properties, dosage, and implanta-
tion location. Due to their intrinsic properties, nanoparticles (NPs) or quantum dots
(QDs) are commonly used in various areas, like electronics, photovoltaics, catalysis,
engineering, cosmetics, therapy, medicine, and pharmacy. However, a complete risk
assessment arising from QDs is still in its infancy stage due to the lack of knowledge
of all the relevant toxicological mechanisms for all QDs. The leading portals of entry
for NPs or QDs are the respiratory, digestive, ocular, cutaneous (skin), and direct
injections into the blood circulation in the human body.

Numerous studies in different in vivo and in vitro systems result in various
endpoints with different toxic effects due to QDs. However, oxidative stress, i.e., the
formation and release of reactive oxygen species (ROS), is one of the central mecha-
nisms inducing toxicity that damage pathological consequences such as lipid perox-
idation, protein damage, deactivation of enzymatic activities, DNA modification,
DNA modification, and standard pro-inflammatory processes [1-7]. This chapter
elaborates a general understanding of toxicity, QDs/NPs cytotoxicity mechanism,
and some methodology to mitigate the toxicity.

2 General Comments on the Toxicity of QDs

Currently, the knowledge of the toxicity of QDs is an inadequate due limited number
of in-depth cytotoxicity studies on QDs like Cd, Pb-based, and C-based QDs. It is
impossible to provide a generalized assumption on the toxicity that arises from QDs.
However, various reports published in the last decade have made several important
observations. The nanoparticles (NPs), nanocrystals, including QDs, are compared
with various biological molecules in Fig. 1 according to their respective size. The size
and surface energy of QD are the most important properties which govern the toxicity
atlarge. QDs with sizes 1-20 nm may accommodate roughly ~ 100-20,000 atoms that
affect the associated chemical and physical properties compared to bulk counterparts.
Due to the small size, QDs possess large surface areas, typically 100-1000 m?g~".
In addition, QDs have dangling (i.e., unsaturated) bonds on the surface and carry
partial charges, increasing the surface’s energy. Thus, various properties of QDs,
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Fig. 1 Schematic representation of nanomaterial size in comparison to other biological molecules.
Reproduced with permission from Ref. [9]. Copyright 2020 © The Royal Society of Chemistry

e.g., surface functionalization, grafting, adsorption, agglomeration, and reactivity
with the environment, are affected. The toxicity studies of QDs consider only the
chemical composition and substance dose (in mg per kg of body weight) in sterile
laboratory conditions, and the tests are generally performed on animals, such as rats,
mice, and hamsters [8].

2.1 Identifying Hazards

There is only limited information about the impact or the potential technical risks
of QDs on non-human/human species, ecosystems, or the global environment. After
several years of toxicology research, how different QDs interact within the human
body or the environment is still uncertain. Regulatory bodies, like the International
Organization for Standardization (ISO), European Committee for Standardisation
(CEN), Organisation for Economic Co-operation and Development (OECD), the U.S.
National Institute for Occupational Safety and Health (NIOSH), Occupational Safety
and Health Administration (OSHA), provide objective and reliable information to the
public on innovation and safety aspects of nanomaterials [10]. Identifying hazards
is the first step in determining the risk and exposure of QDs. This step involves
identifying chemicals or QDs, and the specific effect of surface chemistry, shape,
size, and morphology on toxicity caused to various organs. Table 1 summarizes
primary hazard categories that may be considered when assessing the risk associated
with QDs.
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Table 1 Primary hazard categories associated with QDs
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Categories Descriptions Effects
Morphology Sphere, rod, tube, star, oval, and One can modify their surface
various asymmetric shapes properties in several emerging
technologies
Particle size ~1-100 nm QDs have a greater chance of

deposition by translocating to other
organs or absorbing through the
blood. It can penetrate the
membrane barriers resulting in
significant damage

Surface charge

+ Ve or —Ve or neutral

Nonspecifically bound to opposite
polarity rather than the target

Surface ligand

Alkyl thiol, polyethylene glycol
(PEG), alkylthiol-PEG, amino acid,
aminothiol, amphiphilic-polymer,
aminothiol, lipid, polyol, silica

Surface ligands may interact with
the biomolecules and may induce
unpredictable effects

Surface modification

Drug, polymer, amino acid, protein,
toxin, unmodified

QDs can be applied to a specific
target location and bind to
particular molecules. Also, it
minimizes QD exposure to the
biological environment

Solubility

In general, as-prepared QDs are
hydrophobic. However, hydrophilic
QDs may be synthesized, or surface
functionalization can make them
hydrophilic

Poorly soluble inhaled QDs can
cause oxidative stress, leading to
inflammation, fibrosis, or cancer

Exposure time

Long-term exposure with external
light excitation happens during
bioimaging and in vivo study

Cell damage due to long time
excitation via external light source
due to rise in temperature

Toxic hazards

QDs toxicity is not well-understood

Threshold limit values (TLV) or
permissible exposure limits (PEL)
helps in determining proper safety
precautions

2.2 Routes of Exposure to QDs

Various routes may introduce QDs into the body as a part of treatment, diagnostic
purposes, and environmental pollution or accidental release. In the case of the
biomedical field, the routes are termed gastrointestinal (GI), intravenous (IV), intra-
dermal (ID), intramuscular (IM), and peritoneal injections (IP) [8], as depicted in
Fig. 2a. The smaller size of QDs may cause a high chance of pulmonary uptake and
deposition followed by transportation to systemic sites. The ability of QDs (compared
to metal NPs) to cross the dermal barrier is different for various test subjects [11, 12].
QDs injected via the IV route are quickly distributed by the bloodstream, primarily to
the liver and spleen, kidneys, heart, lungs, bone marrow, and brain. A biocompatible
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coating like polyethylene glycol (PEG) may reduce the circulation of such QDs in
the bloodstream [8]. However, QDs less than ~ 5 nm in size can easily be excreted
by renal filtration. The nature of the surface coating of QDs controls the retention of
blood and organs.

2.3 Factors Affecting NPs-Cell Interactions

The chemical nature of the QD itself has primary influences on the QD-cell interac-
tions. However, particle size, shape, texture, rigidity, charge, functional groups, and
surface properties can affect cellular uptake and interaction with cellular counter-
parts. Upon entering the human or animal body, QDs/NPs interact with the serum
and extracellular matrix (ECM) proteins, generating a ‘protein corona’ around them
[13] that can prevent agglomeration, reduce toxicity, and restrict them from entering
the cytoplasm [14]. The corona also modifies biological (antibacterial, antioxidant
activity, or ROS generation) and physical (fluorescence, surface plasmon resonance,
or magnetic) properties [15].

The specific surface area of NPs depends exclusively on the size and shape of
NPs, essentially determining high reaction capacity and catalytic activity, the unique
mechanism of NP interaction with living systems. The sizes of NPs (from 1 to 100 nm)
are comparable to many biomolecules and membranes like protein globules (2—
10 nm), DNA (2 nm), and cell membranes (10 nm), as shown in Fig. 1. Macrophage
engulfment of NPs depends on particle size, and they can only recognize relatively
large NPs, not all smaller particles like QDs [16]. The size of NPs/QDs also influences
cellular uptake and intracellular distribution [17, 18]. ECM controls the movement
of NPs across it due to mess-like structure (2040 nm); small size QDs can penetrate
easily, but larger NPs are restricted [19]. However, the hydrodynamic diameter and
surface charge of QDs also modify the mobility through the ECM [20]. Nanomaterials
(e.g., QDs, single-walled carbon nanotubes (SWNT)) with a large surface-to-volume
ratio successfully penetrate the cell membrane to enter the cells after passing through
the ECM barrier [21]. The optimal particle size for cellular uptake is determined by
competition between receptor diffusion kinetics and thermodynamic driving forces
[22, 23]. The size distribution (polydispersity index) and agglomeration behavior of
NPs impact interactions and subsequent cellular responses [24]. NPs can reach the
cell nucleus by passive diffusion and active transport by supporting a cytoplasmic
protein named importins. The ability of active transport is inversely dependent on the
size of the QD. Due to such low dimensions, NPs can easily penetrate through cell and
cell organelles. The size and shape also determine the kinetics of their distribution
and accumulation in the body. NPs smaller than ~ 5 nm typically overcome cell
barriers via translocation, whereas NPs larger than ~ 5 nm may cross cell barriers
by phagocytosis, macropinocytosis, and other transport mechanisms [25]. Various
in vivo studies observed that NPs (< 10 nm) are rapidly circulated among all organs
and tissues upon intravenous administration; however, larger NPs (> 50 nm) are found
in the liver, spleen, and blood [26]. Larger NPs like mesoporous silica may cause
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erythrocyte destruction (hemolysis) and deform the membrane [27]. The shape of NPs
is crucial in determining toxicity [28, 29]. For example, spherical NPs are more prone
to endocytosis than nanotubes and nanofibers; plate-like and needle-like NPs may
cause more cell death than spherical and rod-like NPs. Thereby changing the shape
of the NPs can prevent the damage of cell membranes to some extent. The shape
of NPs influences the uptake, distribution, interactions with cellular components,
e.g., elongated NPs generally show higher uptake than spherical ones due to their
easily adhering to the cell membranes [30], rod, disc, discoid, cylinder, triangle, and
quasi-ellipsoidal NPs showed more effective internalization than spherical-shaped
ones [31-33].

The chemistry of base materials for the synthesis of QDs may have severe
influences on their interactions with the cells and cellular components. The use of
biopolymers or non-toxic chemicals during synthesis produces mostly cell-friendly
and bioactive QDs [34]. Hydrophilic QDs with functional groups (e.g., hydroxyl,
carboxyl, amino, and acetamido groups) or synthesized with biopolymers (e.g.,
polyvinyl alcohol, polycaprolactone, polylactic acid) are beneficial for the biomed-
ical field and also compatible with mammalian cells [35]. Solubility and ionization
of metallic or metal-containing QDs have unique impacts on the cellular response
and toxicity at the molecular, cellular, tissue, and systemic level. Surface topography
and stiffness of QDs affect QD-cell interaction and the subsequent cellular responses
[24]. ECM holds a net negative charge owing to glycosaminoglycans (GAGs) chains.
The penetration of QDs through ECM is controlled by a charge-dependent mech-
anism, i.e., interaction filtering [36]. Protein corona formation over the QDs may
change the net charge, and mostly QDs with a net positive charge are internalized
by cells vigorously. Cationic QDs can provide relatively robust interaction with cell
membranes and result in their quick internalization with potential membrane distor-
tions, disorganizing the phospholipids bilayer followed by the generation of “holes”
in the cell membranes [37, 38]. In this perspective, neutral and anionic QDs are less
harmful, have a low affinity with cells, and thus result in less internalization [23].

Apart from all the parameters, various functional groups on the surface of QDs can
modify their interactions with cells and subsequent cellular responses. For example,
poly-L-lysine (PLL) has shown superior cell membrane affinity, and polyethylene
glycol (PEG) linkers reduce the targeted receptor’s binding affinity and minimize
nonspecific membrane interactions. However, the functionalization of QDs can
reduce cytotoxicity. The functionalization of QDs with ligands such as proteins,
peptides, antibodies, small molecules, and nucleic acids is the easiest way to target
specific cells or intracellular components [39]. Specific charged QDs or simultane-
ously functionalized with multiple groups having different surface charges can be
possible via surface functionalization [40]. QDs/NPs with hydrophilic surface groups
exhibited an extended circulation period due to the resistance to phagocytosis [41].
Macrophage polarization depends on the hydrophilic or hydrophobic nature of the
QD surface, e.g., medium hydrophilicity favors cell adhesion and proliferation [42].
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2.4 Mechanisms of Cellular and Tissue Transport of QDs

In most cases, the NPs can be invisible to the immune system and thus can be effi-
ciently adopted by the endocytic pathway like phagocytosis, pinocytosis, clathrin-
mediated endocytosis, and caveolae-mediated endocytosis. Potential interactions
with cellular organelles include Ln** leakage, interaction ligands with proteins
enzymes, cellular structures, potential ROS generation, and variation of the cellular
environment, which may cause apoptosis, as shown in Fig. 2(b). QDs can be internal-
ized into the cell via processes requiring energy or by passive transport, as depicted in
Fig. 2(b). QDs are transported into the cell interior via cargo, i.e., the process is called
endocytosis. Endocytosis can be classified into several types, varying the mecha-
nism, size, and type of cargo. Phagocytosis, clathrin-mediated endocytosis, caveolae-
mediated endocytosis, pinocytosis, and clathrin/caveolae-independent endocytosis,
are significant types of endocytosis. Endocytosis may occur via a receptor-mediated
process or a nonspecific process, pinocytosis.

Caveolin-mediated endocytosis is responsible for the cellular uptake of NPs (20—
100 nm), and clathrin-mediated endocytosis is mainly responsible for the cellular
uptake of submicron particles (100-350 nm) [40, 43, 44]. Phagocytosis and pinocy-
tosis are responsible for NPs internalization [45]. The clathrin- and caveolae-
mediated endocytosis and physical adhesion-subsequent penetration are responsible
for the cellular internalization of small-sized NPs due to surface charge. An energy-
dependent endocytosis mechanism played a more prominent role for larger NPs.
Carbon-based nanomaterials such as fullerenes, graphene, and carbon nanotubes
(CNTs) can penetrate the cell membrane by spontaneous insertion/penetration across
the membrane or by endocytosis [46—51]. Size, surface chemistry, and shape of NPs
have adverse effects on nano-bio interactions, adverse effects, and toxicity [52, 53].

NPs may interact with the organ or tissue after entering the body and may subse-
quently translocate and enter the bloodstream to access distant organs/tissues via
systemic transport [5], leading to cause toxicity at cellular and subcellular levels. The
NPs mainly interact with various biomolecules, including proteins, carbohydrates,
lipids, and nucleic acids, resulting in the formation of a biomolecular nanoparticle
surface corona, i.e., protein corona. The formation of protein corona may cause
protein unfolding [54, 55], which may induce the loss of protein function and cause
immunotoxicity [56, 57]. Moreover, the alteration of protein configuration can have
adverse effects and toxicity owing to cell signaling pathway activation, enzyme func-
tion loss, protein fibrillation, new antigenic site formation, and NPs aggregation [54,
55, 58-61]. NPs may directly interact with cells and result in physical damage of
cell membrane structures and cause cytoskeletal dysfunction and abnormal morpho-
logical stretching owing to various morphology of NPs [62-64]. NPs can indirectly
disturb normal cellular bio-functions and homeostasis by blocking cell membrane
receptors and membrane ion channels.

Most of the nanotoxicity mechanism relies on generating ROS, e.g., singlet
oxygen, superoxide anion radicals (02@ @@= oxygen radicals (Oi), peroxide ions
(O%‘), hydrogen peroxide (H,0,), and hydroxyl radicals (HO®®®©). ROS generates
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through one-electron oxidation reactions with transition metals (e.g., Fe, Cu, Ca,
Co, Cr, Si, Zn, V) through Fenton and Haber—Weiss reaction mechanisms [65—-68] or
NP’s surface groups [69, 70]. NPs may induce ROS overproduction, causing harmful
oxidative stress by perturbing the cellular balance between ROS and antioxidants [5,
71-73]. Besides, the surface group of NPs may induce hypersensitivity reactions and
anaphylaxis mediated by anti-PEG antibodies in humans, where PEG is widely used
in biomedical studies for surface modification of nanomedicines [74—76]. In addi-
tion, the NPs may interfere with cell differentiation, protein synthesis, activation of
pro-inflammatory genes, and synthesis of inflammatory mediators [63]. For example,
superparamagnetic iron oxide NPs can disturb or entirely suppress osteogenic differ-
entiation of stem cells and activate the synthesis of signal molecules and tumor
antigens [77, 78]. NP’s interaction with the cells may enhance the expression of
the genes responsible for the formation of lysosomes and inhibit protein synthesis
[79, 80].

In summary, the most common mechanisms of NP cytotoxicity are the following:
(a) oxidation via the formation of ROS and other free radicals, (b) cell membranes
damage via perforation, (c) damaging cytoskeleton, which leads to disruption in
intracellular transport and cell division, (d) affect transcription and damage DNA,
accelerating mutagenesis, (¢) harm mitochondria and hence metabolism, causing
a cell energy imbalance, (f) restrict the formation of lysosomes, thus hindering
autophagy and degradation of macromolecules and triggering the apoptosis, (g)
affecting standard mechanisms of cell metabolism, via formation of inflammatory
mediators. Therefore, it is necessary to define and classify the mechanism of the
toxic effect of NPs, which is a function of their physical and chemical properties.

2.5 Dose Assessment for Nanotoxicology

A concept for dose assessment of QDs in the same way the dose concept developed
within radiation protection over the decades will be presented here. The deposited
dose is defined as the total deposited or agglomerated QDs surface area (SA) per tissue
mass or volume (m2/kg, or m?/m? or m™!), which can induce biological effects. The
equivalent dose is defined as the weighted deposited dose quantifying the effects of
several other physicochemical properties of the QDs, e.g., the specific SA, surface
texture, surface charge (zeta-potential), and morphology (shape, surface roughness,
aspectratio). Table 2 shows the dose quantities with the analogy from the dose assess-
ment for ionizing radiation. Similar approaches can be followed for nanotoxicology
to determine the dose factors for QDs.
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Table 2 Dose assessment for QDs in nanotoxicology

Dose quantities Dosimetry for QDs

Absorbed/deposited dose The deposited or absorbed dose of QD (Dqp) is the total
deposited SA of QD per mass of living matter dm, m?/kg:

Dop = G

Dose rate The mean absorbed QD dose rate in T at time ¢:
Dop,r(1)

Committed tissue dose The quantity of absorbed QD dose (uptake) per unit time:
Dop.r = [; Dop.r(t)dt

Equivalent dose Absorbed dose weighted by QD property (material) dependent

reactivity weighting factor (s) wp,; (i = 1,2, ...) for different
physicochemical properties of QD:
HT = 1_[ wp,,‘.DQD,T

1

Effective dose The tissue-weighted sum of Hr in all specified tissues and organs
of the body:

E = ZT wr.Hr = pr,i ZT wT,DQD,T
1

2.6 The Biological Relevance of Nanotoxicology

The safety of the extensive use of biofunctionalized QDs must be considered from a
technological or biomedical perspective, retaining the desirable properties of QDs.
These properties may lead to hazardous, unexpected toxicities within cells and
tissues. A straightforward strategy to reduce the toxicity effect of QDs and induce
bio-incompatibility is to make a coating of polymers, ligands, and detergents to block
access to the QD surface. In this way, cellular uptake, bioavailability, and limiting
the spreading of QDs can be possible by changing or adapting the physicochemical
characteristics. Depositing a shell of silica, ZnS, or a polymer on the surface of bare
QD may overcome poor biocompatibility. However, an increase of their hydrody-
namic radius by the coating of SiO, or polymer results in aggregation, leading to an
obstruction of blood flow and capillary vessel blockage. In general, toxicity due to
QDs may be analyzed/quantified, which associates specific phenomena, processes,
or test methodology. Figure 2 shows exposure and internalization schematically.
Cellular level understanding requires analysis of apoptosis, necrosis, growth arrest,
abnormal morphology, undesired cell signaling, or secretory activity. Molecular-
level cytotoxicity involves failure of cell signaling or mitochondrial electron trans-
port deregulation, misfolding, disruption, aggregation of the protein, inactivation of
enzymes, cell stress due to reactive oxygen species (ROS), ROS mediated detrimental
effects, e.g., DNA damage, mRNA degradation, gene expression perturbation [8].
Moreover, subcellular toxicity includes various effects, like membrane disruption
or permeability changes and mitochondrial activity perturbations leading to apop-
tosis. Organ level toxicity means the toxic effects on different organs (mainly kidney,
spleen, liver, heart, brain, lungs, skin), which is assessed or observed after a certain
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exposure period, measuring its physiological parameters, morphology, and histology.
Due to its complexity, environmental toxicity is possibly the most challenging area of
nanotoxicology research. The dissolution and release of potentially toxic ions from
QDs or chemical coating may produce other chemical adverse effects.

2.7 Nanotoxicity Assessment

Toxicity assessments are defined as the cell culture and animal toxicity tests adapted
to evaluate the safety of QDs. Table 3 summarizes commonly used nanotoxicity
assessment tools with a few examples. Cell culture studies are advantageous over
others due to their simplicity, scalability, low cost, and throughput for nanotox-
icity evaluation of various model animals and human cell lines [5]. In recent
years, computational nanotoxicity methods have been popular in toxicity assess-
ment for cell culture, animal models, and human subjects, reducing the need, cost,
and time required for animal and cell nanotoxicity testing. However, published
studies demonstrate significant discrepancies in QD’s characterization, dose metrics,

Table 3 The table summarizes commonly used nanotoxicity assessment tools with a few references

Toxicity tests Assessment tool(s) Reference(s)
Cell culture level
Cell morphology AFM, SEM, TEM, QPM, SLIM [81-84]
Cell membrane integrity LDH assay, flow cytometry [85-87]
Cell necrosis and apoptosis | Flow cytometry, TUNEL method [88]
Cell viability and cell death | Tetrazolium salts (MTT, MTS, XTT, [89-92]
WST-1), neutral red assay, flow cytometry,
trypan blue, WST
DNA damage and gene Apoptosis assays like DNA laddering, [93-95]
expression Comet Assay, TUNEL assay, ELISA,
qPCR, LMPCR, TDPCR
Hemoglobin release Hemolysis assay [96-98]
Inflammation and immune | ELISA, gPCR [99-101]
responses
Ion channel disruption Patch-clamp experiment [102]
Mitochondrial damage Mitochondrial membrane potential [103-105]
measurements
Protein structure CD, DSC, FTIR, NMR, cryo-EM, [106-112]
AlphaFold (CASP14), Ab initio
ROS generation Oxidative stress assay, DCFH assay, FLIM, | [113-116]
EPR, lipid peroxidation, plasmid assay

Animal and human level

(continued)
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Table 3 (continued)

Toxicity tests Assessment tool(s) Reference(s)

Biochemistry biomarkers (ALP, ASAT, LDH, ALAT), [117-119]
cytokine analysis

Hematology Hemoglobin content, RBCs, PCV, total [120, 121]
erythrocyte, platelets, and leukocyte counts

Histopathology Tissue sections (hematoxylin/eosin, [122, 123]
immunohistochemistry)

Pharmacokinetics and MRI, PET, SPECT, CT, ICP-MS, [124-127]

pharmacodynamics fluorescence, biodistribution

Skin test Skin penetration and skin allergic reactions | [122, 128, 129]

Survival studies Kaplan—Meier analysis, survival curves, [130-132]

median survival, LCsg, LDs

Clinical trials (phase I-IV) | Safety and toxicity data on human subjects | [133, 134]

Abbreviation AFM Atomic force microscopy; ALAT alanine aminotransferase; ALP alka-
line phosphatase; ASAT aspartate aminotransferase; CD circular dichroism; cryo-EM cryo-
genic electron microscopy; CT X-ray computed tomography; CASPI14 14th Critical Assess-
ment of protein Structure Prediction; DCFH 2,7-dichlorofluorescein; DSC differential scanning
calorimetry; ELISA enzyme-linked immunosorbent assay; EPR Electroparamagnetic resonance;
Fpg formamidopyrimidine-DNA glycosylase; FLIM fluorescence lifetime imaging microscopy;
FTIR Fourier transform infrared spectroscopy; /CP-MS inductively coupled plasma mass spectrom-
etry; LCsp lethal concentration 50%; LDsg lethal dose 50%; LDH lactate dehydrogenase; LMPCR
ligation-mediated PCR; MRI magnetic resonance imaging; MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt; NMR nuclear magnetic resonance; PCV packed cell
volume; PET positron emission tomography; gPCR quantitative polymerase chain reaction;
QPM quantitative phase microscopy; RBCs Red blood corpuscles; SLIM spatial light inter-
ference microscopy; SPECT single-photon emission computed tomography; SEM scanning
electron microscope; TDPCR terminal transferase-dependent PCR; TEM transmission electron
microscopy; TUNEL Terminal deoxynucleotidyl transferase dUTP(deoxyuridine triphosphate) nick
end labeling; WST water-soluble tetrazolium salt; WST-1 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium; X77 sodium(2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-2H-
tetrazolium-5-carboxanilide, inner salt

experimental methods, data completeness, and the lack of standardized proto-
cols, lowering computational models’ overall statistical power and accuracy for
nanotoxicity predictions.

3 Strategies to Mitigate the Toxicity of QDs

The detailed study on the physicochemical properties of QDs with the rate of cellular
absorption is the prerequisite in designing QDs with ideal biological performance
[135]. However, numerous studies are already performed on their uptake, accumu-
lation, and transport in biological conditions; still, comprehensive research must be
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done before using QDs in biomedical fields. Biotransformation and fate of biodegrad-
able, dissolvable, nondissolved, and nonbiodegradable NPs/QDs, as shown in the
schematic in Fig. 3. In the following subsections, the overall strategies will be
discussed to mitigate the toxicity of QDs to some extent.

Designing QDs with ideal biological performance is a fundamental issue to the
scientist at the present-day understanding of the relationship between the physical
and chemical properties of QDs and the amount and rate of cellular absorption to
improve the effectiveness of QDs in therapeutic utility and safety. Cellular uptake
and transport of NPs can be regulated by altering the size and shape. However, it
is more complicated to predict the effect of size exclusively as a limited number of
demonstrations to resolve the issue. Rod-like structures with different aspect ratios
may be advantageous over other morphologies of QDs/NPs.

Another factor affecting cytotoxicity is the core composition and charges of
QDs/NPs. The most common QDs with excellent optical properties are composed of
Cd-element. Cd-ions can produce various ROS and can easily bind to the sulthydryl
groups on various intracellular proteins, weakening many subcellular organelles’
functions [3]. Therefore, the shell formation (e.g., ZnS) may reduce the toxicity;
however, their toxicity and functionality have yet to be fully characterized. A double-
layer of polymer/silica layer formation can also reduce QDs toxicity and retain their
optical properties in the biological environment. Surface charges are also essen-
tial elements to stabilize the QDs from agglomeration, and the adsorption of proteins
happens owing to the toxic effects of anions (e.g., carboxyl) and cations (e.g., amine)
of secondary coatings on QDs. Cationic QDs are more prone to attach to the cell
membrane than neutral or anionic QDs [136]. However, cationic QDs have high
stability and excellent emission properties. In cationic QD, amine groups may cause

Nanomalterials
I | I
Biodegradables Dissolvables Non-biodegradables and
c.g., PLGA, PLA, e.g., QDs, Cu, Ag, ZnO, non-dissolvables
Peptides F"’J‘O‘ ¢.g., CNTs, graphene, fullerene, Au,
l TiO;

Interaction with biomolecules ,I, ; 17—
Free ions - oxici v
;, l

Release Cytotoxicity

Fig. 3 Biotransformation and fate of biodegradable, dissolvable, nondissolved, and nonbiodegrad-
able NPs/QDs. PLGA—poly(D,L-lactide-co-glycolide); PLA—polylactide; Cu—copper; CNTs—
carbon nanotubes; TiO,—titanium dioxide; ZnO—:zinc oxide
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buffering and amplification of proton pump activity, which results in osmotic swelling
and lysosomal rupture [24, 137]. Therefore, optimizing the concentration of positive
charges may balance the internalization efficiency and potential toxicity.

The surface of QDs must be modified to inhibit the formation of protein corona
and hence, regulate the uptake, ROS levels, lipid peroxidation, cellular toxicity, and
apoptosis. In this perspective, the secondary coating of biocompatible polymer (e.g.,
PEG) on the surface of QDs may decrease the toxicity. Selecting proper coating
materials and surface functionalization techniques can diminish or eliminate the
adverse effects of QDs. The surface coating also modifies the colloidal stability and
quality of QDs. Researchers must consider during the control modification of the
surface. Researchers also demonstrated that the aggregation of QDs is dependent
on the surface properties or coating, leading to their toxicity and increasing the
chance of deposition in cells or organs. Various studies indicate that the cellular
viability decreases slightly with the ligands used in the order Poly(acrylic acid)
(PAA); Poly(ethylene imine) (PEI) > AA; 6-Aminohexanoic acid (AHA); Folic acid
(FA); oleic acid (OA) > Arginine—glycine—aspartate tripeptide (RGD) > citrate > PEG
> Si0,. However, it is not easy to draw a general conclusion due to the various sizes,
doping, shape, crystallographic structure, ligands, and composition of NPs/QDs,
different incubation times, and the variety of cells used in vitro and in vivo studies.

Reduction of QDs toxicity can be possible using greener or biocompatible QDs.
For example, AgSe QDs accumulate in the liver and spleen after the intravenous
injection into mice [138]. The AgSe QDs decompose into Ag and Se within a week.
The existence of Ag and Se does not cause damage to the tissue. The optimal surface
modification with different surface functional groups (-COOH, -OH) of InP/ZnS
QDs may reduce potential toxicity in biological applications [139]. Black phosphorus
quantum dots (BP QDs) can cause acute toxicities by oxidative stress but do not give
rise to long-term appreciable toxicological responses [140]. Cadmium-free QDs,
such as silicon, carbon/graphene, Ag,Se, and Ag,S, are the current research interest
for biomedical applications with reduced toxicity. However, stability and toxicity are
inversely proportional to each other. Therefore, more comprehensive demonstrations
are needed to understand the interconnections between them.

4 Conclusion and Future Perspectives

Numerous studies show that the general impact of engineered nanomaterials or QDs
on human health is not well-documented, and risk assessment studies on hazard and
exposure need to be done to assess the toxicity of QDs. Nanotoxicity mechanisms and
the origin of toxicity due to specific QDs on the cells and subcellular structures are still
in their infancy. More comprehensive research and demonstration (both in vivo and
in vitro) are the prerequisites for the proper toxicity assessment. The complex nature
of QDs and their various properties, including chemical compositions, surface state
(i.e., surface charge, functionality, porosity, surface area, hydrophilicity, hydropho-
bicity), physical properties (primary and hydrodynamic size, shape, size distribution,
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structure, agglomeration, and concentration), local environmental factors (tempera-
ture, pH, dissolution rate) and presence of other chemicals or electromagnetic field,
predicting the potential toxicity of QDs is a significant challenge for researchers.
First, understanding the interaction of QDs with the living cells is critical to evalu-
ating the processes and reactivity, and hence the toxicity. In this perspective, there is
an open question: How should we define the toxic dose for various QDs to evaluate the
adverse health and environmental effects? Because the present research methodology
relies on the results obtained concerning particular concentration, composition, and
time of exposure of QDs. The lack of standardized protocol for cytotoxicity assess-
ment is one major obstacle before properly assessing QD toxicity. Identifying the
relationship between physicochemical properties and QDs toxicity effects will be
beneficial with the advancement of detection techniques and methodologies, e.g.,
in-situ, real-time, and rapid quantitative analysis methods, in future.

Moreover, it is challenging to compare toxicity assessments for similar studies
on various cell lines under different conditions. Controlling the inherent toxicity
originating from the synthesis protocol and the same protocols available for handling
highly toxic chemicals, followed by different research groups, is still challenging to
maintain the same amount of toxicity coming from nanostructure. Ultimately, more
and more research will catalyze the generation of frameworks to exploit the full
potential of safe QDs exposure and application in humans.
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Advantages and Disadvantages of Using )
Quantum Dots in Lateral Flow Quechc
and Other Biological Assay Formats

John G. Bruno

Abstract The use of quantum dots in fluorescence assays has presented some unique
advantages in terms of extreme fluorescence intensity, assay sensitivity, and multi-
plexing via different emission wavelengths (colors) based on the size of the quantum
dots with a single ultraviolet or blue light source. However, quantum dots have also
presented several key disadvantages in terms of structural and photonic stability,
susceptibility to certain buffer compositions and possibly fats that may lead to
blinking or complete loss of fluorescence some assay matrices. The loss of fluo-
rescence is perhaps due to stripping of the ZnS or other coating materials which then
prevent photon capture and re-emission. In this review, we explore the advantages
and disadvantages of using quantum dots including toxicity and toxicity manage-
ment in various assay formats with some real world examples from the author’s own
research and the work of others.

Keywords Autofluorescence *+ Carbon dots * Electrochemiluminescence + Giant
quantum dots + Multiplex - Stoke’s shift

1 Introduction

As with any useful technology, quantum dots have some very worthwhile advantages,
but also some significant limitations. The discovery of semiconductor quantum dots
is attributed to both Ekimov in glass matrices and Brus in colloidal solutions in the
early 1980s. Quantum dots were initially studied and developed for their unique
physical properties of exceptional fluorescence intensity due to narrow wavelength
emission ranges, very long Stoke’s shifts from the ultraviolet (UV) or blue excitation
range to green, yellow or even red emissions and multiple colored emissions based
on quantum dot diameter (2-10 nm). These properties made quantum dots of use in
solar cells, TV screens, lasers, LEDs, and quantum computing, but some of these
same traits were not exploited for biological applications in diagnostics until the

J. G. Bruno (X))
Department of Biotechnology, Nanohmics Inc., 6201 E. Oltorf Street, Austin, TX, USA
e-mail: jbruno@nanohmics.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 91
P. Barik and S. Mondal (eds.), Application of Quantum Dots in Biology and Medicine,
https://doi.org/10.1007/978-981-19-3144-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-3144-4_5\&domain=pdf
mailto:jbruno@nanohmics.com
https://doi.org/10.1007/978-981-19-3144-4_5

92 J. G. Bruno

early 2000s [1-4]. The need for ultrasensitive and multiplexed assays drove the
initial biological applications of quantum dots and continues to drive quantum dot
biological applications today [5, 6].

Although most types of quantum dots are composed of toxic metallic amalgams
such as cadmium and selenium (Cd/Se) with zinc sulfide (Zn/S) or other shell coating
materials to achieve 3-dimensional quantum confinement of incoming photons.
Quantum dots can be relatively bio-compatible with the proper shell materials and
therefore used for very sensitive intracellular and in vivo tracking of various targets
[7-10]. In this mini-review, the author will discuss the pros and cons of quantum
dots such as the aforementioned intracellular and in vivo imaging considerations for
use in various diagnostic formats.

2 Quantum Dot Use in Biological and Diagnostic Assays

Due to their already documented highly fluorescent and multi-colored fluorescence
emissions from a single UV or blue excitation source, quantum dots have been
adopted in virtually all assays or diagnostics in which fluorescence is already used
with conventional fluorescent dyes and latex or other fluorescent nanoparticles. To be
more specific, quantum dots have already found applications in: immunocytochem-
ical and immunohistochemical staining of cells and tissues [11], flow cytometry
[12-16], lateral flow (LF) or immunochromatographic (IC) test strips [17-33], fluo-
rescence resonance energy transfer (FRET) assays [34—38], Western or other forms
of blotting [39-43], etc.

2.1 Advantages of Quantum Dots

2.1.1 Ultrasensitivity

As already mentioned, quantum dots exhibit extreme fluorescence intensity or bright-
ness which has led to ultrasensitive immunological or DNA aptamer-based assays
capable of detecting between one and ten bacterial cells [44—46] or one to a few
hundred viral particles [47—49] or specific single molecules within cells [50] due to
the very high fluorescence signal-to-noise ratios (SNRs).

While extreme sensitivity is often unnecessary for detection of many target
analytes, there are instances where the user or government regulators require or
desire ultrasensitivity. For example, in the food safety testing industry, there is a
policy of “zero tolerance” for foodborne pathogens such as Shiga toxin-producing
E. coli (STEC) serotypes, Listeria and Salmonella bacteria, meaning that if even
one colony of these bacteria can be detected after enrichment culture, the food from
which it came, must be rejected. This extreme level of sensitivity is not driven by
infectious dose values. Indeed, one pathogenic bacterium is quite unlikely to induce
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disease, but the testing industry exerts extreme caution to avoid costly food recalls,
potential human illness, and bankruptcy for the food producer.

Quantum dots have been demonstrated to increase the sensitivity of most assays
at least tenfold. A prime example of this can be seen in the author’s own work in
which an E. coli lateral flow test strip assay had a limit of detection (LOD) of about
3000 E. coli cells per sample was shown to clearly increase its sensitivity to 300 E.
coli cells per test as illustrated in Fig. 1 [17].

Another infectious disease diagnostic area that could really benefit from ultrasen-
sitivity is that of rapid viral testing. In recent times, the public has become acutely
aware that testing for pandemic viruses such as SARS-CoV-2, its variants or poten-
tially pandemic strains of influenza A or B is broken into two types of tests: (1)
polymerase chain reaction (PCR) or reverse transcriptase (RT)-PCR-based nucleic
acid (DNA or RNA) tests that are ultrasensitive, but generally require more time
for detection and can suffer from some false positives, if too many rounds of PCR
amplification are used and (2) rapid (~15 min) LF test strips such as the well-known
Abbott Laboratories’ BinaxXNOW™ colloidal gold LF tests which exhibit much lower
sensitivity than PCR-based tests, but can be conducted on site to enable businesses,

E. coli Aptamer

LF Test Skrips at

LOD (~ 200 cfu)

HF-180 @ LOD
Colloidal Gold -

Room Light

" €—Conlrol

| €—Test

Quantum Dot 655 - . _ =y

Long Wave UY
Calloldal Gold

Qdot 655

UV + Orange Filter
Colloidal Gold
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Fig. 1 Author’s demonstration that an aptamer-based E. coli LF test strip assay which had exhibited
an LOD of 3000 cells per test when colloidal gold was used as the reporter tag, improved to 300 cells
(ten-fold increase) when red Qdot 655 tags from Invitrogen were used on the reporter aptamer as
shown in this side-by-side comparison with and without ultraviolet (UV) excitation and an orange
emission filter. Reproduced from Ref. [17], licensed under an open access Creative Commons CC
BY 4.0 license
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schools, restaurants, and other public venues to remain open during a pandemic by
testing individuals at building entrances. Unfortunately, the lateral flow tests are not
being used as widely as they could be due to their lower sensitivity.

Ideally, one would like to combine the sensitivity of PCR-based diagnostic tech-
nologies with the speed, convenience, and portability of LF test strips. Companies
such as Quidel have taken steps toward improving LF test strip sensitivity in their
Sophia® line of products that utilize fluorescent nanoparticles to enhance detection
of viruses versus colloidal gold. Most recently, Ellume Corporation from Brisbane,
Australia in conjunction with Qiagen has begun to market an LF test strip for SARS-
CoV-2 which Ellume claims on their website to be 95-96% as sensitive and accu-
rate as the major COVID-19 RT-PCR tests, because they use quantum dots as their
fluorescent tags.

In the author’s own research and development of an influenza A/B LF test strip
(funded by the Centers for Disease Control; CDC contract no. 75D30119P05866),
the use of red-emitting quantum dots (Qdot 655 from Invitrogen to avoid blue-green
autofluorescence from clinical oral or nasopharyngeal samples) which were cova-
lently attached to reporter antibodies from HyTest (Finland), yielded ultrasensitive
detection of various influenza viruses to levels of 0.1 hemagglutination (HA) units,
comparable to the Quidel Sofia® or other published results by Wu et al. [51]. To
maximize sensitivity in IC-based test strips, the author found that use of click chem-
istry kits from Invitrogen were quite useful, because click chemistry ensures covalent
bonding of quantum dots to the heavy chain terminal sugars of IgG or other anti-
bodies, thereby preventing potential binding of the antibody’s hypervariable antigen
binding sites to the quantum dots which would sterically hinder or completely block
virus binding to antibodies [52].

When designing an assay for a small molecule target analyte having only one
epitope per target, which disallows a sandwich assay, competitive displacement may
be the only LF test strip option. Also in the case of competitive displacement assays,
achievement of high sensitivity may be nearly impossible due to the nature of the
affinity or equilibrium constants which resist displacement of the fluorescently tagged
target bound to the capture antibody line. In such cases, relatively high concentrations
of the target analyte is required to compete or “push” the fluorescently tagged target
off of the capture antibody line, thus severely limiting sensitivity. However, by using
quantum dots, the assay developer is able to achieve higher sensitivity, because
higher initial fluorescence intensity or brightness levels give a greater dynamic range
of detection and small changes in brightness are more noticeable. Such was the case
in the author’s own National Oceanic and Atmospheric Administration (NOAA)-
funded grant (NA200OAR0210085) for saxitoxin (Stx)-red quantum dot-based LF
competitive displacement test strip development which achieved an LOD of 0.5-1
parts per billion (ppb or ng/ml) sensitivity as illustrated in Fig. 2 [53].
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Fig. 2 Competitive fluorescence dipstick assay format in which free saxitoxin (Stx) molecules
from the sample can competitively displace red saxitoxin-quantum dot 655 conjugates pre-loaded
onto an antibody capture line to quantitatively diminish fluorescence as a function of increasing
saxitoxin concentration. The optimized assay demonstrated a LOD between 0.5 and 1 part per
billion (ppb or ng/ml) with a dynamic range up to 20,000 ppb. Reproduced with permission from
Ref. [53]. Copyright © 2020 American Scientific Publishers

2.1.2 Electrochemiluminescence (ECL); Alternative Excitation Method
for Ultrasensitivity

An alternative electrical excitation method for some types of quantum dots that
further suppresses optical background is electroluminescence (EL) as in some TV
screens or electrochemiluminescence (ECL), because excitation occurs due to elec-
trical stimulation instead of photonic excitation, thus keeping background at nearly
zero (i.e., a completely black background) with very high SNR when ECL is induced
electrically. Indeed, Cao et al. [6] have demonstrated sensitivity of Cd/Se or Cd/S core
Zn/S-coated quantum dots that is a million times greater by ECL than by fluorescence
excitation.

2.1.3 Multiplexing/Multi-colored Emissions

One of the other key advantages of quantum dots is their ability to emit several
fluorescent colors across the visible spectrum from blue to red and even into the
near infrared based on size of the quantum dots in the range from 2 to 10 nm with
a single excitation source in the ultraviolet or blue range. With conventional fluo-
rescent dyes having very narrow Stoke’s shifts, several different excitation sources
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with wavelengths close to the dye’s emission maximum are required, thus compli-
cating multiplexed fluorescence optical systems that need several different excitation
sources operating at different wavelengths. The single light source for quantum dots
with multiple emission colors property of quantum dots is enabled by the extremely
long Stoke’s shifts of various sized quantum dots (e.g., excitation in the UV at
~300 nm with red emission at >600 nm). And discrimination of different quantum
dots and analytes or cell populations is further enabled by the very narrow emission
peaks of quantum dots (10-15 nm wide peaks) that clearly discriminate different
colors with little or no emission spectrum overlap between various colored quantum
dots. Perhaps nowhere is the property of a single light source with multiple colored
emissions more valuable than in fluorescence microscopy and flow cytometry where
the ability to excite in the UV or blue region and detect several different cell types
simultaneously based on different colored emissions from green to red because this
property can cut complexity and costs for assays and instrumentation [12—16, 54, 55].

2.2 Disadvantages of Quantum Dots and Remedies

2.2.1 Blinking and Loss of Fluorescence

From the beginning of quantum dot usage in the biosciences, it was noticed that
quantum dots exhibited fluorescence “blinking” in which fluorescence emission
levels appeared to fluctuate rapidly in some cases. Of course for biological assays, one
wishes to have steady fluorescence levels against which to make accurate compar-
isons of target analyte fluorescence levels as a function of analyte concentration.
And in the author’s own work, red shifting [4] and complete loss of quantum dot
fluorescence in some fatty food matrices [44, 56] presented unacceptable problems.
In both blinking and red shifting or complete loss of fluorescence, the culprit was
suspected to be the shell, because thin or absent coatings would limit or prevent
quantum confinement, thus inhibiting or eliminating fluorescence emissions. In the
author’s case, fatty food matrices appeared to dissolve the shell and lead to a total loss
of fluorescence [56]. The solution to this problem was to make the Zn/S or other shell
thicker and more robust. Dr. Jennifer Hollingsworth’s group at Los Alamos National
Laboratory solved this problem by developing much thicker shells surrounding their
“giant” quantum dots [57-64].

It has also been noted that long-term storage of quantum dots even in a refrigerator
in some common physiologic buffers such as phosphate buffered saline (PBS at pH
7.2-7.4) canlead to aloss of fluorescence over time. Manufacturers such as Invitrogen
deliver their quantum dots in 50 mM borate buffer at pH 8.2 and recommend storage in
the same buffer. So clearly, researchers need to be aware and conscious of potential
buffer effects on quantum dots and to examine the effects of any new buffers on
quantum dot fluorescence over time.
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Fig. 3 Illustration of various types of quantum dot clumping and poor mobility problems in even
the fastest (Prima 60 and 85 s transit time) lateral flow test strips in the absence of high levels of
detergents such as 5% Tween 20 from Refs. [17, 29, 65]. Reproduced from Ref. [17] under an open
access Creative Common CC BY license

A final problem that can occur with quantum dots is aggregation or clumping
of the quantum dots either in their conjugated or unconjugated states which will
undoubtedly impede wicking even in faster or more porous analytical membranes
such as Prima 60 or 85 s transit membranes and performance of quantum dots in LF
test strips as shown in Fig. 3 [17].

In order to prevent such clumping, Berlina et al. [29, 65] recommended a ridicu-
lously high level 5% Tween 20 detergent in the dried antibody-quantum dot reporter
complex in the conjugate pad of LF test strips and perhaps even in the assay
running buffer. Such a high level of detergent may form micelles around the reporter
complexes to prevent aggregation. It may not need to be as high as 5% in all cases,
but in the author’s experience 5% Tween 20 will almost always prevent quantum dot
clumping if used in the conjugate pad and running buffer [17, 29, 65].

2.2.2 Quantum Dot Toxicity and Management

Various types of quantum dots can be quite toxic to human and other animal life espe-
cially those containing cadmium ions including cadmium selenide (CdSe), cadmium
telluride (CdTe), indium phosphide (InP), zinc selenide (Zn/Se), lead sulfide (PbS),
etc., which can leach toxic ions into the environment and ground water [66, 67]. The
daily intake limit of cadmium established by the Agency for Toxic Substances and
Disease Registry (ATSDR) is a mere 200 ng per kg per day based on its renal toxicity
suggesting that most quantum test strips or other quantum dot assays should not be
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discarded carelessly, but rather collected and disposed of in compliance with EPA
standards for hazardous materials.

One general solution for quantum dot toxicity may be the use of newer and much
less cytotoxic fluorescent carbon (graphene) quantum dots or simply “carbon dots.”
Outside of photo-induced cytotoxicity, carbon dots appear to be well tolerated by cells
at relatively high concentrations [68]. Not only are carbon dots relatively nontoxic,
but they are highly fluorescent and also exhibit multiple fluorescent colored emissions
that are based on the amount of oxygen-containing “defects” in the dots instead of
size-dependence as with traditional metallic quantum dots. The more oxidized defects
in carbon dots, the more reddish the fluorescence emissions [69-71].

3 Discussion

This article has outlined the primary advantages and disadvantages of using quantum
dots in biological fluorescence assays, especially those involving lateral flow test strip
formats. Among the main advantages of using quantum dots are ultrasensitivity and
a broad dynamic range due to the very intense brightness of quantum dots that aid
both sandwich and competitive displacement LF assays. Simultaneous multiplexed
discrimination of various analytes also provides quantum dots with a key advantage
in that multiple colored emissions are possible due to very long Stoke’s shifts in all
types of quantum dots with a single light source in the ultraviolet or blue region to
simplify optical instrument designs for fluorescence microscopic and flow cytometric
applications.

Disadvantages of using quantum dots in biological assays include blinking and
loss of fluorescence if the shell is damaged or lost. However, the use of thicker coat-
ings on giant quantum dots can avoid blinking and loss of fluorescence. Aggregation
into visible clumps will also lead to loss of quantum dot utility in LF test strips which
cannot transit the analytical membrane by wicking easily and would precipitate in
other types of tube assays. The solution to this dilemma is to add less than or equal
to 5% Tween 20 or high levels of other detergents to the conjugate pads and running
buffers [17, 29, 65].

4 Conclusions

While the knowledge of quantum dot advantages and disadvantages in biological
assays is available in the open literature, it is obscure in some cases such as the
solutions to clumping issues. Thus, it was the author’s intention to bring together
this knowledge of quantum dot pros, cons, and pragmatic application tips in one
concise article which hopefully this article has accomplished.
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Recent Developments in Quantum Dots m)
Technologies as Effective Theranostic ek
Tools Against Cancer

Aniket Mukherjee and Nandini Sarkar

Abstract Cancer, being a condition of unhindered cell growth ultimately leading
to the death of the patient, is very prominent in modern society. Despite all the
colloquial therapies to stop or prevent or cure cancer, it’s not curable to a full extent.
These colloquial therapies used in the treatment of cancer involve chemotherapy,
radiation therapy, etc., leading to very prominent side effects and more often than
not, the recurrence of the disease. Thus, the need for an alternative to the treatment
of cancer is of utmost and urgent requirement; in lieu of this fact, the quantum
dots, which are semiconductor nanocrystals in the range of 1-10 nm are employed
as a complete theranostic tool for the same. Recent progress in the quantum dots
technology allows us to both image and kill cancer cells with high target specificity
and minimum or no side effects. Various organic, as well as inorganic quantum dots,
are being employed to cure cancer as it is or in conjugation with various biomarkers
like peptides, transferrin, folic acid, etc. to increase target specificity and minimize
side effects. Though a lot of research review, have been written over the past few
years in the last decade, in this review we will be focusing on certain types of cancers
and the treatments generally employed and their drawbacks, and the development
with the current status of the quantum dots technology in the treatment of cancer and
its drawbacks like cytotoxicity.

Keywords Cancer + Quantum dots - Transferrin - Folic acid + Theranostic

1 Introduction

Cancer is a specific condition of the human cells which directly affects the growth
and multiplication of cells in such a manner that cells keep on multiplying without
a stop phase which results in the tumor with the ability to affect the surrounding
tissues. Now the problem is with cancer being one of the deadliest medical conditions
worldwide in recent decades, with around 1,688,780 new cases and 600,920 cancer
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deaths were projected for 2017. Over the next few years, the number of new cases is
projected to increase by about 70%. GLOBOCAN has estimated about 12.7 million
cases of cancer and 7.6 million deaths due to cancer to have occurred in 2008, out
of which, 56% of the total cases and 64% of the cancer-related deaths have occurred
in the economically developing world [1]. Thus we can draw a relation of the socio-
economic status to the cancer occurrence. Over the past few decades, researchers
have been studying cellular properties like cell adhesion, cytoskeletal dynamics etc.
to understand the mechanism of cancer though all the studies were not very effective
in determining a cure for cancer [2—4]; thus a complete treatment to cancer is yet
to be determined. At present, cancer progression is considered to be cellular as
well as tissue-driven process; it has been found that the cancer progression is pretty
adaptive along the path of progression [5]. There is a tumor microenvironment which
responds to the growing tumor cells, the surrounding components like endothelial
cells, fibroblasts etc. secrete functional factors which may or may not help the growing
tumor [6-8]. Thus, it can be concluded that tumor progression is controlled by the
influences of the tumor microenvironment and its interaction with the tumor cells [9,
10]. Thus to understand the cancer mechanisms in order to determine the cure, the
tumor biology is needed to be understood first.

Nanotechnology has been a boon so far to the human race; since its development,
it has been used in various fields mainly in the electronics field. Well, for the past few
decades, nanotechnology is finding its application in the biomedical field in various
forms, for example, in the treatment of cancer as well as other incurable diseases like
Parkinson [11], Alzheimer [12] etc. as well as for cancer the ranostics or both diag-
nostic as well as therapy. As the problem has been discussed, with cancer being one
of the deadliest diseases, we need to find a cure as soon as possible. In the quest to do
so, researchers have discovered quantum dots which are being effectively employed
as tools for imaging and early detection of cancer. Both the organic as well as inor-
ganic quantum dots are being extensively studied to find a way to diagnose cancer at
a very early and treatable state due to their unique optical and electronic properties,
which are predominantly the result of their size as well as to overcome the problems
faced by the quantum dots like biocompatibility, low cytotoxicity etc. [13-19]. QDs
are semiconductor nanocrystal whose electronic conductivity lies between the bulk
and amorphous materials and have a size ranging from 2 to 10 nm in diameter and
consisting of elements from groups II to VI or III to V in the periodic table [20].
Quantum dots are known to show higher advantages over the regular fluorescent dyes
in the fields of a longer lifetime, higher resistance to photo bleaching as well as high
fluorescent intensity [20]. Quantum dots, when conjugated with some biomolecular
agents they can specifically target an organ inside the body in order to image or deliver
drug. Not only for imaging, quantum dots are also used for the preparation of drugs
as well as siRNA delivery systems [21]. Though with all the various functions of the
quantum dots (inorganic), more often than not, these are highly cytotoxic resulting
in harmful side effects. In this context, fluorescent carbon-based nanomaterials has
drawn increasing attention in recent years owing to exceptional advantages such as
high optical absorptivity, chemical stability, biocompatibility, and very low toxicity.
Carbon dots or carbon quantum dots were first discovered by Xu et al. in the year
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2004 [22] accidentally and since then extensive research are being carried out and
successfully c-dots have been found to be applicable in fields of biomedical imaging
[23, 24], sensor development [25] as well as electronics [26]. Due to ease with which
carbon dots can cross blood brain barrier it’s likely to be used for the treatment of
brain cancer [27, 28]. Carbon dots are emerging as platform for attaching receptors
as well as dugs which helps it to be target-specific causes minimal side effects to the
surrounding cells. The main reasons for the emergence of carbon dots as primary
theranostic tool against various ailments are its high biocompatibility, low cytotox-
icity as well as ease of preparation thus essentially minimizing the requirement for
complex processes and it is also cost-effective. C-dots are also found to provide more
effective receptor binding affinity and better cell penetration [29]. Thus, carbon dots
have been widely studied as it is as well as in conjugation with various other enti-
ties like Transferrin, Folic acid etc. as theranostic tool against cancer. A complete
treatment for cancer would require public interventions, awareness etc., but for the
time being the mortality rate can only be reduced by better and early detection of
malignancy but target specific imaging, targeted therapy using nanotechnology thus
significantly reducing the risk of death of healthy cells. Thus in this review paper,
we will discuss certain types of cancer and the existing therapies of treating them
along with the development of the quantum dots technology in imaging, detection
and therapy of cancer.

2 Cancer: Selective Types and Properties

2.1 Breast Cancer

Typically, the breast cancer forms either in the lobules or in the ducts of the breast
where lobules are present, the glands that produce milk, and ducts are the pathways
that transport the milk from the glands to the nipple. Breast cancer may also occur
in the fatty tissue or the fibrous connective tissue within the breast. TNBC or the
Triple Negative Breast Cancer is responsible for 15% of the total cases in females. In
a study performed by Sherri Sheinfeld Gorin et al., in the year 2006, it was reported
that African American women experience the maximum delay in diagnosis of the
breast cancer [30]. Lack of the Estrogen Receptor, Progesterone Receptor, and HER2,
increases difficulty to diagnosing TNBC with a high relapse rate [31] (Tables 1 and
2). Metastasis makes the TNBC more fatal among the subtypes of breast cancer. In
early stages, often the BC doesn’t show any symptoms but generally, it’s detected
in a mammogram. Though, Human epidermal growth factor receptor 2 (HER?2) is
overexpressed in approximately 25-30% BC patients and has an important function in
cancer progression. Recent studies have validated the value of HER2 detection for BC
treatment and prognosis [42, 43]. With the advancement in the technologies and the
fact that breast cancer is heterogeneous, scientist has evolved the diagnosing process
by looking for morphological as well as immune histochemical changes of prognostic
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Table 1 Selective examples of inorganic quantum dots, their modifications and functionality

Quantum dots Modifier Functionality References
Zns capped CdSe Peptide coating In vivo targeting of lungs | [32]
endothelium, brain
endothelial cell, as well as
breast cancer
CdTe Silica coated Biocompatibility on [33]
human embryonic kidney
293 cells (HEK293)
pH sensitive Zno Loaded with doxorubicin | Targeted drug delivery for | [34]
lung cancer
CdTe/CdSe RGD peptide conjugated, | Target marker for human | [35]
functionalized with pancreatic carcinoma cell
Mercaptosuccinic Acid (SW1990)
(MSA)
CdSe/Fe;O03 magnetic qd | Silica coated Live cell imaging [36]

Table 2 Selective examples of carbon nanoparticles, their modifications and functionality

Carbon Nanoparticles | Modifier Functionality References

c-dots - Optical in-vivo imaging [37]

SWCNT Folic acid conjugated and | Targeted drug delivery for | [38]
loaded with doxorubicin | cancer

MWCNT Transferrin conjugated and | Targeted drug delivery for | [39]
loaded with docetaxel lung cancer

c-dots Folic acid conjugated Targeted cellular imaging [40]

c-dots Folic acid conjugated and | FA mediated targeted drug | [41]
doxorubicin loaded delivery

c-dots Transferrin and Targeted drug delivery into | [28]

doxorubicin conjugated

SIGBM?2 cells (pediatric
glioblastoma cells)

significance [44]. According to Decker et al., some of the important prognostic factors
are lymph node status, tumor diameter and histological differentiation stage, NPI or
the Nottingham Prognostic Index indexes some of the most vital prognostic factor
thus delivering a reliable diagnosis [45].

2.2 Liver Cancer

Liver cancer or hepatocellular cancer (HCC), has grown to be the third most common
cause for cancer related deaths, late diagnosis or even at times the absence of it is
the major case for the above reason and the liver is the general metastasis site for
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colorectal carcinoma [1, 46—48]. The available treatment options for HCC remain
quite exquisite, with Sorafenib as the only prospective agent to have shown to increase
overall survival [49]. Due to lack of any set of rules, it is best to serve the patient with
a multidisciplinary approach as adopted by multiple consensus guidelines, including
the National Comprehensive Cancer Network (NCCN) and the European Associa-
tion for the Study of the Liver (EASL) [50-52]. Other methods, including surgical
resection, have shown significant survival rates thus are being employed whenever
feasible for both primary and secondary hepatocellular carcinoma [52, 53]. While
comparing the five year survival rates or both surgical as well as for the people under-
going just chemotherapy for curative hepatectomy for colorectal metastases (CRM)
it was seen that > 50% of the people survive in the medicinal group undergoing
surgical resection, as compared to 15% in the other group [53, 54]. However, there is
a very high chance of an unhealthy state of liver causing problems such as cirrhosis
due to prolonged use of chemotherapy. As the HCC is increasing over the past two
decades, methods of imaging have also been improved which include certain non-
invasive or minimally invasive local treatments for both primary and metastatic liver
tumors. Thus all in all we need better and more targeted localized therapies like
quantum dots imaging in case of liver cancer to treat it with minimal damage to the
surrounding cells in the liver area.

2.3 Gastric Cancer

Stomach cancer or gastric cancer is the fourth most common cause of cancer-related
deaths [55-57]. Treatment of gastric cancer is significantly challenging, as most
patients are diagnosed with the late stage of cancer, thus the requirement for early
detection of gastric cancer is of utmost necessity. Early gastric cancer cells could
be detected using multi-mode targeting techniques [33, 58—62]. As is known, there
are very few clinical markers for the early detection, though in recent years carci-
noembryonic antigen (CEA) is known to be primarily used as a biomarker to treat
or diagnose early cancer [63, 64], though due to low sensitivity and specificity,
CEA based detections are not always accurate and there is a need to find a different
biomarker for the early detection and diagnosis of gastric cancer. A study of 2001
by Marelli et al., has presented in their article about gastric cancer-related antigen
carbohydrate antigen 72-4 (CA72-4) showing higher sensitivity than CEA in early
detection as well as recurrent cases of cancer [65]. Nowadays, in the last decade,
Immuno-Chromatographic Test Strips (ICTS) is being prepared for early detec-
tion of cancer, which uses the antigen—antibody interaction to detect the quantity
of both antigens as well as the antibody [66—68]. Similarly in another study in 2016,
performed by Xinyu Yan et al., where they prepared CdSe/ZnS quantum dots to flow
strips which have shown promising results in early detection of gastric cancer using
the CA72-4 biomarker [69]. Among modern gastric cancer treatments, while in some
treatments imaging and therapy is based on subcutaneous cancer models, even fewer
numbers of therapies are based on in-situ gastric cancer models. By using invisible
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NIR light and fluorescent quantum dots, a sensitive and real-time intra-operative
SLN (sentinel lymph node) mapping of the gastrointestinal tract has also been done
in a recent study [70]. Along with this, tumor and normal human colorectal tissues
have also been successfully labeled using zinc oxide (ZnO) and zinc oxide (ZnO)
with a coating of titanium oxide (TiO2) core—shell QDs [71]. Next, in 2012, safe
and effective nanoprobe for targeted imaging and selective therapy for in-situ gastric
cancer was synthesized by Jing Ruan et al. [72]. They used one of a kind HER2
conjugated RNase-A-associated CdTe quantum dots cluster (HER2-RQD) which
was synthesized by the method [73] elucidated by Kong Y. Chen et al., in the year
2010 and these clusters have proved to be an excellent therapeutic agent.

2.4 Lung Cancer

Lung cancer, also known as bronchogenic carcinoma, is among the top causes of
fatalities by cancer-related deaths in South East Asia. Lung cancer contributes to
11.6% of all the recently diagnosed cancer cases and 18.4% of the total mortality
rate as of 2018 [74]. This kind of cancer is very prevalent in third world countries
which are yet not developed or are developing ones and the occurrence of this kind
of cancer is related to the socio-economic condition of the population [75]. The two
main types of lung cancer that can be identified histologically are the NSLC (non-
small cell lung cancer), representing about 80% of the total cases, while the other
type is SCLC (small cell lung cancer) representing about 20% of the total no of
cases. It is also considered to be a heterogeneous disease clinically, histologically,
biologically and molecularly. NSLC can be further divided into adenocarcinoma,
squamous cell carcinoma, large cell carcinoma as well as the mixed histology’s like
adenosquamous carcinoma. And moreover lung adenocarcinoma is considered one
of the best genetic characterizations of human malignancies. The primary cause
for misdiagnosis or misidentification of the disease at an early stage is due to its
symptoms being very similar to any chronic pulmonary disease [76]. The screening
technique currently in clinical use is a low dose computed tomography (LDCT) [77].
However, the LDCT isn’t a very efficient technique owing to the fact that it doesn’t
have any significant effect on the mortality rate [78]. In addition to its insignificant
nature, the LDCT is having a high cost and an exposure risk to a high amount of
radiation [50, 79-81]. Thus, there is a need for selective biomarkers that can detect
malignancy at an early stage.
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3 Nanoparticles Used in Cancer Therapy: Focus
on Quantum Dots

Cancer is not a disease but a condition of exponential cell growth skipping the lag
phase which causes lumps of cells, known as tumors which can either be malignant or
benign, and depending on its nature, treatments are prescribed. Most of the existing
cancer therapies involve intrusive method including the application of catheter to
allow chemotherapy or surgical removal of the tumor, these procedures, however
effective, causes damage to the surrounding healthy tissue or lifelong use of certain
medicines which has harsh side effects. Several investigations and studies have shown
that tissue, as well as cell distribution profiles of the anti-cancer drug, can be regulated
by encapsulation of the former in submicronic colloid matrix (nanoparticles) [82].
Semiconductor nanocrystals systems or quantum dots which are governed by the
quantum confinement effect constitutes a very important role in biological contrast
agent for diagnosis via imaging, sensing of various biomarkers, as well as drug
carriers [83]. The first-micron level particle employed in the treatment of cancer
were liposomes, which are 30 mm to several microns in diameter, consisting of a
lipid bilayer surrounding a water core hosting the drug. Certain kinds of nanoparti-
cles as known as theranostic molecules, which can be used for both diagnostics and
therapy simultaneously [84]. Pamujula et al., devised a biodegradable nanoparticle
suitable for cellular delivery of chemotherapeutic drugs. They synthesized the PLGA
using a modified solvent evaporation method. Since the past decade or so, magnetic
nanoparticles are being used for contrast agents in MRI for local hyperthermia are
now being employed as drug carriers to utilize their full potential. Magnetic nanopar-
ticles can be placed or positioned inside the body by an external magnetic field, and
can be used to invoke local hyperthermia by heating up the same by an external
magnetic field. Magnetic nanoparticles are generally used in the superparamagnetic
state for their application in the biomedical field. Some of the standard imaging
techniques include Magneto acoustic technique (MAT) [85], Computed tomography
(CT) [86], Magnetic resonance imaging (MRI) [87] and Near IR imaging (NIR) [88],
out of which one of the most effective technique in early detection of cancer is the
MRI and magnetic nanoparticles are being used as contrast agent [89]. This is the
age for modern and much newer techniques to tackle the growing cancer fatalities,
and for this, we require quantum dots that can specifically target the cancerous cells
[34]. Quantum dots are semiconducting nanoparticles whose dimensions are within
10nms. Upon excitation in the UV-NIR region of the light spectrum, QDs of different
sizes and materials emit a narrow tunable spectrum of light that is harnessed for the
tumor imaging [90, 91]. Compared with organic dyes like rhodamine, these quantum
dots are like 20 times brighter and 100 times more stable towards photo bleaching,
are biocompatible (not all the QDs) and water soluble [92, 93]. Quantum dots or
these fluorescent nanoparticles are a perfect fit for intravascular transportation as
well as accumulation over various tumor beds [84]. Further, these quantum dots
can be classified as organic, inorganic, and magnetic depending on their constituent
elements.
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3.1 [Inorganic Quantum Dots

Inorganic quantum dots are semiconducting nanoparticle in the range of 1-10 nm
which differ in electrical and optical properties from their bulk material giving them
an edge in the field of imaging and treatment of tumor-related cases, these nanopar-
ticles comprise of inorganic material. One of the very first studies were performed
by Ackerman et al., in the year 2002, where they have demonstrated peptide coated
quantum dots having high target specificity for lung cancer using peptide coated ZnS
capped CdSe quantum dots which opened the gate for further research into the area
of targeting size-controlled organic/inorganic hybrid quantum dots [32]. In 2010 Md.
Narunnabi et al., synthesized CdSe/CdTe quantum dots which were coated by PEG-
PCDA which was further stabilized by UV irradiation which was tested on MDA-
MB-231 tumor model and has shown high therapeutic efficiency [94]. Surface Plas-
monic resonating nanoparticles such as gold are being used for diagnosis and treat-
ment of cancer, owing it to their non-cytotoxicity, high affinity towards biomolecules
and good chemical stability [95, 96]. Among the various nanoparticles (np) used in
cancer treatment in recent times like polymeric np, magnetic np, or quantum dots,
the major advantage of these surface plasmonic nanomaterials is in its use, both as a
contrast agent as well as drug delivery agents for cancer therapy. X. Huang et al., in
2006 explained a phenomena called surface plasmon resonance [97] by which gold
particles can scatter visible or near-infrared light depending on the size and shape of
the particle which makes it feasible for gold to be used in various kinds of microscopic
techniques like confocal scanning optical microscopy [98], multi-photon plasmon
resonance microscopy [99], optical coherence microscopy [100], for optical imaging
and diagnostics. Jing Liang Li et al., in 2008 used the fact that gold nanoparticles
converts the absorbed photon from the light source into thermal energy and can be
used to kill tumors, so they prepared gold nanoparticles by a seeding growth method
and was coated with SDS (Sodium Dodecyl Sulphate) and functionalized it with
transferrin, which is a glycoprotein present on the surface of the cell and it is related
to cell proliferation [101], which is more expressed in malignant tissue rather than
normal tissue owing to more iron demand for faster cell growth, cytotoxic studies
were performed using Hs 578 T cells and 3T3 cells and PEG-T{-NPs and PEG-NPs,
the cytotoxicity, as well as the cellular uptake, were found to be higher in case of the
transferrin conjugated gold nanoparticles. Zhaowu Zhang et al., in 2010, synthesized
gold nanoparticles which were capped with glutathione (GSH) containing carboxyl
group over its surface and then FA (folic acid) was conjugated with the GNPs through
the reaction between the amino group of the FA and the carboxyl group of the GSH
and these conjugates were stable over a wide range of pH and ionic strength values,
the targeting of FA-GSH-GNP in human cervices carcinoma cell (HeLa cells) with a
high level of folate expression were shown through TEM and CLSM, while in A549
cells no cellular uptake was seen due to lack of folate receptors.
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3.1.1 Peptide Conjugated Inorganic Quantum Dots

Conjugation of the inorganic quantum dots with biomaterials is of grave importance to
make them biocompatible. Various materials like folic acid, transferrin, hyaluronan,
etc. are conjugated with the quantum dots in order to make them biocompatible as
well as to target them to a particular tumor in study or therapy. The integrin o,f3
receptor, which is known to bind with several extracellular proteins, is not gener-
ally expressed in the normal healthy cell, while it is overly expressed in the blood
vessels going through angiogenesis, or the new blood vessel formation. This over-
expression has been shown in the pancreatic cells and plays a significant role in the
development of the tumor [102, 103]. Due to the overexpression of «, 83 receptor
in both the tumor vasculature as well as the cell lines makes it ideal for using it as
a biomarker for quantum dots probes conjugated with the RGD peptide (arginine-
glycine-aspartic acid) to detect cancer in early stages. In a study in the year 2008
performed by Cai et al., RGD peptides were conjugated with PEG-coated QD with
the help of a heterobifunctional linker, 4-maleimidobutyric acid N-succinimidyl ester
and they used human glioblastoma cells and the breast cancer cells as positive and
negative controls for the experiment, and the competitive cell-binding assay was
performed using radio ligand and live staining was performed to confirm the binding
of the peptides with the quantum dots [104]. DNA functionalized CdTe quantum
dots were prepared by the one-step synthesis in the year 2009 for photolumines-
cence [105, 106]. In another study in the year 2013, He et al., prepared a one-step
synthesis of the peptide conjugated quantum dots at room temperature. In this study,
ZnyHg;_«Se QD was synthesized in an aqueous solution and was completed in a sec
and the product exhibited strong red to NIR photoluminescence which was essential
for bio imaging [107]. Li et al. in the year 2016, conjugated RGD peptides with
inorganic quantum dots to act as target markers for human pancreatic carcinoma
cells, where CdTe/CdSqds were functionalized with MSA (mercaptosuccinic acid)
and then EDC/NHS chemistry was applied before mixing it with the RGD peptide
in 1:2 ratio and the resulting product has shown significantly low cytotoxicity found
using the MTT assay and good photoluminescence [35].

3.2 Magnetic Quantum Dots or Magnetic Nanoparticles

Based on the nature of the constituent elements of the quantum dots, apart from
organic and inorganic, they can also be classified as magnetic quantum dots. Magnetic
nanoparticles are very common in the biological system where applications range
from geomagnetic navigational aid in migratory birds to ferritin, one of the most
common storage protein which is known to contain about 3000 ferric ions in a para-
magnetic oxyhydroxide core [108]. Mostly superparamagnetic iron oxide nanopar-
ticles (SPION) are used for imaging and therapy. Due to their small volumes, these
magnetic nanoparticles or the quantum dots show superparamagnetic behavior and
they can convert the magnetic field energy to thermal energy locally thus killing the
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cancer cells. Loss of any remnant magnetism after the field is being withdrawn is
utilized for biomedical applications, which enables them to prevent the formation
of agglomerates an in turn maintaining stability. A new phenomena Photodynamic
Therapy (PDT), has been studied or explained by various to be helpful in anti-cancer
therapy at both primary as well as the advanced stages of cancer, this photody-
namic therapy not only helps in cancer treatment but also helps in various cardio-
vascular, endodontic and ophthalmic diseases [109—111]. In 2007, S. Tamil Selvan
et al., studied magnetic quantum dots, in which they have synthesized Fe,O03;—-CdSe
nanocomposite via a facile synthesis method, which has produced high quantum yield
over a broad range of color without the use of ZnS capping, keeping the toxicity in
mind, it was made biocompatible using a silica coating; these MQD’s properties
both magnetic and optical can be tuned separately which was used to image tumor
cells [36]. Park et al., in the year 2008, prepared micellar hybrid nanoparticles that
contain iron oxide magnetic nanoparticles, quantum dots, doxorubicin with single
PEG-modified phospholipid micelle, which can be used for both ex vivo and in vivo
imaging as well as for MRI [112]. In another study, Surinder P. Singh in the year 2011,
synthesized Fe;04—ZnO core—shell magnetic quantum dots at room temperature by
the seed-mediated approach and controlling the aging time, which could provide a
combination of radiation therapy and PDT while simultaneously being used in MR
imaging, thus providing to be a multifunctional platform for cancer treatment [113].
In 2014, Fei Ye et al., prepared a biodegradable vesicle (PLGA) containing SPIOs,
Cd free Mn-doped ZnS quantum dots and anti-cancer drugs for in vivo imaging and
drug delivery, which showed promising results as an anti-cancer theranostic tool and
it needs to be studied further controlled drug release as well as organ targeting [114].
The use of nanotechnology for medicinal purposes is the most successful appli-
cation of pure nanotechnology; though, however useful nanotechnology might be,
there is always a risk of toxicity of these nanoparticles. Elements such as cadmium
and selenium comprise a major part of quantum dots used for imaging are known to
be acutely and chronically toxic to cells and organisms, especially they are taken up
by the calcium membrane, for example, cadmium mutates the chromosome, breaks
down the DNA strands as well as it inhibits the synthesis of DNA, RNA and protein
[115-118]. The earliest known toxicity study was performed by Derfus et al., in the
year 2004, where they probed the cytotoxicity of CdSe quantum dots using primary
hepatocytes as a liver model. They concluded that the CdSe quantum dots are indeed
cytotoxic under a certain condition such as surface oxidation through various path-
ways causes the Cd to get reduced on the surface of QD thus releasing Cd ion in the
cell subsequently causing cell death [119]. Various methods are applied like surface
coating with ZnO and BSA (Bovine serum albumin), which significantly reduced
but did not eliminate cytotoxicity. Some studies also have shown the use of ZnS
capping, using CdO as a precursor to form highly luminescent CdSe quantum dots
that doesn’t need an inorganic capping [120, 121]. Certain groups of researchers
focus on reducing the size of shell or simply using uncapped CdSe or CdS QD for
biological labeling/imaging [122, 123] where an organic capping plays the role of
preventing the surface oxidation thus eliminating or reducing the cytotoxicity.
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3.3 Organic Quantum Dots

Carbon is one of the most abundant materials available on the earth, has unique prop-
erties due to its hybrid orbitals, which Leads to the formation of various allotropes
of carbon, which are also called different forms of carbon. All these together make
carbon one of the most studied elements of the planet as said by Nathan P. Guisinger
and Michael S Arnold in their review in the year 2010 [124]. The accidental discovery
of the carbon quantum dots while X Y. Xu et al., was purifying and separating the
single-walled Carbon Nanotubes from the arc discharged soot in the year 2004 trig-
gered further studies in the area of organic quantum dots [22]. In 2006, Sun et al.,
renamed the fluorescent carbon nanoparticles previously discovered by X. Y. Xu et al.,
in their study as Carbon quantum dots, where they synthesized carbon quantum dots
by laser ablation route which was previously unknown. Carbon quantum dots are
quasi-spherical nano particle consisting of amorphous as well as nano crystalline
cores with graphitic or turbostatic carbon (sp”hybridized carbon) or graphene and
graphene oxide sheets fused by diamond-likesp® hybridized carbon insertions [37,
125, 126]. Organic quantum dots are synthesized using two approaches namely the
top-down approach [127-129] and the bottom-up approach [130-132] and could be
easily surface passivated to emit greater fluorescence. In the year 2016, Noha A.
El Essawy et al., devised a novel one-step synthesis of highly luminescent carbon
quantum dots from PET (Polyethylene Terephthalate) bottle waste by thermal decom-
position of PET followed by heating at 800 °C gave the carbon dots [133]. In earlier
reviews the scenario for surface functionalization and its effects on the brightness,
the quantum yield has been discussed [134], in which Changqin Ding et al., have
shown that the radiative recombination of the surface-confined electrons and holes are
responsible for the photoluminescence shown by the carbon dots. The photolumines-
cence of the carbon dots from cheap sources like candle soot was found to be around
15% [130] while that from oils was found to be 53% [131] at room temperature which
is the highest yet to be recorded. Carbon dots have been prepared form any material
having carbon in their molecular backbone like glucosamine, ascorbic acid, ethanol,
citric acid, saccharides, carbon quantum dots are also termed as organic quantum
dots, which are recently being used in cancer cell imaging and killing of cancer cells
due to high quantum yield and biocompatibility Photo-luminescent (PL) nanomate-
rials, such as carbon dots (CDs), up-conversion nanoparticles and luminescent metal
complexes offers unique tunable chemical and physical characteristics suitable for
various application in STEM field [135-140]. Carbon dots are being used in chemical
biological, physical scientific applications including sensors, imaging, drug carries,
catalysis, even in white light emitting diodes etc. These carbon quantum dots are
being loaded with drugs or are surface functionalized and then loaded with drugs
in order to target specific cancer cells. Synthesis of carbon dots with high QY and
good biocompatibility still remains a challenge [141-143]. Various novel methods
of synthesis are being devised for the synthesis of carbon quantum dots with good
quantum yield, high target specificity, solubility as well as biocompatibility, over the
past decade. Fluorescent carbon dots are conjugated with targeting ligands such as
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transferrin [28], folic acid (FA) [144], peptides [ 145], to observe the ligand-biomarker
binding visually. Carbon quantum dots are found as complete therapeutic solution
to the cancer treatment.

3.3.1 Carbon Quantum Dots Conjugated with Folic Acid

Folic acid is a synthetic form of the naturally occurring vitamin B, which is found
in certain food products. Folic acid helps regulate the cell division and growth by
assisting in synthesis of purines and pyrimidines. Lemon and Lou in the year 1991,
first conceived the idea of using the folate receptors for targeted delivery of drugs
into cells, which proved to be very essential in the case of treatment of cancer as well
as other inflammatory diseases and further studies were performed since then on this
topic [146]. The folate receptors are overly expressed in ovarian, breast, epithelial,
cervical, lung, kidney, colorectal and brain tumors [147]. Carbon dots conjugated
with folic acid shows more affinity towards getting endocytosed into a tumorous cell
more than a healthy cell thus potentially increasing the efficiency of the detection
and subsequently, elimination of the same without having much side effects on the
neighboring healthy cells. FA conjugated c-dots are known to be endocytosed at
a higher rate in the tumor cell than in the normal cell thus have greater efficiency
in determining the cancerous cell [40, 148]. Also, it helps in killing the tumor cell
when loaded with the doxorubicin, where the bovine serum albumen is employed to
increase drug loading as well as improve biocompatibility [41]. Folic acid is known
to have amine attached to its aromatic rings which enables them to easily conjugate
with carboxylic group enriched carbon dots. EDC/NHS chemistry can be used to
functionalize c-dots to conjugate FA to the carbon dots [38], in a study Shong Y.
et al., in the year 2012, the functionalized folic acid with NHS and then filtered with
DCC and the mixed with c-dots at pH 10, in the same study the conjugation was
characterized by using UV-Vis spectroscopy where a prominent mark at 283 nm
was observed for FA which doesn’t overlap the c-dot’s mark as well as other tools
like AFM or the atomic force microscopy, Transmission Electron Microscopy or
TEM were used to ensure complete conjugation [148].

3.3.2 Carbon Quantum Dots Conjugated with Transferrin

Transferrins are glycoproteins present in the blood plasma, helps regulate the level
of free iron in the body by binding to them. Being a very large molecule with 79 kDa
mass transferrin can easily be purified and conjugated with carbon dots containing
amine groups over its surface. The site of binding can’t be pinpointed as there are
multiple sites for binding. Based on binding, the entire molecule can be inactivated.
So in order to check the binding mass spectroscopy can be performed as the size is
quite large. Transferrins are itself not very highly fluorescent material with a peak
around 364 nm. It is a part of the innate immune system, the binding of the iron-
bound transferrin to the transferrin receptor 1 on the cell surface starts with the
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Fig. 1 Simplified schematic representation of reaction mechanism of carbon dots-transferrin
conjugation

clathrin-coated pits and internalization into the cytoplasm and ends with apotrans-
ferrin formation (after the intake of iron the transferrins are recycled back into the cell
surface) [149]. In 2016 a study conducted by Shanghao li et al., it is concluded that
transferrin conjugated cqd is being used for drug delivery in pediatric brain cancer
patients. The regular known chemotherapy might affect the proper functioning of
the healthy cells thus a transferrin mediated drug delivery is very essential. Very
often the transferrin receptors are well expressive in the brain tumor cells which
can be utilized to deliver carbon quantum dots containing doxorubicin into the cell
[28] and they can pass the blood-brain barrier which is unpassable by many known
delivery vehicles [150]. By virtue of this property, we can target the carbon quantum
dots functionalized with transferrins directly to the affected cells. Transferrin conju-
gated chemotherapeutic drugs have shown the promising percentage of tumor cell
death in carcinoma, leukemia as well as glioblastoma as compared to the conven-
tional techniques [151-153]. With pediatric brain tumor c-dots conjugated with dox
and transferrin have shown better tumor cell death as compared with the free drug
alone [28]. Since the Transferrins are able to carry iron they might also be useful in
magnetic resonance imaging. A schematic for the conjugation of transferrin with the
carbon quantum dots is shown in Fig. 1.

4 Conclusion

We know not so much about the cancer condition thus as of recent times cancer is
becoming a highly researched field, with respect to that many quantum dot’s tech-
nologies are recently going into clinical trials which increasingly kills the tumor



116 A. Mukherjee and N. Sarkar

cells with higher efficiency than their normal chemotherapeutic counterpart. Inor-
ganic as well as magnetic quantum dots on itself are fairly toxic so they need to be
conjugated with certain biomaterials in order to reduce their cytotoxicity. Peptides
conjugated inorganic quantum dots have proven to be highly biocompatible and have
shown good photoluminescence, mostly in the tumor vasculature imaging. Magnetic
quantum dots are being used for the MRI scans. Now carbon quantum dots have
time and again proved to be highly biocompatible with less or no cytotoxicity and
high fluorescence property much better than the heavy metal inorganic or magnetic
quantum dots. Conjugating the c-dots with various cancer biomarkers has proven to
be more effective in selectively targeting thus destroying the tumor cells with very
high efficiency. Due to the tunable fluorescence property, we can use the carbon dots
for the excretion off the c-dots from the system which enables us to maintain the
body’s internal environment. Drugs can be loaded on the quantum dots conjugated
with the various biomarkers. Continuation of the research will help us understand the
cancer condition better as well as development of a complete theranostic tool with
lower side effects. There is very little research on the conjugation of peptides with
the carbon dots, in the future, this conjugation might prove to be very successful in
treating cancer with higher efficacy and lower side effects.
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Abstract Quantum dots (QDs) are a popular agent to use in a wide range of scientific
and industrial applications because the molecules consist of an excellent biophysical
and optical property, later varies with the compositions from a wide range of visible
to infrared wavelength. Being an established fluorescent probe QDs are useful in the
long-term, multiplexed and quantitative imaging and detection is governed wonder-
fully by QDs. Here we represent the present trends of the multidimensional use or
applications of QDs in the field of biological science to achieve disease diagnostics,
control over it and in particular cancer treatments and cellular mechanisms induced
by QDs. The QDs are small in size with a high surface ratio, capable of potentially
changing the therapeutic and pharmacological efficacy towards a good dimension of
disease management. These are unique anti-cancer activities like apoptotic cell death
and autophagy cell death, different types of molecular path-ways and mechanism of
apoptosis has been focused hereafter application of quantum dots in various cell lines
of malignant cells of mice and humans.
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1 Introduction

One of the most important nano-particle which is used in cancer cell biology nowa-
days is quantum dots. The Quantum dots are semiconductor nanocrystal which is
excited in different dimension three dimensions. In 1988 Alexia Ekimov and Louis
E. Brus had discovered the importance of quantum dot significantly promoted fluo-
rescent imaging in both in vitro and in vivo conditions. The discovery of quantum
dots are still in the infancy stage, biologically it was first applied in 1998. The prepa-
ration of quantum dots is improved several times. Quantum dots are conjugated in
different biologically active molecules to probe cancer. In breast cancer detection
quantum dot is used for its binding nature with HeR-2 marker on the surface of the
malignant cells. In this case, the quantum dot is binds with immunoglobulin G and
streptoviridin. Quantum dots are used in coupled with oligo-nucleotides for in situ
hybridization. They can be binds with different biomolecules. These properties are
used for the detection of cancer therapy, they have enabled their usages in targeting
drug delivery. Quantum dots have different extraordinary binding capacities with
the cellular molecules and give authentic florescent activity which is brighter than
commonly used organic dyes like FITC, TRITC, RITC, etc. [1, 2]. Polyelectrolyte
microcapsule interacts with cellular surface molecules which can be recognised by
various antibodies then helps to drug internalization into the target cells. Quantum
dots induce different cytotoxicity in various malignant cell lines. Oxidative stress is
important for apoptotic cell death as well as necrotic cell death.

2 Properties of QDs

QDs are nanometre-sized crystalline clusters (3—10 nm) that are synthesized from
a variety of semiconductor materials and also carbon like non-metal, for detailed
reviews on the synthesis and properties of QDs see reference [3, 4]. Laboratory
level synthesis of QDs in small scales, QDs retain some of the bulk properties of
the material from which they are derived but also adopt new properties that directly
depend on their size. In terms of photophysics, this translates into according to the
composition-, shape- and size-dependent luminescence with absorption and emission
band quality. The wavelength of the fluorescence depends strongly on the size of QDs.

Quantum dots (QDs) have an advanced effect on traditional fluorescence spec-
troscopy/organic molecular chromophore of scientific study over biology and
biomedical science research, due to its unique optical electromagnetic response
where ever it may be required for the application. The QDs are exhibiting size
and composition-dependent optical and electronic properties i.e., these particles are
ultra-electronic and varies in size of 1.5-10 nm in dimensions. In recent science,
the QDs are successfully been introduced into many kinds of applications including
biology and medical science also. QDs have several advantages like a size-dependent
optoelectric agent, high extinction coefficient, brightness and large stokes shifts. It
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generates a large surface area that allows binding various kinds of molecules to
deliver the target place.

QDs of most semiconductor metal ions are not safe for the body or organs of a
target, in some reports people showed that small or zwitterionic QDs can be excreted
into the urine to safeguard the body while the experiment was done in mice model, but
in contrary QDs are not going out of the body in most of the cases of semiconductor,
metals. We have two major pathways of out of QDs from the body are through the
urine while another is liver’s biliary systems into faeces.

3 Apoptosis: A Basic Biological Phenomenon

Cell death is the default. But deliberate attempt to attain death or initiate processes
leading to self-destruction is known as suicide. In case of suicide in human beings
it is considered as either impulsive or irrational, not in balanced behaviour. But
suicidal cell death is pervasive and organised as well as rational in stress condi-
tion. In case of multicellular organisms homeostasis is maintained by suicidal cell
death, where ordered metabolic changes are happened in normal development, envi-
ronmental stress as well as in pathogenic attack. This gene regulated cell suicidal
process is called apoptosis [5]. Apoptosis is thus a process of deliberate life sacrifice
by a cell. A sequential series of biochemical series is happened during apoptosis
process. The cell suicidal phase is occurred in such a way that all cellular fragments
and cell corpses are removed very safely [6]. In normal multicellular life number of
cells must be constant and it is maintained by cell division and death. Cells must be
replaced when they become diseased or malfunctioning; but proliferation must be
compensated by cell death [7]. Homeostasis is a part of living organisms, it neces-
sary to keep the balance state to stable the multicellular organisms. So, it is only
maintained simultaneously by cell division and death.

3.1 Characteristics of Cell Apoptosis

A cell undergoing apoptosis shows a characteristic morphology that can be observed
with a microscope (Fig. 1) [8].

(i)  Cytoskeleton proteins break down after activation of caspase, and then cell
shrinks which are the hall marks of apoptosis.

(i)  Cellular organelles tightened and cytoplasm becomes dense.

(iii)  Chromatin condensation in nucleus occurs, it is known as pyknosis; important
hall marks of apoptosis [9].

(iv)  The nuclear covering breaks down; inside it DNA fragmented which is known
as karyorrhexis, another features of apoptosis [10].

(v)  The cell membrane shows irregular buds known as blebs.
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3.2

Apoptotic bodies are formed due to cell breaks, these apoptotic bodies later
phagocytosed.

Intrinsic and Extrinsic Apoptotic Pathways

The death signals are linked to the execution programmes via an integration stage,
which acts as a control stage. It uses both positive and negative regulatory molecules
which will ‘inhibit, stimulate or forestall apoptosis’ i.e. determining whether the cell
is committed to death or allowed to live. Two main integration pathways exist and
converge to a common execution phase: (i) the extrinsic apoptotic pathway; and (ii)
the intrinsic apoptotic pathway.

I

The extrinsic apoptotic pathway (Fig. 2)

This pathway is typically engaged in the immune system and is the process
used to delete activated T-cells at the end of an immune response. It is trig-
gered by the death factors e.g. TNF, Fas L (Fas Ligand) binding with the death-
receptor superfamily e.g. TNF receptor (TNFR) and Fas receptor (also known
as Apo-1 or CD95) [11]. Binding to the receptor induces receptors to cluster
and trimerise. FADD (Fas-associated death domain) protein is engaged through
the death domains. The DED (death effector domain) of FADD recruits pro-
caspase 8 via its DED. The complex brings multiple pro-caspase 8 molecules
in close proximity, leading to their activation through ‘induced proximity’ (the
aggregation of pro-caspase 8§ molecules results in their cross-activation). This is
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IL.

the death-inducing signalling complex (DISC). Activated caspase-8 (a heterote-
tramer) is released from DISC into the cytoplasm where it functions as an initiator
caspase, activating downstream executioner caspase, primarily via pro-caspase-
3. Few number of cells (type I) caspase—=8 is directly initiated the apoptosis
process by activating other caspase proteins and then apoptotic cell death takes
pace. The Fas—DISC in some cells (type II) forms a loop which is respon-
sible for releasing some proapoptotic factors from mitochondria. These proapop-
totic factors increased the activity of caspase-8 [11]. In case of mammal cells
proapoptotic factors (BAX, BID, BAK or BAD) [12] and some anti apoptotic
factors (Bcl-X1 and Bcl-2) simultaneously maintained a balance which is propor-
tion to homodimers of proapoptotic factors established on outer membrane of
mitochondria.

The intrinsic apoptotic pathway

The mitochondria are essential to multicellular life, without them a cell ceases
to respirate aerobically and quickly dies—a fact exploited by some apoptotic
pathways (Fig. 3). The mitochondrial pathway is usually activated in response
to lethal stimuli such as DNA damage, oxidative stress and hypoxia [13]. Apop-
totic proteins which target mitochondria affect them in different ways; they may
cause mitochondrial swelling through the formation of membrane pores, or
they may increase the permeability of the mitochondrial membrane and cause
apoptotic effectors to leak [14]. Mitochondria contain pro-apoptotic factors
such as cytochrome c and apoptosis-inducing factors (AIF). These are harm-
less whilst safely sequestered within the mitochondria but lend to activation of
the caspase cascade once released into the cytoplasm. Cytochrome c is released
from mitochondria due to increased permeability of the outer mitochondrial
membrane and serves a regulatory function as it precedes morphological change
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associated with apoptosis [14]. The Bcl-2 family members control the release
of cytochrome c etc. The family consists of pro-and anti-apoptotic members,
which regulates mitochondrial ‘pores’ by an as yet uncharacterized mecha-
nism. Bcl-2 proteins can promote or inhibit apoptosis by either direct action on
mitochondrial permeability, or indirectly through other proteins. Importantly,
the actions of some Bcl-2 proteins can halt apoptosis even if cytochrome C has
beenreleased by the mitochondria coupled to extrinsic signals [ 14]. Cytochrome
C associates with both apoptosis protease activating factor-1 (Apaf-1) and pro-
caspase-9 to form active caspase-9. The active enzyme complex is called the
apoptosome. Mitochondrial proteins known as SMACs (second mitochondria-
derived activator of caspases) are also released into the cytosol following an
increase in permeability.

4 Applications of QDs and Their Potential Toxicity

4.1 Quantum Dots Induced Cell Death

Recent studies have shown that Quantum dots induce toxicity modified by an antiox-
idant N-acetyl cysteine which up-regulates the Fas receptors, lipid peroxidation and
breakdown of mitochondrial membrane potential [15]. In this context, the graphene
quantum dot has special attention for autophagy and apoptotic death in different
cell lines. It has been found that graphene quantum dot induces cell death in human
glioma cells U251 by creating oxidative stress. The photoexcited graphene quantum
dots (GQD) are produced by electrochemical oxidation of graphites with an average
particle diameter 56.6 + 8.7 which induce ROS generation inside the cell. GQD
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have the highest luminescence 460 nm this photoluminescence enhances the oxida-
tive stress into the cell [12]. They observed that temperature did not increase in cell
suspension after photo excitation of GQD. So, it was clear that this material did not
show any toxicity into the cell. After the irradiation with GQD the apoptotic cell death
occurs when it was justified by FACS analysis, numbers of both early (propidium
iodide) and late (propidium iodide) apoptotic cells expressing phosphatidylserine
(Annexin+). DNA fragmentation in sub G level during cell cycle observed. Acti-
vation of a caspase protein family involved after photo excitation of GQD compo-
nent [12]. Mitochondrial membrane potential breaks down are another phenomenon
for apoptotic cell death [16], after the application of photo excited GQD they also
showed the mitochondrial membrane potential breakdown in human glioma cell line
U251. Another cell death-like autophagy also they have noticed after irradiation by
photo excited GQD. This type 2 cell death is also related to the photo excited GQD.
According to this experiment, hairpin RNA was used for silencing the autophagy
essential protein. After irradiation by photo excited GQD cells were significantly
protected by the irradiation.

4.2 In Osteosarcoma Cell Line Carbon Dot Induces
Apoptotic Cell Death

Carbon-based nanoparticles are very crucial for biomedicine nowadays in several
complicated disease treatments like cancer. These carbon-based nanoparticles are
more effective than any other nanoparticle due to their low cost, low toxicity, compat-
ibility with living cells and easily penetrating through the cell membrane [17].
The osteosarcoma cell line 143B showed the effective apoptotic cell death after
the treatment of carbon-based nanoparticles (CQDs) in particular doses. At highest
doses (276 g/ml) cell death occurred very significantly. Mitochondrial membrane
potential breakdown is an important phenomenon for apoptotic cell death [18].
CQDs play the master role for mitochondrial membrane potential breakdown and
induce ROS generation. This carbon-based nanoparticle showed the dose-dependent
mitochondrial dysfunction and breakdown of MMP [19].

Inhibition of tumour growth was noticed after the treatment of these CQDs in
mice (276 pg/ml). After the treatment by 4 weeks, a significant decrease of tumour
volume was noticed without a significant change of body weight of mice [19].Some
anti apoptotic proteins like Bcl2, Bcl—XL inhibit cell death when they bind with
proapoptotic proteins like caspase—3. Caspase -3 is known as important protein
factor; it is cleaved and activated during apoptosis [20]. Caspase-3, then several
types of cellular factors are also cleaved, among this PARP is an important factor
it acts as a DNA repairing unit. So, cleaved PARP is a important apoptotic marker
[21].
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4.3 A Carbon Dot Induces DNA Damage and Cell Cycle
Arrest in MCF7 (Breast Cancer Cell Line)

Due to the intrinsic fluorescence properties, carbon dots have a great attention for
studying cell death in various cancer cell lines. Even anti-tumour activity has also
been recorded by several researchers’ in vivo studies. The excellent biocompatible
nature of this carbon dots compound gives it a special interest for cytotoxicity in
the different malignant cells. Recently carbon dots showed the real-time cytotoxicity
of super tiny CDs (2.05 £ 0.22 nm) in human breast cancer cell MCF7 [22]. In
their study, they have shown that tiny particles of carbon dots affect the viability of
MCEF7 cells and HDFa cells together induced genotoxicity, cell cycle progression,
and clastogenicity of these cell lines. They showed that the highest concentration
of CDs did not show any cytotoxic effects on a normal cell. In this case, cell cycle
arrest was happened in Gy/G; phase respectively and induces apoptosis and dramatic
changes took place after the treatment of CDs in different doses in MCF7 cells. A
significant increase of DNA damage i.e. clastogenic has occurred at 48 h after the
treatment of CDs.

4.4 Quantum Dots Induces Apoptotic Biochemical Changes
in Human Neuroblastoma Cells (IMR32)

We have already learnt that quantum dots have typical luminescence properties, for
this reason, quantum dots are used in the different cell lines to show the mechanism of
cell death. It has been demonstrated that QD treated neuroblastoma cells undergoes
apoptosis after their treatment in a dose-dependent manner [23].

4.5 Animated Graphene QDs Uptake by Alveolar
Macrophage of Rat Cells Induced Cell Death

Graphene Quantum dots are the smallest in size, they can be easily entered through
the cells and they showed less cytotoxicity in normal cells. Due to their excellent
stable photoluminescence, chemical inertness, and compatible functionalization with
biomolecules, they are extensively used in different biomedical research purposes.
Animated graphene QDs are a very effective agent of DNA damage and proapoptotic
death of alveolar macrophage cells of rats. It has been shown that 100 and 200 pg/ml
concentrations of AG-QD (animated graphene quantum dots showed very effective
results in cell death. Animated graphene quantum dots entered through the nuclear
pore complex and interacts with the DNA chain, as a result, a significant breakdown
of DNA in different sizes occurred.
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4.6 Multi-walled Carbon Nano Tubes (MWCNTs) Induced
Apoptosis in Pancreatic Cancer Cells

Pancreatic cancer is the most serious disease where the survival rate of the patient
is only 5%. It has been investigated by some researchers that thermally active
multi-walled carbon nanotubes gave promising results after the treatment of these
polyethene glycated carbon nanotubes on pancreatic cancer cells (PANC-1). It was
justified from molecular and cellular parameters. The polyether compound (PEG)
is used to coat the particles in different medicine to increase their biocompatibility.
There are many data about laser-induced carbon-based materials photo-excitation
to generate necrosis of malignant cells [24]. All the data have shown that laser-
induced carbon-based materials cause thermal-based necrotic cell death. Carbon
nanotube mediated necrotic cell death after laser induction converted photo energy
to heat energy in cancer cells of a tumour. In this experiment, it has been shown
that multi-walled carbon nanotubes induce apoptosis in the pancreatic cancer cell
(PANC-1) [25]. Many chemotherapeutics are used for the treatment of cancer based
on the breakdown of mitochondrial membrane potential and induces ROS gener-
ation, which ultimately causes apoptotic cell death. In this experiment, the above
group have shown that MWCNTs combined with laser beam induces apoptosis by
activating early apoptotic pathway. Internalization of CTNs into the pancreatic cells
produces oxidative stress inside it; flow cytometric analysis showed that ROS gener-
ation occurred in a dose-dependent manner. These groups studied that ROS gener-
ated cells were less in case of control (0.2%), in 5 wg/ml it was 36.2% and in
10 pg/ml concentration ROS generated cells were 50%. Exposer of a laser beam
(3 min, 808 nm, 2 W/cm?) followed by the treatment of MWCNTSs. showed the
breakdown of mitochondrial membrane potentiality. Where they have shown that at
50 pg/ml concentration MWCNTSs maximum cells have green fluorescent which is
the indication of mitochondrial electron transport chain disruption.

4.7 Cytotoxic Effects of Copper Quantum Dots

Copper oxide quantum dot has cytotoxic effects on the different cell lines. It has
been shown that copper oxide quantum dot induces apoptosis in different caspase-
mediated pathways in mouse cell line C2C12. The CuO-quantum dots were synthe-
sized by using copper acetate and hexamethylenetetramine. Quantum dots are very
tiny particles which are having strong fluorescence properties without any photo-
bleaching [26]. Copper metals have a very important use in different fields over
centuries like disinfectants of drinking water, solids and human tissues [27]. It has
been shown caspase—3 and—7 are the key mediators for apoptotic cell death [28].
CuO quantum dots have cytotoxicity in a dose-dependent manner in the case of
C2C12 mice cells [29]. They have also shown that at the high dose of CuO quantum
dot (20 pg/ml) cells become shrinks and lost their original shape. The expressions of
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caspases were also evaluated by them followed by the RT-PCR method. Treatment of
CuO quantum dots at the highest level (20 pg/ml). Metal oxide has potential effects
on DNA damage [30, 31]. This research group has extensively studied the DNA
damage after the treatment of CuO quantum dots. In this study mouse myoblast cells
C2C12 have demonstrated that copper oxide quantum dots have potential biological
activity for the breaking of DNA via caspase-mediated pathways. So, cytotoxicity
effects of metal oxide quantum dots are very important for the treatment of tumour
prognosis, and especially in the field of biomedical research like treatment of cancer
for prospects.

4.8 Cadmium Telluride Quantum Dots Induces Apoptotic
Cell Death in Human Umbilical Vein Endothelial Cells

Semiconductor quantum dots have excellent fluorescent properties, they have wide
spectra range properties and 1000 times brighter and narrower emission. Many
researchers have established intercellular tracking and biomedical diagnosis and drug
designing by utilizing these types of nanoparticles. QDs are important for biodis-
tribution, drug transportation through the vascular system. Due to their multicolour,
multiplex nature in different vascular systems researchers can be able to identify
easily the intricate blood circulation networks within organs and tissues. Endothelial
cells of the vascular system are very important for the entry of different drugs, toxi-
cants and other pathogens like bacteria and viruses. When QDs injected, it directly
interacts with the luminal surface of endothelial cells (EC). QDs would also expect
the cellular dysfunction of different organs. Endothelial cells also maintain home-
ostasis through the secretion of vasoactive factors, which regulates angiogenesis,
thrombosis and antherogenesis etc. [32]. Different types of cytotoxic and patholog-
ical conditions may arise due to the exposer of QDs on endothelial cell lumen and
cause ER stress. The ER stress activates different kinds of factors like protein kinase,
RNA like ER-kinase (PERK), activating transcription factors. In severe cases, ER
stress causes cellular damage, and then damaged cells are eliminated by apoptosis. In
human umbilical vein ECs (HUVECs) cadmium telluride quantum dots causes cell
hazards after treatment of these QDs [33]. This group showed that the average size
of cadmium telluride QDs (3.492 + 0.87 nm) had symmetrical emission spectra near
about 60 nm and the emission peak was 599 nm with negatively charged carboxyl
groups. The treatment of CdTe QDs in different doses on HUVECs cell line like 0, 1,
10, 20 and 50 pg/ml the percentage of CdTe QDs holding into the cell were increased
both dose and time-dependent manner. They have evaluated cytotoxicity in different
ways. However, they have shown that ER stress is the key point of cellular damage in
the case of HUVEC: cell lines. According to their proposed model ER stress activates
the transmembrane PERK factor, the e[F2a phosphorylated by PERK. Then it intro-
duces the apoptosis signalling pathways by activating ATF3 and CHOP/GADD153
genes. As earlier, it has been explored that transmembrane effector PERK bypass the
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ATF4 factor and eIF2a phosphorylation, which initiates the apoptosis signalling path-
ways [34]. Some genes like ATF3 and CHOP/GADD153 are responsible for apop-
tosis. This group also demands that CdTe QDs mediated apoptosis in this HUVECs
cell by the involvement of before mentioned factors. As a whole, they concluded
that CdTe QDs mediated cell death and the level of toxicity revealed the potential
cytotoxic effects on HUVECsS cells especially the risk factors for future use of this
cadmium telluride QDs in the different biological research fields.

4.9 Nitrogen Phosphorus Doped Carbon Dots Regulates
Apoptosis and Autophagy in B16F10 Mouse Melanoma
Cells Imaging Application

Melanoma is a highly dreadful cancer in the malignant stage; there are no drugs to
treat this malignant melanoma. It occurs worldwide only 4% but 80% of death is
occurred due to skin cancer [35]. All drugs which are used for treating skin cancer
has adverse effects and cytotoxicity in a normal cell. The nitrogen phosphorus-doped
carbon dots have a very effective role. The multi emissive carbon QDs has a very
good potential for imaging purpose due to their core structure and with rich surface
functional species [36]. The properties of CDs can be increased in different ways,
like doping by heteroatom or metal ion (e.g. with N, B, P etc.) individually [37],
or multiple doping can be effective for this purpose [38]. Nitrogen and phosphorus
doping gives the carbon dots specific physiochemical properties that are surface
defects which are improved the optical properties [39]. The multi heteroatom (N-P)
co-doped CDs (NPCDs) in which single-step thermal treatment was applied in this
experiment [40]. They used imidazole as the source of N, Phosphoric acid as a source
of P and polyethene glycol as a carbon precursor [40] and explored the anti-cancer
activity of Nitrogen phosphorus-doped carbon dots (NPCDs) in mouse melanoma
cell line B16F10 as well as cellular bioimaging properties in vitro system. Nitrogen
phosphorus-doped carbon dots showed highly anticancer activity in different doses
(1-120 pl/ml) as per the experiment by this group. At 30.01 pnl/ml dose of NPCDs
showed 50% cell death so, it was the inhibitory concentration (ICsy) in B16F10
cell of this NPCDs. The chromatin fragmentation and DNA damage are the impor-
tant phenomena of apoptotic cell death which was justified by them, 3030.01 l/ml
dose of NPCDs showed chromatin fragmentation. In some normal cells like human
keratinocytes (HCATSs) and lung epithelial cells (BEAS-2B), these NPCDs had no
adverse effects than melanoma cells (B16F10). Another important phenomenon
which was found that autophagy induced by NPCDs, after the treatment of NPCDs
autophagosome was formed. Thus their works also demand that cytotoxicity had
happened in B16F10 melanoma cells. The expression of some important markers
and their level has been also recorded by them, like LC3 (microtubule-associated
protein 1A/1B-light chain 3), it was noticed that dose-dependent elevation of the
LC3-phosphatidylethanolamine (LC3-II) expression.
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4.9.1 Applications of QDs in the Direct Biological Approach

ii.

QDs are a good drug delivery agent: pharmaceutical research
Doxorubicin hydrochloride (Dox) is a known agent as a breast cancer drug;
this was targeted to conjugate with CQDs for the delivery of the drug as an in-
vitro model. Here the CQDs were synthesized by citric acid carbonization and
modified by transferrin TF, here TF has a crucial role to increase the interaction
of target cell receptors and increasing water solubility so that it can use in the
biological process. To understand the cytotoxicity potential of Dox-TF-CQDs
complex, the MCF-7 cell line was used by MD. Mahani et al. [41], showed that
the MTT assay responds as more decrease the cell viability than TF-CQDs or
Dox alone. The study also confirmed that the TF-CQDs have more efficiently
endocytosed by MCF-7 cell line than the Dox alone. The study suggests that
the CQDs induced by TF are a good drug delivery agent for Dox to in-vitro
level delivery.

In life science research

QDs are biologically functional when this is treated by some favourite ways
to achieve some of the basic properties of Long-period stability in water [15,
42], 1. Presence of sterically active group for biological molecule combinations
2.1t should have consisted of biologically compatible and non-immunogenicity
property 3. There should be an interference lack of biomolecules with the basic
properties of QDs.

Long-term observation of cellular trafficking, high resolution of cellular
imaging [39]. intracellular process study of single-molecule level. Study of
tumour trafficking and propagations as a part of tumour diagnostics also as in
other animals.

ECL i.e. electrochemiluminescence of functional QDs in the applica-
tion of DNA analysis, immunoassay, cytosensing also finding of different
biomolecules in samples of a variety of origins.

A wide range of applications of QDs has emerged in modern sciences including
biological and medical filed in imaging, flow cytometry, photodynamic
therapy, drug delivery tissue mapping and demarcation etc.

Environment and bio-defence fields are also growing on the technologies of
quantum dots nanoparticles based responses. However, the main focus of this
chapter is to discuss the applications of quantum dots mainly in biomedical
science, here some modern applications have been discussed for the readers.
Bio defence: In the traditional way involves identifying the pathogen by isola-
tion and multiplication is requires time. In-vivo method of streptavidin quoted
quantum dots that identify the pathogen very quickly a recent study has been
found. The bacterial like Mycobacterium, Bacillus Anthracis are highly infec-
tious, which can detect by the streptavidin quoted QDs from a sample very
quickly and even more than one pathogen by the respective pathogen each
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iii.

iv.

quoted with different QDs of different emission colours simultaneously [42]
i.e. broad of applicability with good sensitivity also.

Biomedical imaging applications

QDs-based immune fluorescence histochemistry (QDs-IHC) and conventional
immune-histochemistry (IHC) techniques to perform a retrospective analysis
on paraffin-embedded tissues of gastric biopsies of different patients were
HP positive and negative as well. The HP i.e. Helicobacter pylori detection
goes to the success of 99.1 to 100% success, QDs IHC based method has
high sensitivity than that of other traditional methods which makes easier the
diagnosis [43].

In the field of biomedical science, why it is emerging important to use QDs
as there is a great extent of advantages over the traditional one like as it has
(a) High bright photoelectron emission (b) Highly resistant to photobleaching
(c) Emission spectra having the quality to optimize size quantization effect d.
Simultaneous detection of multiple signals using a single excitation source. In
the very precise and specifically it is can be mentioned that QDs are charac-
terized by broad absorption spectra, composition tunable, size-tunable finally
shows light fluorescence with a challenging disadvantage of the same is its
property of biotoxicity.

Traditional OLEDs of fluorescent or phosphorescent emitters cannot emit the
intensity of light in various wavelength windows of photomedicine than newly
developed ultrabright and more active quantum dots light-emitting devices
(QLEDs). A recently developed quantum dot light-emitting device QLED-
based photo medical approach proves increased cell metabolism in a control
system of PBK (PBZ binding kinase) and kills cancer cells effectively for PDT
(photodynamic therapy) [44].

Modern photodynamic therapy is becoming a more important therapeutic for
localized cancer proliferation in the body. The mechanism of PDT induced
treatment of cancer cells is simply killing through oxidative stress produced
by highly cytotoxic Reactive Oxygen Species (RSO), which is created by PS
at its activated state.

Carbon quantum dots CQDs

Carbon dot nanoparticles are now in tremendous interest in the various sectors
of science including the energy sector as a large quantity. The Se, Ga, Cd,
mediated QDs are not biologically compatible and the applications of the same
in biology or medical science has proven cell cytotoxicity at a particular level
of concentration into the cell is very low even. To avoid this limitation CQDs
is one of the best alternative agents to the QDs filed. These CQDs has been
various advanced properties which have already been discussed here earlier
and the device or drug whichever it is required to improve and develop more
precisely, therefore the field attracts rapid high-quality research in this area to
well understand the optical property of CQDs.

CQDs are potentially used in biomedical science

Carbon dot nanoparticles are now in tremendous interest in the various sectors
of science including the energy sector as a large quantity. The Se, Ga, Cd,
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mediated QDs are not biologically compatible and the applications of the
same in biology or medical science has proven cell cytotoxicity at a particular
level of concentration into the cell is very low even. To avoid this limitation
CQDs is one of the best alternative agents to QDs filed. These CQDs has been
various advanced properties which have already been discussed here earlier
and the device or drug whichever it is required to improve for the development
of more precisely, therefore the field attracts rapid high-quality research in this
area to well understand the optical property of CQDs.

Carbon-based quantum dots to the treatment of haemorrhage. A recent study
has been established that Pollen Typhae Carbonisata PTC is a typically calcine
drug used as a treatment of haemorrhage. These PTC quantum dots are
prepared by using air drying at 50 °C for 2 h followed by heating with a muffle
furnace for 1 h at 350 °C then cooled to normal temperature and grounded
to fine particles. To ensure the effectiveness of this PTC quantum dots effect
to haemorrhage treatment mouse tail amputation and liver scratch model was
used by the workers and they found a significant decrease in bleeding time
while the PTC based QDs applied to the mouse injury.

The study admits that the PTC based QDs are a very excellent agent for control-
ling the haemorrhage in the outer epithelial aperture of skins in different places
of the body. A preliminary evaluation of the finding behind the coagulation
of blood to the haemorrhage was justified on the basis of PTC based CQDs
coagulation parameters were measured which admits that it was both endoge-
nous coagulation pathway and exogenous coagulation pathway of binding PTC
with blood serum. It is worthy to mention here that the carbon-based QDs have
some advantages to their biological compatibility like non-toxic to a biological
system, inert to chemicals of not under interest to the applications, it is very
cheap.

In the aim of modern medical biology, scientists are focusing the applications
of CQDs are mainly on the objectives of bio-imaging systems and drug delivery
systems due to the biocompatibility and inert to a biological system that acts
as a non-toxic substance. Here the understanding of the binding and delivery
mechanism of CQDs is important to work more in this field.

Disease detection and diagnostics using CQDs

An in-vivo biomedical application is new in the field of QDs nano-particles.
The major goal of biological imaging is to build up the image contrast due to
the molecular dissimilarities in the different tissues or organs and even species
to species.

Use of hydrophilic silicon quantum dots as a biological imaging agent in an
in-vivo imaging agent. For a tumour containing imaging system, a specific
antibody coupled with near-IR QDs having a polymer layer is efficient to give
a particular image with good resolutions, such QDs are extensively used for
in-vivo imaging techniques. The present challenge of scientists to create a
good resolution image for macro and microstructures using the QDs, for this
quantity of CD released in the region of the cell is reduced.
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Imaging of tissues into the deep of the body for better diagnostics of disease:
The development of early detection methods stimulates the prevention of
several kinds of tumours that are a threat to health.
5-FU (5-fluorouracil) is a well-known chemotherapeutic drug for colorectal
cancer (CRC) also this is possible to combine easily with f-cyclodextrin so that
it forms an effective inclusion complex [45]. 5-FU can be combined effectively
to form an inclusion complex with B-cyclodextrin and mi-R34a (m) into a
TCPI-CD quantum dot nanocarrier effective to inhibit the growth of patient
drive tumorigenic graft, a type of tumour growth in human [46] a recent study
has been found, the drug can be effectively administered to the collateral
cancer cells. The drug invades in this process to use QDs has been found more
efficient target delivery. A collateral cancer cell targeting QDs was designed
by the self-assembly of host—guest based interaction.

vii.  Applications of QDs in medical science
This section is a volatile area of continuously under development and chal-
lenges in new threats of health concern of not only mankind but the other
planetary inhabitant as well. In medical science, early detection of pathogens
is an important key to the health management of patients. The integration of
QDs and gene identification is a brilliant approach here.

Viral infection diagnosis by nano-particles of Quantum Dot

SarS-CoV-2 was a major threat there was at the time an urgent need emerged for the
scientists to detect the virus rapidly to individuals so that major precaution may be
taken. The normal process was going through antibody-based detection i.e., ELISA
test. Now carbon-based QDs has been developed to detect the pathogen even within
5 min, this QDs have moderate sensitivity and selectivity so that it can be done easily
on another side it has a very low cost also afford all concern. The process of detection
of microbes using Carbon QDs based nanomaterial is very simple and there are no
chances of shortage of the materials for the purpose. Several methods have been
developed for the preparation of carbon base QDs like electrochemical carbonization,
microwave base irradiation, hydrothermal solvo-thermal based treatments.

The carbonaceous aggregation is one of the major hurdles during the synthesis of
the material for this kind of experiment. This Carbon-based QDs have good quality
over the materials are it is an excellent water solvent so easy to use biologically, there
is no effect of photo-bleaching over this CQDs, it is a good chemical resistant i.e.
inert to the chemicals, high-quality luminescence signals which can be treated the
virus and use to detection also [47].

Challenges of QDs: Removal of QDs after the application to the body is a big problem
as mentioned earlier in this article, besides that some QDs are very toxic at a certain
level like CdQDs, CuQDs, ZnQDs which may restrict the metabolic functions after
a certain level of its invasion. A more rigorous study is required to fabricate the
non-toxic like CQDs agent to replace a toxic effect of QDs. Some of the QDs have
limitations of biological tagging and overlapping of the molecular property of target
molecules.
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5 Conclusions

QDs are an emerging new therapeutic in medical sciences and in biology research
it also can reveal a new horizon especially imaging of the tissues, cells etc. Carbon
quantum dots are an alternate way to overcome the challenges of the biocompatibility
of QDs. More research is required to the quantum dots to find out more effective
utilization to biology and medical science. More modern techniques and methods can
be used to formulate, characterization, and selection of target molecules, selection
of QDs to be used for bio conjugate that can go successfully to the target cell.
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Fluorescent Quantum Dots, M)
A Technological Marvel for Optical T
Bio-imaging: A Perspective on Associated

In Vivo Toxicity

Santosh Podder

Abstract Semiconductor quantum dots (QDs) are one of the technological wonders,
known for their excellent photo-physical properties. The recent advances in nanotech-
nology have made QDs a robust and readily available fluorescent probe for both
in vitro and in vivo bio-imaging research. QDs offer great advantages over traditional
organic fluorescent dyes and present a number of beneficial characteristics such as
size-tunable emission spectra, signal brightness, long life time, photostability, longer
multiphoton cross sectioning capabilities and so on. Since its inception, it is being
used as excellent fluorescent probe for a wide range of fluorescence microscopy
technologies ranging from conventional epifluorescence, confocal, multiphoton to
super-resolution microscopy for in vitro cell and tissue imaging to in vivo deep
tissue and whole animal imaging. Hence, QDs have opened up plethora of exciting
possibilities in bio-imaging research by enabling the researchers to probe and visu-
alize the invisible biological processes from the whole organism level (macroscale)
down to the cellular and in molecular level (nanoscale). Despite its enormous poten-
tial in bio-imaging, the involvement of heavy metals and the colloidal instability of
QDs have led to legitimate concerns about toxicity. These issues have impeded the
widespread adoption of QDs, especially in biomedical and in vivo bio-imaging. This
chapter mainly focuses on the QD-based fluorescence bio-imaging applications from
biological point of view and discuss relevant toxicity issues associated with using
QDs in in vivo investigations.

Keywords Quantum dots + Bio-imaging - Fluorescence * In vivo toxicity

1 Introduction

The discovery of green fluorescence protein (GFP) by Osamu Shimomura in the
hydroid jellyfish Aequorea Victoria followed by its successful expression in living
organisms and development of different variants of GFP by Martin Chalfie and Roger
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Tsien, indeed revolutionized the field of optical microscopy and fluorescence imaging
[1]. Subsequently, a panel of fluorescent proteins is now available covering almost
the entire visible spectrum, each possessing different biochemical characteristics.
Today, fluorescent labelling is of paramount importance to biological studies and a
great number of chemical dyes are used extensively to label biological specimens [2]
for high resolution and noninvasive imaging of live organisms. Quantum dots (QDs)
technology has influenced other several technologies. One of the major beneficiaries
of QDs is optical bio-imaging technology (which includes conventional fluorescence,
laser scanning confocal, two-photon excitation, super-resolution microscopy and so
on) which is rigorously used both in in vitro and in vivo bio-investigations [3]. QDs
are nanoparticles which emit very narrow spectrum of lights after being illuminated
by lights. QDs derive its fluorescent properties from the bandgap between its inner
core material and the capsule shell, and display size dependent fluorescent properties
(Fig. 1a). The size of this bandgap determines the QD’s fluorescent properties and
thus the QD’s emission can be directly tuned by their physical size of the band gap
[4]. In addition, it was recently shown that the size of the QD also determines the
lifetime, which increases with size [5]. QDs have a relatively long lifetime, which
provides the possibility to correct for background signals from short-lived fluorescent
species by time-gating techniques [6].

Obviously, optical imaging is benefitted by several unique properties displayed
by QDs. Their resultant emitted fluorescence can be tuned with high precision by
varying the size and composition of the fluorescent core (Fig. 1b). As for example,
QDs with cadmium selenide (CdSe) core, varying the core size (in the range of 2—
8 nm) a gradual shift of emission peak from 480 to 660 nm is possible [7]. This is
clearly an advantage of QDs over conventional fluorochromes in multiplex imaging
applications [8, 9]. So, a single excitation light source can be used to detect the
different antigens in the same biological sample while using QD-based nanoprobes.
Because a single light source can excite multiple QDs with different emission wave-
lengths simultaneously and simple fluorescence light sources such as arc lamps and
commercially available lasers in microscopes (405 diode, 488 Argon lasers etc.) can
serve this purpose to excite QDs with varying degree of efficiency. QDs display a
broad absorption band and narrower and more symmetric emission spectra compared
with other fluorochromes (Fig. 1c) with a typical full-width at half max (FWHM) of
~25-40 nm [10]. These extraordinary optical properties of QDs made them a potent
bio-imaging tool.

QDs are stable light emitters. In comparison to the available organic fluorogenic
dyes, QDs are reported to be 10-100 times brighter and almost 100-1000 times
more resistant to photobleaching. This might be due to the shell and various coat-
ings that form physical barriers which separate the excited state from surrounding
biomolecules and molecular oxygen. Hence, this characteristic makes them less
susceptible to photobleaching than other available organic dye molecules. This
feature has been well documented in number of biological labelling experiments
earlier and the photostability of QDs was compared with commonly used fluo-
rophores such as rhodamine, fluorescein, and Alexa-Fluor etc. [9, 13—15]. Figure 2
shows the better photostability of QDs when compared with one of the most stable
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Fig. 1 a Schematic representation of the anatomy of a semiconductor QD. b QDs display physical
size-tunable fluorescence properties. The spectral range of the six QD dispersions plotted against
CdSe core size. ¢ The comparison of the excitation and emission spectra of GFP (green lines) and
QDs. The broad absorption windows of QDs allow the simultaneous excitation of all sizes QDs
by a single excitation light source (UV to violet portion of the electromagnetic spectrum) making
QDs suitable for multiplexing applications. a, ¢ Adapted under the Creative Commons Attribution
License from Ref. [11]. b Adapted with the permission from Ref. [12]. Copyright 2011 American
Chemical Society

and commonly used organic dyes such as Alexa Fluor 488. When CdSe QDs were
compared with fluorescein isothiocyanate (FITC), a very popular fluorescence probe
in bio-imaging, CdSe were found to be a better alternative with safe, effective and
convenient labelling procedures for cellular fluorescent imaging [16].

The QDs can be considered as a rising tool which can transform the paradigm
of understanding the mystery of life processes otherwise invisible. This chapter
mainly focuses on the immense potential of fluorescence QDs in different optical
bio-imaging modalities and aims to provide an insight on the potential of QDs to
enable the scientists dig deeper into the living biological processes. The different
QDs synthesis processes and their modifications are out of the scope of this chapter.
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Fig. 2 A comparison of the photostability of QD 608 and Alexa 488. The fluorescence intensity
changes of QD 608 and Alexa Fluor 488 was monitored simultaneously in the same mouse 3T3
fibroblast cell with the same excitation wavelength for 3 min. Adapted with permission from Ref.

[9]

A foreign nanoparticle is always toxic in the living body because of its inability to
assimilate in the body. As QDs are made up of different inorganic materials, their
composition (e.g., heavy metals) and nanometric sizes have also opened a scope of
extensive discussion about their toxicity issues before its widespread uses in bio-
imaging research. Several studies have reported differential toxic effects of QDs
ranging from completely harmless to very toxic. Therefore, it is relevant to address
some of these toxicity issues in the light of its explicit potential in in vivo optical
bio-imaging investigations.

1.1 QDs in Biological Applications

For biological application QDs need to be water soluble. Bruchez et al., added a
third layer of silica on the core—shell system to make it water soluble and stable in
buffer system. Hence for the first time, CdSe—CdS QDs enclosed in a silica shell
were used to label the mouse fibroblasts. The biotin was covalently bound to the
surface of the nanocrystals and this conjugated molecule was used to specifically
mark F-actin on the cells. QDs were established as a class of fluorescent probes with
a long fluorescence lifetime and higher tunability [13]. This was followed by others
intensive efforts to produce biocompatible QDs [14] and their use for labelling biolog-
ical samples [9]. In a fluorescence in situ hybridization (FISH) analysis of human
metaphase chromosomes, CdSe-ZnS QDs were found to be significantly brighter
and more photostable than conventional organic fluorophores such as Texas Red
and FITC, thus offering a more stable and quantitative mode of FISH for research
and clinical applications [15]. Zinc is already present in biological system. So, Zinc
oxide (Zn0O) is more biocompatible than Cd. Chan and Nie used semiconductor QDs
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which were covalently attached to biomolecules for ultrasensitive detection at the
single-dot level. Zinc oxide (ZnO) QDs surface functionalized with capping agent
(mercaptoacetic acid) followed by covalent protein attachment (transferrin biocon-
jugate) were found to be biocompatible in vitro and with living cells. The presence
of Transferrin facilitated the receptor-mediated endocytosis and transportation of
these luminescent QDs into the cultured HeLa cell [14]. Subsequently, different
Zinc compositions were used as core only or core—shell structures in QDs, e.g.
Zinc Selenide (ZnSe), ZnS, CdSe—ZnS etc. These QDs were subsequently used for
different biomedical applications, such as tumor imaging, monitoring of extracel-
lular and intracellular trafficking and nanoparticle-mediated drug delivery etc. [17].
The lysine-coated CdSe/CdS/ZnS QDs were bioconjugated with Transferrin (Tf),
an iron-transporting protein and used as targeted optical probes for live pancreatic
cancer cell imaging using confocal microscopy [18]. Table 1 tabulated few studies
which used different QDs with varied functionalization strategies and optical imaging
modalities.

As a necessity, these nanoparticles went through different surface modification
approaches with different biomolecules to avoid potential toxic release of shell atoms
[19]. Inrecent years Graphene QDs (GQDs) are spreading in life science applications
for their great photophysical properties as well as good biocompatibility and more
“molecule-like” character than other QDs [20, 21].

1.2 A Tool for Deep Tissue Imaging

Imaging thick biological specimens such as thick tissue samples over long period of
time always necessitates multiple optical sections to be collected without damaging
the specimen. This has always remained as a challenging task for biologists using
visible light. Hence, the multiphoton microscopy has become the primary fluores-
cence imaging technique in thick specimens because it allows deep imaging of a
variety of biological samples with less overall photobleaching in comparison with
wide field or confocal microscopy. The extreme photostability and the significantly
higher two-photon action cross section of QDs make them a prominent choice of
in vivo imaging using multiphoton excitation [23, 32-34] in demanding biological
environments such as thick specimens and living tissues.

The water soluble CdSe—ZnS QDs enabled deep tissue multiphoton imaging of
skin vasculature of live mice at greater depths with less laser power in comparison to
the conventional fluorophores such as fluorescein. This successful application was
critically dependent on its prominent and large two-photon action cross section of
the CdSe—ZnS QDs (almost 3 orders of magnitude larger than fluorescein) [23].
The commercial red QD, Qtracker 655 are reported to be suitable for both cell and
tissue two photon microscopy [35, 36]. A recent study demonstrated and character-
ized the three-photon action cross section and emission spectrum of Qtracker 655
QDs at the 1700 nm window. The imaging depth of 2100 pwm mouse brain vascu-
lature (Fig. 3) and 1600 pm for hemodynamic were reached setting a record depth
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Fig. 3 The 3PM image of the deep-brain vasculature in adult mouse (in vivo) labelled with
Qtracker655. a The 3D reconstructed 3PM images of the mouse brain showing Qtracker655 labelled
vasculature (red); white matter (WM) layer extending from 860 to 1000 um below the surface of the
brain (THG signals; green). b—e The 2D images showing blood vessels at different depths; depths
of 900 pm (b, in WM), 1400 pwm (¢, in hippocampus), 1800 pm (d, in hippocampus), and 2100 pm
(e, in hippocampus) below the surface of the brain. Scale bars: 50 pm. Adapted with permission
from Ref. [31]. Copyright 2019 American Chemical Society

among all the multiphoton microscopy modalities. In addition, the three-photon
action cross section of Qtracker655 was recorded to be 4-5 orders of magnitude
higher than the commonly used exogenous fluorophores in three-photon microscopy
(3PM) excitation at 1700 nm window such as Texas Red dextran and SR101 [31].
QDs offers several advantages over traditional fluorophores. QDs emit light in
the infrared and near-infrared regions. The absorption of tissues is minimal in this
region and this is a great advantage of using QDs for deep tissue imaging compared
to the classical fluorophore. In order to apply QDs in biomedical imaging, studies
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focused on developing near-infrared (NIR) luminescent QDs which exhibit an emis-
sion wavelength ranging from 700 to 900 nm [37]. The most popular types of QDs
include CdSe, CdTe and ZnSe. The most commonly studied and used QD is CdSe
[38]. In last years, QDs with NIR emission suitable for in vivo imaging have been
developed and made commercially available. In an in vivo imaging study of mouse
model of acute liver failure, the labelling ability of commercial QDs655 and QDs800
to adipose-derived stem cells (ASCs) transplanted into QDs was assessed and organ-
specific accumulation of transplanted ASCs labelled with IR QDs were investigated
[27]. Although the excitation and emission wavelengths were in the red region of the
visible light spectrum, all the transplanted labelled ASCs were detected efficiently
in an in vivo imaging system because of the strong fluorescence of QDs. The trans-
planted ASCs with QDs800 were detected efficiently with NIR fluorescence for at
least 5 days [28].

Most of the tissue chromophores such as haemoglobin and water weakly absorb
light in the infrared range of wavelengths due to the lower absorption coefficient
and scattering effects in the near-infrared (NIR) region (650-900 nm). Here the
use of the NIR photons is beneficial for bio-imaging in living tissue due to their
longer attenuation distances and a better tissue staining capabilities. These does not
even interfere much with sample autofluorescence. Hence, QDs are advantageous
because their emission can be set to a NIR area by adjusting its size or by incor-
porating rare-earth activators. Apart from QD’s robust optical characteristics, their
surface properties easily allow bioconjugation. The fluorescence lifetime of QDS
(in the range of 1040 ns) is significantly longer than typical organic dyes or auto-
fluorescent flavin proteins which decay in the order of a few nanoseconds [39-41].
Therefore, with a combined pulsed laser and time-gated detection method using QD
labels sample’s images can be produced with significantly reduced background noise
levels. The NIR-GQDs arose as an attractive bio-imaging tool for picturing biolog-
ical events because of their ability to provide deep imaging penetration and low
fluorescence background. A recent study demonstrated the suitability of a NIR-far
red emission two photon fluorescent probe GQD-MnO, (the surface covered with
MnO; nanosheets) for the direct two photon excited fluorescence imaging of intracel-
lular GSH levels in living HeLa cells and deep tissue imaging in rat liver frozen slices
[42]. This raises a potential prospect of this multifunctional nanoprobe to become a
new platform for bio-imaging and diagnosis in biomedical fields.

1.3 Imaging Beyond Diffraction Limit

As per Abbe’s optical diffraction-limited theory, the resolution of conventional far-
field (optical) fluorescence microscopy is limited to half of the imaging wave-
length (~200 nm) [43]. The super-resolution microscopy techniques opened up a
new dimension in cytobiological research by enabling the biologist to see the life
processes in nano scale for the first time. Among all the available super-resolution
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imaging methods such as structure illumination microscopy (SIM) [44, 45], photoac-
tivated localization microscopy (PALM) [46] and stochastic optical reconstruction
microscopy (STORM) [47, 48], the stimulated emission depletion (STED) is a pure-
optical measure that can be applied with a variety of dyes, while being free from
complex post imaging calculation. These advantages make STED favourable for
super-resolution imaging in a real-time mode. However, the improvement in resolu-
tion in STED also comes with a price: the depletion of most conventional fluorescent
labels, such as molecular probes and fluorescent proteins (FPs) because STED tech-
nique requires a very high depletion light intensity [49, 50]. As a result, STED bio-
imaging suffers from severe photobleaching and phototoxicity [51], thus hampering
the development of their long-term imaging applications with live samples.

The widely popular class of quantum dot molecular labels could so far not been
utilized as standard fluorescent probes in STED nanoscopy. This is because, the broad
quantum dot excitation spectra extend deeply into the spectral bands used for STED,
thus compromising the transient fluorescence silencing required for attaining super-
resolution. Reports on the usability of QDs in STED imaging is scanty. Hanne and
co-workers recently reported the successful STED nanoscopic imaging by popular
775 nm STED laser using commercially available and widely used red-emitting
ZnS/CdSe or ZnS/CdTe QDs. A resolution ~50 nm was achieved for single quantum
dots. While Qds705-labelled vimentin filaments in fibroblasts was imaged, a 2.7-
fold reduction in the measured filament diameter was recoded (Fig. 4). The high
photostability of the QDs enabled repeated STED recordings of more than 1000
frames [52]. Commercial QD705 was efficaciously applied in a series of commercial
super-resolution systems, including STED, SIM and single-molecule localization
microscopy. QD705 was successfully used in STED with a careful choice of the
depletion conditions (continuous-wave depletion laser 775 nm rather than a pulsed
picosecond laser) to avoid the large two-photon excitation of QDs. A 85 nm FWHM
super-resolution was recorded on a QD705-1abelled microtubule network of HeLa
cellsby STED nanoscopy [53]. Very high lateral resolution (42 nm) was demonstrated
for a single QDs (green emitted commercial CdSe/ZnS QDs) at relatively low-power
depletion laser. For the first time these QDs were successfully used for labelling the
lysosomes of living HeLa cells and 81.5 nm lateral resolution was obtained. Apart
from that, living Eca-109 cells labelled with the CdSe/ZnS QDs was observed with
fluorescence lifetime imaging microscope (FLIM) and served as a satisfactory probe
in further FLIM-STED experiments [54]. In a recent report, a high resolution of
21.0 nm for a single QD was obtained when water soluble green emitting CdSe/ZnS
QDs coated on a glass slide were imaged in a STED nanoscopy under irradiation with
a 529 nm STED depletion laser. This is clearly a ten-fold enhancement compared to
the resolution achieved in a laser scanning confocal microscopy imaging [55].

Apart from the group II-VI QDs stated above, recently, novel halide perovskite
(CsPbX3, X =Cl, Br, or I) quantum dots also displayed their potential as future STED
probes. For the first time, CsPbBr3;-based STED nanoscopic imaging was described
and the lateral resolution of a single CsPbBr; QDs was recorded as low as 20.6 nm
with a 27.5 mW depletion laser [56].
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Fig. 4 STED imaging of immunostained cellular samples (REF cells) labelled with Qdot705.
Vimentin fibres were labelled with Qdot705 and a imaged with the excitation (Exc.) plus the STED
laser beam; b imaged with the STED laser beam only; ¢ subtraction of the image (b) from the (a);
d confocal image. e and f insets from white squares in (c) and (d), respectively. g Intensity profile
of a single vimentin fibre as indicated in (a) and (b). h Intensity profile for the subtracted image
(c) and the confocal image (d) as indicated. i Line profile of the position indicated by arrow heads
in (e) and (f). The two fibres which appear as a single blurred object in the confocal reference image
found to be resolved to a distance of 140 nm in the super-resolved image. Scale bar, 1 pm. Adapted
with permission from Ref. [52]

The structured illumination super-resolution imaging microscopy (generally
known as SIM) improves the resolution by modulating the spatial frequency domain
of captured images by using structured illumination patterns [44]. For a single image
to capture in 2D SIM, typically 9 images with 3 different illumination orientations
in 3 sequential phases are necessary while 3D SIM requires the acquisition of 15
images. Hence, sample stability during the entire image acquisition process is the
paramount requirement of this imaging technique. The photobleaching of available
organic dyes introduce artificial effect during SIM reconstruction. QDs can be the
better choice because of their superior photostability but point of concerns are the
intermittency or blinking features of QDs’ emission. This can introduce another
source of artificial effect in SIM [57]. The artefact caused by the blinking of QDs
can be decreased either by collecting several SIM images with each collection condi-
tion and averaging these data to form one frame or increasing the acquisition time for
each frame and averaging out the blinking. In a subdiffractional imaging approach of
microtubules on fixed HeLa cells, the spatial resolution (FWHM) of the microtubule
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network were measured to be ~94 nm in the x—y plane. In comparison to wide-
field imaging where artefacts were primarily appeared to be discontinuous, SIM
imaging (acquired using above-mentioned strategies) worked well in preserving the
connectivity of microtubule networks (Fig. 5).

STORM [47] and its close relative PALM [46, 58] utilizes the intensity blinking
properties (“on” and “off” of fluorescence intensity) of fluorophores. Many fluo-
rescence images are collected, wherein in each image has a random subset of the
fluorophores that are “on” and precise localization of each isolated emitter in each
image frame is determined. The final super-resolution image is reconstructed by
combining the emitter localizations from every individual frame [46, 58]. Most
commonly used organic dyes and photoactivatable fluorescent proteins require suit-
able oxygen-reducing buffer systems (this can be cytotoxic over time), high laser
excitation powers (can be both phototoxic to cells resulting an increase in the
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Fig. 5 SIM images of the microtubules in HeLa cells. a One SIM image; b summation of 10
reconstructed SIM images; ¢ one SIM image with 10x extended frame exposure time; d—f the
morphological analysis of the (a)—(c) images; g wide-field microscopy image. Scale bar: 2 pm. h
Resolution of SIM results (a)—(c) and wide-field image (g). Adapted with permission from Ref.
[53]. Copyright 2016 American Chemical Society
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photobleaching rate), and/or the use of multiple excitation lasers to achieve this
blinking property. These can be expensive and complicated [59, 60]. QDs naturally
exhibit inherent fluorescence blinking. So, this inherent, fast blinking along with
extremely photostable fluorescence properties of individual QD eliminate the need
for multiple photoactivation lasers or oxygen-reducing buffers (required by other
organic dyes and fluorescent proteins) in order to enable the fluorescence intensity
blinking required for super-resolution imaging applications [61]. The neuropeptide
namely bradykinin (BK) functionalized CdSe/CdS QDs (BKQD) were found to be a
fundamentally superior STORM imaging probe to BK labelled with an organic fluo-
rophore, 5-carboxytetra-methylrhodamine (TAMRA). Higher localization accuracy
was remarkable in the super-resolution images of primary rat hippocampal neuronal
cultures labelled with BKQD probes in comparison to the images obtained using
TAMRA-BK. The BKQD treated cultures were imaged in physiologically relevant
conditions: using PBS or neurobasal media whereas The TAMRA required a buffer
that contain oxygen scavengers [62].

Table 2 tabularized some of the studies where QDs were successfully used in
different super-resolution imaging modalities.

Table 2 Usage of QDs for super-resolution imaging

QDs Functionalization | Model | Cell type Imaging Excitation/emission | Refs.
modalities
ZnS/CdSe Antibody-coupled | In Rat Confocal AExc/AEm: [52]
(Commercial) vitro embryonic and STED | 628 nm/650-770 nm;
QDS fibroblasts microscopy | AsTED: 775 nm (red)
CdSeTe/ZnS | Streptavidin In Human Confocal, | Apxc/AEm: 532 nm; | [53]
(Commercial) | conjugates vitro | cervix STED and | AgTED: 775 nm
QDS fixed | cancercells | SIM for SIM Agxc:
cells microscopy | 488 nm
CsPbBr3 Colloidal Coated | NA Confocal AExc/MEm: 488 and [56]
dispersed QDs in | on and STED | 510-570 nm
octane glass microscopy | ASTED: 592 nm
slide
CdSe/ZnS PEG-COOH In Human Confocal AExc/AEm: [54]
QDs vitro cervix and FLIM and | 488 nm/BP
(Commercial) live oesophageal | STED 520-550 nm
cell cancer cells | microscopy | ASTED: 592 nm
CdSe/ZnS PEG-COOH Coated | NA Confocal AExc: 488 nm [55]
QDs on and STED | Agmy: 592 nm
glass microscopy | (centred)
slide ASTED: 775 nm
CdSe/CdS Bradykinin In Primary STORM AExc: 532 nm [62]
QDs vitro | mixed rat imaging
fixed | hippocampal
cells neuronal and
glial cultures
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2 Concerns on Associated Toxicity

Most of the current studies rigorously emphasized on its physicochemical properties
and underscored its immense potential as a bio-imaging probe but unfortunately QDs
induced toxicity issues are not systematically documented yet [63]. Majority of the
studies from which the toxicity aspects of QDs have been derived or cited in reference
were mainly performed by nanotechnology researchers rather than toxicologists or
health scientists [64]. A clear disparity exists on the available QD induced toxicity
reports. No discernible toxicity was recorded in live animals when QDs were injected
into Xenopus embryo [65], bloodstream of pigs [66] and for up to 4 months in mice
[23, 67, 68] or cells grown in vitro with QDs for more than two weeks [69]. Negligible
cytotoxicity of CdSe QDs was reported in a typical fluorescent cell imaging procedure
(10nmol/L, 12 h) using HeLa cells and labelling effect to microtubule was guaranteed
satisfactorily [16]. However, most QDs are composed of heavy metals which are
known to be toxic in their soluble form [70]. Hence, biocompatible surface coatings
are paramount requirements in the in vivo bio-imaging applications of QDs to prevent
intrinsic toxicity of QD constituent like Cd, lead (Pb), or arsenic (As). The stability
QDs and their resistance to metabolic degradation in the biological system is an
important aspect of their potential use in bio-imaging. QDs should not be acutely
toxic as long as their coating is stable enough to detain the release of cadmium.
These toxicity concerns are still valid in vivo applications and crucial for long-
term imaging experiments using QD labelling. Therefore, both short- and long-term
safety of QDs will need to be established in toxicological studies in clinically relevant
animal models [63]. No apparent histopathological abnormalities were recorded in
liver kidney and spleen of mice after 7 or 30 days of intravenous injection of injected
with CdTe/Cds QDs [30] and the extent of lower toxicity of these QDs to the mice
organs was attributed to the CdS shell on the core CdTe of QDs [71]. Core—shell
QDs with an outer ZnS shell, are chemically more stable whereas an unadorned QD
core is highly reactive and toxic. The degradation of the QD coating may result in
undesirable reactions in vivo systems as the toxic heavy metal ions can be easily
leaked out into biological systems [64]. Cytotoxicity of QDs has been observed
in a large number of in vitro studies [72]. Cytotoxicity of the cultured cells were
correlated with the liberation of Cd*? ions [73]. The UV irradiation induced surface
oxidation may trigger the breakage of shells and surface coatings of QDs instigating
the release of free Cd** and lethal damage to the cell [74, 75]. The involvement of both
Cd?* and reactive oxygen species (ROS) accompanied by lysosomal enlargement and
intracellular redistribution were reported in CdTe QDs induced cell death of MCF-7
[76]. Table 3 tabulated some of the QD toxicity studies.

The blood circulation system is considered one of the important barriers against
foreign intruders, including nanomaterials in vivo investigations, different biomed-
ical applications or environmental exposure. CdTe/SnS QDs are reported to be
readily engulfed by macrophages and posed great damage to macrophages through
intracellular accumulation coupled with ROS generation and inhibited macrophage
cell proliferation. Particularly, QDs coated with PEG-NH, had a greater capability
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Table 3 QD toxicity studies
QDs Functionalization Model and cell type | Toxicity documented | Refs.
CdSe Tri-n-octylphosphine | Rat hepatocytes High cytotoxicity due | [75]
oxide capping to release of Cd** ions
CdSe ZnS capping Rat hepatocytes Low, no release of Cd | [75]
CdSe and Mercaptopropionic In vitro: NRK Cytotoxic to the cells | [73]
CdSe/ZnS | acid (MPA), silica shell | fibroblasts, and poisoning is due to
bearing phosphonate | MDA-MB-435S release of Cd®* ions
groups (phos-silane) breast cancer cells,
and polyethylene CHO and RBL cells
groups (PEG-silane)
CdTe and MPA and NAC Human breast cancer | CdTe QDs capped with | [76]
CdSe/ZnS | conjugated cells small organic ligands
are cytotoxic-induces
oxidative stress
releases Cd>* ions and
photooxidation
processes. CdSe/ZnS
QDs are less cytotoxic
CdSe/Cds | MPA-conjugated Intraperitoneal The levels of lactate [78]
injection into BALB/c | dehydrogenase,
mice nicotinamide adenine
dinucleotide phosphate
oxidase,
pro-inflammatory
marker such as
interleukin-6 increased
in the plasma, liver and
spleen
CdTe/SnS | PEG, PEG-NH,, or J774A.1 Macrophage | Caused great damage | [77]
PEG-COOH cells to macrophages
through intracellular
accumulation, reactive
oxygen species
generation and
inhibited macrophage
cell proliferation

for entering the cells and revealed a robust ability to repress the proliferation of
macrophages [77]. Intraperitoneal injection of CdSe/CdS-MPA QDs into BALB/c
mice increased the lactate dehydrogenase, nicotinamide adenine dinucleotide phos-
phate oxidase, pro-inflammatory marker such as interleukin-6 increased in the
plasma, liver and spleen [78]. Hence, optimization of surface modification and its
biocompatibility is a critical parameter to ensure the function and the safety of QDs.
The molecules used for surface functionalization of the QDs might also be a concern
for toxicity [64]. Given the highly intrinsic toxicity of Cd, the biological applica-
tions of Cd-QDs have been limited. This is worth mentioning that the toxicity of
QDs depends on various factors and varies in a complex manner. These factors may
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include the nature of the biological environment where QDS are applied, physiolog-
ical parameters, the extent of cellular uptake, and finally the physicochemical prop-
erties of QDs employed [79]. Hence, each type of QDs requires to be characterized
individually for its potential toxicity because each type possesses own unique physic-
ochemical properties such as sizes, charges, concentrations, outer coating materials
and functional groups, oxidation and mechanical stability. Hence, all these character-
istics along with environmental factors have been implicated as contributing factors
to QDs toxicity [64] and making it quite difficult to generalize the toxicity aspects.
If the metals are safely contained in QDs using more and more stable coating, still
the relevant issue will be the metabolic clearance of the QDs before successful use
in vivo bio-imaging experiments. Unfortunately, hardly anything is known about
how these particles will be cleared by the body [72].

In recent years extensive efforts has been made to explore alternative strategies
to develop more efficient QDs with high biocompatibility using nontoxic elements
[80] such as InP-based QDs (III-V semiconductors), silicon (Si) QDs etc. in order to
lower the potential toxicity of the fluorescent probes for biological applications. Very
little studies reported the use of InP or other III-V QDs in bio-imaging applications
because they are difficult to prepare on a competitive time scale, and their quantum
efficiencies tend to be much lower [81]. Owing to their nontoxic nature, SiQDs
showed a great potential to be used as an excellent fluorescent probe for bio-imaging.
But the aqueous solubility remains the common problem in SiQDs too as in all types
of QDs when they are employed in vitro and in vivo imaging experiments [63].

Proper knowledge of the biological fate and toxicity of QDs is very essential for the
successful application of QDs in bioscience research [78]. An increase in QD usage in
bio-imaging research will lead to the undeniable dumping of a lot of QDs directly into
the environment. In due course, this may ultimately result in environmental toxicity
[82, 83]. Till date no thorough study is available on the transport, elimination and
biodegradation mechanisms of QDs.

3 Conclusion and Future Perspectives

The ongoing development in QD research made them a useful arsenal in the bio-
imaging toolbox having immense potential for diverse bio-imaging studies (including
live deep tissue imaging, intracellular life processes at the single-molecule level, high-
resolution cellular imaging, tumour targeting and so on) in different scales (macro to
nanoscales). QDs are suitable for use as probe in heterogenous fluorescence imaging
modalities to visualize life processes. In spite of different physical strategies, the
in vivo investigation of single-molecule dynamics in living cells by delivering QDs
across the plasma membrane into the cytosol always remained a challenge. This is
because of the absence of versatile delivery approaches. New approaches such as
the cell-penetrating poly(disulfide)s based technology [84] and freeze-concentration
strategy [85] are proficiently delivering QDs in the cell and increasing the chances
of endosomal escape of QDs. This can be an important development in the field of
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QD research by enabling the researcher to capture the single molecular dynamics
in cells and living animals and probe biophysical properties of the cytosol. Despite
of all these strategic advances, QDs are far from their exhaustive application in
bio-imaging research due to their hydrophobicity and toxicity. Continuous efforts
have been taken to make them more water soluble and suitable for bio-imaging
research through different synthesis strategies, surface functionalization techniques
and conjugating them with different biomolecules to facilitate the interactions with
living biological systems. Still QDs may not be considered as a complete replace-
ment of the widely used contemporary fluorescent dyes but they have the ample
potential to complement the dye deficiencies in different bio-imaging applications.
Nevertheless, their potential use in routine in vivo investigations will only be possible
only when investigations on long-term QDs toxicity and its clearance mechanisms
in bio-organisms are fully addressed.
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Somrita Mondal and Animesh Pan

Abstract Semiconductor quantum dots have been a matter of significant research
interest owing to their potential biomedical applications, especially in drug delivery,
biosensing, and, bioimaging. Practical biomedical applications of quantum dots
require high fluorescence quantum yield, good aqueous solubility, narrow size distri-
bution, and crystallinity of as-synthesized nano-sized particles. Several types of
nanocarriers have been investigated for drug delivery. Out of different nanocar-
riers, semiconductor quantum dots have been favored due to their distinctive size-
dependent optical, electrical, and, other physico-chemical characteristics. QDs have
been explored for a wide variety of biomedical applications, e.g., detection of disease,
drug delivery, biosensing, bioimaging, different type of therapeutic applications,
including cancer therapeutics, tissue engineering, etc. QDs have excellent surface
functionalization properties as well as biocompatibility. Encapsulation of QD core
with different metal, metal oxides, polymers, or biomolecules facilitates core—shell
structure, which, in turn, improves the efficacy of QDs for biomedical applications.
The main advantage of using QDs as a nanocarrier for delivery of different types
of drugs is its high surface to volume ratio, biocompatibility, and its cell-membrane
permeability, which allows multiple sites for attachment of drug molecules. More-
over, surface functionalization of QDs enables loading of drug molecules to the QD
surface through covalent as well as non-covalent bonding. On the other hand, bright
photoluminescence ranging up to NIR region, excellent photostability, compressed
light scattering, low tissue absorption, and unique size-tunable optical and electrical
properties enable quantum dots for a wide range of biosensing as well as bioimaging
applications. Furthermore, QDs provide a suitable platform for engineering of multi-
functional nanodevices with capabilities of exploiting multiple imaging modalities
or merging imaging and therapeutic functionalities within a single nanoparticle.
Altogether, QDs have been a potential candidate for next-generation clinical and
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diagnostics research. In this book chapter, we aim to cover applications of different
types of quantum dots in drug delivery, biosensing, and bioimaging.

Keywords Quantum dots + Biosensing * Bioimaging - Drug delivery

1 Introduction to Quantum Dots (QDs)

Nanoparticles are nano-sized particles having a dimension in the nanometer range
(1-100 nm). Nanomaterials can be classified into different types. Based on the dimen-
sional approach, there are zero-dimensional, one-dimensional, two-dimensional, and,
three-dimensional nanoparticles. QDs are the most popular example of 3-D semi-
conductor nanoparticles. Semiconductor nanomaterials, which has dimension less
than their Bohr exciton radius, are termed as quantum dot. Thus, quantum dots, in
general, have a dimension between 1 and 10 nm. Mark Reed introduced the term
“quantum dot” [1]. QD excitons are confined within a small dimension. Due to this
confinement, quantum dots behave like a particle in a 3-D box and follow quantum
mechanics, hence the name “quantum dot.” Quantum confinement in quantum dot
creates discrete energy levels, which, in turn, broadens the band-gap and enhances
band-gap energy. QDs have unique size-tunable optical, electrical, and, magnetic
properties. They possess size-tunable absorption and emission, broad absorption and
narrow emission covering UV-Vis region (sometimes extending up to NIR region),
large molar extinction coefficients, appreciable photostability, large surface area, high
fluorescence quantum yield, flexible surface chemistry, and, biocompatibility. These
properties enable them for diverse applications in biomedical field, specifically, in
biosensing, bioimaging, and, drug delivery [2-7].

The main criterion for successful biological applications of QDs are narrow and
symmetric photoluminescence profile, high fluorescence quantum yield, size unifor-
mity and narrow size distribution of the particles, good crystallinity, aqueous solu-
bility, and, biocompatibility of the particles [8]. Over the past decade, different types
of QDs have been studied for biomedical applications, (1) group II-VI: e.g., ZnX,
CdX (X =S/SelTe), (2) group IV-VI: e.g., SiX, GeX (X = S/Se/Te), (3) group III-V:
e.g., GaAs, InAs (4) graphene and graphene oxide quantum dots (GQDs or GOQDs)
(5) carbon quantum dots (CQDs), etc. Broadly, quantum dots can be classified into
two categories: (1) traditional QDs: group III/V, II/VI, IV/VI core or core/shell QDs
and, (2) emerging QDs: non-toxic QDs, e.g., SiQDs, GQDs, GOQDs, some metallic
hybrid (other than toxic heavy metals) quantum dots.

Over the past few years, core—shell quantum dots have also been popular in
biomedical applications. Core—shell materials have distinct “core’ and “shell” mate-
rials, giving rise to synergistic properties of core and shell, or, giving rise to some
innovative property due to the core—shell interaction. Size tunable optoelectronic
properties can be more prominent in core—shell quantum dot nanomaterials. Thus,
core—shell quantum dots exhibit better optical properties compared to core only QDs,
which, in turn, augments the photostability and photoluminescence quantum yield
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[9-12]. One major problem in dealing with the core only quantum dots is the inherent
toxicity of the quantum dots due to some heavy metals like cadmium, selenide,
telluride, etc. This toxicity can limit their biological applications. This limitation
can be overcome by putting a non-toxic shell (mostly ZnS) on top of a toxic core.
Core—shell QDs like AgInS,/ZnS have been a popular candidate for bio-applications
[13]. Usage of non-toxic capping agents like sulfated bacterial polysaccharide has
also been explored to address the toxicity concern of quantum dots [14].

2 Different Synthetic Routes for Biocompatible QDs

In general, there are two different routes for the synthesis of colloidal quantum
dots: top-down method and bottom-up method. Top-down method is breaking
down larger dimension precursor materials into nanoscale objects, ex., ball-milling
method. Bottom-up method is the reverse, building up nanoscale dimension starting
from atoms or molecules. In the chemical synthesis lab, generally bottom-up
approach is followed for synthesis of quantum dots, as this is a better method
for obtaining nanomaterials with size uniformity and narrow size distribution [15].
Typical chemical colloidal synthesis of semiconductor quantum dots consists of
multiple steps, e.g., non-equilibrium nucleation followed by nanoparticle growth
known as Ostwald ripening [16]. Some popular colloidal synthetic routes are: reverse
micellar synthesis [17], thermolysis using organometallic reagents [18], aqueous
synthesis using biomolecules as capping agent [19]. Reverse micellar synthesis is
performed by combining two similar type of reverse micelle solutions consisting
of hydrophilic reactant substances. Kwon et al. reported synthesis of fluorescent
graphene quantum dots (GQDs) in reverse micelle method, the typical method
involves simple carbonization of sugar in water-in-oil reverse micelle [20].

Zhang et al. reported synthesis of Co304 QDs through reverse micelle method.
Typically, Cobalt nitrate was solubilized in butanol-dodecanol solvent mixture in
an autoclave, followed by transfer of the autoclave in a microwave reactor [21].
This method involves mild reaction conditions, also, the synthesized nanoparticles
are stable. However, photoluminescence of nanoparticles is not good enough as
required for fruitful biological applications [22]. High-temperature organometallic
thermolysis method is a very widespread method for synthesizing nanomaterials
[23]. In this method, the anionic counterpart of the QD (e.g. S, Se, Te, etc.) is first
reduced using some reducing agent, e.g. tri-octyl-phosphine (TOP). Next, salt or
oxide of cationic counterpart is dissolved in mixture of some organic solvent and
capping agents (usually long chain hydrocarbons like oleic acid, octadecane, TOPO,
etc.). Next step is quick injection of previously prepared anionic part into the cationic
part solution in nitrogen atmosphere on a heating system. Size tunability of the QDs
can be achieved using different injection temperature and varying reaction time. For
synthesis of core—shell QDs in this method, first, core QD is made, followed by
injection of shell counterpart. There are numerous reports on synthesis of QDs using
this method [24, 25]. This method gives very good quality nanomaterials with bright
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fluorescence. Nevertheless, induced toxicity due to organometallic precursors and
aqueous insolubility is the drawback for biological applications. Later on, several
research groups worked to remove these limitations through surface exchange of the
synthesized nanomaterials with some aqueous soluble and biocompatible ligands.
Surface functionalization of the QDs made through organic route with water-soluble
non-toxic ligands (mostly small chain thiols) reduces the toxicity to a significant
amount, but the fluorescence of QDs after surface exchange usually drops a bit.

Another way for making biocompatible quantum dots is the aqueous colloidal
synthesis using water-soluble capping agents [26-28]. In this method, the anionic
counterpart of the QD (e.g. S, Se, Te) is first reduced using some reducing agent
like sodium borohydride. Next, salt of cationic counterpart of QDs is dissolved
in water and mixed with a water-soluble capping agent (e.g., cysteine, glutathione
etc.), followed by injection of anionic precursor. Size tunability can be achieved
through variation of injection time. There are a few examples reported on this aqueous
synthesis procedure of QDs [18, 29]. QDs synthesized in this method generally give
satisfactory fluorescence required for biological applications; however, particle size
distribution is not very good and fluorescence spectra are generally broader. Synthesis
of core—shell QDs in this method can be performed by first synthesizing the core
counterpart, followed by injection of shell; however, synthesis of core—shell QDs in
this method does not result in very stable QDs.

Thus, depending upon the application, synthesis method can be selected. Prob-
ably, the finest way to get the best quality biocompatible quantum dots with long-
term stability and very bright photoluminescence with narrow spectra is to synthesize
quantum dots via high-temperature thermolysis method using organometallic precur-
sors, following surface functionalization with some water-soluble capping agents. If
the application does not demand very long-term stability or good size distribution
and a little broader spectral profile is good enough, then direct aqueous synthesis can
be performed.

For carbon-based QDs, different synthetic routes can be carried out, e.g.
hydrothermal synthesis [30]. Hummer’s method consisting direct oxidation of
graphite with KMnO, and H,0,, followed by particle size reduction using particle
size homogenizer or ultrasonication and centrifugation [31] and, pyrolysis of citric
acid consisting heating and melting of citric acid, followed by addition of base like
NaOH [32].

3 QDs in Biosensing

Sensing means detection. Biosensing refers to the detection of physiologically essen-
tial biomolecules. For almost every sensor probe, a very low detection limit, wide
linear range of detection, high sensitivity, and specificity are the foremost criteria
for sensing. QD-based sensors have been widely studied for biosensing applications
over the past years. Here, we will focus on sensing of proteins, nucleic acids, and
vitamins.



Quantum Dots in Biosensing, Bioimaging, and Drug Delivery 169

The sensing of protein is important in biomedical research. The presence, absence,
or change in concentration of a particular protein within the human body helps with
detection of diseases. Cancer has been one of the most deadly diseases. However,
early detection and treatment significantly increases the chance of recovery. In vitro
assays of cancer biomarkers are useful tools in cancer detection. Proteins are one of
those significant cancer biomarkers, as well as, targeting species for many biomedical
applications.

Nucleic acids are another vital type of bio-macromolecules, found in all living
cells, as well as, viruses. Nucleic acids work on the storage and expression of genetics.
Deoxyribonucleic acid (DNA) codes the information necessary for making protein
in cells. Ribonucleic acid (RNA) contributes to the synthesis of protein within cells.
These DNA and RNA are also a different class of biomarkers for many ailments,
including cancer. Thus, sensing of nucleic acids is of paramount importance.

Vitamins are physiologically significant organic molecules, which are necessary
for sustaining human health. Vitamins are required for cell function, cell growth and
development, and for healthy metabolism. However, vitamins are not synthesized
within the human body, they have to be taken from external diet. Insufficiency of
vitamins in human body causes various diseases. Thus, detection of vitamins is
extremely significant for detection of diseases.

3.1 Role of Traditional QDs in Biosensing

3.1.1 Sensing of Protein

Protein sensing with QD probes has been very popular in the past decade over conven-
tional sensors [33]. Merkoci et al. reported that core—shell CdSe/ZnS QD-based
sensor was able to detect Alzheimer’s disease biomarker apolipoprotein E (ApoE)
with a detection limit far lower than the detection limit using conventional sensors,
e.g., dye Alexa or ELISA [34]. Goldman et al. designed QD-antibody-based sensor
for detection of cholera toxin, ricin, shiga-like toxin, and staphylococcal enterotoxin
B [35, 36].

Array-based sensing, i.e., chemical nose sensing, has also been reported using
quantum dot-based sensor array. Array-based sensing denotes sensing of multiple
species simultaneously with a single sensor. Yan et al. designed pH-dependent
CdSe/ZnS quantum dot sensor array for sensing 12 proteins, namely, Pep, Cas, BSA,
a-Amy, HSA, Lip, Hb, Myo, Pap, Try, Cyt-C, and, Lys. The pH-dependent sensor
was able to differentiate multiple proteins based on surface charge. Further, concen-
tration of HSA in real samples, like water and human urine, was also successfully
detected, leading to clinical applications [37].

FRET-based ratiometric QD sensors have also been developed for multiple protein
sensing. Tyrakowski et al. reported CdSe/ZnS QD-Rhodamine B piperazine—Biotin
FRET pair ratiometric sensor for detection of protein Streptavidin and Thrombin.
The quantum dot acts as an energy donor, whereas the synthesized dye Rhodamine
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B piperazine acts as an energy acceptor in the FRET-couple sensor. The aforesaid
FRET sensor couple was reported to sense proteins with a detection limit as low as a
few pmol/mL. Sensing with this QD-dye FRET couple sensor is very fast compared
to the conventional ELISA-based assay method. Further, the applicability of the
protein sensor was also extended using DNA oligonucleotide aptamers. Thus, using
different protein-binding agents and aptamers, this type of QD-dye-based sensor can
be used for sensing series of proteins [38].

Qiu et al. developed another QD-dye FRET-based protein sensor. The sensor was
designed with glutathione capped CdSe/ZnS QD coupled with antibody IgG and
dye Cy5. Here, FRET occurs between QD and IgG-Cy5. However, with the addition
of protein A, the FRET signals drop. This is the simple methodology for sensing
of protein A, a surface-bound protein, obtained in the cell wall of staphylococcus
aureus bacteria. The sensor also established good sensitivity in the detection range
0-2 uM [39].

Manganese doped ZnS QDs have been extensively studied due to their unique
defect and dopant-related fluorescence emissions. Wu et al. reported design of a
multichannel array-based sensor utilizing fluorescence, phosphorescence, and, light
scattering of Mn-doped ZnS QDs concurrently for detection of different proteins.
They took eight proteins with different molecular weight and isoelectric points,
namely, Cytochrome C (Cyt C), Hemoglobin (Hb), Human Serum Albumin (HSA),
Lysozyme (Lys), Myoglobin (Mb), Papain (Pap), Transferrin (Tf), and Ovalbumin
(Ob) as analyte. Fluorescence intensity, phosphorescence intensity, and, light scat-
tering intensity of mercaptopropionic acid capped Mn-doped ZnS QDs were moni-
tored in the absence or presence of different proteins at 440 nm, 595 nm, and, 500 nm,
respectively. The change in fluorescence, phosphorescence, and, light-scattering
properties of Mn-doped ZnS QDs after interaction with each protein was distinct,
based on which the sensor array was fabricated, sensor model is illustrated in Fig. 1.
The detection limit for distinct determination of all eight proteins using this sensor
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Fig. 1 Sketch of multichannel protein sensing with six different proteins; left: LDA analysis graph,
right: plot of intensity ratio at different wavelengths versus concentration of different proteins
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was reported to be 0.5 WM. The sensor was also tested for unknown samples, the
sensing accuracy was 93.8% and 96.3% at 0.5 pM and 0.75 WM concentrations,
respectively [40].

3.1.2 Sensing of Vitamins

Traditional QD-based nanosensors have been widely used for detection of vitamins.
Pramanik et al. reported sensing of vitamin B, using a Manganese doped ZnS QD-
based sensor. The working principle of the sensor is based on the fact that vitamin B,
quenched the fluorescence of Manganese doped ZnS QDs. Stern—Volmer constant
was calculated to be 5.2 x 10'© M~!, The mechanism behind this quenching is
assumed to be Forster Resonance Energy Transfer (FRET) between Mn-doped ZnS
QDs and vitamin B, Forster distance (Rj) and FRET efficiency were determined to
be 2.33 nm and, 79.3%, respectively. This QD-based sensor showed good selectivity
toward vitamin B, in the presence of various proteins, amino acids, and metal ions.
The detection limit for this sensor was (1.15 4 0.06) pM, with a detection range
of 4.9-29.4 pM [41]. Vaishnavi et al. reported another vitamin B, sensor using
CdTe quantum dot. Fluorescence of CdTe QDs was quenched in the presence of
different derivatives of vitamin Bj,. Stern—Volmer quenching constants, quenching
rate constants, and binding constants for the binding interaction between CdTe QDs
and different derivatives of vitamin B, were calculated to be in the order of 1077 M~!,
1083 M~ s7!, and 10* M~!, respectively. The mechanism behind the fluorescence
quenching is depicted as Forster Resonance Energy Transfer (FRET) between CdTe
QDs and vitamin B12. Critical energy transfer distance (Ry) for the interaction was
calculated to be in the range of 2.7—4.2 nm for different derivatives of vitamin B12.
The limit of detection using this sensor was 0.15 pwg/mL. The detection range, in
which a linear plot can be obtained, was 1-14 pg/mL. Further, this sensor was also
applied in pharmaceutical samples with a recovery range of ~100% [42].

Koneswaran et al. reported vitamin B6 sensor using L-cysteine capped CdS/ZnS
core—shell quantum dots. Fluorescence of CdS/ZnS QDs was quenched in the pres-
ence of vitamin B6, quenching followed Stern—Volmer equation. A good linear Stern—
Volmer quenching plot was obtained for 0.05 mg L~! to 6.5 mg L~! of vitamin B6
concentration. The Stern—Volmer quenching constant (Kg,) was calculated to be
1.24 mg L~". The limit of detection using this sensor was found to be 0.015 mg L~".
The sensor was pH and temperature-sensitive. Fluorescence intensity increased with
pH enhancement until saturation at pH 6-6.5. At higher pH than 6.5, fluorescence
intensity decreased. The fluorescence intensity of CdS/ZnS quantum dots diminished
with increasing temperature due to thermal quenching as well as dissociation of the
capping agent at a higher temperature. The optimum pH and temperature for the
usage of the vitamin B6 sensor were 6.25 and 25 °C, respectively. A possible mech-
anism behind this sensor fluorescence quenching was attributed to electron transfer
from QDs to vitamin B6. This sensor displayed good selectivity towards vitamin B6
in the presence of several other physiologically essential vitamins, amino acids, and,
metal ions [43].
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Ghosh et al. reported detection of ascorbic acid (vitamin C) using dendrimer
capped CdS quantum dot-based sensor. Fluorescence of different varieties of
dendrimer capped CdS quantum dots was quenched with the addition of vitamin
C. Quenching followed linear plot in Stern—Volmer equation and quenching was
static by nature. A good linear plot was obtained over a wide range of concentrations
of vitamin C, 16.6-100 wM. The limit of detection using this sensor was calcu-
lated to be 3.3 WM. The fluorescence quenching was dependent on the size of QDs.
Further, this sensor was also applied for the determination of ascorbic acid concen-
tration in vitamin C tablets; sample recovery was almost ~100%. The CdS-dendrimer
nanocomposite sensor also exhibited good selectivity in the presence of interference
like uric acid, tartaric acid, and, citric acid [44].

3.1.3 Sensing of Nucleic Acid

Quantum dot-based sensors have also been reported for successful sensing applica-
tions of nucleic acids.

Lu et al. reported CdS quantum dot-based fluorescence sensor for the detection
of nucleic acid DNA. This sensor works via a two-step process. In the first step, a
fluorescent-labeled single-stranded DNA is attached to CdS QDs; this attachment
quenches the fluorescence of CdS QDs, i.e., “turn-off” of QD fluorescence. In the
second step, the DNA coupled QD probe is attached to its target single-stranded
DNA forming a double-stranded DNA; this causes detachment of QD from the probe
leading to recovery, i.e., “turn-on” of QD fluorescence. The detection limit for this
sensor system is 1 nm. Moreover, the sensor system had exhibited good selectivity
and sensitivity [45].

He et al. reported design of octa(3-aminopropyl) octasilsequioxane octahy-
drochloride (OA-POSS) and 3-mercaptopropionic acid (MPA)-capped Mn-doped
ZnS QDs (MPA-1)-based sensor for quantitative detection of DNA. The sensing
strategy was based on monitoring the RTP intensity of MPA-1/OA-POSS nanohy-
brids at 590 nm with respect to DNA concentration. A linear plot was obtained
in DNA concentration range 0.125-10 wM. The detection limit using this sensor
was obtained 54.9 nM. Further, this probe can be used for quantitative detection of
different types of DNA, e.g., double-strand calf thymus DNA (dctDNA), double-
strand hsDNA (dhsDNA), single strand calf thymus DNA (sctDNA), single-strand
hsDNA (shsDNA), etc. Moreover, this sensor system also exhibited good selectivity
toward DNA in the presence of interfering metal ions, macromolecules, and, small
molecules [46].

Li et al. reported design of a photoelectrochemical sensor comprised of CdS
quantum dot sensitized TiO, nanorod for sensing of DNA. The fabrication involved
in-situ growth of TiO, nanorods on fluorine-doped tin oxide (FTO coated) substrate,
followed by CdS QD labeled capturing DNA hairpin immobilized on FTO substrate.
When target DNA is not present, direct interaction between TiO, and CdS enhances
photocurrent density. When target DNA is present within the system, conformational
change triggers diminishment in photocurrent density. The sensor gives a linear plot
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of photocurrent versus logarithm of DNA concentration for the DNA concentration
range of 10 aM to 100 pM. The limit of detection (LOD) using this sensor was
calculated to be 5.2 aM. This sensor also showed good specificity and high stability,
which is useful in clinical studies [34].

Zhao et al. reported gold nanoparticle (AuNPs)-CdTe QD Forster Reso-
nance Energy Transfer (FRET)-based sensor probe for DNA detection. The
sensor design strategy involves the linkage of 5'-NH2-DNA and 3'-SH-
DNA to CdTe QD surface and AuNP surface, respectively, using 1-ethyl-3-
(dimethylaminopropyl)carbodiimide hydrochloride (EDC) as a linker. The ratio of
AuNPs-DNA and CdTe QDs-DNA played an important role in determining the FRET
efficiency of the probe; FRET efficiency was observed to be maximum at AuNP-
DNA: QD-DNA: 10:1 ratio. The fluorescence of AuNP-DNA-CdTe system decreased
due to FRET between CdTe QDs and AuNPs. In the presence of a complementary
single-stranded DNA, the quenched fluorescence of the system was recovered due to
decreased FRET caused by distance enhancement between CdTe QDs and AuNPs.
The sensor probe displayed an excellent selectivity toward complementary base-pair
DNA in presence of mismatching base-pair DNAs [47].

Wang et al. designed a sensor probe comprised of g-C3N4, CdS QDs, and, Avidin-
CuO for detection of messenger RNA N6-methyladenosine (m6A). The sensor was
designed with several moieties: g-C3N4/CdS QDs as photoactive substance, anti-
mo6A antibody as a recognition element, phos-tag-biotin as link component, and
avidin-CuO as PEC signal indicator element. The sensor gave a linear range for
detection at 0.01-10 nM concentration of RNA, the detection limit was determined
to be 3.53 pM. Moreover, this sensor probe has the potential for recognition of m6A
RNA expression level in breast cancer serum [48].

3.2 Role of Emerging CQDs in Biosensing

In recent years, carbon-based non-toxic quantum dots, e.g., carbon dots, graphene,
and graphene oxide quantum dots, have been extensively studied for biosensing
applications.

3.2.1 Sensing of Protein

Freire et al. reported fabrication of a CQD-based sensor for multichannel
sensing of proteins. The sensor array was designed in combination of NH,
rich, polyethyleneimine, ethylenediamine branched-capped carbon quantum dots
(CQDs.BPEI), copper acetate, and ethylenediaminetetraacetic acid (EDTA). The
chemical nose sensor exhibited good efficiency in simultaneous sensing of 8
proteins, namely, bovine serum albumin (BSA), human serum albumin (HSA), acid
phosphatase (PhosA, from potato) and alkaline phosphatase (PhosB, from bovine
intestinal mucosa), hemoglobin (Hem, from human), myoglobin (Myo, from equine
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heart), a-amylase (a-Am, from Bacillus licheniformis) and cytochrome ¢ (Cyt. C,
from equine heart) at a concentration of 40 nM. The detection limit for this sensor was
5-40 nM depending upon protein. This sensor array was able to detect 40 samples
in a random unknown set of 48 samples. Thus, the identification accuracy for this
system was calculated to be 83% [49].

Han et al. designed another carbon quantum dot-based sensor probe for the
detection of human protein IgG (HIgG). They synthesized nitrogen-doped carbon
QDs, which exhibited excellent electro-chemiluminescent (ECL) activity on glassy
carbon electrode (GCE). The immunosensor probe for HIgG was fabricated as
GCE/Nitrogen-doped Carbon quantum dots (NCQDs)/anti-HIgG/Bovine Serum
Albumin (BSA). For sensing of human IgG, different concentrations of HIgG solu-
tions were dropped on the sensor electrode and kept for incubation. Next, the elec-
trodes were kept in an electro-chemiluminescent (ECL) cell in pH 7.5 PBS buffer,
and ECL signals were recorded for each electrode with scanning potential range —
2 to 0 V and scanning rate 100 mV s~!. The ECL-based sensor system showed the
linear range at 0.1-4.0 ng mL~! of protein concentration, the limit of detection was
calculated to be 0.05 ng mL~!. Moreover, the senor was stable, reproducible, and
showed good selectivity in the presence of interfering substances [50].

Wang et al. reported fluorescence assay for the activity measurement of protein
kinase (CK?2) using phosphorylated peptide graphene quantum dots. The sensor was
designed through the addition of different concentrations of protein CK2 and ATP to
peptide-graphene quantum dot (GQD) in tris buffer of pH 7.5, followed by phospho-
rylation of peptide-GQDs and addition of Zr** ion. Steady-state and time-resolved
fluorescence spectra and light scattering spectra of the solutions were measured
for sensing. A linear plot was obtained for quenched fluorescence intensity versus
concentration of protein casein kinase II (CK2) in a concentration ranging from 0.1
to 1 U mL~!. The detection limit for the sensor was determined to be 0.03 U mL~!.
Further, the sensor system was also successfully applied for screening protein kinase
inhibitors in real samples [51].

Liang et al. fabricated an electrochemiluminescence resonance energy transfer
(ECL-RET)-based sensor probe for determining activity of protein kinase. In the
sensor system, GQD acted as donor, and graphene oxide (GO) acted as acceptor.
GQDs were functionalized with peptide on chitosan film electrode. When protein
kinase (CK2) along with adenosine 5'-triphosphate (ATP) was added to the system
followed by phosphorylation of peptides, graphene—anti-phosphoserine antibody
nanocomposite got absorbed into the surface of phosphorylated peptide-GQD elec-
trode, which quenched the electrochemiluminescence of GQDs. Protein kinase
activity was measured as a function of the ECL quenching. The ECL sensor exhib-
ited high specificity towards CK2 in the presence of bovine serum albumin (BSA),
glucose oxidase (GOx), and alcohol dehydrogenase (ADH). The sensor was stable
and gave reproducible results up to four weeks. Further, the sensor gave recoveries
of 97-103% in complex clinical samples [52].

Song et al. reported simple fluorescence-based protein sensing using AgIlnZnS
(AIZS)-GOQDs. Fluorescence of AIZS-GOQDs was quenched in the presence of
protein human serum albumin (HSA); quenching was static in nature. Both of the
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Stern—Volmer quenching constant (Kgy) and the amendatory Stern—Volmer effective
quenching constant (K ,) were found in the order of 10° L mol~!. Both constants were
temperature dependent and decreased with an increase in temperature. The binding
constant for the AIZS QD-GO and HSA binding was also in the order of 10° L mol~!.
However, the binding constant increased with an increase in temperature. Moreover,
this AIZS-GO sensor also successfully interacted with protein lysozyme, but the
fluorescence characteristics were distinct as compared to protein HSA. This fact
established the selectivity of the sensor system towards protein HSA. Further, the
cytotoxicity of the AIZS-GO system was found to be very low. The low cytotoxi-
city combined with biocompatibility makes this sensor an appropriate candidate for
biomedical research applications [53].

3.2.2 Sensing of Vitamins

Sinduja et al. reported fabrication of graphene quantum dot-gold nanoparticle (Au-
GQD) composite-based sensor for sensing of vitamin B 1. Thiamine (vitamin B1) was
detected both calorimetrically and spectrophotometrically using this sensor. Colori-
metric detection allows qualitative sensing, whereas, spectrophotometric detection
allows quantitative determination of thiamine. The color of AuNP-GQD changed
from wine red to violet upon addition of colorless vitamin B1 solution of concentra-
tion 0.5 wM; the change was visible in naked eye. However, the color of AuNP-GQD
solution did not change with the addition of a huge concentration of other vitamins.
Therefore, the AuNP-GQD sensor is specific towards thiamine only in the presence
of other vitamins. Further, the absorbance intensity of AuNP-GQD decreased with
increasing concentration of thiamine. The quenching followed Schott’s equation,
where the absorbance intensity of AuNP-GQD was correlated to vitamin B1 concen-
tration. This equation allows quantitative determination of vitamin B1 concentration.
Further, this sensor selectively detected thiamine in the presence of vitamin B2, B3,
B6, B7, B12, C, and metal ions Cu?*, Ca%*, Zn2*. The detection limit was calculated
to be 0.16 pg mL~! [54].

Wadhwa et al. reported detection of vitamin D3 using graphene quantum dot-
gold hybrid nanoparticles (GQD-AuNP)-based sensor probe. The electrochemical
sensor was designed by immobilizing Au-LE electrodes with 1:1 ratio of MU: MUA,
followed by EDC-NHS coupling. GQD-AuNP nanocomposite was further immobi-
lized on the electrode through —CO and —OH functional groups on GQD and MU,
respectively. This conjugation of GQD-AuNP to the surface was followed by conju-
gation of aptamer for complete formation of a sensor system. The aforesaid sensor
exhibited linear range of detection for 1-500 nM concentration of vitamin Ds. The
detection limit, limit of quantification, and sensitivity for sensing vitamin D3 were
calculated to be 0.70 nM, 2.09 nM, and, 0.90 Q nM~! mm~2, respectively. Further,
the nanoparticle aptasensor was stable and selective toward vitamin D3 in the pres-
ence of interfering substances. The sensor was also tested in serum samples with
98% recovery [55].
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Duetal. designed a carbon quantum dot (carbon nanodot)-based ratiometric FRET
nanosensor for detection of vitamin B,. The fluorescence intensity of carbon dots at
470 nm decreased, while fluorescence intensity at 532 nm increased upon addition
of vitamin B solution to carbon dot solution. The fluorescence intensity ratio gave
a linear relationship with the concentration of vitamin B, in the concentration range
of 0.35-35.9 uM at pH 7.4. The limit of detection was found to be 37.2 nM. The
ratiometric sensor exhibited excellent selectivity toward, vitamin B, only, in the
presence of various metal ions and anions e.g., Na*, Ca*?, K*, Zn**, CO;2~,NO;~,
CI~, different amino acids e.g., glycine, alanine, L-cysteine, L-tyrosine, L-glutamate,
L-serine, valine, and other vitamins, e.g., vitamin C, By, B3, B,. Further, this sensor
was also successfully applied for detection of vitamin B, inside live cells and in real
samples, e.g., orange beverage, soybean milk, milk, honey, multivitamin tablet, and
VB complex tablet with recovery ranging from 85 to 110% [56].

Wang et al. reported a zwitterion modified carbon quantum dot-based sensing
platform for sensing of vitamin B ,. The absorption intensity of carbon quantum dots
increased with the addition of vitamin B, solution, whereas, fluorescence intensity
was quenched. Stern—Volmer quenching constant for the interaction was calculated
to be 2.87 x 10° L/mol. The linear range was obtained for concentration range
0.5-3 WM concentration of vitamin Bj,. The limit of detection was calculated to
be 81 nM. The mechanism behind this quenching was explained as non-radiative
electron transfer from carbon dots to Co** present in vitamin Bj,. This carbon dot-
based sensor exhibited excellent selectivity towards vitamin B, and Co®* in the
presence of interfering substances. Moreover, the sensor was stable over a wide
range of pH, salt concentration, and various UV radiation environments [57].

3.2.3 Sensing of Nucleic Acids

Qian et al. reported GQDs and graphene oxide FRET-based sensor system for detec-
tion of DNA. First, graphene quantum dots were reduced with sodium borohydride to
form reduced graphene quantum dots (rGQDs). Next, single-stranded DNA (ssDNA)
was attached to the rGQDs. The ssDNA-rGQDs were further absorbed on graphene
oxide (GO) surface, enabling FRET between GO and rGQDs leading to the dimin-
ishment of fluorescence. When target DNA is added to the ssDNA-rGQD-GO assem-
bled system, the dsSDNA-rGQD system is formed via complementary base pairing.
Formation of dsDNA-rGQD ruptures interaction between GO and ssDNA-rGQDs
thus liberates dsDNA-rGQD from GO, which, in turn, recovers the lost fluorescence.
The as- proposed sensor gave a linear range of detection in the range 0—46 nM concen-
tration of target DNA. The limit of detection was calculated to be 75 pM. Moreover,
the GQD-based sensor exhibited excellent selectivity towards sensing of DNA [58].

Li et al. designed a GQD-based sensor probe for the detection of RNA both
optically and electrochemically. The as-synthesized GQDs were functionalized with
HVC-6. The optical sensor was prepared by simply adding RNA to HVC-6 func-
tionalized GQD solution and monitoring the fluorescence upon excitation at 365 nm.
The electrochemical sensor was designed by coating a glassy carbon electrode (GCE)
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with HVC-6 modified GQDs. For sensing, RNA solution was added to the electrode
followed by surface coverage of the electrode with chitosan. The fluorescence inten-
sity of HVC-6 functionalized GQDs at 470 and 610 nm enhanced in the presence
of RNA, the change in color was also visible in naked eye. The ratio of fluores-
cence intensities at 470 and 610 nm gave linear relation with the concentration of
RNA, following which concentration of RNA can be determined. The optical sensor
exhibited good selectivity in presence of other analytes. On the other hand, HVC-6
modified GQDs gave a distinct change in cyclic voltammetry signal in the presence
of RNA, which allows detection of RNA [59].

Loo et al. reported a carboxylic acid carbon quantum dot (cCQD)-based sensor for
sensing of DNA. The optical sensor was designed by coupling a fluorescent-labeled
single-stranded DNA (ssDNA) to carboxylic carbon quantum dots. The fluorescence
of cCQDs was quenched due to interaction between ssSDNA and cCQDs. In the pres-
ence of target DNA, ssDNA reacts with complementary base pair forming dsDNA,
following which lost fluorescence of cCQDs is recovered. Two different types of
cCQDs were tested for sensing, malic acid CQD and citric acid CQD. The linear
range of detection using malic acid CQD and citric acid CQD was determined to be
0.04-400 nM and 0.4-400 nM, respectively. The limit of detection was calculated
to be 45.6 nM and 17.4 nM for citric acid CQD and malic acid CQD, respectively.
Both of the CQD-based sensor systems showed good selectivity for DNA detection
[60].

Liu et al. designed an electrochemiluminescence (ECL) sensor for the detection
of microRNA using DNA functionalized nitrogen-doped carbon quantum dots (N-
CQDs). N-CQDs-hairpin probe composites were synthesized by activating N-CQDs
with EDC and NHS, followed by combination of the amino-functionalized hairpin
with N-CQDs. The sensor probe was designed as: MCH/Hairpin Probe-N-C QD/GO
(graphene oxide)-Au (Gold NPs)/GCE (glassy carbon electrode). The ECL signal
intensity enhanced in the presence of microRNA in the system. The sensor gave
a linear range of detection for 10 aM—10* fM concentration of microRNA. The
detection limit using this sensor was determined to be 10 aM. Selectivity studies
established the fact that the sensor was selective towards miR-21 compared to control
RNA. Moreover, the sensor system was reasonably stable and gave reproducible
results for five reduplicate measurements [61].

4 Emerging Carbon-Based QDs for Bioimaging
Applications
4.1 Traditional QDs in Bioimaging

The discovery of semiconductor QDs has also led to significant breakthroughs in
bioimaging methods (Scheme 1). Compared to conventional molecular-scale labels,
QDs offer the advantage of cell labeling, unique optical and electrical properties,
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Imaging Techniques

O Epifluorescence, confocal, two-photon microscopy

O Super-resolution imaging

0 Combined imaging techniques (MRI + Fluorescence
imaging)

O Fluorescence lifetime imaging microscopy

In-vivo Imaging

Live-Cell Imaging

O NIR imaging
U Membrane receptor labellin
i 2  Self-illuminating QD-based probes

O Intracellular labellin
v 3 Tumor detection and imaging

QO Single molecule tracking
QO Drug delivery tracking and theranostics

Q Stem cell tracking

- Photodynamic therapy

Scheme 1 Current and perspective applications of semiconductor quantum dots (QDs) in
bioimaging

surface functionalization and multimeric binding capacities, and a wide choice
of multiplexing strategies [62, 63]. However, potential cytotoxicity of traditional
QDs is the main barrier to their introduction as clinical labels and contrast agents
in bioanalytical or medical diagnostics [64]. Nevertheless, over the past decade,
several research groups have reported bioimaging modalities involving traditional
QD-based studies. The detailed discussion on traditional QD-based bioimaging has
been specified in some other chapter.

4.2 Emerging Carbon-Based QDs in Bioimaging

To overcome the limitations related to cytotoxicity of traditional QDs, various bio-
applications [65, 66] of non-toxic carbon-based quantum dots have been extensively
investigated. Carbon-based quantum dots have been evaluated for optical bioimaging
applications, including cellular uptakes and the fluorescence brightness in the cellular
environment, and, in vivo imaging in mice models in reference to the traditional QDs
in the same models.
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Carbon quantum dots (CQDs) have been successfully demonstrated for the fluo-
rescence imaging of cells [67, 68], since its original discovery in 2004 [69], taking
advantage of their non-toxicity, visible excitation and emission wavelengths, fluo-
rescence brightness, and high photostability. The pioneering work on CQDs for
bioimaging in vitro [68] and in vivo [70] was reported by Sun’s group. The confocal
microscopy imaging revealed that the endocytosed carbon dots were mainly in the
cytoplasm, with only minor penetration into the cell nucleus [68]. The same approach
was applied in several subsequent studies, including the one by Liu et al. on the
labeling of E. coli cells and also murine P19 progenitor cells [71]. Zboril et al.
reported the synthesis of ultrafine Gd(III)-doped CQDs with a dual fluorescence/MRI
character [72]. It is possible to combine a T1 MRI agent with CQDs via robust cova-
lent bonding, which increases the rotational correlation time (tg) of the T1-imaging
probes [73]. Pandey et al. [74] used CQDs functionalized gold nanorods to deliver
of doxorubicin in a multi-modality fashion, including drug delivery, photothermal
therapy, and, bioimaging using the same platform.

Over the past decade, non-toxic carbon-based graphene quantum dots (GQDs)
have shown potential application in the horizon of the biomedical research field
owing to its intriguing and tailorable fluorescence properties comprising excellent
biocompatibility. Apart from that GQDs exhibit low in vitro and in vivo toxicity,
promising physiological stability, high permeability membranes, ultrahigh specific
surface area, and, surface functionalization abilities [75—77]. The early-stage diag-
nosis of diseases helps to increase the survival rate of patients, which has motivated
researchers to develop highly sensitive, low-toxicity QDs with excellent specificity.
Conventional imaging techniques that have implemented GQDs-based bioimaging
studies are shown in Scheme 2.

Researchers proposed targeted imaging as a potential alternative to the recognition
and detection of cells. It is achieved via surface modification of GQDs with targeted
groups and polymers. The most widely used cell-targeting agents are folic acid (FA),
arginine-glycine-aspartic acid (RGD), hyaluronic acid (HA), and even proteins [78—
81]. In addition, the targeting capability of the FA-N-GQDs is confirmed by the
live-cell line imaging.

GQDs are used to fabricate multifunctional theragnostic platforms that integrated
fluorescence imaging and therapeutic studies, such as photothermal therapy (PTT)
and photodynamic therapy (PDT). For example, Cao and coworkers designed a novel
theragnostic platform consisting of PEGylated and aptamer-functionalized GQDs
loaded with porphyrin derivatives (P) photosensitizer [82]. The resulted system
exhibited good feasibility for intracellular cancer-related microRNA detection and
fluorescent imaging of cancer cells. GQDs with superior physicochemical and NIR-
responsive properties can be used for combined PTT and PDT coupled with cancer
cell tracking applications [83]. The GQDs exhibited potent therapeutic activity in
treatment of MDA-MB-231 breast cancer cells.

Recent advances in the two-photon fluorescence behavior, photostability, and
biocompatibility of GQDs have demonstrated the feasibility of two-photon fluo-
rescence imaging (TPFI) as a powerful tool [84]. These findings open the door to
new opportunities for GQDs in the bioimaging fields. Among various fluorescent
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(In-vitro study)

Scheme 2 Conventional imaging techniques that used graphene quantum dots (GQDs)

carbonaceous materials such as carbon dots (C-dots), GOs, and their derivatives,
GQDs have garnered much attention in deep-tissue imaging due to (1) their tunable
fluorescence properties via doping through heteroatoms, (2) their strong fluores-
cence behavior without passivation, and (3) their enhanced TP absorption towards
deep imaging in TPFI due to their stacked m-electrons. The boron-doped magnetic
GQDs (B-GODs) were shown convenient for TPFI and near-infrared (NIR) imaging
contrast agent [85]. MRI technique can be coupled with the two-photon fluorescence
imaging (TPFI) GQDs. Wang and coworkers developed an excellent and MR suitable
contrast agent (GQD-conjugated Gd,03) in which both one-photon and two-photon
diagnostics were possible [86].

The application of GQDs for in vivo bioimaging has demonstrated by some
research using model animals (mouse and zebrafish) [80, 87]. For instance, Zhu
et al. carried out the in vivo bioimaging of mice with wide ranges of excitation
light wavelengths varying from 465 to 500 nm, and they observed light emission
from 580 to 620 nm [88]. Nurunnabi et al. also investigated the relationship between
the emission light wavelengths and the fluorescence quality for bioimaging using
carboxylate functionalized GQDs [89]. On the other hand, the NIR-GQDs could be
detected around the heart, liver, spleen, and kidneys at 8-h post-injection [90].
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However, it is challenging to synthesize NIR emitting GQDs, and the fluorescent
quantum yields of these GQDs are often low, which significantly limited the devel-
opment of the GQD-based bioimaging application in recent years. Therefore, in vivo
application of GQDs has been little explored so far.

S QDs for Drug Delivery Applications

A drug delivery carrier is a substance that enables a drug reaching its target cells
selectively without affecting non-target healthy cells, tissues, or organs. A suitable
drug carrier should have properties like decent drug loading capacity, sustained and
controlled drug release at specific pH, low cytotoxicity to healthy organs. Conven-
tional drug delivery vehicles suffer from many limitations, e.g., low water solubility,
non-specific cytotoxicity, multi-drug resistance, non-specificity, low drug loading
capability, etc. Nanomaterial-based drug delivery carriers were able to overcome the
aforesaid restrictions. In the past decades, QD-based nano-drug carrier system has
been successfully used for delivery of multiple drugs, both in vitro and in vivo.

5.1 Traditional QDs for Drug Delivery

Aswathy et al. studied 5-fluorouracil (5-FU) drug delivery prospects using Mn-doped
ZnS quantum dot-Zein nanoparticle conjugate. TEM studies revealed the size of Mn-
doped ZnS QD to be 5 nm; zein nanoparticles were of 600—700 nm size. After loading
of the drug, the size of nano-conjugates increased to 800—900 nm. The nanocarrier
was studied for delivery of drug 5-FU in L929 mouse fibroblast cell line and MCF-7
breast cancer cell line. Drug loading capacity of Mn-doped ZnS QDs-Zein NP was
calculated to be 60%. The drug was released slowly over 24 h; drug release was
70% in 8 h. Cell viability studies revealed that 80% cells were viable with QD-Zein
NP, whereas, cell viability significantly decreased with drug-loaded NPs. This fact
suggests that QD-NP conjugate has very low cytotoxicity, but in the presence of
drug, cytotoxicity increased in both of the cell lines [91]. AbdElhamid et al. reported
TGA-capped CdTe quantum dot coupled with gelatin/chondroitin nano-assembly
for delivery of hydrophobic drug celecoxib (CXB) and rapamycin (RAP) in human
breast cancer MCF-7 and MDA-MB-231 cell lines. The gelatin-QD composite was
synthesized using EDC and NHS as activating agent, gelatin-QD nano-conjugate was
further covered with negatively charged chitosan (CS), thus forming gelatin-QD-CS
(G-QD-CS) nanocarrier. TEM analysis revealed the size of QDs in 2.77-4.75 nm
range. The size of drug-loaded G-QD-CS was measured to be 269.7 nm. The as-
synthesized nanocarrier gave high loading efficiency for both drugs, 93.77% and
94% for CXB and RAP, respectively. Drug release from nanocarrier was prolonged
for both drugs. The release of CXB from nanocarrier was 9.77% in 48 h. In case
of RAP, 0.76% drug released in 30 min, the same pattern continued until 48 h. The
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nanocarriers were stable up to 3 months without considerable aggregation. The as-
synthesized nanocarriers did not exhibit any significant cytotoxicity toward both cell
lines; cell viability was about 94%. In addition, a high cellular uptake was observed
with this nanocarrier after 24 h of incubation. Further, the drug-loaded nanocarrier
was also tested in tumor-bearing mice; it was successful in reducing tumor volume
and, at the same time, inhibited tumor angiogenic marker VEGF-1. Further, effective
localization of drug was observed in tumor tissues, however, mouse kidney, and liver
were safe [92].

AbdFlhamid et al. reported another chitosan (CS) functionalized (Lactoferrin)
LF-MPA capped CdTe QD nanocomposite for dual targeting of drugs Celecoxib
(CXB) and Honokiol (HNK) in breast cancer therapy. LF-CdTe QD conjugate was
synthesized by carbodiimide reaction using EDC and NHS for activation. TEM
studies revealed the size of the QDs in the range of 3.7—4.2 nm, the quantum yield
was calculated as 34%. The size of the LF-QD-CS-NP nanocarriers increased up to
201.7 nm. The as-synthesized nanocarriers were stable up to three months with much
aggregation; size increased to 236.3 nm after 3 months. The effect of drug-loaded
nanocarrier was studied in vitro on MCF-7 and MDA-MB-23 breast cancer cell lines.
Release of drug CXB from nano-vehicle was very slow, 14.76% and 19.87% drug was
released in 48 h and 96 h, respectively. Release of drug HNK from the nano-vehicle
was slower, 1.2% and 3.8% in 24 h and 96 h, respectively. MTT assays suggested that
the blank nanocarriers did not exhibit any significant cytotoxicity. However, cytotox-
icity values increased synergistically with dual drug-loaded nanocarrier compared to
single drug-loaded nanocarrier. The LF-QD-CS-NC exhibited high cellular uptake
to MCF-7 breast cancer cell line and mainly concentrated in the perinuclear region.
Further, the effect of dual drug-loaded nanocarrier was studied in vivo on EAT model.
Combined dual drug therapy without a nanocarrier caused 172.3% increase in tumor
volume, while LF-QD-CS-NC loaded dual drug synergistic therapy increased only
48.12% increase in tumor volume in the mice model. Thus, the efficacy of QD-based
nanocarrier was proved both in vitro and in vivo [93].

Olerile et al. reported CdTe/CdS/ZnS quantum dot loaded with anti-cancer drug
paclitaxel (PTX) for cancer therapy. Two different types of nanocarriers were
designed for study, co-loaded PTX and CdTe/CdS/ZnS QDs (NLC) and blank NLC
without drug. The mean size of co-loaded NLC and NLC was calculated to be
115.93 nm and 113.23 nm, respectively. TEM studies suggested spheroid geom-
etry with a smooth surface. Encapsulation efficiency and drug loading efficiency for
PTX using this nanocarrier were calculated to be 80.7% and 4.68% respectively.
The drug release was in a slow but uninterrupted manner; 27.9% and 59.78% PTX
drug was released in 24 h and 72 h, respectively. In vitro cytotoxicity study was
performed with human liver cancer HepG2 cell line. ICsy values of PTX co-loaded
NLC and blank NLC were determined to be 1.05 uM and 0.07 .M, respectively,
which suggested almost no cytotoxicity with blank nanocarriers but a considerable
increase in cytotoxicity with drug-loaded NLC. In vivo studies were carried out with
tumor-bearing mice. After three weeks of administering into mice, the tumor volume
of mice was determined to be 1065 mm? and 549 mm?® with blank NLC and PTX
drug co-loaded NLC, respectively. Moreover, body weight was almost constant in
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mice after loading drug co-loaded, quantum dot nanocarriers, indicating negligible
cytotoxicity to the animal at the given dose. Thus, the drug co-loaded QD system
was proved to be efficient both in vivo and in vitro [94].

5.2 Emerging QDs in Drug Delivery

Iannazzo et al. reported a GQD-based nano-vehicle for the delivery of anti-cancer
drug doxorubicin (DOX) on human lung epithelial cancer A549 cell line. GQD
was modified with BTN, a synthetic derivative of biotin. GQD-BTN was used as
a nanocarrier for the delivery of anti-cancer drug DOX. TEM studies suggested
homogeneous circular nanoparticles with a size less than 5 nm. The drug DOX was
loaded on GQD-BTN surface by taking advantage of mt-7 interaction between GQD
surface functional groups and DOX aromatic structure; drug loading efficiency was
16.6 wt%. The drug release was pH-sensitive. No drug release was observed at basic
pH (pH 9) or neutral pH (pH 7.4). However, at acidic pH 5.3, a huge drug release
was observed from the nanocarrier in just 5 min. Cell viability studies exhibited
85% cell viability in 48 h with cell lines treated with GQD-BTN nanocarrier, which
indicated negligible cytotoxicity. Further, GQD-BTN-DOX-loaded system was effi-
cient in 27% more cellular uptake compared to free drug DOX only. Interestingly,
cell mortality was delayed with GQD-BTN-DOX-loaded system compared to free
DOX. Thus, GQD-BTN can be efficiently used as a nanocarrier for anti-cancer drug
delivery [95].

Ruzycka Ayoush et al. reported a Folic acid (FA) functionalized Ag—In—Zn—
S QD-based nano-vehicle for delivery of anti-cancer drug DOX in treatment of
lungs cancer. Different types of nanocarriers were synthesized by further surface
functionalization of FA modified Ag-In—Zn-S QD, e.g., QD-(Mercaptoundecanoic
acid) MUA-FA, QD-(Cysteine) Cys-FA, QD-(Lipoic acid) LA-FA, and also their
drug-loaded analogues, e.g., QD-MUA-FA-DOX, QD-Cys-FA-DOX, QD-LA-FA-
DOX. Drug DOX was loaded in the nanocarriers through a chemical reaction with
EDC/NHS as activating agent, successful attachment of DOX was confirmed through
FTIR analysis. The size of the as-synthesized QDs was around 3 nm. Size of QD-
MUA, QD-MUA-FA, and drug-loaded QD-MUA-FA-DOX was 11.5 nm,14.2 nm,
and 15.1 nm, respectively. The size of QD-Cys, QD-Cys-FA and QD-Cys-FA-DOX
was 14 nm, 16.6 nm, and 17.6, nm respectively. The size of QD-LA, QD-LA-FA
and QD-LA-FA-DOX was 18.8 nm, 21.3 nm, and 22.5 nm, respectively. The zeta
potential of all three drug-loaded nanocarriers, QD-Cys-FA-DOX, QD-MUA-FA-
DOX, and QD-LA-FA-DOX, are small, which suggests promising drug release from
the nanocarriers in cell medium. A study on human alveolar basal epithelial cells
(A549) revealed that QD-Cys-FA and QD-MUA-FA nanocarriers carried more DOX,
thus facilitating more DOX release in the cells. Among the three nanocarriers, QD-
MUA-FA-DOX was most cytotoxic against A549 cells, which is due to the mild
cytotoxicity of MUA. The cytotoxicity order was: QD-MUA-FA-DOX > QD-LA-
FA-DOX > QD-Cys-FA-DOX, while the nanocarriers themselves without drug were



184 S. Mondal and A. Pan

not significantly cytotoxic. Thus, the three different ligand-modified FA attached
Ag-In-7Zn-S QD-based nanocarriers can be considered as a promising drug delivery
system for cancer therapy [96].

Samimi et al. designed quinic acid-functionalized nitrogen-doped carbon quantum
dots (CQDs) nano-vehicles for delivery of anti-cancer chemotherapeutic drug Gemc-
itabine (GEM) for treatment of breast cancer. SEM and TEM analysis suggested
quinic acid-modified nitrogen-doped carbon quantum dots were of spherical shape
with an average size of ~7 nm. Zeta potential values of the as-synthesized nitrogen-
doped CQDs (NCQDs) and quinic acid-modified NCQDs were —1.73 mV and —
0.1 mV, respectively. The zeta potential values of quinic acid NCQDs were 0.1 mV
and 0.3 mV, which suggests moderate stability of the nanocarrier. The drug encapsu-
lation efficiency varied with drug concentration. Encapsulation efficiency was calcu-
lated to be 15%, 13%, 21%, 16.5% and 18% with GEM concentration of 125 p.g/mL,
250 pg/mL, 500 pg/mL, 750 pg/mL, and 1000 pwg/mL, respectively. The nanocarrier
gave pH-dependent drug release profile. In physiological pH (7.4), 54.01% drug was
released from nanocarrier in 72 h; at acidic pH 5, 81.01% drug was released from
nanocarrier in 72 h. Cell viability studies were done on the human breast cancer MCF-
7 cell line. MTT assay revealed 80—100% cell viability after 48 h with the nanocar-
riers, which suggested no substantial cytotoxicity. For GEM-loaded nanocarriers,
cell viability dropped with increasing concentration. The cytotoxicity on MCF-7 cell
lines suggested almost similar antitumor activity of GEM-loaded nanocarriers as free
drug. In vivo biodistribution studies using tumor-bearing ice suggested accumula-
tion of drug-loaded nanocarriers on tumor mostly; no significant accumulation was
detected on heart, lungs, and spleen of the mouse. Accumulation was also observed
on prostate, testis, and bladder, suggesting clearance of drug-loaded nanocarriers
through the urinary tract of the mouse [97].

Su et al. reported a red emissive CQD-based system for nuclear drug delivery of
anti-cancer drug doxorubicin in cancer stem cells. The as-synthesized CQDs exhib-
ited emission at 620 nm, quantum yield was 20.1%. This NIR-emitting fluorescence
as well as the nitrogen functional group on the surface of CQDs enabled the CQDs
to be cancer stem cell-permeable. TEM analysis revealed a mean size of 3.3 nm
of the QDs, AFM predicted thickness of 0.7-1.2 nm. Anti-cancer drug DOX was
loaded to the nanocarrier through m-m stacking interaction; drug loading efficiency
was 71%. In vitro cytotoxicity studies on Hela cells showed 93% cell viability in
12 h after treating the Hela cells with CQD-based nano-drug carrier, which suggested
no cytotoxicity of the nanocarrier itself. 50% and 21% cell viability were observed
with free DOX and drug-loaded nanocarrier respectively in 12 h. This observation
suggested that drug-loaded nanocarrier was more efficient in killing cancer cells than
the free drug. In vivo studies revealed accumulation of drug on tumor site without
harming major organs of mice upon injection of drug-loaded nanocarriers to tumor-
bearing mice. Further, it was observed from in vivo fluorescence imaging that drug
DOX-loaded nanocarriers were able to pass in the nuclei of cancer stem cells. Thus,
nanocarrier enabled drug delivery exhibited a better anti-cancer therapeutic effect
compared to free drug [98].
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6 Conclusion and Future Perspectives

QDs have unique size-tunable optical and photophysical properties, as well as,
biocompatibility and flexible surface chemistry. Their properties are superior to tradi-
tional dyes. Therefore, they have been widely used for biosensing, bioimaging, and
drug delivery applications over the past decade.

The main concern which limited the in vivo application of QDs was its inherent
cytotoxicity, which is introduced in QDs due to the presence of heavy metal ions
like Cd, Hg, Se, Te, As, Pb, etc. This cytotoxicity can be harmful for living cells and
animals, which limits its in vivo as well as clinical application. It is a necessary prac-
tice to check the cytotoxicity of QDs before working with any of its bio-applications.
In most cases, the concentration of QDs needed for bio-applications is so low that
the low concentration cannot really kill the healthy living cells. However, it is a
good practice to eliminate even the slight cytotoxicity effect of QDs, which may
prove harmful. With advancing time, usage of non-toxic carbon-based quantum dot
materials (like CDots, GQDs) has been popular for biological applications instead
of traditional heavy metal QDs. Also, putting a non-toxic shell (e.g. ZnS, ZnO) on
toxic core QDs can reduce the cytotoxicity of QDs to a significant extent, extending
their role for successful in vivo bio-applications.

Doping and putting a shell on core only QDs also help generating near-infrared
(NIR) fluorescence emission. NIR emitting QDs are promising candidate for biomed-
ical applications, as they can decrease phototoxicity and penetrate deep tissue,
empowering deep tissue imaging. Coupling QDs with other nanomaterials or bioma-
terials create nanocomposite of nano-bio hybrid structure, which allows improved
physicochemical properties and biocompatibility, leading to better biomedical appli-
cations. Despite several promises, clinical applications of QDs are still limited. Chal-
lenges may be attributed to reproducibility performance in preparation of QDs and
relevant setting standard quality controls to ensure the lack of batch-to-batch vari-
ations. In addition, the administration routes of produced QDs into the body and
their regimes should be carefully considered and examined to provide required stan-
dards in the clinic. It is highlighted that current knowledge in the understanding of
the interactions in molecular levels in the body sheds light on the potential use of
QDs for personalized medicine. Still, the non-specific binding of QDs to molecular
compartments (e.g., proteins) of cells and tissues remains a challenge. Research is
going on for better application of QD composites towards clinical approach. Also,
ongoing research aims to engineer QD multifunctional devices, that can perform
biosensing, bioimaging, and drug loading simultaneously. Achieving this goal could
pave the way towards a milestone in biomedical research.
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Quantum Dots: Potential Cell Imaging )
Agent e

Tamanna Mallick, Abhijit Karmakar, and Zinnia Sultana

Abstract Fluorescent semiconductor nanocrystals (also known as quantum dots or
QDs) have become monumental over the past two decades in the material science
as well as biomedical field due to their tunable optical properties. Moreover, the
exclusive nature of QDs has always kept it one step ahead of conventional organic
fluorophores, particularly in cell imaging. QDs exhibit extremely bright multi-
color fluorescence behaviour, high photo-stability, larger extinction co-efficient and
lesser photo bleaching tendencies inside the cellular environment which make them
as advanced labelling agents. Here we have depicted the supreme characteristics
features of different types of QDs and their applications in the in vitro and in vivo cell
imaging. Recently, QDs are safely used in the advanced clinical research as promising
diagnostic tool that will surely open up a new direction.

Keywords Quantum dots - Bioimaging * Fluorescence * In vitro and in vivo cell
imaging

1 Introduction

The worldwide on-going pandemic situation again reminded us that progressive
research in the health science for mankind is worthy enough. Basic medical care
and the improvement in the biomedical field are the most prominent signs of devel-
oping countries. These are only possible with the rapid diagnosis of diseases to
find their cures [1]. A cell is a tiny chemical factory of the enormous number of
biochemical reactions for conveying the life processes and within the shadow of
those bio-processes, it also hides the pro-diseases factors inside its core biomolecule
[2]. Hence, it has become a noteworthy challenge for the researchers to improvise
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novel cell imaging agents for the insightful analyses of the abnormal cellular activ-
ities related to the diseases. Cell imaging biomarkers possess immense capabilities
in diagnosing of diseases, monitoring the disease progression and tracking the drug
response [3].

Moreover, target specific imaging agents can be utilized in the precise assess-
ments of the pathophysiology of cell not only in the in vitro environment but also in
an in vivo environment. It is a bitter truth that correct prediction of cellular structures
and the dynamic behaviour of the biomolecules with the progression of diseases is
critical in cell biology. This problem can only be overcome by giving an insight
into the development of live cell imaging techniques. Live cell imaging helps us to
visualize the dynamic changes of internal structures and cellular processes more accu-
rately than imaging studies of fixed cells [4]. Nowadays, it is a significant concern
for researchers to develop sensitive, reliable, cost-effective cell imaging-based tech-
nologies for the diagnosis of various fatal diseases. Among the existing techniques,
fluorescent-based detection techniques are the most widely explored and promising
methods in imaging as well as biosensing applications [5-7].

Organic compounds with high fluorophoric character have become prevalent and
potential for cell imaging due to their superior optical activities [8]. But there are
some major drawbacks of the application of small molecule-based fluorescent organic
compounds in cell imaging, such as low biocompatibility, low photo-stability, poor
water solubility and photo bleaching tendencies [9]. Moreover, aggregation caused
quenching of fluorescence intensity of the organic fluorophores in the interior of
the cell is also a major concern [7, 10-13]. Besides this, comparatively short life-
times of the small molecule based fluoroprobes adversely affect the imaging process
in fluorescence microscopy [14]. Such shortcomings in handling the organic fluo-
rophores as an in vitro/in vivo cell imaging agent provoked the world to improve in
the fluorescent based diagnostic application. In this regard, nanotechnology is one
of the utmost focusing areas in the upgradation of the biomedical field for the early
diagnosis of diseases and delivery of therapeutics in the targeted cells and tissues.
Fluorescent nanoparticles (NPs) are widely used in the fluorescence guided imaging
and biosensing applications due to their unique features such as improved brightness,
high image contrast, and inertness to their microenvironment. Moreover, visualiza-
tion of structures at high spatial and temporal resolutions and a more even distribution
within the intracellular medium are also beneficial for using nanomaterials as imaging
agents [5].

In comparison with organic compounds, NPs are better suited as they are rela-
tively resistant to degradation in the interior of cells [15]. About ten years back,
nanoparticles were first reported for the biological imaging of proteins in cells with
an evaluation in the bio-medical field [16, 17]. Nowadays, researchers are dealing
with nanomaterials in almost every dimension and exploiting their unique features
in the bio-medical fields. A new avenue opens up for the imaging and labelling tech-
niques by utilizing the superior characteristic features of biocompatible fluorescent
NPs.
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2 Exclusive Features of Quantum Dots (QDs)
as Bio-imaging Tool

A few years back, a new generation fluorescent nanoparticle appeared as the
finest item for imaging cells and organs which was the semiconductor nanocrys-
tals (Quantum dots, QDs) [18]. Engagement of Quantum dots (QDs) with biology
has changed the shape of modern generation hybrid biomedical research area that
can profoundly influence clinical diagnosis/therapeutic actions. QDs are arguably
the most potential moieties for acting as the highly advanced tools in the biomed-
ical imaging techniques [19]. After introducing the QDs as cell imaging agents,
a wide improvement of optical potentials was observed, making them superior
to the common organic fluorophores in single and multi-color experiments [16].
Fluorescence-based techniques, i.e., fluorescence imaging, are progressively raised
towards the diagnosis of chronic diseases where QDs may play a key role and can
be utilized as probes in the cellular medium [20]. QDs display extremely bright
fluorescence behaviour, long fluorescence lifetime, high photo-stability and extreme
quantum yield, and larger extinction co-efficient in the interior of cell which prove
them as advanced labelling agents [21]. In such a rapid development of nanotech-
nology, QDs are used as active cellular probes and have the potential to fulfill all the
characteristic properties of standard imaging agents [22]. In addition to this, excep-
tionally unique properties of QDs made them surmounted in cell imaging techniques
in comparison with the conventional fluorescent dyes. The most challenging and
promising aspect of QDs is to use them in different organs of animals as diag-
nostic/therapeutic agents. Hence it is necessary to reduce the toxicity of nanocrys-
tals by coating them with more biocompatible compounds. At the very beginning,
quantum dots were effectively applied in the clinical diagnostic field as fluorescent
labelling agents of cells and tissues as well as immunostaining agents of live cell’s
membrane proteins. Hence, surface modification of QDs by conjugation with bio-
molecules is a basic requirement to achieve selective targeting without any injury
of the cells. QDs with emission in the near infra-red (NIR) region can be potential
enough for using them to restrict the interference of the auto fluorescence.

There is an impressive progression of the story of QDs in biological research
field. An admirable glimpse comes from this story which raised questions about how
and why QDs were improved as imaging tools for biomedical research. Evolution of
quantum dots in cell imaging technology along with the time lapse has been depicted
in Fig. 1.

QDs are luminescent semiconductor nanocrystals with a size range falling
between 1.5 and 10 nm [23]. In a simple thought, QDs are the groups of atoms
that collectively form a semiconductor crystalline material that assures advanced
transformation in bio-medical fields. In addition to this, it is also used as lights,
computer displays and solar cells. These ultra small nanocrystals are sometimes
described as ‘artificial atoms’ which display size and composition-dependent optical
properties [23, 24]. These tiny materials are usually composed of groups II-VI, III-V
and IV-VI atoms of periodic table [25]. The QDs were discovered first by Russian
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Fig. 1 The years of progress in cell imaging through the eyes of quantum dots

physicist Alexei Ekimov in 1970 whereas Alexander Efros explained the theory of
the nanocrystal QDs, 1982 [26, 27]. The term ‘quantum dot’ was first coined by
Mark Reed in 1986 [28].

The name ‘quantum dot’ arises as these materials are too small, basically
compared with a tip of the pen, i.e., a single dot. Semiconductor nanocrystals have
zero-dimensional materials that emit fluorescence i.e., glowing after irradiation of
external light sources. Nearly about 10-50 atoms are included in a single QD that
monitors their sizes and further control the intensity of their color. There is a basic
relationship between the size and color of the QDs i.e., larger size QDs give light
with a higher wavelength and smaller sizes produce light with a small wavelength.
According to the basic concept of quantum mechanics i.e., theory of wave-particle
duality of the famous physicist de Broglie, it is accounted that the particle can be
characterized by using quantum mechanical calculation when the size of the particle
becomes comparable to the wavelength [29]. Hence, behavior of nanocrystals can
only be explained with the help of quantum mechanics i.e., the concept of ‘wave-
particle duality’. The bulk material has free electrons in the conduction band which
are movable throughout the materials. The movement of the free electrons all over
the bulk materials can be described by a linear combination of plane waves [30].
Hence, when the size of a QD is comparable with these wavelengths, the free elec-
trons are confined within this nanocrystal acts like a particle in a 1-D box [31]. The
energy alignment of a particle shows discrete energy states when compared with the
waves restricted in the potential well. A simple energy profile diagram of QDs in
comparison with bulk materials are shown in Fig. 2.

The unique fluorescence character of semiconductor nanocrystals arises after the
excitation of the electron which comes from the conduction band to the valence band.
Mostly, the emission of QDs falls within the wavelength range from UV-Vis to the
infrared regions. QDs exhibit broad UV-Vis spectra but narrow emission spectra
[16, 33]. When the randomly moving carriers of the particle with a comparable size
of waves are confined to restrict their movements in the discrete energy levels then
it is referred to as quantum-confinement.

The quantum-confinement effect has a great role in the extraordinary electronic
structures of the QDs. This quantum-confinement effect arises when the physical
diameter of QDs are less than twice their exciton Bohr radius [34]. The term quantum-
confinement effect of the semiconductor QD was first introduced by Weller in 1993
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[35]. Due to the quantum-confinement effects, the energy states of individual atom
remain discrete. The energy gap of these discrete energy levels depends on the size
of the QDs. With the decreases in the size of the QDs, the energy gap of the discrete
energy level increases that results in the size-depended multi colors of QDs [36].

3 Types of QDs Used in the Cell Imaging Techniques

Generally, the QDs are typically divided into three major categories. One of the most
famous types is metal-based semiconductor nanocrystals. Another recent demanding
group is the carbon-based QDs. The last one is the silicon QDs. Semiconductor QDs
have high photochemical stability with unique size-dependent optical properties that
make them well recognized in the Nano world [37, 38]. Metallic semiconductor QDs
are the heavy metal containing like, II-IV (CdSe, ZnS, and CdTe), IV-VI (PbSe and
PbS) and III-V (InP and InAs) QDs [39-41]. Metallic semiconductor QDs can be
prepared in various methods. Depending on the chemical compositions and arrange-
ments, they can be subdivided into three main types: core type, core—shell, and
alloyed-type QDs [Fig. 3] [42].

Core-type is one of the class of metallic semiconductor QD which is composed
of a uniform single material including metallic chalcogenide (chalcogenide: S, Se
and Te) [43]. There is a problem regarding the high toxicity of the II-IV QDs (such
as CdTe and CdSe) which limits their potential use in the bio-medical field. But
it has already been reported that cytotoxicity of cadmium-containing QDs depends
on the size, charge and variation of coating ligands [44]. Hence, these problems
raise concerns about the biocompatibility of QDs, which initiated a search for an
alternative way to safely use the semiconductor QDs in the cellular medium [45].
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Fig. 3 Simple subdivision of metallic semiconductor QDs

Another types of semiconductors QDs is the core—shell QDs which have the ability
to enter into the clinical research as a promising agent for the diagnosis. Core—shell
QDs are produced when one semiconducting material acts as shell and encapsulate
other materials within its core. The core and the shell of the core—shell type QDs are
mainly consist of groups (notation: core/shell) CdS/ZnS, CdSe/ZnS, and InAs/CdSe
semiconductors QDs [46]. The enhancement in the fluorescence quantum yield of the
core—shell QDs over the simple core-typed QDs or organic capped QDs is due to the
large confinement of the electron and hole to the core and shell [47]. Core—shell QDs
displayed the increase of the absorption coefficients, high brightness, stability against
photo bleaching, small fluorescence lifetime and extreme brightness, variation of the
refractive index and red shifting in the threshold energy with an increase in the
shell width [48]. This beautiful core—shell pattern triggered their availability and
usefulness in bioimaging, biosensing and bio diagnostic [49]. Remarkably core—
shell QDs perform as multicolor imaging agents due to their narrow fluorescence
emission characteristics. In another aspect core—shell QDs have a wide absorption
spectrum that permits multiple excitations at the same wavelength. Hence, at the same
time, multiple core—shell QDs would be useful in cell imaging. The short lifetime
of the core—shell QDs allow them for the time-resolved bioimaging. The best-suited
and widespread core/shell pair is the CdSe/ZnS or CdSe/CdS, which enhanced their
optical properties and had high stability [50].

Alloyed QDs are the last types of QDs, produced by alloying multiple materials
with both homogeneous and gradient internal structures. These alloyed types of novel
QDs with composition gradients did not display blinking; hence strong fluorescence
emission was observed continuously [51].

The conventional QDs containing the toxic heavy metals (Cd, Pb or As) have
created major disadvantages in their biomedical applications such as in vivo or even
invitrouses [39,45, 52, 53]. When the shells or organic capping agents do not suitably
enclose the surface of these QDs, they easily forsake into the cellular medium. Such
problems regarding the toxic metal-based QDs triggered the research interest in
searching for alternative approaches in the improvement of QDs as biocompatible
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fluorescence imaging agents. Another class of QDs is the carbon-based QDs pursued
safer at the forefront of various in vivo or in vitro clinical resolutions in comparison
with metal-based QDs [51, 54, 55]. Carbon-based QDs generally have two major
groups with intense emission including carbon QDs (CQDs) and graphene QDs
(GQDs) [56-58]. CQDs were first introduced in 2004 and are familiarly termed
carbon dots (CDots) [59]. CQDs are naturally carbon containing NPs with average
diameter of less than 10 nm, mainly prepared from organic compounds or natural
sources that are noteworthy from a biological point of view [60-62]. GQDs are
typically referred to as zero-dimensional novel fluorescent NPs which contain a
single or few layers of graphene sheet [63].

CQDs and GQDs have notable properties like higher biocompatibility, better
chemical stability, and high-water solubility, increased photoluminescence with
green and facial synthesis fascinated them towards replacing conventional semicon-
ductor QDs [64]. Hence, these materials are suggested for bioimaging and fluores-
cence sensing applications. Such promising features make CQDs and GQDs perfectly
suited in several fields of electronics, optics, photo-electrochemistry, catalysis and
particularly in the most challenging areas of biology [65]. CQDs are especially
developed to persuade various exciting applications, like imaging of cells and tissues.

Silicon QD is another and last type of QDs with many important features that
make them attractive towards the biomedical research field. Silicon quantum dots
(SiQDs) are the semiconductor silica nanoparticles (SiNPs) within the size range
from 1 to 10 nm [66]. SiQDs have potentials applicability towards fluorescent bio-
marker and optoelectronic devices as it has high resistance to photo bleaching, high
quantum yields and broad emission range from visible to IR region [67].

The molecular and cellular events that can be studied by using fluorescent probes
have been impacted in many areas of biomedical research. Over the traditional fluo-
rophores, QDs have certain excellent properties which are suitable for cell imaging
techniques. Conventional organic fluorophores have some limitations; hence, these
molecules pose a lack of sensitivity or specificity of the desired targets in comparison
with QDs [68]. In 1998, Chan and Nie and Bruchez et al. individually first applied
QDs for successful fluorescence labelling and staining of fixed or live cells [69].

4 Application of QDs in Cell Imaging

4.1 In vitro Imaging

Initially, QDs were used for in vitro imaging to label cells. Li et al. reported that CdS
capped with 3-mercaptopropionic acid (3-MPA) having a quantum yield compa-
rable to that of the commercial core—shell QDs. They utilized the photolumines-
cence behaviour of CdS QDs as an imaging tool to label Salmonella typhimurium
cells [70]. Electrostatic self-assembly over the QD surface offers a greater scope
of functionalization with particular biomolecules for specific labelling [67]. Jaiswal
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et al. reported generalized long-term labelling of HeLa cells with dihydrolipoic acid
(DHLA)-capped multicolor CdSe/ZnS QDs. Interestingly, labelling of HeLa cells
with QDs did not affect the cell growth and cells remained stably labelled for over
a week. Furthermore, they attached an antibody (clone 4E3) to the QD surface and
utilized it for the specific labelling of extracellular P-glycoprotein (Pgp) of HeLa
cells [71]. Gac et al. have used QDs for staining of cells undergoing apoptosis and
for this purpose, they have developed CdSe@ZnS QDs conjugated with Annexin V
for specific targeting of apoptotic cells. They have also shown that the functionalized
fluorescent QDs are specific towards the phosphatidylserine (PS) moieties present
on the outer membrane of apoptotic cells and not on healthy or necrotic cells [67]. Liu
et al. reported that Core—shell (CdSe/CdS/ZnS) semiconductor QDs conjugated with
phenylboronic acid (PBA) enables specific and efficient labelling of Sialic acids (SA)
onliving cells [72]. Sun et al. demonstrated a new kind of magnetic, fluorescent multi-
functional, thiol-capped Fe;O4 nanoparticles and prepared a nanocomposite with
CdTe QDsi.e., Fe;04/CdTe. These magnetic/fluorescent nanocomposites conjugated
with anti-CEACAMS antibody were successfully employed for immuno-labeling and
fluorescence imaging of HeLa cells [73]. Bagalkot et al. demonstrated CdSe/ZnS
core—shell QD conjugated with aptamer (Apt) and utilized for differential uptake
and imaging of prostate cancer cells that express the prostate specific membrane
antigen (PSMA) protein. It was also used for the loading of doxorubicin (Dox), an
anticancer drug to prepare a nano conjugate system [QD-Apt(Dox)] as a targeted
cancer imaging, therapy, and sensing system. From their study, it was observed that
functionalized QD has the immense possibility of delivering the doxorubicin (Dox) as
well as imaging the cancer cells in vitro [74]. QD-conjugated biomolecules are very
selective and effective for tracking the structures and functions of biological systems.
Biju et al. reported that a neuropeptide, allatostatin 1, Ala-Pro-Ser-Gly-AlaGIn-Arg-
Leu-Tyr-Gly-Phe-Gly-Leu-NH;, conjugated to streptavidin-coated CdSe-ZnS QDs
that can transfect living human carcinoma cells and transports QDs inside the cyto-
plasm and even the nucleus of the cells for targeted imaging purposes. This method
proved that biomolecules conjugated QDs have the higher efficacy for DNA gene
delivery, cell labelling and photodynamic therapy [75, 76].

Fluorescent carbon-based nanomaterials, such as carbon dots (CDots) and the
emerging graphene quantum dots (GQDs) are also drawing considerable interest
in the field of biosensing and bioimaging for their high aqueous solubility, stable
photoluminescence (PL), low cytotoxicity, good biocompatibility as well as supe-
rior resistivity to photo bleaching [77]. Especially, the quantum-confinement and
edge effects of the carbon dots and graphene quantum dots show incredible opto-
electronic properties. Moreover, due to their unique surface features, they offer
a platform for the functionalization of several small molecules as well as large
biomolecules which enable researchers for their use as bio-imaging tools. Aiyer et al.
reported that folic acid (FA) functionalized green fluorescent carbon quantum/nano
dots GCQDs (GCQDs-FA) is highly specific towards the imaging of MCF-7 breast
cancer cells [78]. Meena et al. reported a green route for the preparation of fluores-
cent carbon quantum dots (CQDs) from ayurvedic medicinal plant leaves such as
Azadirachta Indica, Ocimum Tenuiflorum and Tridax Procumbens. The synthesized
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CQDs are observed to be green fluorescent in nature, photo-stable, decently water
dispersible and biocompatible. The potentiality of synthesized CDots was evaluated
when they were applied directly to the imaging of MC3T3-E1 mouse preosteoblasts
cells without further functionalization [79]. Jana et al. demonstrated the efficiency
of pH-dependent, fluorescent carbon dots for sensing hazardous anions in aqueous
media. They also used it as a cell-imaging probe for HeLa cell [80]. One of the major
advances about the graphene QDs is its layer structure and high quantum yield as
compared with the carbon dots [81]. Sheng et al. doped graphene quantum dots with
nitrogen (N-GQDs) for sensing and bio-imaging purposes. Their prepared graphene
based quantum dot showed a 64.2% quantum yield. They also demonstrated that the
nitrogen-doped GQDs can be used for imaging of MCF-7 cells and the detection
of Cr(VI) [82]. In other work, Fan et al. synthesized GQDs-tetraphenylporphyrin
(TPP) and GQDs-polyethyleneimine (PEI) conjugate systems by green method for
imaging of the mitochondria or cell nucleus in a target-specific way. According
to their report, they also claimed that the synthesized GQDs did not exhibit the
photobleaching and cytotoxicity compared to common fluorescent dyes [83]. The
development of multicolor imaging agents is one of the high demanding goals for
researchers. Graphene quantum dots exhibit astounding attributes in cell imaging,
specific sensing activities, drug delivery and various types of bio applications. Hai
etal. conjugated the graphene quantum dots with folic acid and utilized this nanocon-
jugate system (FA-GQDs) as the cellular probe and pH sensor [84]. The synthesized
FA-GQDs showed multicolor emission characteristics and it has been used for the
pH determination of cell suspensions. Broad emission properties of FA-GQDs offer
a great potential for application in living cell multicolor imaging [84]. Increasing
the fluorescence intensity of graphene quantum dots GQDs is also a cherished goal
for the researchers and among varieties of methods sulphur doping within the GQDs
layer is very effective. Jin et al. selected a nontoxic and cost-effective way to prepare
sulphur doped-GQDs with high luminescence behaviour. They further utilized it as
the imaging agent and targeted the membranes of the HeLa cell [85]. Mondal et al.
synthesized heteroatom (N and S) doped graphene quantum dot (NS-GQD) with
unique fluorescence properties [86]. They reported that the fluorescence characteri-
zation of NS-GQD was enhanced due to the trapping of heteroatoms (N and S) within
the surface of the GQDs. The NS-GQD fluorescent probe showed higher efficacy in
the field of intracellular imaging, which is comparable to the available commercial
dyes. Moreover, antibacterial drug streptomycin was conjugated with the NS-GQD
to form a drug conjugated quantum dot (DCQD) for enhancing the drug activity
[86]. In the work of Su et al., a novel multifunctional protein nanofiber (PNF) was
prepared from a peptide with trifunctional motif. They further conjugated the protein
nanofiber (PNF) profoundly with fluorescent GQDs via noncovalent interaction. The
GQDs exhibited their good optical properties in the PNF-GQDs nanohybrids. These
PNF-GQD nanohybrids possess higher biocompatibility as well as the capability
of targeting and imaging fluorescence imaging of HeLa tumor cells simultaneously
[80]. All of these investigations illustrate the fact that GQDs are either conjugated
with specific molecules or alone have extraordinary potential as a multifunctional
material for biomedical cell imaging applications. Figure 4 represents the biomedical
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Fig. 4 Applications of QDs in the biomedical field

applications of QDs.

In vitro experiments which have several beneficial effects but have also some
limitations, i.e., laboratory set up for the using of test tubes, Petri dishes etc. In vivo
studies are paramount over in vitro experiments due to its well suited for detecting
the overall effects on living subject.

4.2 Invivo imaging

Dubertret et al. encapsulated CdSe/ZnS QDs in phospholipid block-copolymer
micelles and demonstrated them as both in vitro and in vivo imaging agents. For this
purpose, they further modified the QD by DNA. These multi-functionalized DNA-
QD-micelles were utilized as in vitro fluorescent probes to hybridize to specific
complementary sequences. Moreover, they performed in vivo imaging study by
microinjecting the DNA-QD-micelles system into the early-stage Xenopus embryos
[87]. Yong et al. demonstrated highly luminescent CdSe/CdS/ZnS quantum rods
(QRs) coated with PEGylated phospholipids and RGD peptides for tumor targeting
and imaging in live animals. This conjugate was demonstrated to be a bright, photo
stable, and biocompatible luminescent probe and showed no adverse effects even at
adose roughly 6.5 times higher than reported in vivo imaging studies using quantum
dots [88]. Zimmer et al. synthesized a series of InAs/ZnSe core/shell quantum dots
with a size less than 10 nm that offer a range of size tunable emission wavelengths,
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between 750-920 nm. They further conjugated dihydrolipoic acid (DHLA) to the
quantum dots and utilized it in the in vivo imaging study of the interstitial fluid in
rats. This visualization of the extravasation sites gave an idea about the delivery
mechanism of quantum dots to tumor cells [89]. Angiogenesis is the process by
which new blood vessels are formed from preexisting vasculature and it is essential
for the supply of nutrients from the blood stream into tumor cells. Receptors, such
as integrin, are highly expressed in tumor cells during angiogenesis. So, targeting
the receptor like integrin can be a crucial factor for cancer diagnosis and therapy.
Cai et al. reported the in vivo targeting and imaging of arginine-glycine-aspartic acid
(RGD) peptide labeled QDs for imaging of tumor vasculature in a murine xenograft
model. This work widens the possibility of application of QDs as in vivo imaging of
tumor vasculature in living subjects [90].

Carbon dots (CDots) have the most attractive luminescent features that emerging
them as fluorescent labelling agents in the range of various biomedical research fields
[59].

There are several studies regarding cell imaging with carbon QDs (CQDs). Here
we represent some of the current examples; Sun et al. reported the synthesis of
CDots doped with ZnS salt which were potentially used in in vivo cell imaging
study in mice model [51] (Fig. 5). Zhang et al. synthesized the CQDs from poly-
dopamine (PDA-FONS) for the specific fluorescence imaging in the cytoplasm but
not a nucleus [91]. After one year, Yan et al. prepared CDs from cellulose and
cyclodextrin and used them as cell imaging agents [92]. Mouse melanoma B16-
F10 cell lines were incubated for five hours with quantum dots and within this time

Fig. 5 Subcutaneous injection of C-Dots and CZnS-Dots: bright field a, fluorescence excita-
tion/emission wavelength, 470/525 nm b and 545/620 nm d and color-coded images (c, e), adapted
with permission from Ref. [51]. Copyright 2022 American Chemical Scocity
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maximum QDs penetrated the cells and displayed bright red, yellow and blue fluo-
rescence emissions [92]. In the same year, Zhang et al. obtained the CDots by one-pot
hydrothermal synthesis of nanodiamond [93]. Upon incubation of CDots with NIH-
3T3 cells, it was observed that cytoplasm specifically exhibited green and yellow
fluorescence emissions at 405 nm and 458 nm excitations respectively [93]. Huang
et al. reported the synthesis of admirable photoluminescent CDots decorated with dye
ZW800 which were applied in the in vivo imaging and for the better understanding
of the blood circulation and specific tumor detection [94]. Recently, F. Hashemi
et al. reported the synthetic method of N-doped green CDots from lemon and tomato
extractions. These QDs displayed a deep blue fluorescence under UV light at 360 nm
excitation and were explored as cell detection and labelling agents [95].

The most attractive novel GQDs-based QDs have many characteristic features that
make them ideal compared to conventional imaging tools. Mostly, GQDs are used as
contrast agents for in vivo imaging and are highly explored for the labelling of deep
tissue samples [96]. Tan and coworkers reported that near IR GQDs have the ability
to detect the endogenous ascorbic acids in live cells. P. Roy et al. reported a novel
preparation method of the GQDs from plant leaf, modified with Annexin V antibody
(AbAS), useful for labelling apoptotic cells in live zebrafish [97]. Wang et al. reported
the red fluorescent GQDs and investigated the NIR-I in vivo imaging [98]. Chen and
co-workers investigated the whole distribution of cell surface carbohydrate receptors
with the help of the monosaccharide sugar functionalized GQDs [99].

5 Conclusion

Owing to the preliminary success of fluorescent QDs in the biomedical field for
in vitro and in vivo imaging, these materials soon explored themselves as the superior
agents for cellular imaging and diagnoses, along with the vast progression in material
science. The swift increase in the utilization of QDs is mainly due to their unique
properties e.g., extreme emission intensity, high quantum yield and photo bleaching
resistance, and easy fabrication or modification strategies. Although the metallic
semiconductor QDs have few restrictions (low biocompatibility) over the core—shell
or carbon-based QDs towards the interior of cells immense capabilities of single and
multicolor image development are appreciable. A new avenue has already opened in
medical science where QDs are being used as bio-imaging or diagnostic tools.

In future, conjugated QDs will be purposefully designed to focus on the early
detection of cancer cells, which points out metastasis. These conjugated QDs can
also be explored for targeting solid tumor tissues. The day is not so far when QDs
will be used as highly reliable diagnostic and imaging tools for most acute diseases.



Quantum Dots: Potential Cell Imaging Agent 203

References

12.

13.

14.

15.

16.

18.

19.

20.
21.

22.

23.

24.

. Peabody JW, Taguiwalo MM, Robalino DA, Frenk J. Improving the quality of care in developing

countries. 2006.

. Barr AJ. The biochemical basis of disease. Essays Biochem. 2018;62(5):619-42.
. Weaver O, Leung JW. Biomarkers and imaging of breast cancer. Am J Roentgenol.

2018;210(2):271-8.

. SunD, Liu Y, Liu D, Zhang R, Yang X, Liu J. Stabilization of G-quadruplex DNA, inhibition of

telomerase activity and live cell imaging studies of chiral ruthenium (II) complexes. Chem—-A
Eur J. 2012;18(14):4285-95.

. Wolfbeis OS. An overview of nanoparticles commonly used in fluorescent bioimaging. Chem

Soc Rev. 2015;44(14):4743-68.

. Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T. Quantum dots versus

organic dyes as fluorescent labels. Nat Methods. 2008;5(9):763.

. Wang L, Wang K, Santra S, Zhao X, Hilliard LR, Smith JE, et al. Watching silica nanoparticles

glow in the biological world. ACS Publications; 2006.

. Ronda CR, lJiistel] T. Quantum dots and nanophosphors. Luminescence: From Theory to

Applications/CR Ronda, T Justel. 2008:35-59.

. Jensen EC. Use of fluorescent probes: their effect on cell biology and limitations. Anat Rec

Adyv Integr Anat Evol Biol. 2012;295(12):2031-6.

. Ansari AA, Labis JP, Manthrammel MA. Designing of luminescent GAPO4: Eu@ LaPO4 @

SiO; core/shell nanorods: Synthesis, structural and luminescence properties. Solid State Sci.
2017;71:117-22.

. Cantelli A, Battistelli G, Guidetti G, Manzi J, Di Giosia M, Montalti M. Luminescent

gold nanoclusters as biocompatible probes for optical imaging and theranostics. Dyes Pigm.
2016;135:64-79.

HuF-1, Shi Y-X, Chen H-H, Lang J-P. A Zn (I) coordination polymer and its photocycloaddition
product: syntheses, structures, selective luminescence sensing of iron (III) ions and selective
absorption of dyes. Dalton Trans. 2015;44(43):18795-803.

Liu M, Huang H, Wang K, Xu D, Wan Q, Tian J, et al. Fabrication and biological
imaging application of AIE-active luminescent starch based nanoprobes. Carbohyd Polym.
2016;142:38-44.

Walling MA, Novak JA, Shepard JR. Quantum dots for live cell and in vivo imaging. Int J Mol
Sci. 2009;10(2):441-91.

Behzadi S, Serpooshan V, Tao W, Hamaly MA, Alkawareek MY, Dreaden EC, et al. Cellular
uptake of nanoparticles: Journey inside the cell. Chem Soc Rev. 2017;46(14):4218-44.
Bruchez M, Moronne M, Gin P, Weiss S, Alivisatos AP. Semiconductor nanocrystals as
fluorescent biological labels. Science. 1998;281(5385):2013-6.

. Chan WC, Nie S. Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Science.

1998;281(5385):2016-8.

Pierobon P, Cappello G. Quantum dots to tail single bio-molecules inside living cells. Adv
Drug Deliv Rev. 2012;64(2):167-78.

Wegner KD, Hildebrandt N. Quantum dots: Bright and versatile in vitro and in vivo fluorescence
imaging biosensors. Chem Soc Rev. 2015;44(14):4792-834.

Larramendy M, Soloneski S. Green nanotechnology: Overview and further prospects. 2016.
LiJ, Zhu J-J. Quantum dots for fluorescent biosensing and bio-imaging applications. Analyst.
2013;138(9):2506-15.

Vu TQ, Lam WY, Hatch EW, Lidke DS. Quantum dots for quantitative imaging: from single
molecules to tissue. Cell Tissue Res. 2015;360(1):71-86.

Daniel M-C, Astruc D. Gold nanoparticles: Assembly, supramolecular chemistry, quantum-
size-related properties, and applications toward biology, catalysis, and nanotechnology. Chem
Rev. 2004;104(1):293-346.

Kastner MA, Klein O, Lyszczarz TM, Mankiewich PM, Shaver DC, Wind S, et al. Artificial
atoms. Research Laboratory of Electronics (RLE) at the Massachusetts Institute of ...; 1994.



204

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

T. Mallick et al.

Schaming D, Remita H. Nanotechnology: from the ancient time to nowadays. Found Chem.
2015;17(3):187-205.

Efros AL, Lockwood D, Tsybeskov L. Semiconductor nanocrystals: from basic principles to
applications: Springer Science & Business Media; 2003.

Ekimov AI, Onushchenko AA. Quantum size effect in three-dimensional microscopic
semiconductor crystals. Jetp Lett. 1981;34(6):345-9.

Reed M, Bate R, Bradshaw K, Duncan W, Frensley W, Lee J, et al. Spatial quantization
in GaAs—AlGaAs multiple quantum dots. J Vacuum Sci Technol B: Microelectron Process
Phenom. 1986;4(1):358-60.

Emory SR, Haskins WE, Nie S. Direct observation of size-dependent optical enhancement in
single metal nanoparticles. J Am Chem Soc. 1998;120(31):8009-10.

Mokari T, Habas SE, Zhang M, Yang P. Synthesis of lead chalcogenide alloy and core—shell
nanowires. Angew Chem. 2008;120(30):5687-90.

Masala O, Seshadri R. Synthesis routes for large volumes of nanoparticles. Annu Rev Mater
Res. 2004;34:41-81.

Adlim A. Preparations and application of metal nanoparticles. Indonesian J Chem. 2006;6(1):1—
10.

Yen F-L, Wu T-H, Tzeng C-W, Lin L-T, Lin C-C. Curcumin nanoparticles improve the physic-
ochemical properties of curcumin and effectively enhance its antioxidant and antihepatoma
activities. J Agric Food Chem. 2010;58(12):7376-82.

Chukwuocha E, Onyeaju M. Simulation of quantum dots (QDs) in the confinement regime.
Ijaser Int J Appl Sci Eng Res. 2012;1(6).

Weller H. Colloidal semiconductor g-particles: Chemistry in the transition region between solid
state and molecules. Angew Chem, Int Ed Engl. 1993;32(1):41-53.

Ghaffari M, Dolatabadi JEN. Nanotechnology for pharmaceuticals. Industrial applications of
nanomaterials: Elsevier; 2019. p. 475-502.

Haverinen HM, Myllyld RA, Jabbour GE. Inkjet printing of light emitting quantum dots. Appl
Phys Lett. 2009;94(7): 073108.

Tekin E, Smith PJ, Hoeppener S, Van Den Berg AM, Susha AS, Rogach AL, et al. Inkjet printing
of luminescent CdTe nanocrystal-polymer composites. Adv Func Mater. 2007;17(1):23-8.
Michalet X, Pinaud F, Bentolila L, Tsay J, Doose S, Li J, et al. Quantum dots for live cells,
in vivo imaging, and diagnostics. Science. 2005;307(5709):538—-44.

Prasad PN. Introduction to biophotonics: Wiley; 2003.

Wittcoftf HA, Reuben BG, Plotkin JS. Industrial organic chemicals: Wiley; 2012.

Farzin MA, Abdoos H. A critical review on quantum dots: From synthesis toward applica-
tions in electrochemical biosensors for determination of disease-related biomolecules. Talanta.
2020:121828.

Kershaw SV, Susha AS, Rogach AL. Narrow bandgap colloidal metal chalcogenide quantum
dots: synthetic methods, heterostructures, assemblies, electronic and infrared optical properties.
Chem Soc Rev. 2013;42(7):3033-87.

Derfus AM, Chan WC, Bhatia SN. Probing the cytotoxicity of semiconductor quantum dots.
Nano Lett. 2004;4(1):11-8.

Hardman R. A toxicologic review of quantum dots: Toxicity depends on physicochemical and
environmental factors. Environ Health Perspect. 2006;114(2):165-72.

Loukanov AR, Dushkin CD, Papazova KI, Kirov AV, Abrashev MV, Adachi E. Photolu-
minescence depending on the ZnS shell thickness of CdS/ZnS core-shell semiconductor
nanoparticles. Colloids Surf, A. 2004;245(1-3):9-14.

Vasudevan D, Gaddam RR, Trinchi A, Cole 1. Core—shell quantum dots: Properties and
applications. J Alloy Compd. 2015;636:395-404.

Carrillo-Carrién C, Cardenas S, Simonet BM, Valcarcel M. Quantum dots luminescence
enhancement due to illumination with UV/Vis light. Chem Commun. 2009;35:5214-26.
Kairdolf BA, Smith AM, Stokes TH, Wang MD, Young AN, Nie S. Semiconductor quantum
dots for bioimaging and biodiagnostic applications. Annu Rev Anal Chem. 2013;6:143-62.



Quantum Dots: Potential Cell Imaging Agent 205

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

Wang X, Yu J, Chen R. Optical characteristics of ZnS passivated CdSe/CdS quantum dots for
high photostability and lasing. Sci Rep. 2018;8(1):1-7.

Yang S-T, Cao L, Luo PG, Lu F, Wang X, Wang H, et al. Carbon dots for optical imaging
in vivo. J Am Chem Soc. 2009;131(32):11308-9.

Gao X, Cui Y, Levenson RM, Chung LW, Nie S. In vivo cancer targeting and imaging with
semiconductor quantum dots. Nat Biotechnol. 2004;22(8):969-76.

Geys J, Nemmar A, Verbeken E, Smolders E, Ratoi M, Hoylaerts MF, et al. Acute toxicity
and prothrombotic effects of quantum dots: impact of surface charge. Environ Health Perspect.
2008;116(12):1607-13.

Cao L, Wang X, Meziani MJ, Lu F, Wang H, Luo PG, et al. Carbon dots for multiphoton
bioimaging. J] Am Chem Soc. 2007;129(37):11318-9.

Luo PG, Sahu S, Yang S-T, Sonkar SK, Wang J, Wang H, et al. Carbon “quantum” dots for
optical bioimaging. J] Mater Chem B. 2013;1(16):2116-27.

Sun Y-P, Zhou B, Lin Y, Wang W, Fernando KS, Pathak P, et al. Quantum-sized carbon dots
for bright and colorful photoluminescence. J Am Chem Soc. 2006;128(24):7756-7.

Pan D, Zhang J, Li Z, Wu M. Hydrothermal route for cutting graphene sheets into blue-
luminescent graphene quantum dots. Adv Mater. 2010;22(6):734-8.

Li L, Wu G, Yang G, Peng J, Zhao J, Zhu J-J. Focusing on luminescent graphene quantum
dots: Current status and future perspectives. Nanoscale. 2013;5(10):4015-39.

Xu X, Ray R, Gu Y, Ploehn HJ, Gearheart L, Raker K, et al. Electrophoretic analysis
and purification of fluorescent single-walled carbon nanotube fragments. J Am Chem Soc.
2004;126(40):12736-7.

Hutton GA, Martindale BC, Reisner E. Carbon dots as photosensitisers for solar-driven
catalysis. Chem Soc Rev. 2017;46(20):6111-23.

Wang J, Qiu J. A review of carbon dots in biological applications. J Mater Sci.
2016;51(10):4728-38.

Lim SY, Shen W, Gao Z. Carbon quantum dots and their applications. Chem Soc Rev.
2015;44(1):362-81.

Dong Y, Shao J, Chen C, Li H, Wang R, Chi Y, et al. Blue luminescent graphene quantum
dots and graphene oxide prepared by tuning the carbonization degree of citric acid. Carbon.
2012;50(12):4738-43.

Wang L, Zhu S-J, Wang H-Y, Qu S-N, Zhang Y-L, Zhang J-H, et al. Common origin of green
luminescence in carbon nanodots and graphene quantum dots. ACS Nano. 2014;8(3):2541-7.
Liu Y, Huang H, Cao W, Mao B, Liu Y, Kang Z. Advances in carbon dots: from the perspective
of traditional quantum dots. Mater Chem Front. 2020;4(6):1586-613.

Morozova S, Alikina M, Vinogradov A, Pagliaro M. Silicon quantum dots: synthesis,
encapsulation, and application in light-emitting diodes. Front Chem. 2020;8:191.

Jin S, Hu Y, Gu Z, Liu L, Wu H-C. Application of quantum dots in biological imaging. J
Nanomater. 2011;2011.

Rosenthal SJ, Wright DW. Nanobiotechnology protocols: Springer; 2005.

Zhou L, Yan J, Tong L, Han X, Wu X, Guo P. Quantum dot-based immunohistochemistry for
pathological applications. Cancer Transl Med. 2016;2(1):21.

Li H, Shih WY, Shih W-H. Synthesis and characterization of aqueous carboxyl-capped CdS
quantum dots for bioapplications. Ind Eng Chem Res. 2007;46(7):2013-9.

Jaiswal JK, Mattoussi H, Mauro JM, Simon SM. Long-term multiple color imaging of live
cells using quantum dot bioconjugates. Nat Biotechnol. 2003;21(1):47-51.

Liu A, Peng S, Soo JC, Kuang M, Chen P, Duan H. Quantum dots with phenylboronic acid
tags for specific labeling of sialic acids on living cells. Anal Chem. 2011;83(3):1124-30.

Sun P, Zhang H, Liu C, Fang J, Wang M, Chen J, et al. Preparation and characterization of
Fe304/CdTe magnetic/fluorescent nanocomposites and their applications in immuno-labeling
and fluorescent imaging of cancer cells. Langmuir. 2010;26(2):1278-84.

Bagalkot V, Zhang L, Levy-Nissenbaum E, Jon S, Kantoff PW, Langer R, et al. Quantum dot—
aptamer conjugates for synchronous cancer imaging, therapy, and sensing of drug delivery
based on bi-fluorescence resonance energy transfer. Nano Lett. 2007;7(10):3065-70.



206

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

T. Mallick et al.

Walther C, Meyer K, Rennert R, Neundorf I. Quantum dot— carrier peptide conjugates suitable
for imaging and delivery applications. Bioconjug Chem. 2008;19(12):2346-56.

Biju V, Muraleedharan D, Nakayama K-i, Shinohara Y, Itoh T, Baba Y, et al. Quantum dot-
insect neuropeptide conjugates for fluorescence imaging, transfection, and nucleus targeting
of living cells. Langmuir. 2007;23(20):10254-61.

FanZ,LiS, Yuan F, Fan L. Fluorescent graphene quantum dots for biosensing and bioimaging.
RSC Adv. 2015;5(25):19773-89.

Aiyer S, Prasad R, Kumar M, Nirvikar K, Jain B, Kushwaha OS. Fluorescent carbon nanodots
for targeted in vitro cancer cell imaging. Appl Mater Today. 2016;4:71-7.

Meena R, Singh R, Marappan G, Kushwaha G, Gupta N, Meena R, et al. Fluorescent carbon
dots driven from ayurvedic medicinal plants for cancer cell imaging and phototherapy. Heliyon.
2019;5(9): e02483.

Su Z, Shen H, Wang H, Wang J, Li J, Nienhaus GU, et al. Motif-designed peptide nanofibers
decorated with graphene quantum dots for simultaneous targeting and imaging of tumor cells.
Adv Func Mater. 2015;25(34):5472-8.

Iravani S, Varma RS. Green synthesis, biomedical and biotechnological applications of carbon
and graphene quantum dots. A Review. Environ Chem Letters. 2020;18(3):703-27.

Sheng L, Huangfu B, Xu Q, Tian W, Li Z, Meng A, et al. A highly selective and sensitive
fluorescent probe for detecting Cr (VI) and cell imaging based on nitrogen-doped graphene
quantum dots. J Alloy Compd. 2020;820: 153191.

Li H, Zhang Y, Wang L, Tian J, Sun X. Nucleic acid detection using carbon nanoparticles as a
fluorescent sensing platform. Chem Commun. 2011;47(3):961-3.

Hai X, Wang Y, Hao X, Chen X, Wang J. Folic acid encapsulated graphene quantum dots
for ratiometric pH sensing and specific multicolor imaging in living cells. Sens Actuators, B
Chem. 2018;268:61-9.

Jin K, Gao H, Lai L, Pang Y, Zheng S, Niu Y, et al. Preparation of highly fluorescent sulfur
doped graphene quantum dots for live cell imaging. J Lumin. 2018;197:147-52.

Mondal MK, Mukherjee S, Joardar N, Roy D, Chowdhury P, Babu SPS. Synthesis of
smart graphene quantum dots: A benign biomaterial for prominent intracellular imaging and
improvement of drug efficacy. Appl Surf Sci. 2019;495: 143562.

Dubertret B, Skourides P, Norris DJ, Noireaux V, Brivanlou AH, Libchaber A. In vivo imaging
of quantum dots encapsulated in phospholipid micelles. Science. 2002;298(5599):1759-62.
Yong K-T, Hu R, Roy I, Ding H, Vathy LA, Bergey EJ, et al. Tumor targeting and imaging
in live animals with functionalized semiconductor quantum rods. ACS Appl Mater Interfaces.
2009;1(3):710-9.

Zimmer JP, Kim S-W, Ohnishi S, Tanaka E, Frangioni JV, Bawendi MG. Size series of
small indium arsenide—zinc selenide core—shell nanocrystals and their application to in vivo
imaging. J Am Chem Soc. 2006;128(8):2526-7.

Cai W, Shin D-W, Chen K, Gheysens O, Cao Q, Wang SX, et al. Peptide-labeled near-infrared
quantum dots for imaging tumor vasculature in living subjects. Nano Lett. 2006;6(4):669-76.
Zhang X, Wang S, Xu L, Feng L, Ji Y, Tao L, et al. Biocompatible polydopamine fluorescent
organic nanoparticles: Facile preparation and cell imaging. Nanoscale. 2012;4(18):5581-4.
Yan H, Tan M, Zhang D, Cheng F, Wu H, Fan M, et al. Development of multicolor carbon
nanoparticles for cell imaging. Talanta. 2013;108:59-65.

Zhang X, Wang S, Zhu C, Liu M, Ji Y, Feng L, et al. Carbon-dots derived from nanodi-
amond: Photoluminescence tunable nanoparticles for cell imaging. J Colloid Interface Sci.
2013;397:39-44.

Huang X, Zhang F, Zhu L, Choi KY, Guo N, Guo J, et al. Effect of injection routes on the
biodistribution, clearance, and tumor uptake of carbon dots. ACS Nano. 2013;7(7):5684-93.
Hashemi F, Heidari F, Mohajeri N, Mahmoodzadeh F, Zarghami N. Fluorescence intensity
enhancement of green carbon dots: Synthesis, characterization and cell imaging. Photochem
Photobiol. 2020;96(5):1032-40.

Miao P, Han K, Tang Y, Wang B, Lin T, Cheng W. Recent advances in carbon nanodots:
Synthesis, properties and biomedical applications. Nanoscale. 2015;7(5):1586-95.



Quantum Dots: Potential Cell Imaging Agent 207

97. Roy P, Periasamy AP, Lin C-Y, Her G-M, Chiu W-J, Li C-L, et al. Photoluminescent graphene
quantum dots for in vivo imaging of apoptotic cells. Nanoscale. 2015;7(6):2504—10.

98. GelJ, Lan M, Zhou B, Liu W, Guo L, Wang H, et al. A graphene quantum dot photodynamic
therapy agent with high singlet oxygen generation. Nat Commun. 2014;5(1):1-8.

99. Chen J, Than A, Li N, Ananthanarayanan A, Zheng X, Xi F, et al. Sweet graphene quantum
dots for imaging carbohydrate receptors in live cells. FlatChem. 2017;5:25-32.



Quantum Dot: A Boon for Biological ®)
and Biomedical Research SRR

Palash Pandit and Arpita Chandra

Abstract Quantum dots (QDs) are mostly semiconductor nanocrystals, having
properties in between bulk semiconductors and discrete atoms or molecules.
Quantum dots can be synthesised using several methods from colloidal synthesis
to chemical vapor deposition, for QDs synthesis, but the cheapest and the convenient
method is benchtop colloidal synthesis. Due to exceptional optical and chemical
behavior, QDs are broadly used in different areas, including light-emitting diodes,
laser technology and solar cells, as well as in the biological and biomedical fields.
This chapter provides the brief idea about QDs, including their synthetic approaches,
biological relevance, and potentials in clinical applications like bio-imaging (cancer
cell imaging), and targeted molecular therapy (drug delivery), as well as the leftover
issues and future perspectives.

Keywords Quantum dots - Bioimaging * Drug delivery - Cancer cell

Abbreviations

2D Two dimensional

3D Three dimensional

ACE Angiotensin I-converting enzyme
BSA Bovine serum albumin

CPPs Cell-penetrating peptide

DDS Drug delivery system

DOX Doxorubicin

EPR Enhanced permeability retention
P. Pandit

Department of Chemistry, Saheed Nurul Islam Mahavidyalaya, Gokulpur-Harishpur, Tentulia,
North 24 Parganas, West Bengal 743286, India

A. Chandra (X))

In Vitro Carcinogenesis and Cellular Chemotherapy, Chittaranjan National Cancer Institute, 37 S.
P. Mukherjee Road, Kolkata, West Bengal 700026, India

e-mail: arpitacnci @ gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 209
P. Barik and S. Mondal (eds.), Application of Quantum Dots in Biology and Medicine,
https://doi.org/10.1007/978-981-19-3144-4_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-3144-4_11\&domain=pdf
mailto:arpitacnci@gmail.com
https://doi.org/10.1007/978-981-19-3144-4_11

210 P. Pandit and A. Chandra

GFP Green-fluorescent protein
MUA 11-Mercaptoundecanoic acid
NIR Near infrared

NPs Nanoparticles

oSccC Oral squamous cell carcinoma
PAR; Protease-activated receptor;
PC3 Prostate cancer cells

PEG Polyethylene glycol

PL Photoluminescence

QDs Quantum dots

QY Quantum yield

SLNs Sentinel lymph nodes

uv Ultraviolet

VCAM-1 Vascular cell adhesion molecule 1
VEGFR2 Vascular endothelial growth factor receptor 2

1 Introduction

Crystalline semiconductor nanoparticle (NP) QDs are attractive candidate in the
biological and biomedical research field due to their several unique features. NPs are
different from bulk materials due to their exceptional structural and functional prop-
erties. Their unique quantum features, like quantum size, small surface and quantum
tunneling effects, are responsible for their outstanding electrical and optical features
[1]. There are several types of inorganic NPs like quantum dots (QDs; e.g., CdSe, CdS,
CdTe/CdS, PbS and InP), carbon NPs, silica nanoparticles, magnetic compounds
(e.g., Fe3Oy4, CoFe,0y4, and CoPt), prompted the development of nanotechnology.
Among them, QDs have the most exceptional features to be applied in the field of
biology and medicine [2-5]. Quantum dots (QDs) are a heterogeneous class of inor-
ganic NPs, having physical size close to or smaller than exciton Bohr radius [6].
QDs are zero dimension NPs having particle sizes <10 nm. The quantum confine-
ment effects and reduced size make QDs an intermediate between a molecule and
bulk solids. This confinement effect of QDs is also responsible for their extraordi-
narily attractive photophysical property like intensive photoluminescence (PL) [7]. In
comparison with the usual organic dyes, QDs have better sensitivity, 100-fold more
photostability, excellent biocompatibility and less invasiveness, and these features
made them superior candidates for bio-imaging, bio-sensing, cell targeting and drug
delivery applications [8—10]. QDs also behave as a good candidate for multicolor
imaging in cellular and molecular label because of their exceptional optical features,
like size-tunable broad absorption spectra, narrow emission spectra and large stokes
shift [11]. Relying upon their size and composition, the optical properties of QDs can
be tuned from ultraviolet (UV) to near-infrared (NIR) region. Mainly NIR emitted
QDs are the promising candidates for both in vitro and in vivo deep-tissue imaging, in
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the biological and biomedical purposes [12—14]. Having high molar adsorption coef-
ficients and high quantum yields (QY), QDs do not require intense photon beams for
their photochemical excitation purpose, which in turn avoid photo-damaging. QDs
require functionalization with antibodies, proteins, peptides or drugs to enhance their
water solubility and biocompatibility [15]. Regardless of the above-mentioned exclu-
sive features of QDs, their extensive use in biomedical purposes is restricted due to
their toxic side effects and biodegradability [16, 17]. Therefore, researchers paid
attention to design non-toxic and biocompatible high-quality QD-based fluorescent
probes, and some successful solution has been achieved in this context [18]. Herein,
we discussed the properties and synthesis of QDs for their biological relevance or
potentials in clinical applications like bio-imaging, cancer cell imaging, cancer cell
targeting, drug delivery and their perspectives and shortcoming for in vivo biological
and biomedical applications.

2  Quantum Dots (QDs)

Quantum dots are solid spherical-shaped (may exist with other shapes, for example,
rods and tetra-pods) nano-size crystals, having diameter <10 nm (10-50 atoms). QDs
consist of only a few numbers of free electrons and 10>~10° numbers of atoms. The
conventional type colloidal semiconductor QDs comprise mainly atoms of groups
I[I-VI, HI-V or IV-VI (e.g., CdSe, PbSe, CdTe, GaAs, InP, etc.) of the periodic
table, among which Cd-based QDs have received more attention in biomedical uses.
QDs contain a semiconductor core [e.g., cadmium selenide (CdSe)], covered with a
semiconductor outer shell (e.g., ZnS) (Fig. 1).

First traditional lithography-based QDs were synthesized in 1980s by Louis E.
Brus and Alexei Ekimov, which shows exceptional electronic and optical properties
[20]. QDs being very tiny in size exhibit attractive photophysical behavior like they

Shell (ZnS)

Core (CdSe)

Fig. 1 Schematic representation of a core/shell QD and TEM image of the QD core. Reproduced
with permission from Ref. [19]. Copyright 2015, The Royal Society of Chemistry



212 P. Pandit and A. Chandra

have narrow emission peak and broad excitation range, and their emission wave-
length is also dependent on their particle size [21-23]. The size-tunable properties
and high molar excitation coefficients of QDs made them a good fluorophore for
biological, biomedical research and pharmaceutical industries [24-26]. Although a
bare nanocrystal core is highly reactive and toxic, cap-enabled (using ZnS or SiO,)
and surface-modified QDs (adding biomolecules) have improved optical proper-
ties, water solubility, reduced toxicity and enhanced biocompatibility [27]. Although
Carbon Quantum dots (C-QDs) are widely applied in electronics, sensors and catal-
ysis due to their excellent electrical and electronic properties, but now a days they are
also used in biomedical research [28] (detailed discussions about C-QDs fall beyond
the scope of this chapter).

3 Properties of QDs

QDs, small crystalline semiconductor NPs, contain a few hundred to a few million
atoms having size <10 nm with excellent optical and electronic properties due to their
quantum confinement effect. Lower and higher energy levels of the semiconductors
are called valance and conduction band, respectively. The resultant energy difference
between the two bands is called band gap. After absorbing heat or light energy,
electrons move from the lower energy level to the higher energy level, and thus, a
hole is created at the valance band. The separation distance or gap between electron
and hole is known as the exciton Bohr radius. If the exciton Bohr radius is greater
than double of QDs size, then they will experience quantum confinement, and the
particle in a box model can be used to evaluate their energy level. The energy involved
with QDs is comprised of band gap energy, confinement energy and bound exciton
energy. Since the electron of a semiconductor NPs is confined by the exciton Bohr
radius, so their properties are dependent on the properties of electron and hole pair.
Electrical conductive properties of semiconductor NPs can be changed by changing
their size and shape; that is, lower the particle size, higher will be the band gap and
vice-versa (Fig. 2) [29, 30].

That is to say, the photon’s emission wavelength is directed by the size of the
band gap, which can vary from UV to NIR region (400-1350 nm). For example,
QDs with larger particle sizes have smaller band gaps and release red light, whereas
QDs with smaller particle sizes and larger band gap release blue light (Fig. 3) [31,
32]. A quantum confinement effect of QDs is not only dependent on the size of
the core, but also the chemical composition of the same. QDs are very similar to
electron-bound nuclei; therefore, QDs act as an artificial atom, and it can excite and
emit light together with sharp signal intensity. Compared to conventional organic
fluorophores, inorganic QDs have very high fluorescence efficiency, elongated fluo-
rescence lifetime of >10 ns and less photobleaching tendency. QDs also have a high
molar excitation coefficient, large stokes shift, longer signal acquisition times and
good photostability [33]. The diameter tunability and brightness (emission wave-
length) properties of QDs make them suitable for multiplex detection [34]. Highly
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*
Conduction Band — Particle size increases

Valence Band
Conduction Band
Band Gap

Valence Band

Fig. 2 Schematic representation of the size changes of the semiconductor NPs with band gap

luminescent, stable colloidal QDs are promising candidates for biological research
and biomedical studies in vivo. The major drawback of heavy metal-containing QDs
is their toxicity, which can be reduced by the modification of the QDs surface.

4 Surface Modifications of QDs

Semiconductor QDs required surface modification to reduce their toxic effects and to
improve the optical property. Surface modification is a synthetic technique where the
hydrophobic surface of the QDs is modified by attaching a variety of inorganic and
organic or biological materials through sequential physical and chemical reactions.
The surface of QDs can be modified by using thiol group coupling, multimodal ligand,
cavity chain, group coupling and dendrimer (Fig. 4). For instance, polyethylene
glycol (PEG) coatings are used to increase circulation time and stability and to
minimize non-specific deposition of QDs for in vivo imaging [35].

Another advancement of surface modification of QDs is electrostatic interaction of
the charged surfaces of QDs with a protein through polylysine chain. Encapsulation
of a phospholipid micelle inside the QDs surface, through hydrophobic interaction,
is also another effective strategy of surface modification. Here, hydrophilic part of
micelle is attached to biomolecules and effectively improves efficiency of QDs for
biological and biomedical experiments [37].

5 Synthesis of QDs

To synthesize QDs for biological purpose, one should pay attention to the mate-
rial with high water solubility, less toxicity and having a wide range of emission
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Fig. 3 Schematic representation of the change in fluorescent image (a), emission wavelength
(b) and absorption spectrum (c) with the size of QDs. Reprinted with permission from Ref. [23].
Copyright 2019, Acta Materialia Inc., Elsevier Ltd.

wavelengths, ranging from ultraviolet to the infrared region. Among the frequently
reported QDs like CdS, CdSe, ZnSe, ZnS, PbS, PbSe or CdTe, typically CdSe/ZnS,
core/shell QDs are mainly used in the biological and biomedical purposes [38]. QDs
that are usually used for biological and biomedical applications are prepared in such
a way that they must have a semiconductor core such as CdSe, which is then shelled
by another semiconductor material like ZnS. These core/shell QDs have improved
optical properties and reduced toxicity [39].
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Fig. 4 Schematic representation of different surface modification techniques of QDs. Reprinted
with permission from Ref. [36]. Copyright © 2014, Elsevier B.V.

General synthetic approaches for QDs are classified into two classes: one is
the ‘top-down’ approach, and another is the ‘bottom-up’ approach (Fig. 5). Top-
down synthetic methods consist of processing techniques such as X-ray lithography,
molecular beam epitaxy (MBE), electron beam lithography and ion implantation
[40]. In bottom-up approach, the colloidal QDs prepared in the solution phase via
self-assembly of precursor materials [41-43].

5.1 ‘Top-Down’ Approach

A bulk semiconductor is thinned by the top-down approach for making the QDs.
These synthetic routes are fundamentally more straightforward and depending upon
either on the removal or division of bulk material or on the tininess of bulk fabrication
procedures to manufacture the desired structure with suitable properties. Commonly
used methods to achieve QDs via this approach are electron beam lithography, high-
energy wet ball milling, atomic force manipulation, gas-phase condensation, wet
chemical etching, etc. This approach also suffers from some disadvantages such
as low yield, incorporation of impurities, non-controllable size, shapes and struc-
tural imperfections and so on [44]. Uniformly shaped small nanoparticle preparation
maintaining their proper crystallographic pattern is very difficult using conventional
top-down techniques.
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Fig. 5 Cartoon representation of general synthetic methods (‘top-down’ and ‘bottom-up’) of
quantum dots

5.2 ‘Bottom-Up’ Approach

In bottom-up synthesis, semiconductors QDs were build up of material from
the bottom following atom-by-atom, molecule-by-molecule or cluster-by-cluster
approach. This cost-effective approach produces less waste material. Some familiar
techniques of QDs preparation using bottom-up routes are sol—gel synthesis, colloidal
precipitation, oraganometallic chemical route, reverse-micelle route, hydrothermal
synthesis, template-assisted sol—gel, electro-deposition, etc. The major challenge in
the applying inorganic semiconductor QDs for biological purposes was the repro-
ducible synthesis of highly luminescent, mono-disperse water-soluble QDs. In 1993,
Murray et al. developed a groundbreaking bottom-up synthetic methodology to
synthesize uniform colloidal mono-disperse nanocrystal QDs with a relatively high
polydispersity and moderate PL and QY [45]. This high-temperature organometallic-
based method, which resulted in a CdSe/ZnS core/shell structure to widen the band
gap, inactive the surface, stabilizes the photophysical properties of CdSe core QDs
[46]. First, aqueous phase synthesis of thiol-stabilized CdTe with small particle size
and excellent QY was reported by Rogach et al. in 1996 [47]. In 2001, Peng et al.
reported safe and larger scale synthesis of QDs using CdO instead of toxic Cd(CHj3),
that reduces toxicity by restricting leaching of the Cd** metal ion [48]. In 2013, Au
et al. evaluated that the aqueous phase-synthesized QDs have better conjugation effi-
ciency and stability than organic-synthesized QDs in biological media [49]. CdTe
QDs with altered emission wavelength and improved QY's can be produced using a
milder reaction conditions, i.e., lower temperatures (~100 °C), green chemicals (viz.
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cadmium acetate; Cd(Ac),) and thiolated capping agent in aqueous solution [50, 51].
Nie et al. have even developed SeTe-alloyed QDs with different morphologies and
unique optical properties independent of size by controlling the cadmium feed into
the reaction mixture [52, 53].

6 Biological and Biomedical Applications
6.1 Bio-imaging

Bio-imaging is a non-invasive process that enables us to visualize, characterize and
quantify biological processes taking place at the cellular and sub-cellular levels in a
specific period within intact living subjects. It helps to depict different cellular and
molecular mechanisms and pathways related to the disease of a living subject without
inhibiting the various processes of life such as movement and respiration. It also helps
to elucidate the 3D structure of specimens. QDs possess exceptional optical and
electronic properties, viz broad absorption spectra, composition and size adjustable
narrow emission spectra, high absorption extinction coefficients, increased quantum
yields, large stokes shift, photochemical robustness which made them suitable for
bio-imaging [54-57]. QDs show higher emission wavelength (near-IR > 650 nm)
compared to the most commonly used optical organic probes [58—60]; for this reason,
their depth of penetration into living tissue is maximum and are suitable for target
specific sites [61, 62].

6.2 In Vitro Imaging

QDs NPs made of inorganic core material have unique photophysical properties that
make them suitable for immune-fluorescent labeling. There is a big challenge to
deliver them into the cell for cellular imaging. The core—shell structure and surface
functionalization of QDs make them biocompatible, stable and soluble in the bioma-
trix. Specific tissues and cells can be targeted by QDs conjugated with antibodies,
peptides and DNA [63—70]. In 1998, Bruchez and Chan et al. first demonstrated QDs
application as immunofluorescent for antigen detection in fixed cellular monolayers
[71,72]. Osaki et al. revealed that QDs mainly transported within the eukaryotic cells
by engulfing activity of the cells, where they consume external objects like, here, QDs
along with the plasma membrane (Fig. 6) [73]. Another route for cell penetration
of QDs is done via electrostatic interaction with the plasma membrane. Small size,
amine surface, cationic charge, cell incubation media and human body temperature
sometimes help cellular uptake. Libchaber et al. reported intracellular imaging of
QDs by covalently conjugating mercaptoacetic acid-coated CdSe/ZnS QDs, which
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spontaneously endocytosed by cancer cells and retained their bright fluorescence.
PEG-coated CdSe/ZnS QDs used for intracellular staining of cells [37].

Non-invasive and invasive cancer cell lines can be distinguished by a quick-
quantitative-easy in vitro 2D invasion assay using QDs, relying upon the process of
phagocytosis (Fig. 6). In this 2D assay, cancer cells (both invasive and non-invasive)
were seeded on top of a homogenous layer of QDs and are incubated. It was observed
that the invasive cancer cells engulf (phagocytose) the QDs as they migrate. As the
fluorescent QDs are engulfed by the aggressive cancer cells, this phenomenon leaves
behind a non-fluorescent phagokinetic track, free of QDs [74]. Nisman et al. demon-
strated to label the nuclear protein on cell sections. They also employed QDs in
conjunction with immuno gold to co-localize proteins at the ultrastructural level
[75]. A few different techniques that have been employed to deliver QDs into the
cells are micro-injection, non-specific uptake of QDs via endocytosis or conjugation
of QDs with translocating proteins or cationic peptides [37, 76, 77].

6.3 In Vivo Imaging

Size and composition tunable strong fluorescence signal made QDs a promising fluo-
rescent probe for the in vivo imaging. In live mice, tissue-specific vascular markers
were targeted using peptide conjugated QDs, by intravenous injection. The high
in vivo specificity of these peptide conjugated QDs is attributed to the identifying
of specific molecular markers expressed by blood vessels of organ/tissue/tumor by a
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unique set of homing peptides. These peptides guide the QDs to the suitable vascular
site in the live mice. So, when CdSe/ZnS QDs coated with a lung-targeting peptide
are injected intravenously in live mice, it binds only in the lungs’ blood vessels
[78]. Stroh et al. demonstrated in vivo multi-photon imaging using semiconductor
QDs. They also demonstrated the ability of QDs to monitor tumor vasculature and
cell trafficking [79]. The lymphatic system can be called the drainage system of our
body that helps our body to fight against infections and diseases, and it is made up
of nodes, vessels and capillaries, containing lymphocytes. When tumor cells attack
the local lymph node, they spread quickly over the whole body through extensive
lymphatic network. Sentinel lymph nodes (SLNs) are the closest lymphatic nodes of
the tumor cell. For effective cancer treatment and its surgery, it is essential to know the
mapping of SLNs. The first demonstration of SLN mapping using NIR QDs was done
by Kim et al. for image-directed surgery. The QDs entered into the animal lymphatic
system through intradermal injection can be monitored through real-time images
of lymphatic nodes and selectively identify the SLN for the surgical purposes [80].
Morgan et al. showed that the semiconductor nanocrystals of CdMnTe/Hg coated
with bovine serum albumin (BSA) have significant photostability and cheaper than
competing MRI technology [81]. Mapping of lymphatic drainage is problematic due
their difficult accessibility and smaller size. NIR QDs can be used in non-invasive
manner for imagining of multiple lymphatic drainage simultaneously as reported by
Hema et al. and Kobayashi et al. Their study reveals the advantages of NIR QDs for
in vivo multiplexed diagnostics [82, 83]. Noh et al. demonstrated NIR QDs guided
non-invasive in vivo tracking of dendritic cells migration in the lymph nodes [84].
Their study helps to track immunotherapeutic cells. Accumulation of QDs inside the
specific region of lymphatic nodes was demonstrated by Pic et al. [85]. Due to the
lack of appropriate methods, it is difficult to track the real-time flow of lymph, which
was resolved by Kosaka et al. combining macro-zoom fluorescence microscopy and
QDs optical lymphatic imaging [86].

6.4 Tumor Cell Targeting and Imaging

In this century, cancer is a significant challenge for global public health. After several
studies regarding cancer invasion, now it is clear that it is an adaptive process with
the tumor microenvironment. For in vivo cancer imaging and its research are essen-
tial to know its biology, the location and distribution of tumors cell environments.
Due to the unique optical and chemical properties of QDs over conventional organic
fluorophores, they act as a promising candidate in biomedical imaging for cancer
imaging, tracking, and diagnosis. Usually, antibodies tagged with QDs applied
to target tumor cells [87, 88]. Antibody-labeled QDs entered into cell membrane
through the blood vessels and are delivered to the perinuclear region [89]. Iden-
tifying the antibody delivery pathway significantly improves therapeutic efficacy.
Membrane fluidity, morphology and membrane protein dynamics play a vital role
in cancer metastasis. QDs-labeled metastasis-promoting factor [protease-activated
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receptor; (PAR1)] inside cell membrane combined with anti-PAR1 antibody gives
in vivo imaging of cancer cells and PAR1 during metastasis [90]. QDs (Qdot 800
QDs) functionalized with cell-penetrating peptide (CPPs) shows high sensitive image
in oral carcinoma cell [91]. Another promising approach to improve cancer detection
and treatment is multiplexed imaging. In this technique, green-fluorescent protein
(GFP) coupled with QDs helps to distinguish tumor vessels from both perivascular
cell and the matrix [79, 92]. An effective strategy for cancer treatment is cell-based
cancer immunotherapy. Here, various therapeutic cells (e.g., lymphocytes, dendritic
cells and natural killer cells) are tagged with QDs (e.g., Qdot 705, Life Technologies)
and then systematically circulated into cancer patients’ body. Since this is patient’s
own immune system-based therapy, so major advantage of this strategy is the effec-
tive tracking of injected therapeutic cells and less side effects on normal cells [93,
94]. The most effective method for cancer treatment is complete surgical resection
of lymph nodes where high resolution image guidance is required. In image-guided
surgery, NIR QDs (e.g., CdTe) attached with tumor-specific peptides (cyclic Arg-Gly-
Asp peptide, cRGD) were injected into the U87 MG tumor xenografted mice through
tail veins. This NIR QD-based bioconjugate shows significant enhancement of NIR
signal within the vessels consequently, helps to locate the tumor cells and resects
them [95]. QDs functionalization with vascular cell adhesion molecule 1 binding
peptide (VCAM-1) enhances fluorescence intensity in vivo and ex vivo experiments
which helps to visualize the VCAM-1 expressing endothelium in vivo [96]. Kwon
et al. showed that how NIR QDs help to visualize anti-VEGFR2 (vascular endothe-
lial growth factor receptor 2) antibody conjugated QDs for angiogenesis of cancer
cell. Fluorescence enhancement at the tumor region of the prostate cancer (PC3)
xenografted mouse after 12 h of injecting QD-conjugated antibody indicates that
this technique can further be used to selectively monitor cells having up regulated
expression of VEGFR2 [97].

7 Drug Delivery

A drug delivery system (DDS) is mainly used to enhance of the efficacy of the
existing medication. It is an engineered technology to administer a pharmaceutical
compound to achieve its therapeutic effect. It helps in selectively discharging the
active constituent in the systemic circulation and thereby transferring them through
the biological membranes to the operation site. The effectiveness of DDS can be opti-
mized by controlling the time, rate, and site of release of drugs in the body. Currently,
applications of QDs appear to be an emerging field of research as DDS, especially
for cancer research. The preference of QD over other nano-carriers like dendrimer,
micelles, silica nano-sphere, or nano-tube arises from its inimitable optical proper-
ties that make it a potential candidate as a carrier or delivery vehicle for biological
applications. There are different techniques by which drugs can be laden into QD
nano-carriers like adsorption, coupling, dispersion, dissolution, etc. The physical,
chemical, or biological response of the drugs is altered due to their conjugation with
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QDs and thus, the absorption, distribution, metabolism, and excretion of drugs are
also affected. Eventually, QD nano-carriers for drugs can boost their effectiveness
and decrease their harmful side effects to increase the therapeutic index. Ideally, any
QD nano-carrier materials for the drugs should not react with drugs, should have
high drug loading capacity and encapsulation efficiency, must be biocompatible,
and less toxic, have longer dwelling time in biological systems, specific mechanical
strength and stability and proper shape and particle size. Detectable drug delivery
of therapeutics in vitro and in small animal models has a significant influence on
biological research. In living systems, non-invasive recognition of any therapeu-
tics tagged with drug carriers, in real-time requires specialized imaging techniques.
QDs have the potential to elucidate the pharmacokinetics and pharmacodynamics
of drug candidates. QDs can deliver a specific doses of the drug to the appropriate
sites via enhanced permeability retention (EPR) effect. QDs being nanoscopic in
size (<10 nm) and having a high surface-area-to-volume ratio can easily interact
with biological molecules via surface adhesion and thereby found an exceptional
opportunity as drug carriers in biomedical applications. Captopril, an antihyper-
tensive drug, when conjugated with QDs, in vitro and in hypertensive rat model,
reduces blood pressure by inhibiting the activity of angiotensin I-converting enzyme
(ACE) [98]. CdSe/ZnS QD as DDS can reduce side effects and drug resistance of
chemotherapeutic drug erlotinib used against non-small cell lung carcinoma [99].
Hypoxia-induced chemoresistance in oral squamous cell carcinoma (OSCC) over-
come by the use of QD as DDS. Under hypoxia, PEG-modified graphene QDs loaded
with platinum induce apoptosis via S phase cell cycle arrest in OSCC and a prominent
tumor growth, inhibitory effect with less systemic drug toxicity was also reported
in an OSCC xenograft mouse tumor model [100]. Carboxymethylcellulose hydrogel
nanocomposite films conjugated with graphene QDs and doxorubicin (DOX) act as
a pH-sensitive anticancer drug delivery system in blood cancer cell line K562 [101].
Despite having anti-cancerous properties and aqueous solubility sesamol was less bio
available i.e, it has difficulties in penetrating cell membrane and thereby its cellular
uptake is retarded. Its bio-availability and thereby cytotoxicity increase considerably
after conjugation with CdS modified chitosan [52]. QD-based DDS have enormous
prospects in treating cancer in terms of drug loading, targeting and enhanced efficacy.
Many cancers (like breast, lung, kidney, ovarian, etc.) are known to express folate
receptors in an appreciable quantity; folate receptor targeting DDS can be useful
in treating these types of cancers with the existing chemotherapeutic drugs [102].
AglIn/ZnS QDs coupled with 11-mercaptoundecanoic acid (MUA)/L-cysteine/lipoic
acid, when further loaded with folic acid and doxorubicin (a chemotherapeutic drug),
behaved as targeted DDS to treat human lung cancer (A549 cell line) in vitro [103].
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8 Conclusions

QDs, the tiny light-emitting nanocrystals of semiconductor materials, are a blessing
for biological and biomedical research because of their numerous promising applica-
tions in real-time in vivo, cellular imaging, cell labeling and drug delivery. QDs have
several advantages in comparison with usual organic dyes used for the bio-imaging
purposes. They have exceptional optical and electronic properties, for example, size-
tunable emission spectra, broad absorption range, narrow emission spectra, negligible
photobleaching, better brightness, etc. In spite of QDs remarkable photochemical and
photophysical properties, its in vivo applications are quite restricted owing to the rela-
tively large size, degradation and toxicity. Typically, the toxicity of QDs is depen-
dent on different parameters like their size, charge, coating, experimental conditions,
surroundings, etc. Quantum dots that possess heavy metals like cadmium, arsenic,
mercury or lead in the inner core may release toxic ions due to oxidation or photolysis
[65, 104]. The escaped metal ion from the inner core may be enriched and stay for
longer time inside the body that may cause a potential threat to that host [105]. Quick
removal of QDs from the body circulatory system by phagocytic cells in systemi-
cally fixed tissues or entrapment QDs in the spleen or liver gives rise to heightened
background noise or poor quality bio-image. Another challenge is the batch-to-batch
variations or lack of reproducibility in the production of QDs. Clinical translation of
QDs remains a challenging task because of the availability of less number of informa-
tion in the literature regarding the relationship between physicochemical properties
and pharmacokinetics/pharmacodynamics of QDs. Various synthetic techniques or
strategies were adapted to enhance their effectiveness in different biological and
biomedical applications. Finally, we hope that researchers will address these short-
comings and continue to move forward with modified QDs that may be suitable for
human use.
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Upconversion and Downconversion )
Quantum Dots for Biomedical Quechc
and Therapeutic Applications

Riya Dutta and Puspendu Barik

Abstract In recent years, upconversion (UC) and downconversion (DC) quantum
dots (QDs) or nanoparticles (NPs) have shown excellent optical properties, which
are helpful in various fields, including photonics, nanomedicine, biomedical, and
therapeutic applications. This chapter summarizes the chemical and optical properties
of different UC and DC QDs/NPs. Subsequently, luminescence mechanisms and
modification of upconversion efficiency are discussed elaborately. Then the next
section focuses on the application of UC and DC NPs in bioimaging biosensing,
disease diagnostics, and light-controlled drug and gene delivery, which would enable
researchers to help further research and development of both fundamental sciences
and applications.

Keywords Quantum dots - Nanoparticles + Upconversion + Downconversion *
Luminescence - Biomedical applications

1 Introduction

Luminescent materials, also called phosphors, are solids that can absorb (excitation)
and convert certain types of energy, e.g., chemical, mechanical, photon, heat, into
radiation of light (emission). During the last five decades and more, rare-earth (RE)
elements with a unique combination of their partially filled 4f"-electron shell (1 <
n < 14) have remained the subject of intensive investigations due to the shielding
from the 5s25p6 subshells (makes them less affected by their microsurroundings, i.e.,
weakens the influence of external electric and magnetic field on the 4f-electrons) and
their excellent photostability, a large anti-Stokes shift, long luminescence lifetime,
and sharp-band emission [1-5]. RE elements are composed of the 15 lanthanides
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(Ln*, from lanthanum to lutetium), plus scandium and yttrium, which are generally
exist as trivalent cations. However, the incorporation of a low concentration of Ln3*
atoms or ions into host lattices provides a steady microenvironment for Ln** emitter
to emit efficient luminescence from the ultraviolet (UV), through visible, to the
mid-infrared (MIR) light, as direct excitation of lanthanide ion (Ln**) is a relatively
inefficient process [6]. Except for La®* and Lu**, all of Ln** ions are luminescent, and
their f—f emission lines cover the entire spectrum, from UV (Gd>*) to visible (e.g.,
Pr3*, Sm3*, Eu?t, Tb3*, Dy3+, Tm?*) and near-infrared (NIR, e.g., Pr3*, Nd**, Ho**,
Er’*, Yb3*) [7]. Some ions are fluorescent, others are phosphorescent, and some are
both. Luminescence from RE or RE doped material is of two kinds—upconversion
(UC) and downconversion (DC)—based on the luminescence mechanism. They are
nonlinear optical processes. Stokes’ Law states that the fluorescence emission occurs
at a longer wavelength (redshift) than the incident light wavelength (absorption),
i.e., DC luminescence. However, the emission occurs at a lower wavelength (i.e.,
higher energy or blueshift) than the incident light wavelength (excitation) in UC
luminescence via sequential adsorption and energy transfer steps [6]. A theoretical
concept was first introduced by the Dutch-American physicist Nicolaas Bloembergen
in 1959 [8] to develop an infrared photon detector using superexcitation to count
infrared photons. The UC visible emission was reported in 1966 by Francois Auzel
through the use of Yb>* to sensitize Er** and Tm3* [9].

At this present decade, the UC and DC QDs have attracted significant attention in
the bioimaging field, including diagnostics, drug delivery, single-molecule probes.
The multiplexing capacity and the resistance to photobleaching can boost these QDs
to become an exceptional contender in this biomedical field [10]. Regarding the
common luminescent proteins and dyes generally used in these applications, QDs
have a broad range of excitation and emission spectra. It also possesses high quantum
yield and stability. In most cases, various QDs of different optical properties are
injected into a patient sample, excited with a single wavelength, and study the cross-
talk between different channels and the spectral overlap between them [11, 12].
Recent biomedical applications have emphasized the Biotinylated QDs, prepared
via the bioconjugation of semiconductor QDs with denatured bovine serum albumin
(dBSA) attachment at the QD surface. Adding the ligands to the QDs stretches its
applications beyond surface modification and ligand functionalization [13] and in
competitive fluoroimmunoassay development for detecting human serum albumin
(HSA) in human urine. Recently QDs have emerged as a new direction in real-time
biomedical imaging. With the help of UC and DC properties of QDs, people can
use spectral information-guided surgical probes to detect and perform deep-tissue
imaging [14—18]. The obstacle to the path is the working range of the semiconductor
quantum dot. QDs generally have the emission in the visible regime, which is not
very compatible with penetrating in the deep tissues. In this process, the signal gets
scattered due to various ligands, dopants, and other elements present in the tissue [16,
19]. The UC property of the QDs helps here to overcome the barrier that can work
in the NIR range. This range is beneficial for imaging since tissue elements usually
have significantly low absorption cross-section. The higher emission wavelength and
high quantum yield assists the process.
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Fluorescence resonance energy transfer (FRET) or resonance energy transfer
(RET) is defined by the energy transfer mechanism between two active photo
molecules. These light-sensitive molecules are referred to as acceptors and donors
[20, 21]. The molecule absorbs the energy and gets into the excited state with inci-
dent excitation, known as a donor. Then it might transfer the excess energy to another
molecule and come back to the ground state. The energy transfer process depends on
physical parameters like distance and emission wavelength overlap. The biomolecule
dynamics and interaction are susceptible to the intermolecular distance, owing to a
power dependence law, inversely proportional to the sixth power of the distance
between donor and acceptor. However, these processes may not be efficient due to
the less spectral overlap between the acceptor and donors.

In 1996, Kagan et al. showed the resonance energy transfer between closely packed
QDs [22,23]. The particular UC and DC properties of QDs can overcome some of the
existing obstruction of spectral overlap. More elaborately, lower-energy absorption
can have the emission on the higher side. The properties of UC and DC QDs have
contributed to many applications of the biomedical field. In the early work, Willard
et al. have incorporated QDs as a FRET donor in a protein—protein binding assay
[24]. Later on, researchers also used the QDs as a FRET donor and linked to BSA
and tetramethylrhodamine (TMR), linked to the protein as the acceptor. This process
enhances the TMR fluorescence that produces a better image. QDs are placed with
maltose-binding protein (MBP) in several other works [25, 26]. On the other hand,
Patolsky et al. demonstrated the process of DNA replication and sensitive DNA
detection probed by the QD-based FRET mechanism [27].

This chapter focuses on the recent development of RE doped nanoparticles (NPs)
or QDs (size below ~20 nm). First, we describe the basic concepts, theories, mech-
anisms for tuning, and enhancement of DC and UC luminescence. The hydrophilic
modification and bioconjugation strategies of UC and DC QDs are discussed. Finally,
we highlight the present status of UC and DC QDs in biomedical applications,
including imaging, bio-detection, and clinical therapy. We also include a section
for the perspectives, challenges, and future directions.

2 Luminescence Mechanism

UC process is categorized into two classes—(i) UC emission through RE ions (e.g.,
in Er**, Ho**, Tm*"), and (ii) triplet—triplet annihilation (TTA) based UC emission in
organic molecules. RE energy level schemes, absorption, and emission spectra were
first experimentally determined by Dieke and Crosswhite [28] and summarized in
the monograph by Dieke [29]. As aresult of his outstanding work, a diagram of triva-
lent RE energy levels, i.e., the Dieke diagram, has been recognized, shown in Fig. 1.
Triplet—triplet annihilation (TTA) is a promising upconversion approach and involves
energy transfer between a sensitizer (donor) molecule and an acceptor/annihilator.
TTA-UC or sensitized TTA-UC involves the sensitized population of metastable
optically dark electronic states of a given system by a low excitation power density
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Fig. 1 Dieke diagram (energy levels of free RE>* ions up to 42,000 cm~!). Reproduced with
permission from Ref. [30]. Copyright © 2007 Elsevier B.V.

requirement (a noncoherent radiation source like solar light is sufficient) and produces
high UC quantum yield, readily tunable excitation/emission wavelength, and strong
absorption of excitation light. The system consists of triplet donor (sensitizer, i.e.,
QDs or NPs) and acceptor (emitter) molecules. The triplet excited states are produced
through intersystem crossing (ISC) from the singlet excited state after absorption of
light by the sensitizer. Triplet—triplet energy transfer (TTET) from the sensitizer to
an emitter occurs via a Dexter-type electron exchange mechanism producing upcon-
verted delayed fluorescence. Quantum yield can be enhanced by minimizing the
energy loss during ISC of triplet sensitizers or bypassing the ISC process.
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2.1 Photon Upconversion Mechanism in Lanthanides

Photon is absorbed simultaneously during two-photon absorption (TPA) and second-
harmonic generation (SHG), whereas photon absorption is sequential during the UC
absorption process. The sequential absorption is pointed toward single or multiple
intermediate states in the material and luminescence steps for a shorter-wavelength
generation. UC emission process in lanthanide based system involves multiple mech-
anisms, i.e., ground state absorption (GSA)/excited-state absorption (ESA), energy
transfer absorption (ETA), photon avalanche (PA), cooperative energy transfer (CET)
based UC, and cross relaxation (CR) process. A schematics in Fig. 2 show the RE
ions-doped nanoparticles (NPs) and photon UC process for different RE ions based
systems. The UC NPs are composed of an inorganic crystalline host matrix and triva-
lent lanthanide ions (Ln**) embedded in the host lattice (Fig. 2a). The lanthanides’
electronic configurations split into a rich energy level pattern owing to electronic
repulsion and spin—orbit coupling [31], as depicted in Fig. 2b. The development of
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Fig. 2 Lanthanide-doped nanoparticles and photon upconversion. a Stokes (Aex > Aem) and anti-
atokes (Aex < Aem) emission from organic dyes, semiconductor QDs, and lanthanide-doped NPs.
b Electronic energy level diagrams of trivalent Ln>" ions in connection with the UC process.
The Coulombic interaction, spin—orbit coupling, and weak crystal-field perturbation induce the
electronic energy levels into many sublevels. The symbol 251 Ly represents the energy levels, where
S, L, J are the electron’s total spin, orbital, and angular momentum quantum numbers, respectively.
|1), |2) and |3) represent the ground state, intermediate, and upper emitting levels, respectively.
The excited-state absorption (ESA) process —|2) — |3). ¢ Typical Ln3*-based UC emission
bands ranging from UV to NIR and their corresponding main optical transitions. Reproduced with
permission from Ref. [31]. Copyright © 2015, Nature Publishing Group, a division of Macmillan
Publishers Limited
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research in UC leads to the tuning of emission wavelength ranging from the ultraviolet
to the NIR region (Fig. 2c).

2.1.1 Excited-State Absorption (ESA)

Excited-state absorption (ESA) or ground state absorption (GSA) is the absorption
of a photon from an intermediate excited state to a higher excited state of an atom,
molecule, or ion rather than from the electronic ground state, as depicted in Fig. 3a.
The preconditions for ESA to happen are: (i) a single or multiple higher-lying energy
levels must exist which must coincide with the incident photon energy, (ii) existence
of a metastable/intermediate state with a substantial lifetime, and (iii) the absorption
cross-section of the excited state of atoms, molecules, or ions should be adequate
to absorb the second pump photon (efficiency of absorption of second pump photon
is very low). ESA can be possible only for a few lanthanide ions, e.g., Er3t, Tm3T,
Ho’*, and Nd**, which possess such energy levels structures. The ESA mechanism is
asingle ion absorption process, i.e., ESA involves a single ion and is thus independent
of the RE doping concentration. During the ESA process, the phonons in the host
materials also participate, and hence ESA can be possible without an exact match of
the exciting source energy to the RE energy levels.
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Fig. 3 Principal mechanisms for upconversion a excited-state absorption (ESA) involves sequential
absorption of pump photons (Apump). 1. Excites a single lanthanide ion in the ground state to some
intermediate excited level, 2. further absorption may take place, raising a single lanthanide ion
to a higher excited state, 3. a single lanthanide ion relaxes back to the ground state. b Energy
transfer (ET) upconversion—the dotted lines represent the energy transfer between the sensitizer
and activator. Reproduced from Ref. [32] under Creative Common CC BY license
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2.1.2 Energy Transfer Absorption (ETA)

Energy transfer absorption (ETA) involves sequential absorption of two photons
similar to ESA to populate the energy level with a long lifetime. However, ETA
involves two neighboring ions, rather a single ions as in ESA; a sensitizer and
emitter/activator (typically two different rare-earth ions) are employed to create the
UC process. The most straightforward ETA mechanism is shown in Fig. 3b. In the
ETA process, the sensitizer is firstly excited from the ground state to its excited state
(i.e., process @, as depicted in Fig. 3b) after absorbing a pump photon (Apump). The
energy is subsequently transferred to the activator. The activator is further pumped to
higher energy levels by a pump photon or the transferred energy from the sensitizer
to its highest energy levels (as depicted by the process @ and process ®). Finally, the
exciting activator ions relax back to the ground state, emitting a higher energy photon
(process @). In contrast to the ESA process, the ETA process is highly contingent
on the doping concentration as it determines the spatial distribution of neighboring
doping ions. In general, an optimized UC system should contain Yb>* less than
20 mol% (as sensitizer) and an activator with a concentration below two mol% to
minimize the loss due to cross-relaxation processes. However, ESA and ETA are
concurrent processes in many upconversion materials. Cooperative energy pooling
(CEP) is an energy transfer mechanism, where two photoexcited sensitizers non-
radiatively transfer their energy to a single higher energy state in an acceptor/activator
ions [33] via a coupling of the emissive states of both sensitizers with the two-photon
absorption (2PA) tensor of the acceptor [34] enabling UC with greater efficiency and
at reduced excitation intensities.

2.1.3 Cooperative Sensitization and Luminescence

Cooperative sensitization (CS) or cooperative energy transfer (CET) is a process
occurring by the interaction among three ions [35-38], where a pair of ions emit
one photon by simultaneous depopulation from their excited states [39]. Ln** ions,
e.g., Tb3* and Eu?* without metastable levels, are unfavorable for ESA and ETA. CS
occurs for those Ln** ions as the energy storage reservoir. In a typical CS process,
the excitation energy of two adjacent Yb>* is simultaneously transferred to Tb** or
Eu’* ions, as depicted in Fig. 4. The efficiency of the CS process is ~107°, which
is three order magnitude lower than ETA. The efficiency is exclusively related to
the Yb** concentration as the activator requires two nearby excited Yb** [40]. The
surface quenching effect of the UC process and CR process between RE ions limit the
efficiency of the CS process to fabricate highly effective UC nanosystems. However,
selecting proper host lattice and optimizing the doping concentrations of the sensitizer
and the activator may enhance the efficiency. Cooperative luminescence (CL) is
the radiative transition process, where two exciting ions simultaneously jump from
excited states to emit one photon with the sum of their excitation energies.
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Fig. 4 a Schematic energy diagram of the CS and CU processes to emit the UC RE** emission. b
Schematic energy level diagram of Yb3*, Yb-pair, Eu* ions, and the relaxation processes in Yb>*,
Yb-pair. Straight broken lines represent the cross-relaxation (CR) processes. The thick blue arrow
signifies CL, and the thin blue arrows indicate UC Eu>* emission by ETA from the Yb-pair excited
by 975 nm excitation. The thick red arrows indicate near-infrared (NIR) Yb3* emission caused by
the excited Yb-pair and thin red arrows NIR Yb** emission generated by radiative transition from
the excited 2Fs), state. Reproduced with permission from Ref. [38]. Copyright © 2016 Elsevier
B.V.

2.1.4 Cross-Relaxation

Cross-relaxation (CR) (also called self-quenching) is the same as the ETA process. It
occurs between two identical ions, where one in its excited state transfers energy to
the second ion in the ground state. The intermediate states for the two ions have equal
energy and are energetically halfway between the initial excited state of the first ion
and the ground state of the second ion. The ion-ion interaction is the fundamental
reason behind it and requires a high concentration of ions. The mechanism of CR
process is demonstrated with the help of three-level Yb**—Tb** system, as shown in
Fig. 5.

2.1.5 Photon Avalanche (PA)

Photon avalanche (PA) is a process where multiple photons combine to create a single
higher energy photon. The phenomenon of PA was first discovered by Chivian in
1979 in Pr3* doped LaCl;/LaBr; materials based on infrared quantum counters [42,
43]. Unlike ESA and ETA, PA is relatively complex compared as a threshold pump
density is needed to start the process. In general, the energy of the pump photon is
lower than the energy gap between the intermediate excited state and the ground state.
The population in the intermediate state increases exponentially with repetition of CR
beyond a threshold pump energy and hence, a multiple enhancement of population
in highest level through strong ESA process. A strong UC emission occurs from the
highest to the ground state through the avalanche process. The conditions for the PA
process are (i) excitation energy should not be in resonance with the GSA, (ii) ESA
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cross-section should be very high, and (iii) concentration of RE ions should be high
enough for ion-ion interaction and efficient for the CR process.

2.2 Upconversion Mechanism Based on Triplet-Triplet
Annihilation (TTA)

TTA-UC, also known as triplet fusion, produces one photon of higher energy from
two lower-energy photons, i.e., two spin-triplet excitons combine to form a singlet
exciton [44]. The efficient TTA-UC is performed by a two-component system, with a
“triplet sensitizer” and “emitter,” as shown in Fig. 6. After absorbing incoming light,
the triplet sensitizer produces the excited triplet state (7';) via ISC. The triplet exciton
transfers to the emitter through TET. Two emitters in their triplet excited states may
annihilate to generate one emitter to return to the ground state and promote the other
to the singlet excited state (S;). Finally, the emitter emits a higher energy photon
than the original incident photon used to excite the sensitizer, as depicted in Fig. 6.
The energy gain in the TTA-UC process is defined as the difference between the
absorption and emission wavelengths. The minimization of the energy gap of the
triplet energy of the sensitizer and the emitter can lower the energy loss due to ISC
till there will no back energy transfer from the emitter to the sensitizer. Recently,
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Fig. 6 Jablonski diagram depicting the processes involved in TTA-UC with a sensitizer-emitter
pair. Reproduced from Ref. [54] under a Creative Commons Attribution 4.0 International License

nanocrystal (both quantum-confined and bulk semiconductors) sensitized TTA-UC
processes have grown as a new strategy to overcome the main drawbacks of the
molecular triplet sensitizers, i.e., significant loss due to ISC. In the QDs or NPs-
based UC systems, the QD serves as the triplet sensitizer, and a proper ligand around
the QD allows rapid harvesting of the excited state and the annihilator. In recent
years, TTA-UC materials have been attracting attention in various fields, including
bioimaging, biomedicines, photocatalysts, photovoltaics, and OLEDs, due to tunable
spectral range and high UC efficiency (>1-40%) at noncoherent incident light (/¢x
<1 — 10> mW cm~?) compared to conventional UC technologies [45]. Details
description of the nanocrystal sensitized TTA-UC process is out of the scope of this
chapter. However, readers may find several reviews for further reading [45-53].

2.3 DC Luminescence Mechanisms

Molecular downconversion (DC) or singlet fission (SF) (also known as quantum
cutting) converts one single high-energy photon into two low-energy photons (theo-
retical quantum efficiency of 200%). This phenomenon has been demonstrated for
QDs (multiple exciton generation, MEG) [55, 56], dye molecules (SF, where one
singlet exciton is converted into two triplet excitons) [57], and ion pairs of Ln3**/RE**
(DC) [58]. The most efficient DC can be possible in RE*-doped materials. A
schematic for SF and DC process is shown in Fig. 7. Here, we consider examples of SF
or DC of Ln**-based systems. Ln**-doped materials are most frequently investigated
in the context of UC and have also proven helpful as DC photoluminescent agents,
referring to reviews by Biinzli [7, 59]. DC occurs in a material or the inorganic
matrix co-doped with appropriate Ln3* ions via cooperative energy transfer, e.g.,
transparent glass—ceramics with embedded Pr**/Yb**:B-YF; nanocrystals, Yb** and
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Tb>* in polyborate Laggo., Yb,BaBoO¢:Tbgo;, Yb** and Tb**doped into Zn,SiOy4
thin films, Tm**/Yb*" co-doping into YPOy,, oxyfluoride glass—ceramics containing
LaF; nanocrystals, and Ce**/Yb** co-doped borate glasses [7].

3 Enhancing Upconversion Efficiency

The UC emission of Ln-doped nanocrystals can be precisely controlled in terms of
emission color, lifetime, and intensity for advanced research and diverse practical
applications [31]. The enhancement of the UC luminescence intensity is the primary
concern for the biomedical application of UC NPs due to the limited absorption
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cross-section by the materials. Some predominant strategies to UC increase the lumi-
nescence intensity are (i) finding the optimal activator ions concentration in the host
lattice, (ii) ensuring maximum transfer of energy between sensitizer and activator
in the host matrix, (iii) a host with low vibrational energy to minimize loss, (iv)
chemical and thermal stability, (v) choosing an effective solvent/reaction medium
and capping agent to optimize the structure of the Ln** doped materials, (vi) co-
doping of the sensitizer, (vi) doping of Ln** in the semiconductor matrix. Apart
from these considerations, three fundamental strategies for enhancing upconver-
sion efficiency and making them suitable for biomedical applications are (i) surface
passivation—coating of shell material to minimize the surface defects and contam-
inations, (ii) dye sensitization—the antenna effect of dye molecules by increasing
the excitation efficiency due to their broad absorption band and large absorption
cross-sections, and (iii) plasmonic modulation—promoting the photon conversion
processes by excitation enhancement or emission enhancement or both.

UC NPs are usually synthesized by reacting Ln-precursors in organic media in the
presence of capping ligands for uniformity. Surface modification techniques can be
employed to make hydrophilic and flexible for bioconjugation, e.g., layer-by-layer
assembly, silanization, ligand exchange, and polymer encapsulation. However, one-
pot processing of water-dispersible UC NPs is highly desirable for biomedical appli-
cations. Another approach, like direct doping of Ln* ions into the semiconductor
nanocrystals, may produce additional functionalities and improved optical perfor-
mance [31]. The core—shell approach for assembling UC NPs has proven effective in
preparing multifunctional nanomaterials, e.g., magneto-UC NPs, SiO,, TiO,, CdS
coated UC NPs, tailoring composite functions. Moreover, surface modification or
coating with a non-toxic or biocompatible coating, like phospholipids, maleic anhy-
dride, copolymers, Parylene C polymer, chitosan, bovine serum albumin (BSA),
decreases the toxicity of UC and DC NPs for biological applications [60—64]. The
coating of polyethylene glycol (PEG) (also called PEGylation) has been helpful to
shield the surface of UC NPs, which is beneficial for in vivo use without toxicity [65,
66]. Similarly, silica encapsulation provides an efficient UCNPs surface, supporting
a higher loading of therapeutic reagent suitable for therapeutic application [67, 68].
Bioconjugation (i.e., functionalization with biomolecules) is vital for target-based
applications, including biosensing and specific cell tracking in cellular imaging.
For example, bioconjugation with targeting molecules, such as folic acid, biotin,
receptor-binding elements, including antibodies, aptamers, and small peptides, can
improve cellular uptake, intracellular imaging, and therapy [69-71]. The nucleic
acid-mediated assembly has been employed for bioimaging [72]. Ln** ions also bind
oligonucleotides, and the resulting bioconjugates have been offered to monitor the
hybridization reactions and phosphodiesterase activity by FRET technology.

The use of the effect of surface plasmon resonance (SPR) to enhance the efficiency
using metal NPs (especially Au and Ag in the form of a metal shell or double shell on
the surface of UC NPs) has been explored to tune and optimize the interaction between
the metal and UC NPs [73, 74]. Localized surface plasmon resonance (LSPR) can
promote the excitation and radiative recombination processes in UC NPs by intensi-
fying the excitation light field and altering the local density of optical states (LDOS)
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[75]. The localized electromagnetic (EM) field enhancement at the metal surface
plays a vital role in the PEPL plasmon-enhanced photoluminescence effect. Modi-
fying LDOS will enhance the absorption cross-section or radiative decay rate with
an adequately configured luminous system. UC NPs exhibit a higher signal-to-noise
ratio (SNR), superior photostability, deeper tissue penetration with the near-infrared
excitation wavelengths, and lower photodamage to the biological sample. UC inten-
sity will enhance by introducing a plasmonic nanostructure matching the plasmonic
resonance to the absorption or emission wavelength. The anisotropic metal nanos-
tructures, such as nanorod, nanostar are used to tune the maximal spectral overlap
between SPR and the emitter absorption/emission wavelength [76]. With the careful
fabrication of the metallic nanostructure and selectivity of the luminous center with
the proper energy level, the plasmon-enhanced PL can be achieved [74]. Wu et al.
described the significant improvements in UC efficiency using plasmon resonances
[75]. Zong et al. discussed in their review the physical mechanism and principle
of plasmon-enhanced UC luminescence with an emphasis on the potential applica-
tions [77]. Park et al. comprehensively described the plasmon-enhanced UC process,
comparable classes of nanostructures, the effects of spacer layers and local heating,
and the dynamics of the plasmon-enhanced UC process and significant impact on
biomedical imaging [73]. Dong et al. demonstrated that the plasmonic nanostructure,
including nonperiodic and periodic metallic nanostructures, has a critical effect on
upconversion UC NPs [74].

4 Applications in Biomedical Fields

QDs have been widely used in biomedical fields compared to other alternatives
such as organic fluorescent nanomaterials dye molecules. The exciting and flexible
properties of QDs such as size-dependent tunable properties, high quantum yield,
more extended stability, and lesser photobleaching effect [78]. The application of the
QDs in the biomedical field has been grown up gradually since 1998. Chen’s group
has shown the application of QDs in bioimaging and nuclear targeting with great
stability and biocompatibility in living cells [79-81].

4.1 Biosensing

Biosensing detects target molecules and is an integrated analytical technique that
combines a biological recognition element and a detection method in a quantitative
or semiquantitative manner. A simple example of biosensing is an immunoassay,
where an antibody is employed to trap and detect the presence of the target antigen
marker [5]. The signal acquisition involves detecting signals from detectors, such
as photodiodes or charge-coupled devices (CCD). UC and DC QDs/NPs-based
biosensing methods have gained interest in biosensing applications due to their high
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signal-to-noise ratio, high quantum yield, and low detection limit during the last
decade.

Temperature and pH: Sensing biological conditions such as temperature and pH is
the primary concern in the biomedical field to monitor the individual cell to under-
stand the mechanism of biological events or the progress of disease status. Here,
UC and DC NPs have played an essential role as nanothermometers with a high
resolution and a wide range within the nano-scale in the past few years [82—87].
Various metal ions, e.g., Lit, Mg2+, were co-doped with Er in UC NPs to improve
the luminescence intensity during temperature measurement. The development of a
temperature sensor by UC and DC NPs shows the ability to detect temperature with
a consistent sensitivity of 0.005-0.006 K from 303 to 573 K [88]. The variation of
luminescence intensity or the emission maxima from a RE doped material may be
used for temperature sensing in the biological environment. However, the UC emis-
sion in the visible range from RE doped materials limits the ability of the detection
in the deep tissue. Here, the DC NPs may play an essential role in converting NIR-I
to NIR-II and NIR-III with a better penetrating power for measuring the temperature
of deep tissues.

Similarly, pH sensing is vital in the biomedical field due to its variation on a
subcellular level caused by cancers and metabolic diseases, i.e., pH homeostasis. In
this perspective, fluorescence-based pH sensors have a great advantage over common
electrochemical sensors for monitoring intracellular pH in biomedical research. The
resonance energy transfer UC process is the basic principle behind it. For example,
fluorescein and a reference dye embedded in a polyacrylamide matrix, NaYF4:Yb,
Er UC NPs core, and silica shell are capable of effective pH monitoring and excel-
lent light stability in various biological matrices [89, 90]. The conjugation of pH-
responsive nanoprobe, e.g., pH-dependent fluorescence molecules, pH-dependent
absorber (like polyethyleneimine), fluorescent dyes, with the UC NPs are of present
focus of the research in recent years [91-93].

Electrolytes, heavy metals, small and macromolecules: The key idea for detecting
metal ions, electrolytes, small and macromolecules is the mechanism of fluores-
cence/luminescence resonance energy transfer (FRET/LRET). Fluorescence sensing
or optical recognition is essential for sensing biochemical substances owing to conve-
nient detection systems, extraordinary sensitivity and selectivity, cost-effectiveness,
fast response time, and reproducible results. FRET is a nonradiative process where
donor and acceptor fluorophores transfer energy through the intermolecular long-
range dipole—dipole coupling. The quantum efficiency of the energy transfer process
can be expressed as n = 1/{1 + (R/Ro)°}, R(~10~100 A) is the distance between
the donor and acceptor, and Ry is the characteristic space with a 50% energy transfer
efficiency [94]. UC NPs have been applied as an energy donor in FRET/LRET-
based luminescent biosensing, where the luminescence intensity, FRET efficiency
are dependent on the surface-functionalized materials, small and macromolecules,
metal ions present in the environment. The proper understanding of luminescent
Ln** with the host matrixes in the UC NPs may improve the emission efficiency
with exceptional physicochemical properties for biosensing applications. The FRET
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mechanism depends on the spectral overlap of the donor’s emission spectrum with the
absorption spectrum of the acceptor, the total coordination of the transition dipoles,
and the spatial difference between the molecules of the donor and the acceptor.
Most FRET-based luminescent probes emit emission upon the excitation of UV or
visible light, which is not suitable for biological samples due to low penetration depth
and harmful to biological tissue. Therefore, UC NPs are an effective alternative for
FRET/LRET-based biological detection (LRET when UC NPs are involved). In most
cases, the UC NPs act as energy donors, and the organic luminophores or plasmonic
NPs/graphene/graphene oxide act as energy acceptors molecules/ions. Most of the
UCNPs based LRET schemes in the literature report the fixed excitation bands in the
NIR-I window (980 nm for Yb** and 800 nm for Nd**) to obtain the emission in the
visible or NIR range. Ansari et al. describe functionalized UC NPs’ role in FRET-
based luminescence biosensing [94]. The review has included the recent advancement
of UC NPs in optical biosensing applications, synthesis of UC NPs, surface function-
alization, emission efficiency enhancement factors, and applications like detecting
pathogenic diseases, free radicals, and biomarkers [94]. The review has discussed a
detailed overview of functionalization techniques for UC NPs, i.e., the techniques for
biological species-encapsulation/conjugation, organic ligands-functionalization, and
Ln3* doping. Sun et al. summarize the recent development of UC NPs through nanos-
tructural design and emerging biomedical applications [4]. Lin et al. have discussed
the latest development of UC NPs with cellular optogenetics and their biomedical
applications, cancer therapy, cardiac optogenetics, and the latest strategies to opti-
mize and advance UC-mediated optogenetics [37]. Yao et al. have introduced UC
NPs for sensing, imaging, and therapy applications [3].

Functionalized Mn?*-doped NaYF,:Yb, Er UC NPs can be applied for detecting
metabolites such as glucose, H,O,, and uric acid in human serum to estimate the
oxidation stress and detoxification inside the body [95]. A dual-mode UC and DC
NPs were used to sensitively detect temperature and O, concentration [56]. Besides
biomolecules, detecting small chemical molecules and the antibiotic residue is also
possible by fluorescence-based UC NPs [96-98]. Moreover, UC NPs are extensively
used for biosensing of nucleic acids, including DNA, RNA, small and circular DNA,
or RNA as the fingerprint in target identification and the detection of disease-related
RNA and small RNA [99-104]. LRET-based detection was commonly employed to
target DNAs with UC NPs as donors [105]. UC NPs are also useful for detecting
protein or peptides, well-known biomarkers for disease, and medical diagnosis [ 106—
109]. LRET between UC NPs and metal nanostructure is advantageous for cancer
diagnostics [110-112].

4.2 Bioimaging

UC NPs convert low-energy photon (NIR light) into a high-energy photon (Visible).
NIR excitation can reduce cell damage and enhance the penetration depth into tissue.
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Low auto-fluorescence is the prerequisite for biological imaging. In this perspec-
tive, UC NPs are perfect alternatives for in vitro or in vivo imaging to prove their
promising applications in the living body [3, 59, 113-115]. UC NPs are highly resis-
tant to photobleaching, and hence they can monitor live cells over more extended
periods. The photostability of UC NPs is good over the dye molecules. Through
proper doping or surface coupling, UC NPs can offer multiple imaging modali-
ties, including Magnetic resonance imaging (MRI), computed tomography (CT),
positron emission tomography (PET), single-photon emission computed tomography
(SPECT), photothermal (PT), and photoacoustic (PA) imaging. For example, PEG-
phospholipid-coated UCNPs are essential for the high contrast cellular imaging, the
entire intracellular pathway, including endocytosis, active transport, and exocytosis
[116, 117]. UC NPs provide a long emission lifetime and produce a clear microscopic
image.

Moreover, lifetime tuning is possible for UC NPs without affecting their emis-
sion brightness, beneficial to the super-fast laser scanning for real-time superresolu-
tion imaging [5, 118-121]. UCNPs and DCNPs are attractive for the high contrast
deep-tissue optical imaging owing to the absence of auto-fluorescence and higher
intrinsic quantum yield, as they possess a high NIR optical transmission range
in biological tissue and culture media [122, 123]. UC NPs with various surface
functional groups coatings such as -COOH, —PEG, produce bright UCL the tumor
site in tissue model and in vivo mouse model [124]. In addition, UC NPs support
multimodal imaging in the simultaneous observation of multiple targets [125—128].
LiYF,;:Yb**/Tm3* @SiO, UC NPs can track biodegradable hydrogel in living tissues.
During prolonged high contrast deep-tissue imaging (~980 nm, absorbed by water
molecules), an increase of temperature in the local tissue environment is observed,
consequently inducing temperature-stress-induced tissue damage. Therefore, exci-
tation by 800-1000 nm for Yb** and 1522 nm for Er**, prohibit possible heating
effects during imaging [129]. NIR-II spectral range of 1000-1400 nm and beyond
1550 nm have attracted much attention in recent years for in vivo imaging of the living
mice to a noninvasive brain angiography, real-time tracking of the NPs flow in the
blood vessel of the whole organism without interference from skeletons [130-136].
Chapter 8 describes in detail fluorescence imaging by UC NPs.

4.3 Gene and Drug Delivery

The main obstacle to cancer gene therapy is the availability of therapeutic agents with
target-specific properties. On the other hand, therapeutic agents must have minimum
toxic side effects on healthy cells and tissues. UC NPs are an excellent alternative to
provide comprehensive transport of genes such as DNA and siRNA. However, the
tricky problem of gene delivery is how the engineered system protects genes from
the complex physiological environment and increases the delivered expression effect.
Researchers have employed FRET [137-139], hydrophobic interaction [140-142],
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pH [143, 144], NIR excitation [145-147] for the release of drugs, genes, stimulating
multifunctional targeting, and cell imaging.

UC NPs have unique and fascinating optical properties that convert NIR to
visible and UV, allowing them to be employed as efficient nanocarrier materials
in drug/gene delivery systems owing to photoinduced reactions, e.g., photocleavage
and photoisomerization. NIR-triggered drug delivery systems are desirable in appli-
cations requiring a drug at a specific location and time, such as anesthetics, post
wound healing, cardiothoracic surgery, and cancer treatment. The light-triggered
delivery with appropriate excitation wavelengths is noninvasive, spatially precise,
and safe. Moreover, photoinduced drug and gene delivery systems minimize normal
cell death, side effects, and tissue damage [148, 149]. UC NPs-based vehicle systems
can be utilized to track and evaluate drug release efficiency and mechanism since
the last decade [149-155]. UCNP-based drug delivery systems are consist of three
primary methodologies: hydrophobic pockets, mesoporous silica shells, and hollow
spheres with the mesoporous surface. A hydrophobic pocket constructed by conju-
gating poly (DL-lactic-co-glycolic acid) (PLGA) or PEGylated amphiphilic polymer
onto the NaYF,:Yb, Er@NaGdF,, or oleic acid (OA)-capped NaYF,:Yb**/Er** UC
NPs, respectively, carrying anticancer drug doxorubicin (DOX) [66, 156]. The pH
can control the release to the target. UC NPs with mesoporous silica shell offers
many advantages over others, like good water dispersibility, a high drug-loading
capacity, low cytotoxicity, excellent cell imaging properties, and the ability to incor-
porate magnetic entity that can manipulate by the external magnetic field in vivo
experiments [157, 158]. Tuneable release of Ibuprofen (IBU) can be possible by
changing the silica shell thickness, and quantitative measurement of drug release can
be achieved. Apart from the transport of drugs using hollow/mesoporous materials,
hollow nanospheres, like PEGylated Y,0;:Yb**/Er** hollow nanospheres [159],
have emerged as promising drug carriers and enabled high contrast imaging of cell
and tissue as well [3, 160-162].

4.4 Therapy

In recent years, photodynamic therapy (PDT) has advanced as a new alternative to
chemotherapy and radiotherapy in the clinical treatment of diverse diseases. PDT
has been employed in the therapy of head, neck, lung, prostate, or skin cancers and
helps treat bacterial, fungal, and viral infections. PDT employs high-energy light
to trigger chemical drugs (the photosensitizer, PS) accumulated in the tumor tissue
to produce reactive oxygen species (ROS) that kill cancer cells. PDT controls the
damage to healthy cells because the PS be likely to build up in cancer cells, and the
exciting light is focused directly on them. PDT does not trigger scarring, making it
suitable for skin cancers and precancers. PDT is less helpful in treating large tumors
as the penetration depth for NIR light ranges from 0.5 to 5 mm. It has several side
effects, including burns, swelling, pain, and scarring in the treatment area. However,
proper selection of PS and engineering the PS-cell (e.g., immune protein) binding
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may reduce the side effects drastically. Photothermal therapy (PTT) opens [163] the
possibility of generating contactless and local heating when exposed to laser light
using light-absorbing molecules or nanoparticles as microscopic heat sources and
is expected to improve the therapeutic accuracy and reduce injury to normal tissues
[163—-167]. PTT using near-infrared (NIR) absorption agents (QDs or NPs) has been
widely applied in medicine, especially cancer therapy [166].

4.4.1 Photodynamic Therapy

The primary prerequisite for PDT is the promising photosensitizer (PS) with strong
absorption and high extinction coefficient in the NIR region, which allows deeper
tissue penetration. PS must preferentially accumulate in the target cells and have
negligible cytotoxicity in the absence of light. In this perspective, UC QDs are excel-
lent candidates for the sensitizer due to their low toxicity [168]. NIR-excited UC
NPs can be employed to activate the photosensitizers in deep tissues, compared to
the traditional PDT by conventional photosensitizers, like chlorine e6 (Ce6), zinc
phthalocyanine (ZnPc), and methylene blue (MB) induced by visible or UV light
[5]. Combining the conventional photosensitizers with UC NPs has demonstrated its
benefits in offering a complete solution to in vivo therapy [169]. UC NPs efficiently
convert the deeply penetrating near-infrared light into visible wavelengths and excite
the photosensitizer to produce ROS, which plays an essential role in treating deep
tumors [170-174]. NIR light excites the UC NPs to emit intense visible light and
hence, activate the PS (e.g., Rose Bengal (RB) and Phthalocyanine) to generate ROS
to destroy target cancer cells or tissues [64, 175—180] and induces the suppression of
the aggregation of Alzheimer’s 3-amyloid during the photodynamic reaction [181].

For in vitro and in vivo PDT, photosensitizer loading into UC and
DC NPs effectively kills cancer cells. A few examples are 5,10,15,20-
tetra-(m-hydroxyphenyl)chlorin (m-THPC, Temoporfin, Foscan®) functionalized
LiYF4: Tm3*/Yb3* [182], Graphene QDs [176, 178], UC NP/methylene blue (MB)
mixed based PDT drug of NaYF4:Er/Yb/Gd@SiO,(MB) [183], DNA-mediated
assembly of core-satellite structures composed of Zr (IV)-based porphyrinic metalor-
ganic framework (MOF) and NaYF,,Yb, Er UC NPs [184], LiYbF,:Tm**/LiYF, UC
NPs [185], NIR-to-NIR via a core—shell structure of Y,03:Nd>*/Yb** @-Si0, @Cu,S
DC NPs for dual-mode imaging and PTT [186, 187], aminolevulinic acid-conjugated
NaYF4:Yb, Er@CaF, UC NPs [188], molybdenum disulfide (MoS,) QDs [189],
TiO;-coated UCNPs [190, 191] and many more [3, 5]. Recent applications of UC and
DC NPs in PDT have limitations due to the sensitizer’s uncontrolled loading amount;
therefore, the design of controllable and stable sensitizer loading for reproducible
optical observation and therapeutic efficiency is desirable.
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4.4.2 Photothermal Therapy

In photothermal therapy (PTT), the energy supplied by the sensitizer is converted
into thermal energy, killing the cancer cells [192, 193]. The carbon-coated core—
shell upconversion nanocomposite (NaLuF4:Yb, Er/NaLuF,/Carbon or UCNPs@C)
exhibits both UC emission and photothermal effect, as shown in Fig. 8. The figure
illustrates the photothermal effect and shows the thermal images of nude mice with
(+) and without (—) UCNP@C-labelled HeLa cell tumors under 730-nm irradi-
ation. Common examples of UC and DC NPs systems for PTT in recent years:
KLu(WO,),:Ho** Tm3* NPs [194], CuS-NP onto the surface of silica-coated UCNPs
[195], polyaniline coated UC NPs [193], monosaccharide-UC NPs [196, 197],
Y,03:Nd**/Yb** based UCNPs [192], UCNPs-DPA conjugated NGO-PEG-BPEI-
DOX [198], polydopamine (PDA) modified UC NPs [199] and many more [3, 200—
204]. In recent years, combined therapy, i.e., a combination of PDT and PTT, is now
performing a significant role in tumor ablation, necrosis, and cancer therapy [205—
210]. However, image guide therapy combined with PDT and PTT further enhances
the cytotoxicity rate on cancer cells [211]. PDT and chemotherapy can reduce cancer
recurrence, metastasis, and prognosis [212]. The PTT is limited outside in vitro envi-
ronment as the high-temperature generation is not compatible with the biological
environment. However, controlled heating may lead to the optimal application of
PTT in cancer therapy.

4.5 Optogenetic Stimulation

Optogenetics, the optical control of neuronal activity by using light (“opto”) and
genetically encoded photosensitive proteins (“‘genetics”), is developed in neuro-
science to assess the roles of one specific type of neuron in neural circuits that
control sensory, motor, memory, emotion, and Parkinson’s disease [213, 214].
Dissecting the function of each neuronal type needs cell-type-specific manipula-
tion in multiple neuronal populations. The advantages of optogenetics in clinical
application are epileptic suppression and pain relief. In this perspective, NIR-excited
UC NPs with narrow emission bandwidths, deep-tissue penetration compared with
visible lights, and anti-photo-bleaching are advantageous for noninvasive remote
activation of neurons and NIR imaging [37, 215-218]. However, the conventional
UC NPs generate multiple emission bands under single NIR excitation. More-
over, the excitation-responsive UC luminescence is still constrained to only two
colors like green and blue emission under continuous wave (CW) light NIR excita-
tions and pulse modulation of CW light for temporal control of spiking. Complex
neuronal stimulation requires distinct monochromatic or trichromatic UC emis-
sion. Liu et al. reported a CW NIR excitable trichromatic UC NPs for remote



248

R. Dutta and P. Barik

aT o
—
Low High

Thermal e
sensitive UCL =< T H

Nano-hotspot

-0

112 =

S,

T 2

-

®

Eigen 3
temperature o
>>  «—— photot 7
3e I‘S‘E =
Apparent oYL* @E @
temperature -

High-accuracy
ablation

Photothermal therapy under low apparent temperature
b () cSUCNP@C (-) csUCNP@C

42 °C (+) csUCNP@C

o —
33°C ‘
--I 24 °C

Control

0 min

3 min

Before PTT ' After PTT .

Facile F"I‘I' Over |rrad|ated

Fig.8 a The carbon-coated core—shell upconversion

nanocomposite  (NaLuF4:Yb,
Er/NaLuF4/Carbon or UCNPs@C) exhibit both UC emission and photothermal effect. UCNP@C
(acted as a nano-hotspot at the microscopic level) monitors the change in the microscopic temper-
ature of the photoabsorber (carbon shell under 730-nm irradiation due to the temperature-sensitive
UC emission (UCL represents UC luminescence in the picture). b Thermal images of nude mice with
(+) and without (—) UCNP@C-labelled HeLa cell tumors under 730-nm irradiation (0.3 W cm™2).
¢ Representative images of nude mice transplanted with UCNP@C-labelled HeLa cells under
730-nm irradiation (0.3 W cm~2). d Hematoxylin and eosin (H&E) histopathological section of
the tumor and normal fat tissue border. The figure presents the conditions of tumor region (Tu)
and the adipocytes (Ad) in normal fat tissue of the mice without 730-nm irradiation (left, control),
after photothermal treatment (middle, Facile PTT) under 730-nm irradiation (0.3 W cm~2), and

high-power irradiation (right, Over irradiated) with the 730-nm laser (0.8 W cm~2). Reproduced
from Ref. [86] under the terms of the Creative Commons CC BY license



Upconversion and Downconversion Quantum Dots for Biomedical ... 249

optogenetic modulation of three distinct neuronal populations—channelrhodopsin-
2 (ChR2)-expressing inhibitory parvalbumin (PV), ChrimsonR-expressing somato-
statin (SOM) neurons, as well as C1V1-expressing excitatory Ca’*/calmodulin-
dependent protein kinase Ila (CaMKlla) neurons in the primary visual cortex
(V1) [213]. In most of the UC NPs-mediated NIR-activatable optogenetics, exci-
tation wavelengths are 800 nm, 808 nm, and 980 nm, whereas UC NPs are
mostly core/shell or core/shell/shell configuration with some different ligands, e.g.,
NaYF4:Sc/Yb/Er, NaYF4: Yb/Tm@NaYF4, NaYF,: Yb/Tm@SiO,, NaYF4:Yb/Tm,
NaYF4:Yb/Er, NaYF4:Yb/Tm/Nd@NaYF,:Nd and many more [37].

5 Conclusion and Future Perspectives

This chapter offers a comprehensive discussion on understanding the fundamental
photophysical processes leading to UC and DC luminescence process for the applica-
tion in biomedical fields. Despite significant achievements made in the last decade,
several challenges remain for its biomedical application and clinical translational
research. Potential toxicity arises from chemical composition and the smaller size
of UC NPs, enabling them to circumvent biological barriers and/or accumulate in
the tissue. The focus of research on the UC and DC NPs to enhance desired optical
properties is modifying the absorption efficiency and refining the energy transfer
mechanism within NPs. In bioimaging, bright and multicolor emission from UC NPs
enables them as suitable agents for multimodal imaging and in vivo animal imaging
in medical diagnosis, and NIR emission from UC NPs may solve the limitation of
penetrating power through the skeleton by the combination of fluorescence imaging,
magnetic resonance imaging (MRI), CT scanning. Doping of paramagnetic material
different kinds of UC NPs may introduce magnetic imaging, where the paramag-
netic species can work as a contrast agent in MRI. Recent progress in NIR or mid-IR
imaging and instrumentation for mid-IR sensing may develop label-free techniques
for high-speed, hyperspectral bioimaging for medical diagnosis.
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Present Status and Future Perspective )

Check for
updates

Samiran Mondal

Abstract The present chapter illustrates an overview of the application of quantum
dots (QDs) and enlightens the future perspective on their potentiality in biology
and medicine. The chapter highlights the critical aspects of QDs and the present
state-of-the-art applications, both in vitro and in vivo.

Keywords Quantum dots (QDs) * Present status - Future perspective

The concept of artificial atoms or quantum dots (QDs) comes from the reduced dimen-
sionality of semiconducting crystals, i.e., the size of semiconductor particles controls
optical and electronic properties called the quantum size effect. QD synthesis, char-
acterization, and applications are still highly active fields of interest to researchers
despite being part of mature technologies. During the last three decades, researchers
have synthesized QDs by improving monodispersity and size tunability to amelio-
rate the overall optical properties by exploring different reaction conditions such as
solvents, salts, pH, and temperature. The size-dependent tunable emission is attrac-
tive for biomedical research since luminescence is commonly used in cell, tissue,
and animal experiments, supporting biomedical researchers with many precursors for
building tools to address important questions and diagnose and treat diseases. Many
researchers convincingly described many optical advantages of QDs over organic
fluorophores or dye molecules for biomedical research, owing to their high quantum
yield, broad absorption spectra, large Stoke shift, and highly stable. The widely
increased interest in QDs has been established as a technological revolution by the
tremendous efforts of scientists in chemistry, physics, biology, medical engineering,
and pharmaceutical sciences.

QDs present a versatile tool to obtain a series of remarkable results in the fields
of cell labeling, cell migration tracking, multiplexed imaging, flow cytometry, fluo-
rescence in situ hybridization, targeted tracing in living cells and animals, real-time
in vivo and cellular process imaging, genomic and proteomic detection, pathogen
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detection, fluorescence resonance energy transfer, and high-throughput screening of
biological molecules. However, QD-based agents or probes persist at the laboratory
level, far from the commercial application, due to potential biotoxicity. Decades of
research and advances in synthesis and bioconjugation strategies of QDs ensure the
ability to control the size, polydispersity, colloidal stability, quantum yield, forma-
tion of more complex hybrid nanomaterials, and surface properties. However, the
spatial distribution of functional groups is not well established in the present demon-
strations. Therefore, researchers must address this issue to understand the biolog-
ical complexity of the intended application. During the last decade, semiconductors
nanocrystals with various dopants and hosts have been explored for therapeutic,
imaging, biosensors, and drug/gene delivery. Though the doped nanocrystal shows
superior results over others, however, straightforward, accessible, and precise manu-
facturing technology is still much needed. Due to doping, the uniform distribution of
vacancies or ions on a large scale must be precisely controllable to achieve tunable
optical and magnetic properties. In recent years, the synthesis and multiple surface
modifications of NIR QDs with excellent optical performance have been achieved.
Nevertheless, efficient synthesis strategies are needed to make NIR QDs (both NIR-I
and NIR-II) less toxic, biocompatible, and suitable for in vivo applications.

Surface ligands play an important role in controlling the colloidal stability, tuning
the fluorescence emission behaviors of QDs, and the energy transfer between QDs
and acceptor/donor molecules. Thus, a proper understanding of the role of ligands
is the prerequisite for applying QDs in the biomedical field. Still, many challenges
remain unsolved in developing QDs-derived luminescent materials for biomedical
applications, including the lack of selectivity inside the biological environment,
low sensing/probing capabilities (i.e., less selectivity) for biomolecules, e.g., thiols,
amino acids, peptides, and proteins, and other supramolecules, lowering the toxicity
inside a living organism, even though the diversity of QDs with varieties of surface
ligands will offer a promising future in the biomedical field.

Although, due to the toxic effects of semiconductor QDs, the potential appli-
cations of QDs in biology and medicine were limited, which have received enor-
mous attention over the past few years. Tissue and cell toxicity of QDs have been
studied in many in vitro and in vivo experiments. The toxicity of QDs depends on
the physicochemical properties of individual QDs themselves and environmental
conditions, which include size, charge, concentration, outer functional groups and
oxidative, photolytic and mechanical stability of the QDs. At the same concentration,
the smaller QDs are significantly more toxic than, the bigger QDs. On the other hand,
the highly concentrated QDs are more toxic. The mechanism of QD-induced toxicity
has been demonstrated in the model cell culture systems. The risk-to-benefit ratio is
crucial for the clinical application of QDs before pushing them into the therapeutic
and nanomedicine market. Still, several significant limitations and regulatory issues
need to be tackled before applying QDs in medicine and in vivo imaging in human
subjects. Some key issues must consider: the inefficient delivery from low biological
specificity, poorly controlled biodistribution to target tissues, inadequate informa-
tion of biodistribution for in vivo studies, assessment of the long-term accumulation
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of QDs, and the risk of severe acute and long-term toxicity. Therefore, a compre-
hensive understanding of the effects owing to physicochemical properties of QDs
and their pharmacokinetic and pharmacodynamic behavior, altering the dose, dosing
frequency, and side effects are the prerequisite before applying QDs for in vivo study.
Efficient risk assessment, risk management, and risk communication are the main
challenges to assessing these risks arising from the QDs. Clinical trials or extrapola-
tion of animal-based studies into humans can be detrimental even though the results
were promising in animal subjects. Post-clinical trials must be monitored to avoid
potential risks. Despite many challenges, the efficiency of QDs in nanomedicine and
therapy will grow further in the coming years. Several regulatory agencies approve
many nano carrier-related cancer drugs and nano-based drug delivery agents.

Researchers may focus on the heavy metal-free QDs, e.g., C-based QDs, 2D-
QDs, as an alternative with lower toxicity. C-based QDs have great potential for
bioimaging and have low toxicity in humans, with emissions maxima up to the NIR
region of the light spectrum. The optical properties and biocompatibility of C-based
QDs depend on surface coating and functionalizing, N-doping, and synthesis routes.
Therefore, researchers must focus on the synthesis parameters and doping to obtain
high QY with desired optical properties and biocompatibility so that these QDs
can be used as an alternative to existing semiconductor QDs. Various approaches
have been demonstrated to reduce the toxicity of QDs in recent years. However,
the techniques are laboratory-based and need to be comprehensively explored in the
biological environment to assess the biodistribution, metabolism, and excretion of
QDs. In this perspective, more research is needed to explore hydrophilic QDs for
their biological application and labeling of the cell.

Currently, suitable cell-based therapy approaches are required for dynamically
targeting cells from the injected site to the final location for effective diagnosis
and therapy. Non-immunogenic and non-toxic QDs are one of the most widely
studied and used for tagging cells. Uptake dynamics, cytotoxicity, and subcellular and
extracellular distribution of non-targeted carboxylated QDs in human bone marrow
mesenchymal stem cells (MSCs) at different cell growing densities show promising
results in fundamental stem cell biology as well as in cellular therapy, anticancer
drug delivery and tissue engineering. QDs can be used to label neuronal proteins in
a single-molecule imaging format to illuminate their dynamics and kinetics in their
native membranes to understand their roles in the brain. Excellent photostability,
prolonged circulation time, lower toxicity and tumor-specific solid homing property
suggest its utility in precise tumor detection during surgery and lay a foundation
for potential clinical translation of the probe. Development of black phosphorus
QDs functionalized with PEG for cancer bioimaging and combined photothermal
therapy (PTT) and photodynamic therapy (PDT) significantly promote the thera-
peutic efficacy of cancer treatment in comparison with PTT or PDT alone, which
provides a potential platform for future clinical applications. Applications of QDs
in cancer medicine have gained much attention in recent years because of remark-
able enhancement in the development of chemotherapy and protein-based drugs.
In addition, QDs could play a game-changer in future medicine because of their
optical characteristics tailored for bioimaging and biosensing. Innovative surface
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functionalization techniques focus on overcoming the long-term toxicity of QDs to
reach a pharmaceutical QDs product in clinical and industrial use soon. To increase
the quantum yields of the QDs, new method may be developed. Multiple functional
groups attached to QD simultaneously will benefit from combined array-based detec-
tion systems. Better carriers and increased sensitivity of QDs will result in better-
targeted delivery. In recent times, QD and biomolecule conjugates utilized for various
in vitro and in vivo imaging are opening new avenues for future research, which
focuses on the formation of QDs conjugation for cancer diagnosis and cell labeling.
Peptides, antibodies, small molecule ligands, or nucleic acids are covalently bound
to QDs because of their larger surface area and are potentially used as fluorescence
probes. QDs will be used soon to promote personalized clinical treatment based
on the molecular profiles of every patient individually. Additionally, more genome
and proteome studies are required where QDs can be incorporated to detect diverse
disease biomarkers. Although QDs are widely used in different applications, care
should be taken as several concerns have yet to be answered, and the behavior of
QDs is yet to be thoroughly characterized.

This book specifically described the story of QDs, from development in chem-
istry and physics laboratories to applications in biology and medicine. QDs demand
more application in the biomedical field due to their unique properties that could
substantially progress in vivo and in vitro imaging and gain significant achievement
in nanomedicine research. With its potential beneficial role, there is great concern
about their exposure to humans and the repercussions to human health, which need
to be overcome.
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