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ABSTRACT

Fluorescent nanoparticles (FNPs) have been widely used in chemistry and medicine for decades, but their employment in
biology is relatively recent. Past reviews on FINPs have focused on chemical, physical or medical uses, making the extrap-
olation to biological applications difficult. In biology, FNPs have largely been used for biosensing and molecular tracking.
However, concerns over toxicity in early types of FINPs, such as cadmium-containing quantum dots (QDs), may have pre-
vented wide adoption. Recent developments, especially in non-Cd-containing FNPs, have alleviated toxicity problems,
facilitating the use of FNPs for addressing ecological, physiological and molecule-level processes in biological research.
Standardised protocols from synthesis to application and interdisciplinary approaches are critical for establishing FINPs
in the biologists’ tool kit. Here, we present an introduction to FINPs, summarise their use in biological applications, and
discuss technical issues such as data reliability and biocompatibility. We assess whether biological research can benefit
from FNPs and suggest ways in which FINPs can be applied to answer questions in biology. We conclude that FNPs have
a great potential for studying various biological processes, especially tracking, sensing and imaging in physiology and
ecology.
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I. INTRODUCTION

Fluorescent nanoparticles (FNPs) are nanoscale organic,
inorganic crystalline or amorphous clusters that emit specific
wavelengths upon exposure to light. FNPs have been exten-
sively developed and widely utilised for technological and
medical applications for over two decades (Reshma &
Mohanan, 2019) and can also be harnessed for imaging,
tracking and sensing applications in biology. The power of
FNP technology is related to their unique fluorescence fea-
tures: production of steady, bright, and clearly defined fluo-
rescent peaks. FINPs are generally more stable, absorb and
emit light more efficiently and have longer fluorescence life-
times compared to many other fluorescent materials such as
dyes. FNPs with different emission wavelengths can also be
used simultaneously — a feature that dyes usually lack
(Resch-Genger et al., 2008). FNPs are also multimodal,
1e. the dots can perform several functions simultaneously.
For example, the same dot can deliver a drug compound to
cancer tissue and serve as a fluorescent marker to confirm
successful delivery (Bera et al., 2010). Compared to isotopic
methods, FNPs offer a non-invasive option for cell-level par-
ticle tracking.

While the properties of FINPs make them useful for track-
ing, sensing and visualising organisms and molecules (Fig. 1),
FNPs have not been widely adopted in fundamental biologi-
cal research. Landmark papers describing semiconductor
nanoparticles emerged in the early 1980s (Brus, 1983; Ros-
setti, Nakahara & Brus, 1983; Reed et al., 1986) and success-
ful utilisation of cadmium chalcogenide quantum dots
(Cd-containing QDs; Cd-QDs) in cell imaging was achieved
in the late 1990s (Bruchez et al., 1998; Chan & Nie, 1998).
Since then, research into QQDs has intensified and the potential
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for developing FNPs in biological research emerged. The pos-
sibility to conjugate (i.e. chemically attach) molecules onto
FNPs (Chan & Nie, 1998; Mattoussi ¢ al., 2000) further
increased potential applications, such as tracking of com-
pounds. The future of QDs seemed as bright as the dots them-
selves (Rosenthal e al., 2011; Massey et al., 2015) and a few
groups successfully employed QDs in imaging, tracking and
sensing applications across an array of organisms (Pang &
Gong, 2019; Whiteside et al., 2019). However, in the
late 2000s, reports of QD degradation and subsequent
leaking of Cd from the particle core with induced toxic
effects became an increasing concern (Pelley, Daar &
Saner, 2009; Massey et al., 2015) and the value of FNP
technology was questioned.

Since the development of the first QDs, the nanoscale
world has made great strides in introducing new technolo-
gies. Gd-QDs have been transformed in terms of their shells,
coatings, dopings (additions of atomic impurities during syn-
thesis) and conjugations, all of which have greatly improved
their optical and chemical properties, biocompatibility and
usability. Furthermore, new, non-cadmium FNPs have been
developed with metal, metalloid and carbon cores. These are
now slowly finding their way into the biological realm.
Owing to these recent developments, wider adoption of this
technology in fields such as ecology and physiology is on
the horizon. A new generation of FNPs can be applied to
investigating food-web structure, prey preferences in preda-
tors, seed and spore dispersal dynamics in plants and fungi,
nutrient cycling dynamics in microbial networks, and migra-
tion and behavioural patterns of micro-organisms in soil and
water columns.

This review aims to summarise current research on FNPs.
Our objective is to encourage biologists, unfamiliar with
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Fig. 1. Fluorescent nanoparticle (FNP) applications for various biological fields. The image (courtesy of Matthew Whiteside) features
glycine-conjugated quantum dots (QQDs) within a grass root colonized by arbuscular mycorrhizal fungi.

concepts such as optical physics and nanomaterial science, to
consider various types of FINPs in their research. We mainly
focus on the application of FNPs and their advantages and
disadvantages in various fields of biology rather than their
chemical and physical properties, which have been compre-
hensively reviewed elsewhere (Drbohlavova et al., 2009;
Zuo et al., 2016; Schiffman & Balakrishna, 2018). We briefly
address ecotoxicological issues relevant to specific applica-
tions, as these aspects have been broadly reviewed in general
(Pelley et al., 2009; Rocha et al., 2017; Sharma et al., 2017).
We mainly address FINPs of two different categories: fluores-
cent carbon nanoparticles (FCNPs) and semiconductor
quantum dots (SQDs). We provide a synthesis of existing bio-
logical research items related to FINPs v a selection of land-
mark papers as well as more recent, novel applications that

are most relevant to ecology and physiology. We also discuss
quantification methods and compare biologically relevant
FINP properties to aid particle selection. Finally, we propose
theoretical and practical approaches to plan research with
FNPs and address knowledge gaps.

II. TYPES OF FLUORESCENT
NANOPARTICLES (FNPs)

(1) Semiconductor quantum dots (SQDs)

Semiconductor quantum dots are nanocrystals that fluoresce
in a specific wavelength upon excitation with another wave-
length of light. The term semiconductor refers to a material
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that has an intermediate capacity to conduct electricity. The
word ‘quantum’ refers to the so-called quantum confinement
effect on the properties of QDs — small dot size limits movement
of electrons, forcing them to exist at discrete levels of energy. As
a result, properties of QDs differ enormously from those of the
same bulk material (Drbohlavova et al, 2009; Rosenthal
et al., 2011). The optimal light wavelengths are referred to as
excitation and emission peaks, which usually depend directly
on particle size (i.e. quantum size effect): the larger the dot,
the longer the wavelengths of excitation and emission
(Drbohlavova et al., 2009; Rosenthal et al., 2011). In some parti-
cle types, the emission colour is changed by altering the relative
abundances of different elements in the core or on the surface,
which removes the possible effect of particle size in complex
experiments (Whiteside et al., 2019). SQDs are traditionally clas-
sified into groups based on the location of the core elements in
the periodic table. These include group IV, group III-V, group
II-IV and group IV-VI QDs and complex QDs, which all
include several particle types (IV-VI QDs include several sub-
groups). However, these groupings are rarely utilised in biolog-
ical research papers, and the utilisation of SQDs is intensely
skewed towards Cd-QDs. Therefore, we address Cd-QDs sep-
arately, while other SQDs are addressed in parallel. FINP classi-
fication and terminology are discussed further in Section VL

(@) Cadmium-containing QDs

The best-known FNPs, which we refer to also as cadmium
quantum dots (Cd-QDs) for clarity, represent Cd-containing
semiconductor nanocrystals that usually include the chalco-
genides — sulphur (S), selenium (Se) or tellurium (Te) — as
companion anions. The diameter of these QDs is typically
2-10 nm, sometimes up to 20 nm (Drbohlavova et al., 2009;
Rosenthal et al., 2011), i.e. comparable in size to biological
macromolecules such as proteins.

Cd-QDs have been used primarily for imaging purposes and
as nanocarriers. There is also active research in QDs for molec-
ular diagnostics and therapeutics, with a focus on imaging in the
near infra-red region (the so-called biological window) and use
in single molecular tracking (Dahan ¢t al., 2003; Li ¢t al., 2010;
Liu et al, 2012; Wagner et al., 2019). Medical applications
include a QD-microbead molecular tagging system that enables
colour coding and identification of up to tens of thousands of
biological molecules (Han et al., 2001), QD labelling of various
receptors  to study their location and activity (Dahan
et al., 2003; Chung e al., 2010), biomarkers and drug testing
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applications for various diseases such as SARS-CoV-2
(Li et al., 2010; Gorshkov ¢t al., 2020) and real-time tracking of
viral infection inside living cells (Liu ez al., 2012).

Quantum dots coated with a shell of less-toxic material such
as, e.g. zinc sulphide (ZnS), are nowadays the standard type uti-
lised in biological research, as shells render the core-cadmium
less chemically and biologically available and improve other fea-
tures such as photostability and biocompatibility (Winnik &
Maysinger, 2013). Additionally, dopings, coatings and conjuga-
tions may improve the biocompatibility and optical properties
of QDs. Elements such as nitrogen (N), phosphorus (P) or boron
(B) can be incorporated into the dot during the preparation pro-
cess via doping to fine-tune the electron structure, which can fur-
ther improve the optical properties of QDs. The dopants can
also be used in combination (co-doping) (Bju, Itoh &
Ishikawa, 2010; Rosenthal et al, 2011). Coating particles by
amphiphilic polymer encapsulation (AMP, polymer coating),
which forms a layer of reactive polar polymers on top of non-
polar dots, enhances their water solubility and hence compati-
bility with biological systems (Hezinger, Tefmar &
Gopferich, 2008; Rosenthal e al., 2011). Dots can also be coated
in a layer of silica (SiOg), which improves stability and reduces
toxicity (Selvan, Tan & Ying, 2005), or double-layered with
AMP and silica (Hu & Gao, 2010). Commercially available
ODs usually have a coating with reactive groups, such as car-
boxylic (—COOH) or amine groups (—INHy), onto which users
can easily conjugate their molecule of interest through the
1-ethyl-3-(—3-dimethylaminopropyl) carbodiimide hydrochlo-
ride/N-hydroxysuccinimide (EDC/NHS) amidation reaction
(Chan & Nie, 1998). Common coatings include polyethylene
glycol (PEG), polyethyleneimine (PEI), polyacrylic acid (PAA),
tri-n-octylphosphine  oxide (TOPO) and thiols (-SH)
(Green, 2010; Rosenthal et al., 2011). Once conjugated to nutri-
ent compounds (Whiteside et al., 2019), biological molecules
such as proteins (Brandt e/ al, 2015), hormones (Erland
e al, 2019), DNA strands (Ma e al., 2008), antibodies
(Eggenberger e al, 2007) and sensory compounds
(So et al., 2006) can be targeted and tracked to specific tissues
or cellular locations. Various structural modifications of QDs
are illustrated in Fig. 2.

(b) Other semiconductor QQDs

Besides Cd-QDs, myriad QD nanoparticles with alternative
core elemental composition have been developed (Reed
el al., 1986; Canham, 1990; Mici¢ e al., 1996; Sooklal

[~

Fig. 2. Simplified structure of quantum dots (QDs) with different structural modifications. From left to right: plain QD, QD with shell
(core/shell QD), coated core/shell QD, coated core/shell QD with functional groups (capped), coated and capped core/shell QD

with molecular conjugates.
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et al., 1996; Malik, O’Brien & Revaprasadu, 1999). The core
elements may include various metals or metalloids, such as
silicon (Si), copper (Cu), indium (In), zinc (Zn), germanium
(Ge), phosphorus (P), arsenic (As), lead (Pb), tin (Sn), etc.
Many of these particles also exhibit quantum confinement.
In fact, the term quantum dot was originally coined for par-
ticles that did not have Cd in the core (Reed et al., 1986).
These alternative core elemental composition dots range
from 1.4 to 25 nm in size and from 0 to 80% in quantum
yield. They have been utilised in the bioimaging of various
cells and tissues as well as biomarkers and sensors for anti-
bodies (e.g. Bharali et al., 2005; Pradhan et al., 2007; Yong
et al., 2009; Zhou et al., 2014; Liu et al., 2016a,b; Chang
et al., 2017; Garcia-Cortés et al., 2017, Lei et al., 2018).
Silicon-cored QDs (SiQDs, also referred to as Si-dots) are
often treated separately from other SQDs, because they do
not contain heavy metals and are therefore theoretically
more suited for biological applications (Chinnathambi
et al., 2014). While these are mostly used in technical applica-
tions, such as LEDs, batteries and solar cells (McVey &
Tilley, 2014), they have also been utilised in targeted imaging
of tumours, lymph nodes, cells, organelles and as carriers for
drugs, microRNA (miRNA) and small interfering RNA
(stRNA) (Erogbogbo e al., 2008, 2011; Klein et al., 2009;
Park et al., 2009; Nishimura ez al., 2013).

(2) Fluorescent carbon nanoparticles (FCNPs)

Fluorescent carbon nanoparticles (FCNPs) are comparable
to QDs in size, but the semiconductor core is replaced by car-
bon, and other elements included are mainly oxygen (O),
nitrogen (N) and hydrogen (H). The discovery of these is
ascribed to Xu et al. (2004), who reported two new classes
of carbon-based fluorescent nanomaterials isolated as a by-
product of carbon nanotube purification. FCNPs are
referred to using various terms, depending on the way they
are synthesised and structured. Obscure terms, such as ‘car-
bon dot (CD)’, are commonly used to refer to particles of
extremely varied properties. New terms and acronyms are
often proposed as research groups claim they have developed
new types of particles (Essner et al., 2018; Tao et al., 2019).
For these reasons, researchers need to be careful when navi-
gating the scientific literature. Several attempts have been
made to unify this terminology (Cayuela et al., 2016; Tao
et al., 2019). Here we treat all arbitrarily named FCNPs as
carbon quantum dots (CQDs), following recent literature
(Tao etal., 2019). Terminological issues are further addressed
in Section VL.

CQDs are typically <10 nm in size and vary in structure
(amorphous or crystalline) and shape (diamond or globular),
depending on precursors and synthesis methodology
(Baker & Baker, 2010; Lim, Shen & Gao, 2015; Park
et al., 2016; Namdari, Negahdari & Eatemadi, 2017). Due
to a variety of synthesis methods, the origin of fluorescence
in FCINPs has been debated. Various authors have attributed
this to factors other than quantum confinement effects, such
as surface electronic states, edge effects, free surface states,

zig-zag structures or conjugated molecular structures
(Q1 et al., 2016). FCNPs can be manufactured with several
different methodologies, which are classified as top-down
and bottom-up methods. Top-down methods generally
involve breaking the FINPs apart from large particles through
oxidation, laser ablation, extraction or electrochemical
release from various source materials such as soot, fruits or
wastes (Lim et al., 2015; Zhang et al., 20184). Conversely,
bottom-up methods involve synthesis from molecular precur-
sors, such as carbohydrates, amino acids or alcohols wa
molecular aggregation or through hydrothermal, ultra-
sound, pyrolytic, electrochemical or microwave procedures
(Goryacheva, Sapelkin & Sukhorukov, 20174). Like SQDs,
FCNPs are often doped to improve their properties. Dopants
change the properties of the dots by withdrawing, donating or
trapping electrons. FCNPs should also be passivated — covered
with a protective coating — to improve their fluorescence and
stability, as well as to reduce unspecific binding and aggrega-
tion (Asadian, Ghalkhani & Shahrokhian, 2019). Minimally
cytotoxic coating options include PEG or poly-(propionyl
cthylenimine-co-ethylenimine) (PPEI-EI), although other
options such as poly(acrylic acid) (PAA) or branched
poly(ethylenimine) (BPEI) can also be used at low concentra-
tions (Ding, Zhu & Tian, 2014).

Due to their small size and natural composition, FCNPs
connected to suitable surface ligands have great potential as
diagnostic tools and drug carriers, as they can effectively
reach specific tissues. For example, the blood—brain barrier
(BBB) complicates treatment of central nervous system dis-
eases by inhibiting the passage of nearly all molecular drugs
and nanoparticles due to their high molecular mass, but
CQDs conjugated to transferrin can cross this barrier in zeb-
rafish (Danio rerwo; 1i et al., 20164). Furthermore, unconju-
gated CQDs synthesised from D-glucose and L-aspartic
acid could cross the BBS and specifically target cancerous tis-
sue in mouse (Mus musculus) brain (Zheng et al., 20154). Simi-
larly, diagnosis of bone-related diseases, such as osteoporosis,
typically depends on methods involving harmful radiation,
because other methods are hampered by the thickness of
the tissues surrounding bones and the inertness of the bone
itself, but carbon nanopowder-derived CQDs can specifically
target and attach to bone and thus enable imaging (Peng
et al., 2017). Unlike conventional drugs or diagnostic tools,
FCNPs can be multimodal. For example, a CQD-based
nanocarrier complex both delivered and released a drug spe-
cifically in a cancerous tissue, and this was confirmed by fluo-
rescence observed upon drug release (Feng et al., 2016).
Furthermore, carbon-based INPs are increasingly utilised
in antimicrobial applications, such as wound dressings,
because of their bactericidal properties resulting from ROS
(reactive oxygen species) generation (Ristic e al., 2014; Sun
et al., 2014; Lin, Bao & Wu, 2019; Yadav ¢ al., 2019; Gao
et al., 2020). Based on these medical examples, carbon-based
FINPs have an immense potential for biological applications,
particularly in labelling and tracking of different compounds
in organisms and communities in the fields of animal and

plant physiology and ecology.
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Graphene quantum dots (GQDs) differ from CQDs in
their arrangement of carbon in hexagonal lattices with a size
up to 100 nm. While CQDs are generally 3D assemblies of
molecular chromophores, GQDs have a 2D crystalline struc-
ture and their properties depend on the orientation of the lat-
tice units (edge effect). Because of this structure, GQDs
frequently exhibit quantum confinement, whereas many
other FCNPs do not (Pan et al., 2010; Tian et al., 2018). How-
ever, most of their biologically relevant properties resemble
those of other FCNPs, making their separation somewhat
arbitrary, although well established in the relevant literature.
While GODs have been utilised in molecular carriers, photo-
catalysts and solar cell components (Tian et al., 2018), they
have been used only in ion- and chemical-sensing applica-
tions in biological research so far. However, this is likely
partly explained by the fact that GQDs are still a relatively
recent technology (Pan et al., 2010).

Carbonised polymer dots (CPDs) are prepared from semi-
conductive polymers, such as polyfluorenes, poly(phenylene
ethylene) and poly(phenylene vinylene), that are connected
by cross-linking of m-electron systems or by aggregation
(Wu & Chiu, 2013). Cross-linked particles are termed conju-
gated polymer dots or conjugated polymer nanoparticles,
while the aggregation-type particles are called unconjugated
polymer dots. In some sources, polymer dots in general are
regarded as a sub-type of FCNPs (Li et al., 20195). In others,
only unconjugated dots are considered FCNPs (Zhu
et al., 2015), or all polymer dots are treated as a distinct type
(Wu & Chiu, 2013). The term carbonised polymer dot was
recently introduced to solve this confusion (Tao et al., 2019).
As the polymers involved in polymer dots are heavily
carbon-based, we consider these a subcategory of FCNPs,
following Xia ¢t al. (2019). CPDs range from 1 to 50 nm in
size and are inherently insoluble in water, similarly to their
polymeric precursors. Coating the particle with other poly-
mers or silica creates an amphiphilic surface, but leaves the
core hydrophobic, which increases stability and density in
water-based solvents (Wu & Chiu, 2013). This structure also
renders CGPDs an attractive alternative option for developing
molecular carriers of drugs, because their mouldable struc-
ture and inside hydrophobicity allow ‘storing’ of therapeutics
(Wu & Chiu, 2013; Massey et al., 2015; Zhu et al., 2015). Con-
jugated CGPDs were developed in the early 2000s (Landfester
et al., 2002) and used in bioimaging several years later
(Wu et al., 2008). Since then, conjugated CPDs have been
used as drug carriers in photodynamic therapy and in sensing
cancer-related enzymes (Wang & He, 2018; Cheng
etal., 2019; Cui et al., 2019; Kim et al., 2020). They have also
been utilised as disease biomarkers and medical biosensors of
dopamine and hypochlorite (Alizadeh & Salimi, 2019; Wang
et al., 2019).

Nanodiamonds (NDs) are small diamonds, 2-10 nm in
size. However, they are frequently referred to by various
names, depending on their shape, size and surface modifica-
tions (Mochalin et al., 2012). Although nanodiamonds have
been explored for technical and, to some extent, for medical
applications (Chow et al., 2011; Chang et al., 2013; Gismondi
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et al., 2015; Bondon ¢t al., 2020; Liu, Chang & Chang, 2020),
they have not been utilised in physiological or ecological
research so far. An interesting additional possibility is the
use of NDs for magnetic resonance imaging (MRI), which

can provide images analogous to X-rays without the need
for harmful radiation (Liu ¢ al., 2020).

(3) Rare-earth doped nanoparticles

Rare-earth-doped FINPs are a complex group of particles
that constitute elements of the f-block of the periodic table,
as fluorescent entities doped into dielectric nanocrystals. Of
these, only the so-called upconversion nanoparticles
(UCNPs) have been used in bioapplications thus far. UCNPs
fluoresce due to the so-called photon upconversion, a phe-
nomenon in which light excitation at a longer wavelength
leads to light emission at a shorter wavelength — opposite to
the above-discussed FNPs. UCNPs have been utilised in
technical and medical applications, such as imaging and
treatment of tumours, inactivation of viruses, siRINA delivery
and tracking of cell transplants (Idris et al, 2009; Jiang
et al., 2009; Wang et al, 2011; Lim et al, 2012; Yan
et al., 2019). The most frequently used type in life science
applications seems to be made of a NaYF, core doped with
ytterbium (Yb) and erbium (Er).

III. FLUORESCENT NANOPARTICLES IN
BIOLOGICAL RESEARCH

In this section, we summarise research related to various
FINPs, including particle type, application, target compounds
and organisms involved (Table 1). Carboxyl-capped, CdSe/
ZnS QDs are the most commonly utilised FNP type thus far.

(1) Gadmium-containing quantum dots (Cd-QDs)
(a) Ecology

In ecological studies, QDs are most commonly utilised in
food chains, mostly from an ecotoxicological perspective.
For example, carboxyl-capped CdSe/ZnS QDs were trans-
ferred from an alga Pseudokirchneriella subcapitata to a water flea
Ceriodaphnia dubia (Bouldin et al., 2008), and from a crustacean
Artemia_franciscana to a zebrafish (Danio rerio) during feeding
(Lewinski et al., 2011), elegantly confirming prey—predator
relationships between these organisms. Both studies found
the toxicity of QDs to be lower than expected, with no bio-
magnification. Likewise, there was no significant biomagnifi-
cation of carboxyl-capped CdSe/ZnS QDs from Escherichia
colt bacteria and Tetrahymena pyriformis ciliates to the rotifer
Brachionus calyciflorus (Holbrook et al., 2008). By contrast, a
study on trophic transfer of CdSe QDs between bacteria
(Pseudomonas aeruginosa) and ciliates (7etrahymena thermophile)
revealed significant biomagnification, as Cd concentrations
of ciliates exceeded their QD-incubated bacterial prey
fivefold (Werlin ¢ al, 2011). CdTe QDs were 1.4-fold
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Table 1. Summary of the research on fluorescent nanoparticles in the life sciences included in this review (excluding strictly medical

applications)
Type Modification Application Target(s) if applicable ~ Organism(s) Reference
Carbon Bacterial Azotobacter chroococcum Wang et al. (2018a)
quantum dot enhancement
(CQD) Imaging Caenorhabditis Chen et al. (2014b);
(animal) elegans Pramanik ¢ al. (2016)
Imaging Pseudomonas aeruginosa  Ritenberg et al. (2016)
(bacteria)
Imaging Bacillus subtilis, Kasibabu et al. (20154,
(bacteria/ Aspergillus aculeatus b); Mehta et al. (2015)
fungal Mycobacterium
cellular) tuberculosts,
Pseudomonas aeruginosa,
Magnaporthe oryzae,
Fusarium avenaceum
Imaging (fungal Penicillium sp. Bhamore et al. (2018)
cellular)
Cellulose conjugated Imaging (plant Cell walls Allium cepa, Vigna radiata, Lietal (2017)
cellular) Arabidopsis thaliana
Plant growth Arabidopss thaliana, i et al. (2019a); Su et al.
enhancement Trifolium repens (2018); Zheng et al.
Arachis hypogaea (2017); Zhang et al.
Brassica rapa var. (2018a); Li et al.
parachinensis (20190); Li et al.
Chlorella vulgaris (2018¢); Tripathi &
Citrus maxima Sarkar (2015); Li et al.
Oryza sativa (20166); Wang et al.
Vigna radiata (20180)
Triticun aestivum
Glucose functionalised Triticum aestioum Swift et al. (2021)
Au NP conjugated Sensing Carbendazim Yang et al. (2018q)
(chemical) (fungicide)
DNP and Cayuela et al. (2013)
4,8-DiMelQx
(industrial chemicals)
Enrofloxacin Guo ¢t al. (2019)
(antibacterial agent)
Antibody conjugated Glyphosate (herbicide) Wang et al. (2016)
Hydrazine (industrial Sha et al. (2018)
chemical)
Silver NP conjugated Phoxim (insecticide) Zheng et al. (2018)
p-Nitrophenol (p-NP) Zhang et al. (2019)
(industrial chemical)
Pyridine (industrial Campos et al. (2015)
chemical)
Ovalbumin (OVA) Zearalenone Lietal. (2018b)
conjugated, in complex (mycotoxin)
with antibody-
conjugated silver NP
Sensing (ionic) Cr(\Z/I) Vaz et al. (2017)
Cu**

F62+ F63+ COQ+ Ni2+
AP
Hg2+, Pb2+, Ag+;
Cr**, Ce®, and

3

Eu’*

Li et al. (2020q)
Pan et al. (2015)

Shi et al.
Lu et al
Du ¢t al. (2013)
Xu et al. (2018)
Placido et al. (2019)

2016)
2012)

P
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Table 1. (Cont.)
Type Modification Application Target(s) if applicable ~ Organism(s) Reference
Pb**,Cu**Cd** and
Ni2+
P**, Au®t, and Pd** Gao ¢t al. (2018)
Sensing (pH) Zhang et al. (2019aq)
Carboxyl capped, indole ~ Sensing (plant  Indole propionic acid Vigna radiata Lin et al. (2017)
propionic acid molecular) receptor
conjugated
Polyacrylic acid or Translocation Cucurbita sp. Qian et al. (2018)
polyethylenimine coated (plant)
Lea mays Chen et al. (20164)
Dianthus cariophyllus Han et al. (2017)
CdS L-cysteine or thioglycerol — Sensing (ionic) zinc (II), copper (II) Chen & Rosenzweig
capped (2002)
Thiolated oligonucleotide Sensing Nucleic acid Willner et al. (2001)
conjugated (molecular)
Sensing Formaldehyde Vastarella & Nicastri
(molecular), (2005)
Photocatalysis Curri et al. (2002)
CdS/ZnS Trichloropyridinol (TCP) Sensing TCP, metabolite of Zou et al. (2010)
antibody conjugated (chemical) chlorpyrifos (CPF)
(pesticide)
CdSe Oleic acid coated or Translocation Oryza sativa Nair et al. (2011)
mercaptopropionic acid (plant)
(MPA) coated
Trophic transfer Shewanella onedensts, Tian et al. (2017)
Caenorhabditis elegans
Pseudomonas aeruginosa, Werlin et al. (2011)
Tetrahymena
thermophila
CdSe/CdS Silica encapsulated, tri- Cell imaging Mous musculus Bruchez et al. (1998)
methoxysilylpropyl urea (animal)
and acetate coated or
streptavidin biotin
conjugated
CdSe/CdS/ Hydrosulfide-3-acetyl- Sensing Deoxynivalenol Fusarium sp., Zea mays Zhang et al. (2018b)
CdoO. deoxynivalenol and (chemical) (mycotoxin)
57n0.5S/ bovine serum albumin
ZnS (BSA)-conjugated
conjugated
CdSe/CdZnS  Polyethylenimine (PEI) or ~ Translocation Populus deltoides x nigra Wang et al. (2014)
poly(ethylene glycol) or (plant)
anionic poly(acrylic acid)
(PAA-EG)
Carboxyl capped Trophic transfer Arabidopsis thaliana, Koo et al. (2015)
Trichoplusia n
CdSe/ZnS Topo capped, polymer Genetics Ribosomal protein 49 Drosophila Choi et al. (2009b)
coated, DNA (animal) (Rp49), Actin 5C
conjugated (Aet5C), dorsal-
related immunity
factor (Dif) and
diptericin (Dpf)
Mercaptoacetic acid Genetics (plant) Chromosomes Lea mays Ma et al. (2008)
(MAA) coated, DNA
labelled
Polymer coated, carboxyl Imaging Mus musculus So et al. (2006)
capped, luciferase (animal)
conjugated
Carboxyl capped, Sensing Benzothiostrobin Fragaria sp. Wu et al. (2019)
antibody conjugated (chemical) (Fungicide)
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Table 1. (Cont.)

Modification Application

Type

Target(s) if applicable

Organism(s)

Reference

Dihydrolipoic acid
(DHLA) capped,
antibody fragment
conjugated

Dihydrolipoic acid
(DHLA) capped, specific
antibody conjugated

Trioctylphosphine or
trioctylphosphine oxide
TOP/TOPO coated

Carboxyl capped,
antibody conjugated

Streptavidin conjugated Tracking
(animal
cellular)

Carboxyl capped, poly-L- Tracking
lysine conjugated (animal
individual)
Dihydrolipoic acid Tracking
(DHLA)-capped (molecular)
Carboxyl capped, Tracking (plant
melatonin/seratonin molecular)
conjugated
Silica encapsulated, Tracking (plant
antibody conjugated organelle)
Caboxyl capped Translocation
(plant)
Carboxyl capped Trophic transfer
Poly(acrylic acid)-
octylamine copolymer
(PAA) coated
Carboxyl capped
Carboxyl capped
Antigen conjugated Sensing
(chemical)
Antibiotic antibody
conjugated
MPA capped, antibody
labelled
Renilla luciferase (BRET) Tracking
and nona-arginine R9 (animal
peptide conjugated, cellular)

2,4,6-trinitrotoluene
(TNT)

Cholera toxin, ricin,

shiga-like toxin 1,

and staphylococcal
enterotoxin B

Diquat (herbicide)

Neonicotinoids
(imidacloprid,
imidaclothiz, and
clothianidin)
(insecticides)

Cyclin E (protein)

Melatonin and
seratonin

Microtubules

Deoxynivalenol

(DON), ZEN, AfB1,
T2-toxin (T2) and
fumonisin B1 (FB1)

(mycotoxins)
Chloramphenicol

(CAP), streptomycin

(STM) and the
fluoroquinolone

compound, ofloxacin
(OFL) (antibiotics)

Zearalenone
(mycotoxin)
Gametes

Avena sativa

Danio rerio

Daphma magna, Daphnia
pulex, ostracods,
Chaoborus sp., Cloeon
sp.

Xenopus laevis

Hypericum perforatum

Nicotiana tabacum
Arabidopsis thaliana

Caenorhabditis elegans,
Escherichia col
Danio rerio, Artemia
Jranciscana sp.

Pseudokirchneriella
subcapitata,
Certodaphma dubia
Leptocheirus plumulosus,
Isochrysis galbana

Sus scrofa domesticus

Goldman et al. (2005)

Goldman et al. (2004)

Carrillo-Carrién et al.

(2011)

Wang et al. (2017)

Rieger et al. (2005)

Ekvall et al. (2013);
Hylander et al.
(2014); Heuschele

el al. (2017); Langer
et al. (2019); Ekvall
el al. (2020)
Brandt et al. (2015)
Erland et al. (2019)
Eggenberger et al.
(2007)
Navarro et al. (2012)
Kim et al. (2016)

Lewinski ez al. (2011)

Bouldin et al. (2008)

Jackson et al. (2012)

Beloglazova et al. (2014)

Taranova et al. (2015)

Beloglazova et al. (2012)

Feugang et al. (2015)
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Table 1. (Cont.)

Type Modification Application Target(s) if applicable ~ Organism(s) Reference
plasminogen antibody
functionalized
Carboxyl capped, Tracking (fungal Saccharomyces cerevisiae  Gustafsson et al. (2014)
glutathione conjugated individual)
Carboxyl capped, Tracking (plant Gamma-aminobutyric Nicotiana tabacum Yu et al. (2006)
mercaptoacetic acid molecular) acid (GABA) binding
coated, amino acid sites
bound
Carboxyl capped, protein  Tracking (plant  Stigma/stylar cysteine- Lilium longiflorum Ravindran e al. (2005)
conjugated molecular) rich adhesin (SCA)
Carboxyl capped, Tracking (plant/ Hydroxyapatite Daucus carota, Medicago ~ Whiteside et al. (2019)
hydroxyapatite fungal truncatula, Rhizophagus
conjugated molecular) urregularis
Carboxyl capped, polymer Trophic transfer Astasia longa, Danio rerio, Lee & An (2015)
layered Moina macrocopa
Carboxylated and Escherichia coli, Holbrook et al. (2008)
biotinylated Tetrabymena pyriformus,
Brachionus calyciflorus
Glycine-, Lolium perenne, Allium Al-Salim et al. (2011)
mercaptosuccinic acid-, cepa, Clenopseustis
cysteine- and herana
cysteamine-conjugated
Carboxyl capped, polymer Saccharomyces cerevisiae, Chae et al. (2016)
layered Folsomia candida,
Armadillidium vulgare
N-acetyl-L-cysteine Sensing Gallic acid Tan et al. (2020)
capped (chemical)
Ni** — modulated Histidine Wu & Yan (2010)
homocysteine-capped
Polymer coated, carboxyl Tracking (plant/ Amino acids Poa annua, Penicillium Hynson et al. (2015);
capped, amino acid fungal solitum, Sorghum Whiteside et al. (2009,
conjugated molecular) bicolor, Glomus 2012a,b)
witraradices, Glomus
etunicatum, Glomus
mosseae, Glomus
aggregatum,
unidentified
mycorrhizal fungi
CdSeS/ZnS Carboxyl capped, apatite Tracking (plant/ Daucus carota, van’t Padje ¢t al. (2020a,
conjugated fungal Rhizophagus irregularis, b, 2021)
molecular) Mediago truncatula
CdTe Cysteamine (CA)-capped  Sensing (ionic) Hg** Ding et al. (2015)
TGA capped, antibody Sensing Citrus tristeza, Citrus sp. Shojaei et al. (2016)
conjugated (pathogen)
Antibody conjugated Polymyxa betae, Beta Safarpour et al. (2012)
vulgaris, Hordeum
vulgare
DNA aptamer conjugated  Sensing (plant  Systemin (plant peptide  Lycopersicon esculentum Liu et al. (2015)
molecular) hormone)
Dodecapeptide conjugated Tracking (plant Stem cells Arabidopsis thaliana Yu et al. (2014)
cellular)
Trophic transfer Escherichia coli, Gupta et al. (2017)
Paramecium caudatum
Glutathione capped Sensing (ionic) Fe** and Fe* Wu et al. (2009)
CdTe/CdS Tracking Tribolium castaneum, Gurdasani et al. (2021)
(animal) Bactrocera tryont,
Plutella xylostella
CulnSexS2 — x/  Zinc oleate ligand coated ~ Tracking (plant Pollen Laperrousia anceps,
/nS tissue) Moegistorhynchus

(Continues)
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Table 1. (Cont.)
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Type Modification Application Target(s) if applicable ~ Organism(s) Reference
longirostris Minnaar et al. (2019);
Wachendorfia Minnaar & Anderson
paniculata, Sparaxis (2019)
villosa, Arctotheca
calendula, Oxalis
purpurea, Apis mellifera
capensis

Graphene Nanosheet connected Sensing Methanol, ethanol and Parvizi et al. (2019)
quantum (chemical) propanol
dots (GQDs)  Nitrocellulose embedded Quercetin, Alvarez-Diduk ef al.

4-nitrophenol and (2017)
paraoxon
Complex with g-C3Ny, Zeatin (Cytokinin) Wang et al. (2018)
and a biotin-labelled
aptamer
Tetracycline Zhang et al. (2020)
(antibiotic)
Sensing (ionic) AP* Fan et al. (2014)
ad** Li et al. (2012)
Co** Chen ¢t al. (2016)
Cr(VI) Sheng et al. (2020)
Fe**, Cu®*and Ag™ Shen et al. (2017)
Hg** Shi et al. (2015)
Ni** Huang et al. (20134q)
Pb** Bian et al. (2016)
Sensing (pH) Zhang et al. (2019q)
InP/ZnS N-terminus immobilized, Tracking (plant Heat shock protein 90 Curcuma longa Hu et al. (2018)
Hsp 90« functionalized molecular) (Hsp 90) inhibitors
Translocation Hydra vulgaris Veronesi et al. (2019)
(animal)

Nanodiamonds ~ Dextran- or bovine serum Imaging Caenorhabditis elegans Mohan et al. (2010)
(NDs) albumin (BSA) coated (animal)

Carbonised Sensing (ionic) Cr(VI) Zare-Moghadam et al.
polymer dots (2020)
(CPDs) Carboxyl capped Ph2* He et al. (2020)

Sensing Cytochrome C Shamsipur ¢ al. (2019)
Carboxyl capped, in (molecular) MicroRNA (miRNA) Luo et al. (2019)
conjuction with a DNA
walker
Glutathione, ascorbic Zhao et al. (2020)
acid, N-acetyl-L-
cysteine, superoxide
dismutase and
catalase
Congo Red and Sensing (pH) Mitochondria Sun, Ling & Gao (2017)
mitochondria-targeting
group
triphenylphosphonium
(TPP) conjugated

Quantum dots ~ Streptavidin conjugated to  Genetics (plant) Chromosomes Allium fistulosum Miiller et al. (2006)
(QDs) of biotin
unidentified ~ Streptavidin conjugated to miRNA Onryza sativa indica Liang et al. (2005)
composition oligonucleotide DNA

Streptavidin conjugated, Sensing Staphylococcus aureus Chen et al. (2014a)
conjugater to antigen/ (bacteria)
amplicon or biotin-BSA

Silicon-cored Imaging Danio rerio D’Amora et al. (2019)
quantum (animal)
dots (SiQDs) Plant growth Cucumis sativus Li et al. (2019¢)

enhancement
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Table 1. (Cont.)
Type Modification Application Target(s) if applicable ~ Organism(s) Reference
In solution with Sensing Carbaryl, parathion, Yietal. (2013)
acetylcholinesterase (chemical) diazinon, and
(AChE) and choline phorate (pesticides)
oxidase (ChOx)
Sensing (ionic) Cu®* Zhao et al. (2014)
Fe®* Linchan e/ al. (2019)
Mercaptosilane-coated, Tracking Tf receptor Nishimura et al. (2013)
transferrin (Tf)-protein (molecular)
conjugated
SnSy Sensing (ionic) Fe** Srivastava et al. (2020)
Upconversion  Oleic-acid functionalized, Imaging Medusozoa Chen et al. (20155)
nanoparticles PEG coated, dye (animal)
(UCNPs), conjugated
NalLuF4:
Yb Er’t/
Tm3*
UCNP, Y,Os3: Solenopsts xyloni Alkahtani et al. (2017)
E r+3 Yb+3
UCNP, Oleic acid-capped, Sensing Chloramphenicol Wu et al. (2015)
NaYF4: Yb, aptamer and magnetic (chemical) (antibiotic)
Er nanoparticle conjugated
UCNP, Er**@NaYF4 Oleic acid and Sensing (chemical) Nitrates
NaGdF4: PEG coated,
Y, dye
conjugated
Hu et al. (2019)
UCNP, DNAzyme conjugated Sensing (ionic) Zn?** Danio rerio Yang et al. (2018b)
NaYF4:Yb,
Tm@NaYF4
UCNP, Silica coated, carboxyl Translocation Raphanus sativus, Lemna  Modlitbova et al. (2019)
NaYF4: capped minor
Yb3+,Er3+
UCNP, L- hydroxyethane- Translocation Arabidopsis thaliana, Hischeméller et al.
NaYF4: 1,1-diphosphonic acid Phalaenopsts sp. (2009)
Yb,Er (HEDP) functionalized
UCNP, L- hydroxyethane- Translocation Cucurbita maxima Nordmann ez al. (2015)
NaYF4: 1,1-diphosphonic acid
Yb,Er (HEDP) functionalized
UCNP, NaYF4 Citric-acid coated Translocation Vigna radiata Peng et al. (2012)
ZnCdSe/ZnS Carboxyl capped, Sensing Acetamiprid Liu et al. (2019)
PEGylated, antibody (chemical) (insecticide)
conjugated
ZnS Glutathione capped Imaging (fungal Rhizopus oryzae Desai et al. (2019)
cellular)
Mercaptophenylboronic Sensing Transferrin Chang et al. (2017)
acid capped (chemical)

(3-aminopropyl)
triethoxysilane and an
As(II) ionic imprinted

polymer coated
Glutathione capped
Cetyltrimethylammonium
bromide-capped,
aptamer labelled
Glutathione capped

Sensing (ionic)

As(III) and As(V)

Cu®* and Hg**
He*

Pb2+

Jinadasa ¢t al. (2020)

Desai et al. (2019)
Xie et al. (2012)

Chen et al. (20160)
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biomagnified in a food chain between E. coli and the ciliate
Paramecium caudatum (Gupta et al., 2017). However, both
experiments were restricted to a single day and thus did not
assess long-term biomagnification or bioaccumulation poten-
tial. Transfer of CdSe/ZnS and CdSe QDs from bacteria to
the flatworm Caenorhabditis elegans upon feeding revealed no
toxicity (Kim, Kwak & An, 2016; Tian e al., 2017), but the
dots were metabolised into SeO and Na,SeOs in the flat-
worm gut (Tian ef al., 2017). Similarly, a study comparing
the uptake of CdSe/ZnS QDs from the water column and
through consumption of QD-incubated algae (Isochrysis gal-
bana) by the amphipod Leptocheirus plumulosus showed that
the QDs taken up from the water column were intact, while
QDs obtained through algal feeding were biotransformed
into toxic compounds (Jackson e al., 2012). Trophic transfer
of CdSe/ZnS QDs has also been demonstrated in a
protozoa—zooplankton—fish food web, with no adverse effects
or biomagnification (Lee & An, 2015).

In terrestrial food chains, self-synthesised CdSe/CdZnS
QDs with three different coatings [anionic PAA-ethylene gly-
col (EG), cationic PEI, and near-neutral poly(maleic
anhydride-alt-1-octadecene) (PMAQO) — PEG] moved to
the roots and leaves of hydroponically grown thale cress (Ara-
bidopsts thaliana) and subsequently to the herbivorous insect
Trichoplusia ni (Koo et al., 2015). Among FNP types, QDs with
an anionic coating exhibited the greatest stability and trans-
fer to roots and leaves, whereas QQDs with cationic and neu-
tral coatings were more prone to aggregation, and cationic
QDs leached Cd. Insects feeding on QD-treated plants fluo-
resced and exhibited reduced fitness. CdSe/ZnS QD transfer
has also been demonstrated in a yeast-insect-insect food web
with no adverse effects or bioaccumulation (Chae, Kim &
An, 2016). Finally, to reach a broader understanding of
QD fate in terrestrial ecosystems, CdSe/ZnS QDs with four
different conjugates (glycine, mercaptosuccinic acid, cysteine
and cysteamine) were tracked from the water column into
ryegrass (Lolium perenne), onion (Allium cepa), chrysanthemum
(Chrysanthemum sp.) and thale cress plants, and from larvae
to adults in brownheaded leafrollers (Ctenopseustis herana).
Limited uptake of QDs from the water column was observed
in cut stems, whereas rooted plants did not take up QDs. Lea-
froller larvae fed with QD materials accumulated QDs in
their haemolymph, whereas some fluorescence and elevated
Cd concentrations occurred in adult moths (Al-Salim
etal., 2011).

Although food-web studies have focused on toxicity assess-
ment, they indicate trophic transfer of QD particles, which
shows great potential for tracking applications in mult-
organism systems. Biomagnification and adverse effects were
problematic in unshelled QDs but not in shelled QDs. Thus,
food sources labelled with shelled QDs could be utilised to dis-
cover nutritional preferences and prey—predator dynamics.

(b) Plants

Cadmium-containing QDs have been widely used in plant
molecular research to document various physiological

13

processes since the emergence of the first tracking applica-
tions in the mid-2000s. Tracking of the plant adhesion pro-
tein stigma/stylar cysteine-rich adhesin (SCA) in lily (Lifium
longiflorum) pistils by SCA conjugated carboxyl-capped
CdSe/ZnS QDs indicated that this protein is likely taken into
plant pollen tubes through endocytosis at the tip of the tube
(Ravindran et al., 2005). Carboxyl-capped CdSe/ZnS QDs
bound to the amino group in y-aminobutyric acid (GABA)
in tobacco (Nicotiana tabacum) pollen revealed a fluorescent cir-
cle around the protoplast only with conjugated QDs, imply-
ing that GABA receptors are located in the plant cellular
membrane (Yu e al., 2006). Since these pioneering experi-
ments, QDs have been successfully utilised to determine
binding sites for many other plant chemicals, such as jasmo-
nic acid, calmodulin and salicylic acid (reviewed by Pang &
Gong, 2019). QDs also found their way to cellular-level
tracking. For example, CdSe/ZnS/SiOy QDs were success-
fully used to visualise cell division in tobacco plants by cova-
lently linking these to antitubulin antibodies (Eggenberger
etal., 2007). Similarly, thioglycolic acid (TGA)-capped CdTe
QDs conjugated to the stem cell-associated peptide CLA-
VATAS3 were demonstrated to be useful for tracking the fate
of thale cress root meristem cells during plant development
(Yu et al., 2014). More recently, a study utilised carboxyl-
capped CGdSe/ZnS QDs conjugated to melatonin and sero-
tonin to study plant uptake and localisation of these com-
pounds in St John’s wort (Hypericum perforatum) under
thermal stress (Erland e al., 2019). The hormone—QD con-
jugates were taken up by cultured roots with differing
localisation patterns, which were disrupted upon exposure
to heat stress.

Plant uptake of QDs varies greatly among studies. Water-
soluble mercaptopropionic acid (MPA)-capped CdSe QDs
were taken up by roots of rice (Omza sativa) (Nair
et al., 2011). Uptake and translocation of CdSe/CdZnS
QDs with a cationic (PAA-EG) coating was 10-fold faster
than with an anionic (PEI) coating in hybrid poplar (Populus
delloides x nmigra) cuttings, but translocation to shoots was neg-
ligible in both cases (Wang et al., 2014). Similarly, root uptake
of QDs with cationic coatings was higher than for QDs with
anionic coatings in thale cress but a substantial translocation
to leaves occurred 1n this experiment (Koo ¢ al., 2015). Con-
versely, QDs remain adsorbed onto root surfaces in some
studies, for example carboxyl-capped CdSe/ZnS QDs in
thale cress (Navarro, Bisson & Aga, 2012) and MPA-capped
CdTe, CdTe/ZnS, and CdTe/CdS/ZnS QDs in common
onion (Modlithova et al., 20185).

Commercial streptavidin-conjugated QDs have been uti-
lised in plant genetics. For example, Liang et al. (2005) devel-
oped a tool for profiling expression of 11 rice miRNAs
involving a microarray of oligonucleotide probes, biotin-
conjugated miRNAs and streptavidin-conjugated QDs.
The microarray with bound miRINAs was incubated with
QDs, which revealed the relative proportions of the 11 miR-
NAs in samples based on differences in fluorescent intensities
of the probes. Biotin-labelled QD-streptavidin conjugates
also allowed specific i situ observation of hybridisation in
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Welsh onion (Allium fistulosum) via the attachment of labelled
QD:s to plant chromosomes, but the method was less sensitive
than labelling with a fluorescent dye (Miiller e al., 2006).
However, oligonucleotide-conjugated, mercaptoacetic acid
(MAA)-capped CdSe/ZnS QDs outperformed traditional
fluorescent dyes in maize (ea mays) (Ma et al., 2008).

In summary, plant physiological research has greatly
benefitted from QDs for tracking biomolecules, determining
binding sites as well as monitoring development and cellular
processes such as hybridisation and cell division. Experi-
ments have revealed inconsistent uptake of QDs, suggesting
the need for specific studies. Nonetheless, the described
research efforts provide a firm foundation for exploring var-
ious plant molecular and physiological processes with QDs.

(¢) Animals

A few studies have utilised QDs in zoological research.
Streptavidin-conjugated CdSe/ZnS QDs injected into a zeb-
rafish blastomere at the two-cell stage were transferred from
mother to daughter cells through cell division via cytoplasmic
bridges and exhibited bright fluorescence even in late devel-
opmental stages such as organogenesis (Rieger ez al., 2005). A
CdSe/ZnS QD complex involving a fluorescent dye, a cell-
penetrating peptide and an antibody related to fertilisation
regulation was utilised for tracking the movement of domes-
tic pig (Sus scrofa domesticus) spermatozoa in female reproduc-
tive tracts (Feugang e al, 2015). The QD complexes
specifically attached to male gametes, indicating that plas-
minogen is present in sperm cells. Since the complex did
not hinder the movement of spermatozoa, it could be used
for in vivo tracking of fertilisation success. This application
also demonstrates the usefulness of QD technologies for deep
tissue imaging of large animals, which is challenging with
more traditional methods that are less specific and bright
(Feugang et al., 2015). CdSe/ZnS QDs capped with dihydro-
lipoic acid (DHLA) were used to track a protein that regu-
lates the cell cycle in African clawed frog (Xenopus laevis)
embryos in vivo (Brandt et al, 2015). Additionally, gene
expression in fruit fly (Drosophila sp.) cells was determined by
MAA-capped, polymer-coated CdSe/ZnS QDs of three dif-
ferent emission colours, which were connected to DNA oligo-
nucleotides specific for various mRNA molecules present in
the cells. The mRNAs selected as targets were present
in large (housekeeping gene mRNAs Rp49 and Act5C) or
small concentrations (MRNAs of the immunity-related Dif
gene) or their expression could be quantitatively induced
(Dpt mRNA transcribed upon bacterial infection). The results
revealed that the QD probes were specific, sensitive and
could provide quantitative information about the amounts
of mRNAs inside cells (Choi ez al., 20095).

In environmental settings, positively charged, carboxyl-
capped, poly-L-lysine-conjugated CdSe/ZnS QDs were suc-
cessfully implemented to track the movement of water flea
(Daphnia magna) individuals using video cameras equipped
with ultraviolet (UV) filters (Ekvall et al., 2013). Labelling
the water fleas with QDs allowed behavioural observations
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of water flea individuals including the distance and speed of
their movement in response to UV light. Based on differently
coloured QDs, the cameras were able to distinguish eight
labelled individuals (Ekvall et al., 2013). The same experi-
mental procedure was subsequently used to study how genet-
ically and ontogenically different water flea individuals
respond to multiple UV-light exposures (Hylander
etal., 2014, Heuschele ¢t al., 2017), predation in three-species
networks (Langer ¢f al., 2019) and to these stressors combined
(Ekvall et al., 2020). These studies indicate that the reaction of
water fleas to UV light depends on their age, size and capac-
ity to develop tolerance to it (Hylander et a/., 2014, Heuschele
et al., 2017). Furthermore, water fleas adjust their swimming
speed, depth and distance to other individuals in response to
predation (Langer ¢t al., 2019) and respond adequately to the
greatest risks (Ekvall et al., 2020).

QD-tagging of flying insects was also examined recently, in
a study in which CdTe/CdS QDs were used to tag the red
flour beetle (Tribolium castaneum) (Gurdasani et al., 2021). As
the QDs had no surface ligands to help them bind chemically
to the insects, they were poorly retained on individuals that
were in contact with abrasive surfaces, but the authors did
manage to QD-tag and release nearly 7000 insects in 3 days,
and to establish that the QDs were non-toxic and did not hin-
der flight (Gurdasani et al., 2021). This indicates that QDs
with proper surface modifications could provide a novel solu-
tion for efficient tagging of substantial numbers of flying
insects, including important pest species.

Taken together, QDs have been applied to zoological
research spanning from molecules to individuals. Although
strictly biological applications are still relatively uncommon,
the research shows that QDs can be utilised to further our
understanding of animal physiology, behaviour and ecology.

(d) Fungi

In a pioneer study, the uptake and translocation of glycine
and arginine labelled with carboxyl-capped CdSe/ZnS
QDs was followed from arbuscular mycorrhizal fungi to
roots and leaves of annual meadowgrass (Poa annua)
(Whiteside, Treseder & Atsatt, 2009). In a follow-up experi-
ment using the same type of QDs conjugated to 20 different
amino acids, eight of the amino acids were taken up more by
mycorrhizal plants than by uncolonised plants (Whiteside,
Garcia & Treseder, 20125). Furthermore, a similar study
revealed that fungi in N-fertilised soil prefer glycine to chito-
san, while fungi in unfertilised soil show no preference
(Whiteside et al., 2012a; Hynson, Allison & Treseder, 2015).
To study nutrient allocation dynamics within a mycorrhizal
network, carboxyl-capped CdSeS/ZnS QDs fluorescing in
two colours were conjugated to hydroxyapatite — a form of
rock phosphate. Using both confocal microscopy and fluores-
cence analysis via a microplate reader, it was demonstrated
that fungal networks capitalise on trade with host plants by
first moving the QD-tagged hydroxyapatite to areas of high
plant demand (Whiteside et al., 2019). QD-tagged hydroxy-
apatite was then used to show how the nutritional status of
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host roots affects P allocation patterns of the fungus (van’t
Padje ¢ al., 2020q). Using an experimental arrangement of
two w-vitro roots connected by a single fungal network, the
researchers tracked QD-tagged hydroxyapatite of three col-
ours to show how host demand influenced both allocation
patterns to roots over time and storage patterns in the fungus
itself. In a second experiment with single root systems, the
researchers injected this compound into different locations
across the fungal network and found that the fungus was able
to control the location, time and amount of P transfer to the
host (van’t Padje, Werner & Kiers, 20204). Finally, QD-
tagged apatite revealed that mycorrhizal symbiosis did not
enhance plant P accumulation of heat stressed or water-
logged barrel clover (Mediago truncatula), but the plants took
up 80% less P post-treatment than before treatment, indicat-
ing potential P saturation prior to exposure to the abiotic
stresses (van’t Padje e al., 2021).

Research on baker’s yeast (Saccharomyces cerevisiae) revealed
that amino-terminated CdSeS/ZnS QDs conjugated to glu-
tathione could be used for labelling two different yeast strains
in mixed cultures (Gustafsson et al., 2014). The QDs intro-
duced to cultures with known proportions of the two strains
were readily taken up by yeast cells and transferred from
mother cells to daughter cells, enabling the separation of
stains even after a complete fermentation cycle of approxi-
mately 120 h. Furthermore, there was significantly less varia-
tion between replicates in the ratios of stains observed via the
QD method compared with microsatellite DNA analysis,
indicating good quantitative performance (Gustafsson

et al., 2014).

(¢) Biosensing

QD-based biosensing applications emerged in the ecarly
2000s. The first products were a semi-quantitative DNA sen-
sor with oligonucleotide-conjugated CdS QDs (Willner,
Patolsky & Wasserman, 2001) and a sensor for Zn** and
Cu™ ions based on CdS QDs conjugated with thioglycerol
and L-cysteine [limit of detection (LOD), 0.8 and 0.1 pM,
respectively; Chen & Rosenzweig, 2002]. Two formaldehyde
sensors based on CdS QDs were elaborated soon thereafter
(Curri et al., 2002; Vastarella & Nicastri, 2005). Multiple
chemical sensors were developed for mostly medical applica-
tions (Zhang et al., 2017), such as a CdTe QD sensor capped
with Ni modified homocysteine for detecting histidine in
urine samples (LOD 0.3 pM; Wu & Yan, 2010). A more com-
plex example 1s Foster resonance energy transfer (FRET) sen-
sors, which have been used for the detection of the explosive
2,4,6-trinitrotoluene (TNT) in soil (Goldman et al., 2005) and
for determining the proteolytic activity of four proteases
(Medintz et al., 2006). These sensors are based on the energy
transfer between DHLA-capped CdSe/ZnS QDs and fluo-
rescent dye complexes that interact with the sensing target.
The TNT sensor reached a limit of detection of 20 pg/1
(Goldman et al., 2005) while the protease activity sensor
achieved similar measures of rate and speed of the enzymatic
reactions as the traditionally used Michaelis-Menten kinetics
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analysis (Medintz e al., 2006). In addition, researchers have
developed sensors for various metal ions, e.g. a glutathione-
capped CdTe QD sensor for Fe®* (LOD 5.00 X 107 uM;
Wu, Li & Yan, 2009) and a cysteamine-capped CdTe QDs
sensor for Hg™ (LOD 4.00 x 107 uM; Ding et al., 2015).
Similarly, CdSe/ZnS QD sensors conjugated to dopamine
and to a dopamine-peptide were prepared for observing
redox states in different positions of cells and for sensing cyto-
plasmic pH (7-11.5), respectively (Clarke et al., 2006; Med-
intz et al., 2010).

In recent years, much research has focused on QD appli-
cations in food safety and agriculture, particularly the detec-
tion of pathogens and toxins (Chern e al., 2019). In a
pioneering study, Goldman et al. (2004) developed specific
antigen-conjugated CdSe/ZnS QDs for simultaneous detec-
tion of four toxins — cholera toxin, ricin, shiga-like toxin 1 and
staphylococcal enterotoxin B —with LODs of 10, 30, 300 and
3 pg/l, respectively. Subsequently, a QD probe was used to
detect the mycotoxins deoxynivalenol, zearalenone, aflatoxin
Bl, T2-toxin and fumonisin Bl simultaneously (LOD
3.2 x 107 pg/mg, 6 x 107" pg/mg, 2 x 107" pg/mg,
0.001 pg/mg and 0.0004 pg/mg, respectively; Beloglazova
et al, 2014). A more complicated sensor based on
hydrosulfide-3-acetyl-deoxynivalenol and bovine serum
albumin (BSA)-conjugated CdSe/CdS/Cd0.5Zn0.5S/ZnS
QDs has since brought the detection limit for deoxynivalenol
down to 1.22 x 107> pg/mg (Zhang et al., 20185). A similarly
complex sensor of the plasmodiophoromycete Polymyxa betae,
a known carrier of beet necrotic yellow vein virus, was devel-
oped from CdTe QDs conjugated to specific antibodies
together with a rhodamine antigen solution and a buffer solu-
tion, which displayed a change in absorbance in the presence
of the virus (LOD 500 pg/1; Safarpour et al., 2012). Likewise,
a sensor based on the reaction between antibody-conjugated
CdTe QDs and carbon nanoparticle-conjugated antigens
could be used to detect citrus tristeza virus (LOD 220 pg/1;
Shojaei et al., 2016). In addition, several sensors have been
developed for food science applications. For example, a sen-
sor for detecting Staphylococcus aureus with a test strip involving
streptavidin-capped, biotin-conjugated QDs (LOD 3 colony
forming units (CFU)/ml or 30 CFU/g in milk powder and
meat, respectively; Chen et al., 20144), and another for simul-
taneous detection of the antibiotics ofloxacin, chloramphen-
icol and streptomycin in milk with antibody conjugated
CdSe/ZnS QDs (LOD 0.3, 0.12, and 0.2 pg/l; Taranova
et al., 2015) have been reported. Sensing of the antioxidant
gallic acid in tea was achieved with N-acetyl-L-cysteine-
capped CdTe QDs (LOD 0.56 pg/l; Tan, Li & Yang,
2020). Finally, QD sensors have been developed for pesti-
cides and their derivatives, including trichloropyridinol
(LOD 1.0 pg/l; Zou et al., 2010), paraoxon and parathion
(LOD 1.05 X 107> pM and 4.47 X 107° pM, respectively;
Zheng et al., 2011), diquat (LOD 1 X 107> pg/mg; Carrillo-
Carrién, Simonet & Valcarcel, 2011), imidacloprid, imida-
clothiz and clothianidin (LOD 0.5, 0.5 and 1 pg/l, respec-
tively; Wang et al., 2017), acetamiprid (LOD 1 pg/l; Y. Liu
et al., 2019) and benzothiostrobin (LOD 25 pg/l; Wu
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et al., 2019). Cd-QDs have also been used for sensing plant
hormones. For example, a sensor for tomato systemin was
developed based on aptamer-conjugated CdTe QDs doped
with Zn®* and graphene oxide (LOD 0.1 pM). Without sys-
temin, the QDs were bound to graphene oxide, exhibiting
no fluorescence, while systemin-bound QDs did not bind to
graphene oxide and thus retained their fluorescence (Liu
et al., 2015).

Although various molecular sensors based on QDs have
been reported, most are related to commercial or medical
applications. Nonetheless, these studies still provide a starting
point for physiological and ecological applications by
enabling the preparation and utilisation of sensors for biolog-
ically important marker molecules and metabolites.

(2) Other semiconductor QDs

Semiconductor QDs not containing Cd have received lim-
ited attention in biology, likely because of their relatively
low commercial availability. However, some biological appli-
cations have been reported in recent years, especially with
indium-containing particles. For example, InP/ZnS-based
probes have been used for identifying heat shock protein
(hsp) inhibitors in turmeric (Curcuma longa), by a complex of
hsp-conjugated QDs embedded into another type of nano-
particle. The probe enabled detection and identification of
12 potential inhibitors of the hsp (Hu et al., 2018). Minnaar &
Anderson (2019) and Minnaar, de Jager & Anderson (2019)
successfully utilised CulnSe,So_./ZnS (core/shell) QDs in
studying the transfer of pollen in various plant species. The
dots were coated with zinc oleate ligands, dissolved in hexane
and pipetted onto plant anthers. This method revealed that
pollen of the plant Lapeirousia anceps accumulates in different
parts of its pollinator (Moegistorhnychus longirostris) depending
on the length of the floral tube, indicating a potential repro-
ductive barrier between the long-tubed and short-tubed
morphotypes of the species. Finally, a study on the uptake
of shelled and unshelled InP/ZnS QDs in the freshwater
polyp (Hydra vulgaris) revealed rapid degradation of both
types of FNPs inside the polyps (Veronest ¢ al., 2019).

Semiconductor QDs, especially particles including Zn, are
being increasingly applied for biosensing purposes. Zn-chal-
cogenide-based QDs have been utilised for mercury (LOD
1.5 x 107% pM; Xie e al, 2012), lead (LOD 0.45 pg/l;
J. Chen, Zhu & Zhang, 20165), copper (LOD 3.13 pM; Desai
et al., 2019) and arsenic (LOD 2.96 x 107> pg/mg; Jinadasa
et al., 2020). Recently, SnSy QDs were used for detecting iron
(LOD ~0.84 pM; Srivastava, Singh & Srivastava, 2020).
Additionally, Mmn-doped, mercaptophenylboronic acid-
capped ZnS QDs were utilised for detecting glycoprotein
transferrin from serum uia its enhancement of QD fluores-
cence (LOD 5.69 x 107° pM; Chang e al, 2017).
Glutathione-capped ZnS QDs were used to image cells of
the mould Rhizopus oryzae (Desai et al., 2019).

SiQDs have been used for tracking transferrin receptor
activity in rat kidney cells by conjugating the SiQDs to trans-
ferrin. This method allowed tracking individual transferrin
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molecules for 10-fold longer compared with fluorescent dyes
(Nishimura et al., 2013). SiQDs have also been used for imag-
ing water flea embryos, as SiQDs were localised in the gut,
yolk sac and eye lenses (D’Amora et al., 2019). Furthermore,
SiQD sensors have been developed for copper (LOD
0.008 pM; Zhao et al., 2014) and iron (LOD 1.3 pM; Linehan,
Carolan & Doyle, 2019), as well as for the pesticides carbaryl,
parathion, diazinon and phorate (LOD 7.25 x 10~ pg/I,
3.25 X 1072 pg/l, 6.76 x 1072 pg/1 and 0.19 pg/l, respec-
tively; Y1 et al., 2013).

In summary, non-cadmium SQDs, while abundant and
diverse, have remained underutilised and overshadowed by
Cd-ODs in biological applications. Nonetheless, these can
provide alternative opportunities for ecological and physio-
logical research if explored more deeply.

(3) Fluorescent carbon nanoparticles (FCNPs)

Unlike Cd-QDs, most FCNPs lack coating or conjugation,
with some exceptions. For example, cellulose-bound CQDs,
prepared by mixing a-cellulose with CQD solution, were
used to map plant cell wall structure. The CQDs incorpo-
rated into plant cell walls fluoresced differently within tissues
of various plant species (Li et al., 2017). Similarly, carboxyl-
capped CGQDs were used for labelling receptors of the growth
hormone indole propionic acid (IPA) in mung bean (Vigna
radiata) seedlings. Plant tissues were incubated with IPA-
conjugated CQDs and examined under a fluorescence
microscope, revealing that IPA receptors are located mainly
in the membranes of the plant stele (Lin et al., 2017). CQDs
were taken up and translocated to petal border cells of cut
carnation (Dianthus sp.) plants via transpiration flow. The
authors also reported that CQD-incubated fluorescent
flowers were more attractive to insects than non-fluorescent
ones, although no methodology or experimental data on
these findings were presented (Han et al, 2017). Another
study utilising CQDs with different coatings (none, PAA,
and PEI) revealed that pumpkin (Cucurbita pepo) seedlings
translocated all types of CQDs to roots and shoots, while
the coatings affected translocation patterns: CQD-PEI
occurred throughout root tissue, while the other two types
were present only in root epidermis. All CQDs entered
leaves, with CQD-PEI showing the strongest fluorescence
(Qian et al., 2018). A similar study revealed systematic trans-
location of uncoated CQDs throughout maize plants as well
as their excretion from leaves (Chen et al., 20164). Recently,
amine-coated CQDs without functionalisation and with glu-
cose conjugation were shown to be taken up by wheat (77t
cum aestioum) (Swift et al., 2021). The glucose-bound CQDs
improved crop yield and photosynthesis rate, while the
unfunctionalised CQDs did not differ from controls.
FCNPs have also been used in imaging and visualising
organisms, for example flatworm bodies (Chen ¢t al., 2014¥;
Pramanik et al., 2016) as well as bacterial (Bacillus subtilis, Pseu-
domonas aeruginosa, Mycobacterium tuberculosis) and fungal (Asper-
gillus  aculeatus,  Fusarum — avenaceum, Magnaporthe — oryzae,
Penicillium sp.) cells (Kasibabu e al, 2015a,b; Mehta
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et al., 2015; Ritenberg et al., 2016; Bhamore et al., 2018),
although mostly as proof of concept to accompany a new syn-
thesis methodology. CQD-assisted imaging was utilised to
observe changes in the biofilm of Pseudomonas aeruginosa in
response to growth inhibitors and altered temperature
(Bhamore et al., 2018).

Nanodiamonds introduced to flatworms uia feeding or
injection dispersed differently depending on the exposure
route and enabled imaging (Mohan et al., 2010). Plain NDs
obtained through feeding remained in the gut and were
excreted normally, while NDs conjugated to carboxymethyl-
dextran (CMDx) and bovine serum albumin (BSA) were
retained in intestinal cells for >24 h. Furthermore, NDs
injected to the gonads of the worms were found to transfer
to embryos and offspring (Mohan ez al., 2010).

Most sensing applications of FCNPs are related to deter-
mining the concentration of ions (Anas et al., 2019). For
example, a single type of CQD distinguished 13 metal ions
at a concentration of 100 pM based on their differing emis-
sion profiles (Pan et al., 2015). Various CQDs have been
reported for sensing ions of mercury (LOD 2.3 x 107% uM;
Lu e al, 2012), lead (LOD 5.5 X 10°° pM; Xu
et al., 2018), copper (LOD 5 X 107> uM; Li et al., 2020a), iron
(LOD 1.8 x 107 pM; Shi e al, 2016), iodine (LOD
0.43 pM; Du et al., 2013), nickel (LOD 0.1 puM; Placido
et al, 2019), cadmium (LOD 0.012 pM; Placido
etal., 2019), chromium (LOD 30 pg/1; Vaz et al., 2017) as well
as platinum, gold and palladium (LOD 0.886, 3.03 and
3.29 pM, respectively; Gao et al., 2018). Similarly, GQD-
based sensors have been developed for chromium (LOD
0.091 pM; Sheng et al., 2020), lead (LOD 0.03 pM; Bian
et al, 2016), mercury (LOD 8.6 x 107 pM; Shi
etal.,2015), cadmium (LOD 0.013 pM; Li ez al., 2012), cobalt
(LOD 0.2 pM; Chen et al., 2016), aluminium (LOD 3.64 pM;
Fan et al., 2014), nickel (LOD 4.1 pM; Huang et al., 20134) as
well as iron, copper and silver (LOD 8 x 107 uM, 0.25 and
0.05 pM, respectively; Shen et al., 2017). In addition, CQDs
have been used as bioindicators of cytoplasm pH due to a lin-
ear relationship between fluorescence intensity and pH
(range 1.0-13.0; Zhang et al., 2019q). These results indicate
that FCNPs have a great potential for detecting chemical
properties in cells and environmental samples as well as for
locating heavy metals and microelements.

Researchers have also explored FCNPs as sensors for more
complex chemicals (Asadian ¢t al., 2019). For example, CODs
were used to probe the anthropogenic pollutants
2,4-dinitrophenol (LOD 400 pg/l), 2-amino-3,4,8-trimethyl-
3H- imidazo[4,5-f]quinoxaline  (4,8-DiMelQx) (LOD
1290 pg/l; Cayuela, Laura Soriano & Valcarcel, 2013) and
the wastewater pollutant enrofloxacin (LOD 160 pg/1; Guo
et al., 2019). CQD-based probes have been developed for the
hazardous chemicals p-nitrophenol (LOD 0.11 pM; Zhang
et al., 2019), hydrazine (LOD 39.7 pM; Sha et al., 2018), pyri-
dine (LOD 30 pM; Campos ¢t al., 2015), the mycotoxin zear-
elone (LOD 0.1 pg/1; Li et al., 2018b), the herbicide glyphosate
(LOD 8 pg/l; Wang et al., 2016), the fungicide carbendazim
(LOD 0.002 pM; Yang et al., 20185) and the insecticide
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phoxim (LOD 0.04 pM; Zheng ¢t al., 2018). Similarly, com-
plex GOD sensors have been reported for the antioxidant
quercetin as well as the pollutants 4-nitrophenol and paraoxon
(LOD 23.5, 43.6 and 39.7 pM, respectively; Alvarez-Diduk,
Orozco & Merkogi, 2017), the plant cytokinin zeatin (LOD
3.1 x 107> pM; Wang et al., 2018) and the antibiotic tetracy-
cline (LOD 0.95 pg/1; Zhang et al., 2020). A GQD-based sen-
sor for monitoring vapours of methanol, ethanol and propanol
has also been developed (LOD 4.3, 4.9 and 10.5 ppm, respec-
tively; Parvizi et al., 2019).

Carbonised polymer dots (CPDs) have been used in sensing
the ions of copper (LOD 3.5 x 107" pM; Shamsipur
et al., 2019), iron (LOD 3 X 1072 pM; Shamsipur et al., 2019),
lead (LOD 1.7 x 10~7 pM; He ¢ al., 2020) and chromium
(LOD 0.03 pM; Zare-Moghadam et al., 2020) as well as pH
(range 2.57-8.96; Sun, Ling & Gao, 2017). Additionally,
carboxyl-capped CPDs were used in a complex biosensor for
detecting a target miRNNA from an RNA mixture (LOD
1.7 x 107" uM; Luo et al., 2019). Tributyl phosphate-doped
CPDs were utilised for sensing cytochrome c¢ (LOD
3.27 x 107> pM) — a molecular marker of the initial stages of
cell death — and thus the onset of apoptosis (Shamsipur
etal., 2019). Detection of total antioxidant capacity with gluta-
thione, ascorbic acid, N-acetyl-L-cysteine and superoxide dis-
mutase as targets was achieved with CPDs (Zhao ¢t al., 2020).

Taken together, utilisation of FCNPs for applications
spanning from imaging and translocation to sensing are rap-
idly increasing, and their potential for biology-related appli-
cations, including physiology and ecology is becoming more
evident. Still, many possibilities, such as multi-organism
transfer and molecule tracking, remain unexplored.

(4) Upconversion nanoparticles

Upconversion nanoparticles (UCNPs) have also been utilised
in a few plant uptake experiments, imaging of animals and
sensory applications. Translocation of UCNPs from roots
to shoots and leaves in radish (Raphanus sativus), orchid (Phal-
aenopsts sp.), pumpkin, thale cress, and mung bean have been
reported, demonstrating the potential of UCNPs for plant
imaging (Hischemoller et al., 2009; Peng et al., 2012; Nord-
mann et al., 2015; Modlitbova et al., 2019). Imaging experi-
ments with UCNPs have also been performed in small
animals such as jellyfish and ants (Chen e al., 20155; Alkah-
tani et al., 2017). UCNP-based tools have been developed
for sensing the spatiotemporal localisation of Zn ions in zeb-
rafish during embryo development (Hu ez al., 2019) and for
detection of nitrate (LOD 100 pg/l) in Chinese cabbage
(Brassica rapa; Yang et al., 2018¢). Similarly, an aptamer sensor
for the antibiotic chloramphenicol (LOD 0.01 pg/l; Wu
el al., 2015) has been developed for food safety purposes.

IV. QUANTIFICATION OF FNPs

Quantification of FNPs from images and directly from sam-
ples can be achieved in several ways, most of which require
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prior excitation of dot fluorescence. Generally, fluorescence
excitation is achieved with a light source or radioactive
energy (Liu e al., 2010). Light sources that have been used
include continuous wave (CW) or pulsed lasers (Whiteside
et al., 2009), Hg lamps (Whiteside et al., 2009; Nishimura
et al., 2013), Xe lamps (Ma et al., 2008; Cayuela et al., 2013;
Brandt e al., 2015) and LEDs (Minnaar & Anderson, 2019;
Minnaar et al., 2019). Additionally, FNP fluorescence can
be achieved indirectly via excitation of another chromophore
and subsequent FRET between the chromophore and the
FNP (Chou & Dennis, 2015; Afsari ¢ al., 2016; Goryacheva
et al., 20175b). Notably, in FRET applications, many sensors
utilise FNPs as the energy donor (Brandt et al., 2015;
Yang et al., 2018a; Zhang et al., 2020). Furthermore,
activation without an external light source is possible
via bioluminescence resonance energy transfer (BRET),
in which a light-emitting compound, such as luciferase, pro-
vides the activating light energy for FNPs (So et al., 2006;
Hsu et al., 2013; Feugang et al., 2015).

Nanoparticle quantification directly from samples can be
achieved by multiple methods with varying accuracy,
depending on FNP and application type. In sensory applica-
tions, in which the quantification of target compounds is
based on the fluorescence spectra, this can be measured using
a fluorescence spectrophotometer, microplate reader or
near-infrared (NIR) spectroscope (Martynenko et al., 2017).
In practice, the amount of target compound in samples is
usually determined by the comparison of sample fluores-
cence spectra to reference spectra obtained from solutions
with known concentrations of the target (Sun et al., 2017).
However, other compounds and ions present in complex bio-
logical solutes may also affect the fluorescence spectra of the
sample, whereas the quality of excitation light can influence
the efficiency of light emission, rendering concentration esti-
mates less reliable (Hoy e al, 2013; Yao, Yang &
Duan, 2014; Martynenko et al., 2017). Time-gated methods,
such as time-resolved photoluminescence spectroscopy
(TRPL) and fluorescence lifetime imaging microscopy
(FLIM), can provide a more reliable alternative. These tech-
niques also involve measuring sample fluorescence spectra,
but this is performed multiple times at various time points
while also measuring fluorescence decay. Such decline in
fluorescence intensity can be used to decipher FNP fluores-
cence from that of other compounds present in the sample
(Mandal et al., 2013; Yao et al., 2014; Merkl et al., 2016; Mar-
tynenko ¢t al., 2017). Of these techniques, FLIM is the most
informative, because it measures the fluorescence lifetime
for each pixel, as opposed to the whole frame as in TRPL
(Yao et al., 2014). Simple absorbance measurements are
sometimes used to determine FNP concentrations in samples,
although the accuracy of this method is generally limited to
nanomolar concentrations (Martynenko ef al., 2017). For
Cd-QDs and some other SQDs, the most common
approach is to quantify the amount of FNPs indirectly via
analysis of concentrations of Cd or other core metals in a
sample, using inductively coupled plasma mass spectrom-
etry (ICP-MS; Lewinski et al., 2010; Jackson et al., 2012;
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Yaghini et al., 2016; Martynenko et al., 2017; Majumdar
et al., 2019; Lian et al., 2019). Quantification of FCNPs
and attached target compounds can also be achieved with
matrix-assisted laser desorption-ionisation time-of-flight
mass spectroscopy (MALDI-TOF; Khan ¢t al., 2015).

In sample images, FNPs can be quantified based on deter-
mining the number of fluorescent pixels. Image-processing
and analysis software can be used to outline an area exhibit-
ing fluorescence, a region of interest (ROI), and then deter-
mine its size and FINP density by pixel counting (Bouldin
etal., 2008; Ma et al., 2008). Similarly, the intensity of fluores-
cence, which indirectly indicates the amount of FNPs in the
RO, can be calculated by comparing it to a non-fluorescent,
identically sized area of a picture. Comparisons are usually
based on the average or maximum and minimum fluores-
cence intensities of each pixel in the ROI and control area
(Ballou et al, 2004; Chibli e al, 2011; Nishimura
et al., 2013; Boschi & de Sanctis, 2017; Erland et al., 2019).
Especially when comparing larger areas, such as whole
micro-organisms, FNP-incubated individuals and control
individuals can be compared for the same parameters
(Bouldin et al., 2008). Fluorescence lifetimes between target
and control areas can also be compared from FLIM images
(Yao et al, 2014). Simple counting of the number of
fluorescence-exhibiting organisms, cells or other structures,
either manually or v artificial intelligence (Al)-based auto-
mated counting, is also useful in certain applications (Yong
et al., 2009; Ristic et al., 2014).

Several methods have been developed for determining
FNP movements. Particle positions in the x and y axes in each
frame are determined in time and this information is used to
calculate trajectories and diffusivity of particles in the target
tissues (Ekvall et al., 2013; Nishimura et al., 2013; Liu
et al., 2016a).

V. THE PROS AND CONS OF VARIOUS
FLUORESCENT TOOLS

(1) FNPs compared with other fluorescence tools

While fluorescent dyes, proteins and heavy isotopes have his-
torically been used in biological research, FINPs provide a via-
ble alternative, especially for fluorescent dyes and proteins,
due to their size-dependent emission and their straightforward
separation of symmetric excitation and emission peaks (Resch-
Genger et al., 2008; Himmelsto3 & Hirsch 2019; Reshma &
Mohanan, 2019; Wagner ¢ al., 2019). In particular, QDs
exhibit higher molar absorption coefficients and quantum
yields (QQYs) than dyes, indicating that QQDs can absorb more
light energy and emit light more efficiently. Additionally, the
fluorescent lifetime of FNPs (5-100 ns) is usually longer than
in dyes (1-5 ns), and FINPs are thermally and photochemically
more stable. The signal-to-noise ratio is also relatively higher
for FNPs, indicating greater accuracy (Bruchez et al., 1998;
Resch-Genger et al, 2008; Winnik & Maysinger, 2013;
Yaghini ¢t al., 2016; Reshma & Mohanan, 2019). Finally, the
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stability and longevity of FINPs in biological systems are usually
much longer than those of dyes; for example, CdSe/ZnS QDs
retain their stability and labelling activity in living cells for over
a week (Jaiswal et al., 2003). An obvious additional advantage
of FNPs is the ease of multi-colour labelling (van’t Padje
et al., 2020a,b). While organic dyes can typically only be used
one at a time, because each dye has a different composition,
size and different chemical propertes, it is possible to track
multiple FNP-bound targets simultaneously; 1.e. each target
can be conjugated to a different-coloured dot and excited by
the same source of light (Wagner et al., 2019). The ease of
use, cost-effectiveness, small size and well-established protocols
represent the main benefits of fluorescent dyes.

The pros and cons of fluorescent proteins generally corre-
spond to those of fluorescent dyes. Fluorescent proteins are
smaller, cheaper and relatively less toxic than many FNPs.
However, fluorescent proteins exhibit lower photostability,
shorter fluorescence lifetime (~5 ns) and an asymmetric emis-
sion profile. Furthermore, fluorescent proteins are relatively
less suited for multicolour labelling, because the fluorescence
cannot be tuned as one type of protein creates only one col-
our of emission (Himmelsto3 & Hirsch, 2019). Fluorescent
proteins are generally more suitable for NIR imaging than
dyes, but the protocols for the application of these are com-
paratively less established (HimmelstoB & Hirsch, 2019).

FINPs can be used in place of isotopic methods for tracking
the movement of different compounds in biological systems.
Radioactive and stable isotope labelling experiments have
been used in biological research for nearly a century to study
the movement of molecules, such as nutrients or defensive
compounds (Hevesy, 1939; Newsome et al., 2007). However,
since the measurements typically involve the addition of an
1sotopically labelled compound to one spot and the subse-
quent analysis of the amount of the labelled compound in
another spot, they provide no information about the mecha-
nism of movement. Furthermore, the analysis of isotopic con-
tent usually requires destructive sampling, rendering
temporal observations in living organisms difficult. Addition-
ally, isotopic studies often provide little information about
the location of the compounds at the cellular level, although
autoradiography may solve this for radioactive isotopes
(Bucking & Heyser, 2001). Conversely, i vivo analysis of
FNP-linked compound movement and localisation within
organisms and tissues is relatively easy (Chae et al., 2016; Li
et al., 20164). For some elements such as phosphorus (P), haz-
ardous radioactive isotopes with relatively short half-lives
represent the only labelling option. Further, even if stable iso-
topes exist, as for carbon and nitrogen, many biological,
chemical and physical processes discriminate against heavier
isotopes. The natural abundances of stable isotopes can also
vary even among tissues of a single individual (Cernusak
et al., 2009). Thus, the pattern and magnitude of movement
and presence of isotopic labels may not accurately represent
those of their common counterparts. Taken together, the use
of FNPs instead of isotopes may alleviate some of the associ-
ated problems, although some extent of size-dependent dis-
crimination against FINP labels is likely and requires urgent
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assessment for various biogeochemical and biophysical
processes.

(2) Relative benefits and shortfalls of various FNPs

Choosing among FNPs is difficult, because all major FNP
types have their advantages and disadvantages (Table 2)
and reliable information is lacking for many FINP types. As
toxicity concerns have overshadowed the utilisation of FNPs,
especially Cd-QDs, these side effects are important to con-
sider. Besides, there are also important considerations with
regard to fluorescent properties, and factors such as cost-
effectiveness, commercial and data availability, as well as
type-specific limitations.

(@) Toxicity of FNPs

The toxicity of Cd-QDs is generally considered the main
shortfall of these particles, but more research is needed for
modified Cd-QDs (Tsoi et al., 2013; Rocha et al., 2017,
Reshma & Mohanan, 2019). FCNPs (Wang ¢t al., 2013; Ding
et al., 2014; Goryacheva et al., 2017a; Namdari et al., 2017)
and many non-cadmium SQDs (Li & Ruckenstein, 2004;
He et al., 2009; Xu et al., 2016) are considered non-toxic.
However, these implied cytotoxicity differences are not
straightforward, because organisms’ responses to Cd-QDs
and other FNPs are highly context dependent, ranging
from severe toxicity to unexpected positive effects (Hardman,
2006; Tsoi et al., 2013; Wang & Tang, 2018). In the case
of Cd-QDs, the addition of a ZnS shell can be effective
in mitigating toxic responses (Chen et al, 2012; Mei
et al., 2014; Modlitbova et al., 2018b). On the contrary,
double-shelled CdTe/CdS/ZnS nanoparticles
equally toxic to Allium cepa plants as were CdTe QDs, while
single-shelled CdTe/ZnS QDs showed no toxicity
(Modlitbova et al., 2018b). However, in human erythroleu-
kemia cells, CdTe/CdS/ZnS QDs were non-toxic up to
16 pM concentration, while GdTe QDs caused cell death
at 0.75 pM (Chen et al., 2012).

In addition to the shell, the coatings and conjugates added
to FNPs can greatly affect their toxicity in both Cd-QDs
(Galeone et al, 2012; Hu e al, 2017, Majumdar
et al, 2019) and FCNPs (Yang et al, 2009; Chen
et al., 2015a; Qian et al., 2018; Fan et al.,, 2019) and some
non-cadmium QDs (Marcon et al, 2010; Bhattacharjee
et al., 2013). Fruit flies exposed to food incubated with
CdSe/ZnS QDs with polymer coating (PC) or coated
with mercaptoundecanoic acid (MUA) or PC-PEG exhibited
signs of toxicity in all cases, with PC-PEG being the least
harmful and MUA the most harmful (Galeone et al., 2012).
The capping agent may also play a role in toxicity: CdS
QODs capped with polyvinylpyrrolidone (PVP) were more
toxic than bare QDs or QDs capped with MPA, trioctylpho-
sphine oxide (TOPO) or glycine (GLY) in soybean (Glycine
max) plants (Majumdar ¢ al., 2019). However, all these QD
treatments, especially QD-MAA and QD-GLY, resulted in
changes to the amino acid composition of plants compared

were
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to controls (Majumdar et al., 2019). A toxicity test comparing
nanodiamonds with carboxyl, hydroxyl and amino cappings
revealed that carboxyl-capped NDs were the least toxic and
amino-capped the most toxic to human embryonic kidney
cells. However, for zebrafish embryos, the carboxyl-capped
NDs were the most toxic (Marcon et al., 2010). A study using
15 Si- or Ga-containing QDs confirmed that amino-capped
particles are the most toxic to both rat and human cells
(Bhattacharjee ¢t al., 2013).

Other factors to consider in toxicity tests are the FINP size,
and the identity and concentration of elements in FCNPs.
For the filamentous white-rot fungus Phanerochaete chrysospor-
wm, carboxyl-capped CdSe/ZnS QDs were the least toxic,
but smaller amino-capped CdSe/ZnS QDs were more toxic
than larger amino-capped ones (Hu et al., 2017). Smaller
CQD particles also seem to be relatively more toxic, as across
35 CQDs, toxicity to human macrophages increased with the
proportion of nitrogen in the dot core (Fan et al., 2019). Like-
wise, CQDs doped with N or co-doped with N and S were
more toxic to the microalga Chlorella pyrenoidosa than undoped
CODs (Xiao et al., 2016). These findings are unfortunate,
because N-doped CQDs exhibit the highest QYs [94%
(Qu et al., 2014); 94.5% (Liu et al., 2018)] and smaller FNP
size 1s more advantageous for research purposes due to more
efficient uptake and translocation in tissues (Nordmann
et al., 2015).

A few studies have compared toxicity among different par-
ticle types (e.g. CQDs, CdTe QDs, CdS QDs). A compara-
tive acute toxicity study in mice and human cells
demonstrated that cell viability did not differ from control
values for CQD concentrations up to 100 mg/1 while CdTe
QDs were toxic already at 0.2 mg/l (Navarro-Ruiz
et al., 2020). A comparison among three CQDs, CdTe
QDs, GdS QDs and CulnSy/ZnS QDs indicated that the
non-cadmium SQDs were the least toxic to microalgae
(C. pyrenoidosa), followed by CQDs and GdS QDs. The 50%
lethality concentrations (LC50) for growth inhibition were
0.015 mg/1 and 459.5 mg/1 for CdTe QDs and CulnS,/
ZnS QDs, respectively, and 38.56-232.47 mg/1 for various
CQDs (Xiao ¢t al., 2016). Another study comparing the tox-
icities of CdTe QDs, CdSe/ZnS QDs and InP/ZnS QDs to
the same microalgae revealed that CdTe QDs were the most
toxic (cell viability affected at 50 nM), followed by InP/ZnS
QDs (500 nM) and CdSe/ZnS QDs (1000-2000 nM)
(Tang et al., 2013). Conversely, a study comparing the toxic-
ity of InP/ZnS QDs and CdSe/ZnS QDs to human cells and
fruit flies found that InP/ZnS QDs were significantly less
toxic than CdSe/ZnS QDs, which leached Cd** ions despite
the ZnS shell (Brunetti et al., 2013). These findings highlight
the greater toxicity of unshelled Cd-containing QDs and
potential issues with coatings.

Direct toxicity comparisons among studies are difficult
because of differences in experimental approach, recorded
parameters and high variability among organisms. For
example, two long-term toxicity studies on rats reached
contrasting conclusions: carboxyl-capped CdSe/ZnS QDs
in one study caused no behavioural, physiological, or
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histological changes at 15 nM concentration 84 days post-
injection (Hauck et al., 2010), whereas three out of nine rats
injected with a much lower 5 nM concentration died shortly
after the injections (Yang et al., 2018a). Similarly, while one
study found a decrease in root elongation and biomass in
thale cress at CQD concentrations above 0.125 mg/ml
(Chen et al., 2018), another found no toxicity with concentra-
tions up to 2.24 mg/ml and reported that CQD
concentrations up to 0.56 mg/ml enhanced growth
(Lietal., 2019a). Comparing separate studies, especially stud-
ies on CQDs and SQDs is further complicated because QD
doses are typically reported as molar concentrations but
CQOD doses as mass per volume: the molecular weight for
both of these is usually unknown. Molecular weight also var-
ies greatly even within the same particle type. For example,
the molecular weights of two different CdSe/ZnS nanoparti-
cles have been calculated as 1100 and 85 kg/mol (Rosenthal
etal., 2011). Thus, there is a great need for more comparative
studies that impose the same experimental parameters and
report concentrations in comparable units.

Causes and mechanisms of NP toxicity vary. For Cd-
QDs, toxicity has commonly been attributed to the toxicity
of Cd** ions leaching from the core (Mei ¢ al., 2014; Alaraby
et al., 2015; Modlitbova et al., 2018a,b), but many studies
comparing Cd-QDs and other Cd compounds have shown
that toxicity cannot be explained by Cd** leaching alone
(Ambrosone et al, 2012; Chen et al., 2012; Marmiroli
et al., 2020). Reported toxicity mechanisms include the pro-
duction of ROS, inhibition of cell division, changes in
enzyme concentrations, DNA breakage, increased apoptosis
rates as well as changes in gene expression in both animal and
plant systems (Galeone et al., 2012; Marmiroli et al., 2014,
2020; Tian e al, 2017; Das, Bandyopadhyay &
Pramanik, 2018; Lian et al, 2019). The reported toxic
responses to FCNPs (Chen ¢t al., 20164; Chen et al., 2018;
Qian et al., 2018; Zhang et al., 20195) and non-cadmium
QDs (Xu et al, 2016; Kolackova e al., 2019; Yang
et al., 2019) are similar: oxidative stress, gene expression
and growth inhibition. For some non-cadmium SQDs, there
1s some indication of toxicity caused by the core ions released
due to dot degradation (Stern et al., 2008; Tang et al., 2013),
but such degradation does not always induce significant tox-
icity (Veronest ¢f al., 2019).

Taken together, FNP toxicity depends on a multitude of
complex factors and can vary greatly even within the same
particle type (Hardman, 2006; Tsoi ef al., 2013; Wang &
Tang, 2018). Although it seems that Cd-QDs are relatively
more toxic than other FNPs (Xiao ¢t al., 2016; Navarro-Ruiz
et al., 2020), this is not always evident. Given the high varia-
tion of responses among organisms and experimental condi-
tions, toxicity has to be tested in a case-by-case manner
before undertaking experiments utilising FINPs.

(b)) Unexpected positive effects of FNPs

In striking contrast to toxicity, many studies have reported
positive effects of FNPs, in particular FCNPs, on the
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functioning and growth of various organisms. Growth
enhancement of CQDs has been reported in microalgae,
mung bean, wheat, thale cress and white clover (7rfolium
repens) (Tripathi & Sarkar, 2015; Li et al., 201646; Wang
et al., 2018b; Zhang et al, 2018; Li et al., 2019¢; Xue
et al., 2020). Additionally, pollen-based CQDs enhanced
not only growth, but also potassium uptake of Chinese flow-
ering cabbage (Zheng et al., 2017). CQDs alleviated toxic
effects of Cd*" ions in grapefruit (Citrus maxima) seedlings
and improved stress tolerance of peanut (Arachis hypogaea)
plants (Su et al., 2018; Li et al., 20195). Improved growth
and disease resistance were observed in CQD-inoculated rice
(Lietal., 2018¢). Asreviewed by Li et al. (20206), in most cases,
growth induction is attributable to the enhancement of elec-
tron transfer or photosynthesis. Additionally, FCNPs may be
degraded and used in plants for producing hormones or COq
for photosynthesis. FCNPs may also improve plant water and
nutrient uptake by carrying water molecules or ions bound to
their reactive surface groups from the substrate into the
plants. The increased resistance to environmental stressors
has been attributed mainly to the ROS scavenging activity
of FCNPs, but also to FCNP-induced changes in gene
expression (Li et al., 20206). The effective concentrations used
in these examples are <1 mg/ml [but see Li et al. (20194) and
Xue et al. (2020)], but toxicity has also been observed at sim-
llar concentrations (Chen et al, 2016a, 2018; Zhang
et al., 2019b).

In bacteria, CQDs promoted nitrogen fixation and growth
of Azotobacter chroococcum by improving electron transfer in the
nitrogenase enzyme responsible for transforming Ny to NH,
(Wang et al., 20184). CQDs have also been reported to
increase the activity of other enzymes, such as laccase
(Li et al., 2015). However, much remains obscure in this area,
as there are also reports of CQDs inhibiting enzyme activity
(Zhang et al., 2019¢) and displaying antibacterial properties
(Li et al., 2018d,e).

Besides FCNPs, other FINPs may also generate positive
effects. A recent study reported increased biomass produc-
tion and water uptake of cucumber (Cucumis satiwus) after
inoculation with SiQDs in concentrations up to 0.3 mg/ml
(Li et al., 2019¢). Similarly, UCNPs increased the growth of
mung beans with concentrations up to 10 pg/ml, while con-
centrations equal to or larger than 100 pg/ml reduced
growth (Peng et al., 2012). Finally, a study on snow pea (Pisum
sativum) revealed that Mn-doped CdS/ZnS QDs conjugated
to N-acetyl cysteine improved growth at concentrations
below 40 pg/ml, while larger concentrations inhibited seed
germination (Das et al., 2015). These studies indicate that
for physiological experiments, considering such unexpected
positive effects of FNPs is as important as toxicity.

(¢) Pros and cons of FNP types

When selecting FNPs for experiments, researchers need to
consider the chemical and physical properties of the particles
as well as their potential side effects and availability. Cd-QDs
generally exhibit the greatest brightness and fluorescence
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lifetimes, the most symmetric emission peaks, best commer-
cial availability and accumulated technical and practical
information (Drbohlavova et al, 2009; Rosenthal
et al., 2011; HimmelstoB3 & Hirsch, 2019). However, in addi-
tion to toxicity, a major challenge with Cd-QDs is their
proneness to ‘blinking” — switching on and off fluorescence
at ~0.5 s intervals under continuous light exposure
(Schiffman & Balakrishna, 2018). Blinking is thought to be
caused by photoionisation of the core, which can be some-
what controlled by shells (Nirmal et al., 1996). All dots need
to be emissive simultaneously for accurate localisation and
quantification (Whiteside ¢t al., 2012aq).

The greatest advantages of FCNPs over Cd-QDs include
lower cytotoxicity and relative ease of synthesis from natural
ingredients or waste at low cost. FCNPs are also generally
more photostable and are less prone to blinking, which renders
them more suitable for long-term imaging experiments (Ding
et al., 2014; Lim et al., 2015; Roy et al., 2015; Das et al., 2018;
Zhang et al., 2018q). In early FCNPs, the QY was insufficient,
but doping with nitrogen is particularly promising for enhanc-
ing fluorescence intensity and QY (Wang ¢ al., 2015; Zheng
et al., 20155). The FCNPs produced from non-standard mate-
rials contain abundant impurities, which disables reproduc-
ihility and biases assessment of their properties (Essner
et al., 2018; Ge et al., 2018). Therefore, researchers should be
cautious about the reported properties of FCNPs that have
not been appropriately purified by dialysis or ultrafiltration.
Additionally, most biological applications have utilised raw,
unfunctionalised FCNPs, whose chemical properties are
caused by unknown factors. Quite often, especially in chemical
or 1on sensors, sensing properties of FCINPs have not been pre-
engineered. Instead, researchers have incubated synthesised
FCNPs in solvents with potential sensing targets, searching
for the one(s) that causes a detectable change in dot fluores-
cence. Therefore, it is difficult to determine the sensitive com-
ponent in the dot. CPDs are little utilised in biological
applications and there is limited toxicological information.
The relative brightness of CPDs may be higher than that of
other FNPs, which could markedly improve detection resolu-
tion (Wu & Chiu, 2013). However, the ~0.6 ns fluorescence
lifetime of the CPDs is shorter compared to other FINPs, which
limits their utility for imaging applications (Wu & Chiu, 2013).
The advantages of nanodiamonds include high chemical sta-
bility and good biocompatibility (Mohan ¢t al., 2010; Mochalin
et al., 2012; but see Marcon et al., 2010; Zhang et al., 2010),
while the disadvantages include a high tendency for aggrega-
tion and uncertainty about particle structure and physico-
chemical properties (Mochalin et al, 2012). Despite these
shortcomings, intensive research efforts (Cayuela et al., 2016;
Essner et al., 2018; Himmelsto§ & Hirsch, 2019) and the yet
largely unexplored possibilities of conjugating other molecules
to FCNPs (Bhunia ez al., 2013) indicate that FCNPs are a rising
star unlikely to dim soon.

Many non-cadmium SQDs are attractive alternatives
to Cd-QDs due to lower toxicity and better resistance to
degradation, plausibly as a result of covalent bonds in the
core (Xu et al, 2016). However, this group is highly
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Table 2. Key properties of major fluorescent nanoparticle (FNP) types and fluorescent dyes. Values in parentheses indicate
maximum values when outliers are included

Property Traditional QD (Cd)  Carbon-based dot Alternative FNP Fluorescent dye
Ease of application High Medium Low Very high
Data availability High Medium Low Very high
Commercial availability High Medium Low Very high
Cost High Low Low to high Low
Difficulty of synthesis High Low to medium Medium Low
Quantum vyield (%) 30-<100 0-<95 0-80 <90
Separation of spectra High Medium to high Medium to high Low
NIR suitability High Medium Low to high Low to medium
Fluorescence lifetime (ns)* 10-100 <100 Up to 200 1-10
Signal precision High High ND Low
Stability High High ND Low
Colour tunability High Medium Medium Not possible
Multimodality Yes Yes Yes (theoretical) No
Biocompatibility Low Medium to high Low to high High
Toxicity High Low to medium Low to medium Low to high
Water solubility Low to medium Medium to high Low to medium Low to high
Size (nm) 2-10(20) <10(100) 1.4-25 ~0.5
Type-specific limitation Blinking Unreliability of existing data ~ Heterogeneity, lack of data Sensitivity to
microenvironment

ND, not experimentally determined; NIR, near-infrared; QD, quantum dot.

*Not taking into account afterglow particles.

heterogeneous, with limited applications in biology and scant
toxicity information. Furthermore, as there is no general
term to encompass these FINPs yet, the literature base is dis-
persed and the information difficult to find. SiQDs have gen-
erally lower toxicity and faster clearance from the body than
Cd-QDs (Li & Ruckenstein, 2004; He et al., 2009, but see Liu
et al., 2013), rendering SiQDs attractive options for drug-
delivery purposes (Park e/ al., 2009). However, preparing
water-soluble SiQDs with good properties has limited their
use in biological systems, but coatings might improve water
solubility. Additionally, the synthesis of SiQDs often involves
hazardous or expensive precursors such as nitric acid, hydro-
fluoric acid and (3-aminopropyl) tricthoxysilane (APTES),
rendering them less approachable than FCNPs
(Chinnathambi et al., 2014; Morozova ¢t al., 2020).

The improvement of the fluorescence signal of UCNPs
requires careful selection of rare-earth dopants and optimisa-
tion of their concentrations; these should be as high as possi-
ble, although too high concentrations may cause a so-called
‘concentration quenching’ of the fluorescence (Wen
et al., 2018). This challenge has limited the use of UCNPs,
but promising optimisation strategies include adding shells,
increasing crystal size, and increasing the intensity of the
excitation light, as well as evenly distributing ions in the par-
ticle (Wen et al., 2018).

To summarise, Cd-QDs are easily accessible, quickly
usable and there is a large body of available information
about their properties. However, Cd-QDs are prone to
blinking, relatively expensive and potentially toxic to living
organisms. FCNPs entail the benefits of low toxicity and cost
as well as high biocompatibility and adequate fluorescence
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properties. However, FCNPs have low commercial availabil-
ity and their utilisation requires knowledge of optics, nano-
physics and chemistry as well as a critical interpretation of
literature. Non-cadmium SQDs represent an option inter-
mediate between Cd-QDs and FCNPs — their fluorescent
properties are generally comparable to those of other FNPs,
whereas biocompatibility is better than in Cd-QDs but worse
or equal to FCNPs. The lack of biological tests, heterogeneity
of particle types, and low commercial availability all greatly
reduce the applicability of non-cadmium SQD:s.

While some research has compared the toxicity of different
FNP types [mainly Cd-QDs compared to another type of
FNP (Brunetti et al, 2013; Tang et al., 2013; Xiao
et al., 2016)], there are no experiments comparing the func-
tionality of FNP types for biological use, except a few com-
parisons for differently coated, conjugated or doped FNPs
of the same type. This lack of experimental comparison rep-
resents a major knowledge gap that should be addressed for
selecting FNPs.

VI. RECOMMENDATIONS FOR FNP USERS AND
DEVELOPERS

(1) Experimental considerations

In biological experiments, researchers have to consider abi-
otic and biotic factors related to the target system. For exam-
ple, dosage and administration technique, surface charge,
size, pH, species investigated and culture medium all affect
aspects of FNP performance such as QY, uptake and toxicity
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(Pang & Gong, 2019; Filali, Pirot & Miosse, 2020). Thus, pre-
liminary performance and toxicity tests with the intended
concentrations are necessary in the target system. Similarly,
an FNP-free solvent addition treatment as an internal control
should be considered. Although reference data are widely
available especially for Cd-QDs, extrapolations of these even
in the case of the same species are unreliable, because the
responses are extremely complex and depend on multiple
abiotic and biotic factors. Nearly as important as toxicity,
growth-promoting side effects of FCNPs are of concern for
ecological experiments. This warrants urgent attention
because some of these side effects may question the biological
relevance of the findings, depending on the hypotheses and
controls. It is also advisable to establish controls with uncon-
jugated dots and/or labelled FNPs with fluorescent dyes or
relevant isotopes to account for possible confounding effects
resulting from non-specific binding and the relatively large
size of the dots (Jin ¢t al., 2018). In nutrient exchange studies,
it is also important to quantify the nutrients that remain
attached to FNPs at the end of the experiment. However,
currently there is a lack of suitable approaches to achieve this
(van’t Padje et al., 20200).

It is necessary to address uptake and translocation of FNPs
in the target system and to use relevant controls, because Cd-
QDs sometimes fail to pass membranes of plant and animal
cells (Al-Salim e al, 2011; Navarro e al., 2012; Li
et al., 2018a; Nastiti et al., 2019). In animals, FNPs are com-
monly administered by injection or orally, but different
administration techniques and injection sites may result in
differential distribution of QDs (Huang et al., 20135). Fur-
thermore, minor changes in the chemical components of
the FNPs or their conjugates can result in their altered uptake
and distribution (Chot et al., 2009a; Martynenko et al., 2016).
Thus, batch effects and variation should be minimised by
careful experimental design and relevant controls.

(2) Towards a standardised terminology

The rapid development of FNPs has led to the publication of
a large number of mostly methodological papers, but stan-
dardised protocols and terminology development have
lagged behind, pointing to limitations in the literature base.
Inconsistent terminology, especially in carbon-based FNPs
but also in some semiconductor QDs, has generated compli-
cations for research teams that are not experts in chemistry
and physics. Thus, the popularity of Cd-containing QDs in
biological research may partly stem from straightforward ter-
minology. Therefore, we propose a universal, streamlined
terminology for FNP types (Fig. 3). In addition to the main
groupings presented above [semiconductor QDs, FCNPs
and rare-earth doped nanoparticles (RENPs)], we classify
FNPs into subcategories based on their elemental composi-
tion (SQDs), structure (FCNPs) or emission (RENPs).

For semiconductor QDs, we maintain the separation
based on the groups of the periodic table as an official classi-
fication. Thus, group IV contains SQDs with Si or Ge cores,
group III-V includes GaAs, InP, etc. cores, group II-VI
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represents CdSe, CdS, ZnS, etc. cores and group IV-VI
includes SnS,, PbSe, etc. cores. Furthermore, complex
QDs include particles with group I-III-VI (e.g. CulnSy)
and group IHII-III-VI (e.g. ZnCulnSey) cores, as well as
perovskites (e.g. CsPbBrs). However, these groups are not
practical in terms of retrieving biological research papers,
as they are not routinely mentioned in biological
papers, and are unnecessarily complicated for a biologist
end user. Thus, we encourage authors to use the key words
‘alternative quantum dots’ in papers related to these particle
types, to aid the retrieval of relevant papers. Finally, the key
words ‘fluorescent nanoparticles’ should be added to all
papers of this field, to facilitate retrieval of FNP-related
research in general.

To reduce unnecessary complexity, we propose separation
of carbon-based FNPs into four groups: carbon quantum
dots (CQDs), graphene quantum dots (GQDs), carbonized
polymer dots (CPDs) and nanodiamonds (NDs). Cayuela
et al. (2016) advocated for the separation of CQDs and CNDs
(carbon nanodots) based on structure and the presence of
quantum confinement, and this terminology has gained some
support (Xia et al., 2019). However, this classification is
impractical, because in most cases, the fluorescence mecha-
nism of these particles is not known, and it does not even mat-
ter for their application. Furthermore, graphene QDs are not
all quantum confined; yet this term has been preserved
among classifications. In addition, the classification of poly-
mer dots needs to be standardised to understand whether
these are novel particle types or a subtype of carbon-based
FINPs. In this respect, we advocate the inclusion of polymeric
FNPs under FCNPs instead of the term polymer dot. The
polymeric nature of the dot can then be further described
with the term carbonized polymer dot (CPD) as recently sug-
gested (Tao et al., 2019). Accordingly, GOQDs include all
graphene-containing FNPs, and CPDs include all polymeric
FNPs, whereas CQDs cover all carbon-based FNPs that do
not belong to the other three categories. We recommend
authors use the key words ‘fluorescent carbon nanoparticles’
in papers with some type of FCNPs.

We divide rare-earth doped FNPs into upconversion
nanoparticles (UCNPs) and downconversion nanoparticles
(DCNPs) depending on whether they exhibit fluorescent
upconversion or traditional emission (i.e the emission peak
is at a higher wavelength than the excitation peak).

(3) Towards comparability and reproducibility

For biological applications, Cd-QDs are usually purchased
from a few major companies, which provide uniform and
reliably determined particle properties and relatively high
reproducibility, although batch effects may remain. By con-
trast, most other FNP types, especially FCNPs, are synthe-
sised in-house or in different laboratories and companies
from variable, often non-standard substrates, sometimes
using poorly documented methodology, which severely limits
data comparability and reproducibility. To minimise these
issues, researchers should provide detailed protocols about

Biological Reviews (2021) 000-000 © 2021 Cambridge Philosophical Society.



24

Fluorescent
carbon
nanoparticles
(FCNPs)

Group IV QDs

. Group III-V QDs
Semiconductor £ e

quantum dots

(SQDs)

Group II-VI QDs

Group IV-VI QDs

Complex QDs

Upconversion

Rare-earth

doped
nanoparticles
(RENPs)

Downconversion

nanoparticles (UCNPs)
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Nanoparticles made from carbon polymers,
including polymer dots, polymerized carbon dots

Nanoparticles with diamond structure, including
nitrogen-vacancy (NV) diamonds

Nanoparticles with graphene lattices

All other carbon-based FNPs, including (fluorescent) carbon
dots (CDs, Cdots, FCDs, CPs), carbon nanodots (CNDs),
carbogenic dots, carbon nanoclusters, organic dots (O-dots),
bioinspired carbon dots (biodots), nitrogen-doped carbon
dots (NCDs/NCQDs) etc.

Dots with group IV elements in the periodic table, including
Si-dots, silicon nanocrystals (SiNCs), nanocrystalline Si dots
(nc-Si)

Dots with group III-V elements in the periodic table, such as
GaAs and InP, including self-assembled QDs (SAQDs)

Dots with group II-VI elements in the periodic table, including
CdS, CdSe, ZnS etc.

Dots with group IV-VI elements in the periodic table,
such as SnS, and PbSe

Group HII-VI (e.g. CulnS,)
Group I-II-II-VI (e.g. ZnCulnSe,)
Perovskites (e.g. CsPbBrs)

Nanoparticles with elements of the f-block of the periodic
table that show upconversion fluorescence such as NaYF,:

Yb3*, Bt

Nanoparticles with elements of the f-block of the periodic
table that show 'traditional' infrared fluorescence, such as

GdVO,:Nd>*

Fig. 3. Proposed classification of fluorescent nanoparticles (FNPs). The major FNP groups include fluorescent carbon nanoparticles
(FCNPs), semiconductor quantum dots (SQDs) and rare-earth doped nanoparticles (RENPs). Their subgroups and information

about previously used terminology are indicated.

FNP development, including synthesis, purification and the
testing of structural and optical properties. Also, re-synthesis
of previously developed FNPs, accompanied by detailed
structural characterisation, may be necessary for comparing
their properties. There is no overall agreement of minimum
quality standards for FINPs, but FCNPs require purification
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by chromatographic techniques or dialysis through a
<50 kDa membrane over at least 24 h (Essner et al., 2018).
Similarly, QY should be measured over a certain time in a
standard solvent, because solvent properties affect QY mark-
edly (Bhamore ¢t al., 2018), leading to incomparable data.
From a biological perspective, reporting of QY in distilled
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water is of particular importance but rarely practiced. Fur-
thermore, QY should be compared and reported against a
standard control such as quinine sulphate.

(4) Perspectives of FNPs in biological applications

Biologists have used only a fraction of available FNPs so far.
Most biological experiments have been performed with com-
mercial Cd-QDs, which are available with reactive groups,
onto which the ligands of interest can be conjugated. How-
ever, given the toxicity issues with Cd-QDs, other types of
FINPs have become increasingly utilised, but require rigorous
testing for potential side effects. Nonetheless, FNPs offer a
viable alternative to some more traditional methods such as
labelling with fluorescent dyes or isotopes.

There is an enormous potential for the utilisation of FINPs in
biological research, especially in ecology and physiology. Bio-
sensing and tracking represent applications that could benefit
from increased utilisation of FCNPs and non-cadmium QDs
in particular. As medical research has shown, FCNPs and alter-
native FINPs can be utilised in more complex tracking, not just
sensing of metal ions from liquids. Trophic transfer experiments
have demonstrated the potential of FNP transfer between
organisms (Bouldin e al., 2008; Lewinski ¢t al., 2011; Koo
et al., 2015; Chae et al., 2016), supporting their use in determin-
ing dietary preferences by using different-coloured FINPs added
to nutrient sources. Furthermore, the pollen-labelling experi-
ments of Minnaar & Anderson (2019) and Minnaar
el al. (2019) could be extended to track the pollination routes
and dispersal mechanisms of pollen, dust seeds and fungal
spores. FNP-tagging of individual micro-organisms (Ekvall
et al., 2013; Hynson et al., 2015) offers unique research avenues
for tracking their movement and interactions with other organ-
isms in response to environmental variables. Recent molecular
tagging applications (Erland ef al., 2019; Whiteside ¢/ al., 2019)
suggest that FNPs may be useful for monitoring the movement
and localisation of cells and biomolecules such as hormones,
allelochemicals, enzymes and antioxidants, both within an indi-
vidual and among conspecific or heterospecific organisms.

VII. CONCLUSIONS

(1) Fluorescent nanoparticles (FNPs) have been broadly
utilised in technical and medical applications, but their
use in biological systems lags far behind. A steadily
increasing number of studies on tracking, sensing and
imaging of small organisms, tissues, cells and biomole-
cules illustrates their promise for biological
applications.

(2) Cadmium-containing semiconductor quantum dots
(Cd-QDs) are an attractive option since their applica-
tion requires little knowledge of chemistry and optics,
and there is an adequate body of biological literature.
However, toxicity of Cd-QDs, including forms with
shells and coatings, remains problematic.
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(3) Fluorescent carbon nanoparticles (FCNPs) represent a
modern alternative that has remained underutilised in
biology, mainly because navigating the different syn-
thesis methodologies and existing literature 1s difficult
without a strong chemical and physical background,
and because FCNPs are largely unavailable in ready-
to-use commercial packages.

(4) Cadmium-free semiconductor quantum dots and rare-
earth doped nanoparticles urgently require biological
exploration because of their excellent chemical and
physical properties.

(5) Unifying terminology and developing common proto-
cols for the synthesis, characterisation and utilisation of
FNPs are urgently needed to ensure reproducibility
and comparison of their physicochemical properties.

(6) Use of FNPs in bioapplications requires careful selec-
tion amongst available particles as well as preliminary
toxicity tests and relevant experimental controls.

(7) FNPs facilitate testing multiple unique biological
hypotheses in the fields of cell biology, physiology
and ecology.
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