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Abstract: Luminescent polymer nanomaterials not only have the characteristics of various types of
luminescent functional materials and a wide range of applications, but also have the characteristics
of good biocompatibility and easy functionalization of polymer nanomaterials. They are widely used
in biomedical fields such as bioimaging, biosensing, and drug delivery. Designing and constructing
new controllable synthesis methods for multifunctional fluorescent polymer nanomaterials with
good water solubility and excellent biocompatibility is of great significance. Exploring efficient
functionalization methods for luminescent materials is still one of the core issues in the design
and development of new fluorescent materials. With this in mind, this review first introduces the
structures, properties, and synthetic methods regarding fluorescent polymeric nanomaterials. Then,
the functionalization strategies of fluorescent polymer nanomaterials are summarized. In addition,
the research progress of multifunctional fluorescent polymer nanomaterials for bioimaging is also
discussed. Finally, the synthesis, development, and application fields of fluorescent polymeric
nanomaterials, as well as the challenges and opportunities of structure–property correlations, are
comprehensively summarized and the corresponding perspectives are well illustrated.

Keywords: light-emitting polymer nanomaterials; rare earth polymers; semiconducting polymers;
organic fluorescent small molecule cell imaging; biomedical imaging

1. Introduction

Bioluminescent imaging is a visual imaging method that detects the intrinsic fluores-
cence of organisms, or the intensity of fluorescence luminescence after fluorescent materials
mark organisms. Compared with traditional medical diagnostic imaging methods, it has
the characteristics of fast imaging speed, high resolution, and applying no radiation dam-
age to organisms. Applications can range from micron-sized cells to large-sized living
organisms [1–3]. After years of research and development, commercial bioluminescence
imaging systems are now widely used in the biomedical field, including laser scanning
confocal microscopes, two-photon laser scanning microscopy imaging systems, and in vivo
fluorescence imaging techniques. In combination with traditional biological imaging tech-
niques such as magnetic resonance imaging (MRI), ultrasonic imaging (US), and computed
tomography (CT), etc., the functions are complementary, and more accurate and effective
biological imaging can be achieved, providing a reliable imaging method for the early
diagnosis of cancer [4–6].

At present, fluorescent imaging materials mainly include inorganic fluorescent func-
tional materials (quantum dots, rare earth luminescent materials, noble metal nanomateri-
als, etc.) and organic fluorescent functional materials (organic small molecule fluorescent
materials and semiconducting polymers) [7–9]. Among them, quantum dots have good
fluorescence quantum efficiency and photostability, but cannot avoid the biological toxicity

Molecules 2023, 28, 3819. https://doi.org/10.3390/molecules28093819 https://www.mdpi.com/journal/molecules1
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of heavy metals [10,11]. Organic small molecule fluorescent dyes are the most widely used
class of fluorescent materials. However, due to the disadvantages of poor stability, easy
photobleaching, small Stokes shift and short fluorescence lifetime, its application range is
greatly limited [12]. Rare earth luminescent materials, compared with other fluorescent
polymer materials, have a narrow emission band (10–20 nm) and a large Stokes shift. The
emission lifetime from microseconds to milliseconds can be achieved, which greatly re-
duces the interference of the self-luminous background of biological tissues. However,
the material itself has poor biocompatibility, and it is prone to fluorescence aggregation
quenching or quenching by water in a physiological environment [13,14]. Semiconduct-
ing polymers also have many excellent characteristics, for example, good photostability
and photothermal performance, easy functional modification of the surface of the mate-
rial, and good biocompatibility. However, the molecular weight is not easy to control
during the preparation process, and the metabolic mechanism in the human body is still
unclear [15,16].

Fluorescent polymer nanomaterials are prepared by physically doping or chemically
bonding amphiphilic block polymers and fluorescent functional materials [17,18]. The
composite material has the characteristics of good optical stability and wide application
range of functional fluorescent materials. Additionally, it is also possible to select polymer
monomers with different functions; while retaining the good water solubility and excellent
biocompatibility of polymer nanomaterials, the controllable synthesis of properties such
as size, morphology, stability, and surface properties can be achieved [19,20]. The comple-
mentary advantages of the two provide new ideas for expanding the application range of
fluorescent functional materials in the field of biomedicine and have attracted the extensive
attention of scientific researchers [21–23].

In summary, this paper discusses the functionalization strategy of fluorescent polymers
and the preparation methods for fluorescent polymer nanomaterials. It also systematically
introduces the research and development status and application prospects of fluorescent
polymer nanomaterials based on rare earth luminescent materials, semiconducting poly-
mers, and small organic molecules from recent years. It is emphasized that the design
and application of fluorescent polymer nanomaterials should be functionalized from the
perspective of synthesis and optimization according to need. Finally, the development
direction and challenges of polymer nanomaterials in the fields of optics and medical
tumors are prospected.

2. Fluorescent Polymer Functionalization Strategy

Ideal bioluminescent imaging probes, in addition to high fluorescence efficiency and
stable luminescent properties, also need to have good monodispersity in aqueous systems.
They have low toxicity to biological organisms and active groups on the surface to facilitate
the connection of targeting molecules, achieving the effect of targeted imaging [24–26].
However, quantum dots of inorganic functional fluorescent materials, rare earth lumines-
cent materials and noble metal nanoclusters, and semiconducting polymers of organic
fluorescent functional materials and organic small molecule fluorescent materials have
poor compatibility, poor degradability and long-term biological toxicity in vivo, and other
defects. These problems severely limit their application in the biological field [27,28].

Fluorescent polymer nanomaterials are prepared by combining amphiphilic polymers
and fluorescent functional materials using physical doping or covalent linkage. They
not only have the characteristics of good optical stability and wide application range
of fluorescent functional materials but can also be polymerized by selecting different
functional monomers [29,30]. While retaining the good water solubility and excellent
biocompatibility of polymer nanomaterials, the controllable synthesis of properties such
as size, shape, stability, and surface properties can be achieved. As shown in Figure 1, the
currently commonly used strategies for functional modification of fluorescent polymers
mainly include physical encapsulation and covalent linkage [31–33].
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Figure 1. Schematic diagram of the preparation of fluorescent polymer nanoparticles: (a) physical
encapsulation; (b) covalent attachment [31]. Copyright (2021), with permission from Royal Society
of Chemistry.

2.1. Physical Package

Physical encapsulation is the most commonly used method at present. Fluorescent
functional materials are directly embedded in polymer nanoparticles using physical en-
capsulation to prepare fluorescent polymer nanoparticles. The nanoparticles belong to a
typical core–shell structure, in which the hydrophilic polymer acts as a protective layer
in the shell, and the hydrophobic fluorescent material acts as a fluorescent chromophore
in the core. It not only retains the luminescent properties of fluorescent materials, but
also improves the stability and biocompatibility of hydrophobic fluorescent materials in
water systems [34–36]. Yu et al. [37] designed and synthesized a semiconducting poly-
mer PDFT based on diketopyrrolopyrrole (DPP). As shown in Figure 2, the amphiphilic
distearoylphosphatidylethanolamine-polyethylene glycol (DSPE-mPEG) was used for phys-
ical encapsulation. Self-assembled into an NIR-II fluorescent nanoprobe PDFT1032 with a
particle size of 68 nm, the maximum emission wavelength is 1032 nm, and it has excellent
photostability, excellent biocompatibility, and extremely low in vivo toxicity. It presents
high-resolution, real-time imaging in tumor diagnosis and vascular thrombosis treatment
and, more importantly, realizes precise fluorescence imaging “navigation” for in situ tumor
surgery and sentinel lymph node biopsy.

If the fluorescent material has hydrophobic properties, the preparation method of
physical encapsulation can be used, which has good universality. However, due to the
absence of chemical bonds between the polymer and the fluorescent-emitting group, there
are situations where the fluorescent material leaks from the fluorescent polymer com-
posite system or the aggregation and quenching of the local fluorescent material occurs,
resulting in a decrease in luminescent performance [38,39]. Therefore, how to improve the
preparation of fluorescent polymer nanoparticles with stable luminescence using physical
encapsulation is still a research hotspot.
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Figure 2. Schematic of DPP-based semiconducting polymer PDFT nanoscale self-assembly and
imaging. (a) The vascular mapping and the hemodynamic status of the tumor and the femoral artery
were determined. The white dashed circle contours the location of the tumor. (b,c) The branch of the
femoral artery that supports the tumor and the vascular network of the tumor (exhibited as a claw
shape) were clearly identified. (d) A vessel clamp was used to block the blood flow (red arrow) and
the signal of the vascular network vanished. (e) After 5 min, the clamp was removed and the blood
flow of the tumor was still devoid because a temporary thrombus was formed (blue arrowhead).
(f) Magnification of (c). The vascular network of the tumor was clearly identified (white arrowheads).
(g) Magnification of (d). (h) The major artery was surgically incised (blue arrowhead). (i) NIR-II
imaging exhibited the absence of the residual tumor fluorescence and normal circulation (femoral
artery) was successfully maintained. Inset is the histological analysis of the osteosarcoma. Scale bar:
8 mm. (j) Schematic drawing of a PDFT1032 nanoparticle composed of semiconducting polymer
DFT and a hydrophilic DSPE-mPEG shell. (k) Absorbance and fluorescence spectrum of PDFT1032
showing an absorption peak at 809 nm and a fluorescence peak at 1032 nm with an 808 nm excitation
laser [37]. Copyright (2018), with permission from Royal Society of Chemistry.
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2.2. Covalent Linkage

There are two ways to prepare covalently linked fluorescent polymer nanomateri-
als [31,40]: one is to first copolymerize polymer monomers into polymer chains, and then
use covalently linked methods. The fluorescent-emitting group is attached to the polymer
chain, and then prepared into nanoparticles. As shown in Figure 3a, it is referred to as
“aggregate first and then join”. The nanoparticles prepared in this way have good stability,
and the desired multifunctional nanoparticles can be customized by selecting different
polymer nanoparticles. However, this preparation method requires functional group match-
ing between empty polymer nanoparticles and fluorescent groups, and its universality
is slightly worse than physical packaging. In addition, fluorescent group materials are
also prone to fluorescence quenching on the surface of nanoparticles [41,42]. The second
approach is to prepare fluorescent groups and polymer monomers into fluorescent polymer
monomers, then copolymerize and self-assemble them into fluorescent polymer nanomate-
rials, as shown in Figure 3b, referred to as “connection first and then polymerization”. The
distribution of light-emitting groups in the fluorescent nanoparticles prepared using this
method is relatively more uniform, and the optical stability is good. However, there is also
the problem that the size of fluorescent polymer nanoparticles is not easy to control due to
the steric hindrance of the luminescent group [43,44].

Figure 3. Two forms of covalent linkage: (a) polymerization followed by linkage; (b) linkage followed
by aggregation [31]. Copyright (2021), with permission from Royal Society of Chemistry.

In summary, although the method of physical packaging is used to prepare fluorescent
polymer nanomaterials, the distribution of fluorescent materials in nanomaterials is uneven
and leaks easily. However, it is still the most commonly used method at present. In
order to solve the above problems, designing and synthesizing new fluorescent polymer
nanomaterials by means of covalent linkage is still one of the hotspots of scientific research.

3. Preparation Method of Fluorescent Polymer Nanomaterials

3.1. Active/Controllable Synthesis of Amphiphilic Block Polymers

From the preparation strategy of fluorescent polymer nanomaterials in the previous
section, it can be seen that the controllable synthesis of amphiphilic block polymers directly
determines the monodispersity, morphology, and size of bioluminescent probes in aqueous
solution. At present, the most commonly used living/controllable polymerization meth-
ods mainly include atom transfer radical polymerization (ATRP) [45,46] and reversible
addition–fragmentation chain transfer polymerization (RAFT) [47]. Below, we focus on the
introduction of these two technologies, as shown in Table 1.
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Table 1. Comparison of different preparation strategies for fluorescent polymer materials.

Synthesis Technology Advantages Disadvantages

Living/controllable
synthesis of

amphiphilic block
polymers

ATRP
The reaction temperature is mild, the

operation is simple, and it is easy
to industrialize.

The intermediate process is
completely uncontrolled; the amount
of transition metal complex is large;

the aging of the polymer.

RAFT

It has a wide range of applications,
good polymerization ability, and the

molecular weight of the obtained
polymer is uniform.

Few applicable monomers, limited
scope of molecular design, expensive.

Physical package

Nanoprecipitation

Simple operation, fast, high
reproducibility, good dispersion of

colloidal nanoparticles and
easy functionalization.

There are fewer types of polymers,
and the process of particle growth is

not easy to control.

Microemulsion
method

Narrow particle size distribution,
controllable, good stability.

Surfactants are difficult to remove
and have large particle sizes.

Self-assembly method

It is very convenient to prepare various
exotic three-dimensional structures; it is

also possible to prepare porous
materials that inherit the original

morphology and structure

Unstable under physiological
conditions.

Covalent linkage

PISA

The process is simple, the price
adjustment is gentle, and

nano-medicine can be prepared in
one step.

The operation is complicated, the
reaction takes a long time, and the

concentration of the prepared
nanoparticles is low (≤1 mg/mL),

which makes it impossible to achieve
large-scale mass production.

Precipitation
polymerization

The particle size of the polymer is
uniform and clean, the viscosity of the
polymerization system is low, and no
surfactant and stabilizer are needed.

Low microsphere yield and high
solvent toxicity.

3.1.1. ATRP

Matyjaszewski et al. [48] and Sawamoto et al. [49] successively proposed the method
of atom transfer radical polymerization (ATRP). The low-valence metal complex Mt

n takes
an electron from the initiator organic halide R-X to form R free radicals to initiate monomer
aggregation. The formation of chain free radicals P can also take the halogen atom X from
the high-valence metal halide Mt

n+1-X passivation to P-X, and reduce the high-valence
metal halide to Mt

n. The reversible transfer equilibrium reaction between the free radical
active seeds and the halide dormant seeds of the polymer chains enables effective control of
the reactions. Compared with the traditional free radical polymerization, the ATRP method
has a wide range of adaptability, can control the molecular weight distribution (PDI) of the
polymer between 1.05 and 1.5, and has a mild reaction temperature, simple operation, and
is easy to industrialize [50–52]. However, when applied to the synthesis of bioluminescent
probes, copper-based catalysts have high biotoxicity, and finding other catalysts to replace
copper-based catalysts is still a hotspot in ATRP research [53].

3.1.2. RAFT

Compared with the ATRP reaction, the reversible addition–fragmentation chain trans-
fer polymerization (RAFT) reaction system does not involve the participation of copper-
based and other biologically toxic transition metals. Additionally, the source of free radicals
is basically from the decomposition of organic initiators. For example, azobisisobutyroni-
trile (AIBN) or dibenzoyl peroxide (BPO) are more suitable for the controlled synthesis of
amphiphilic block polymers for biological use [54,55].

The RAFT method was proposed by Rizzardo [56]. The first is initiation (initiation),
where the initiator generates free radicals I, then monomers M are initiated to polymerize
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with each other to generate extended chain free radicals Pn. The second step is the chain
transfer reaction (chain transfer); the extended chain free radical Pn reacts with the dithioester
chain transfer agent (1) to form an unstable intermediate (2). The groups on both sides of
the intermediate can be broken to form a temporarily inactive thioester dormant (3) and
a new free radical R·. The third step is to reinitiate the polymerization between the new
free radical R· and the monomer to form Pm· (re-initiation). The fourth step is the process
of chain equilibrium (chain equilibration), and the macromolecular chain transfer agent
(macro-CTA) plays a controlling role. The free radical concentration is low throughout the
reaction. Therefore, the molecular weight distribution of the polymer is relatively uniform.
The final termination reaction (termination) generally quenches the reaction directly at low
temperature, and the product is a mainly macromolecular chain transfer [57,58].

The RAFT mechanism is applicable to a wide range of monomers. The reaction
temperature is 60–70 ◦C, and it has good polymerization ability for monomers such as
acrylic acid (AA), methacrylic acid (MAA), and methyl methacrylate (MMA). The resulting
polymers are of uniform molecular weight (PDI typically below 1.3). However, this reaction
relies heavily on expensive RAFT reagents, and the development of stable, low-cost, and
easy-to-synthesize RAFT reagents that meet different systems is still one of the research
hotspots [59–61].

3.2. Preparation Method of Physically Encapsulating Fluorescent Polymer Nanoparticles

From the perspective of preparation strategy, fluorescent polymer nanoparticles wrap
luminescent materials into amphiphilic block polymers using physical doping. Nano-
precipitation, microemulsion, and self-assembly methods are commonly used, which are
similar to the preparation methods of semiconducting polymer nanomaterials, as shown in
Figure 4 [62,63].

 
Figure 4. Preparation method for semiconducting polymer nanoparticles [63]. Copyright (2013), with
permission from Royal Society of Chemistry.

Nanoprecipitation is a method based on the interfacial deposition of polymers. It was
first proposed by Masuhara et al. [64] and then improved by McNeill [65] and Chiu [66]. It
is widely used in the preparation of fluorescent nanoparticles in the biological field. Firstly,
the fluorescent material and the amphiphilic block polymer material are dissolved in a
small amount of good solvent. The material is quickly dropped into a poor solvent (usually
deionized water) with vigorous stirring or ultrasound; the huge difference in solubility
of the two solvents promotes the aggregation of polymer materials to form nanoparticles,
with a particle size of about 15 nm. The process of nanoparticle formation mainly includes

7
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several steps: supersaturation, nucleation, coagulation growth, and formation of polymer
nanoparticles. The method is simple, fast, and highly reproducible. The nanoparticle
colloid has good dispersion and is easy to be functionalized. It is a common method for
preparing drug-loaded nanomaterials, but there are also defects such as fewer types of
suitable polymers and difficult control of the particle growth process [67].

The microemulsion method is similar to the nanoprecipitation method. The prepared
amphiphilic polymer and fluorescent material are first dissolved in a good solvent and
then mixed with a poor solvent (usually deionized water) [68]. The huge difference in
solubility is used to prepare nanoparticles, but the difference is that a certain concentration
of surfactant needs to be added. However, the final surfactant is difficult to remove from the
reaction system, which affects the application of fluorescent nanoparticles in the biological
field. Additionally, the size of the prepared nanoparticles is relatively large, between
240 and 270 nm [69–71].

The usual preparation of the self-assembly method is to dissolve fluorescent materials
and functional materials with opposite charges in an aqueous solution according to a certain
ratio. After fully stirring and mixing evenly, the functionalized polymer nanoparticles are
prepared using high-speed centrifugation and the particle size is about 100 nm. However,
the preparation of the self-assembly method also has the instability of nanoparticles in a
physiological environment, which limits its further application [72,73].

3.3. Preparation Method of Covalently Linked Fluorescent Polymer Nanoparticles

By means of covalent connection, fluorescent materials and amphiphilic block polymer
materials are connected and self-assembled into polymer nanoparticles with luminescent
properties, mainly including two types of nanoparticles: polymer micelles and nanogels.

3.3.1. Preparation of Polymer Micelles Using Aggregation-Induced Self-Assembly (PISA)

The traditional preparation methods of polymer micelles mainly include the solvent
induction method, dialysis method, and direct dissolution method [74,75]. Nanoparticles
with morphologies such as spherical, worm-like, and vesicular are prepared using the self-
assembly of amphiphilic block polymers with different solubility differences in different
solvents. However, the operation is complicated, the reaction takes a long time, and the
concentration of the prepared nanoparticles is low (≤1 mg/mL), which makes it impossible
to achieve large-scale mass production [76–78]. In recent years, the polymerization-induced
self-assembly (PISA) method can not only prepare micelles and assemblies with different
morphological structures (including spherical, worm-like, vesicular, etc.) in one pot, but
nanoparticles with solids content up to 50% can also be synthesized in bulk [79,80]. This
provides a new idea for the commercial application of preparing polymer nanoparticles, and
is also widely used in the fields of drug-controlled release, bioimaging, and catalysis [81,82].

Hawkett et al. [83] first used polyacrylic acid (PAA) as a water-soluble macromolecular
RAFT chain transfer agent and induced self-assembly into spherical micelles in aque-
ous solution. Subsequently, Pan et al. [84,85] utilized poly-4-vinylpyridine (P4VP) as a
macromolecular RAFT chain transfer agent for dispersion polymerization in methanol
solvent. With the chain growth of PS spheres, the morphology of the polymer gradually
changed from spherical to worm-like and vesicle-like. A schematic diagram of nanoma-
terials prepared using the aggregation-induced self-assembly method [86] is shown in
Figure 5. The water-soluble polymer chain transfer agent (macro-CTA) prepared using the
RAFT method initiates another hydrophobic polymer monomer, and the newly synthesized
diblock polymer can be dissolved in the reaction system at the early stage of the reaction.
With the continuous growth of the second hydrophobic chain, the volume of the insoluble
polymer continues to increase. When the critical micelle concentration (CMC) is reached,
it self-assembles into different morphologies. A series of theoretical studies have shown
that the morphology of block polymer self-assembly is determined by the volume ratio
P of the polymer at the hydrophobic end. When P ≤ 1/3, the diblock polymer exhibits
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spherical nanoparticles. When 1/3 < P ≤ 1/2, the diblock polymer exhibits worm-shaped
nanoparticles. When 1/2 < P ≤1, the diblock polymer exhibits a vesicle shape.

 

Figure 5. Schematic diagram of the preparation of nanoparticles from diblock polymers using the
PISA method [86]. Copyright (2016), with permission from American Chemical Society.

3.3.2. Preparation of Nanogel Polymer Microspheres Using Precipitation Polymerization

Hydrogel is a kind of hydrophilic polymer material with a three-dimensional network
structure, which can absorb water several times the weight of the material and has good
biocompatibility and degradability [87]. Nanohydrogels are hydrogels with a size between
100 and 1000 nm that have the dual characteristics of hydrogels and nanomaterials. The
structure is stable under physiological conditions, and it has a high drug loading rate and a
long drug release cycle. It is a drug carrier material that has developed rapidly in recent
years [88,89].

The nanogel preparation method [90] is shown in Figure 6. The traditional preparation
methods mainly include emulsion polymerization, microemulsion polymerization and
dispersion polymerization, all of which need to add stabilizers or surfactants to stabilize
the reaction system and avoid aggregation and precipitation. However, it is difficult to
remove the stabilizer or surfactant from the reaction system after the reaction, which
affects the application of polymer microspheres in the biomedical field [91]. The method of
precipitation polymerization was first proposed by Chibante et al. [92]. The stabilizer is
replaced by a cross-linking agent, which is added to the reaction system together with the
reactive monomer, and polymer microspheres with uniform particle size and clean surface
are prepared after heating and polymerization. However, this method is only suitable for
the polymerization of hydrophobic monomers and cannot prepare polymer microspheres
for biomedicine. To expand the application of precipitation polymerization to hydrophilic
monomers, Yang et al. [93] developed a distillation precipitation method, which shortened
the precipitation polymerization time to 1–2 h. However, with the decrease in the solvent
amount in the reaction system, the late reaction was unstable and the product yield was
low. Wang et al. [94] developed the reflux precipitation polymerization method based on
the technique of distillation precipitation. A return-shaped condenser was connected to the
reaction device to ensure that the volume of the solvent in the reaction system remained
unchanged, making the polymerization of the reaction system more stable. Compared with
the traditional preparation method, the reflux precipitation polymerization method has
the characteristics of short time consumption, no need for stabilizer, clean particle surface,
simplicity of device, and less byproducts.
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Figure 6. Schematic diagram of the nanohydrogel preparation method: (a) polymer self-assembly
method; (b) inverse emulsion polymerization method; (c) precipitation polymerization method;
(d) reflux precipitation polymerization method [90]. Copyright (2009), with permission from Wiley.

4. Biotoxicity of Fluorescent Polymer Nanomaterials

Due to their unique physical and chemical properties, nanomaterials have broad
application prospects in the field of biomedicine. For example, as a drug carrier or a
bioimaging probe, the pharmacokinetics and potential toxic effects in the organism need to
be tested before practical application. In vivo toxicity studies of nanomaterials involve a
variety of exposure methods, such as intravenous, transdermal absorption, subcutaneous,
inhalation, intraperitoneal, and oral administration, and various animal models such as
mice, rats, dogs, and monkeys. After nanomaterials enter the body and interact with
biological components (proteins, cells), they are distributed to different organs of the body.
At this point, the particles maintain their original structure or degrade. The slow removal
and accumulation of materials, as well as the large number of phagocytes make the liver,
spleen, and other organs in the reticuloendothelial system the most important targets of
oxidative stress of nanomaterials. In addition, organs with high blood flow, such as lungs
and kidneys, are also affected by nanomaterials [95].

Current toxicological mechanisms of nanomaterials mainly focus on the hypothesis of
free radical oxidative damage [96]. This hypothesis holds that, under normal conditions,
the content of reactive oxygen species in the mitochondria of body cells is very low. Addi-
tionally, there are many antioxidant systems in the body, and the active oxygen free radicals
produced by normal cell metabolism are easily removed by glutathione reductase and
antioxidant enzymes. When nanoparticles enter the body, they can induce the production
of a large amount of reactive oxygen species (ROS). ROS mainly activate the inflammatory
response by activating the phosphorylation of NF-κB transcription factors and MAPKs. As
a result, the antioxidant defense system in the mitochondria is destroyed, causing various
damages and further affecting the normal physiological functions of the body.
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Li et al. [97] found that nanoparticles can induce an increase in reactive oxygen species
in RAW264.7 cells, leading to cell apoptosis. Shvedova et al. [98] summarized the main
mechanism of nanoparticle-induced ROS generation in cells, resulting in oxidative damage:
(1) oxidation of liposomes in mitochondria; (2) NADPH oxidation leading to cell apoptosis
and inflammatory response; (3) depletion of reduced glutathione in the body; (4) activation
of peroxidase, leading to degradation of nanoparticles. At the same time, this is precisely
the oxidative damage effect of nanoparticles exposed to the body.

In addition to ROS, reactive nitrogen species (RNS) may also be involved in the free
radical oxidative damage effect of nanoparticles. Recent studies have proved that RNS
play a role in the inflammatory damage caused by nanoparticles. Lanone and Boczkowski
suggested that the main molecular mechanism of in vivo toxicity of nanomaterials is
the induction of free radicals leading to oxidative damage [99]. Free radicals can not
only cause damage to biological components by oxidizing lipids, proteins, and DNA,
but also induce and enhance inflammation by upregulating redox-sensitive transcription
factors (such as NF-kB) and inflammation-related kinases [100,101]. The composition
of some materials, such as iron, cadmium, chromium, and other atoms also affects the
toxicity in vivo. In addition, surface modification of nanoparticles can alter their interaction
with cell membranes, resulting in their altered cellular uptake, thereby affecting their
toxicological effects on targeted cells. The application and toxicity of different fluorescent
nanomaterials in biological systems are shown in Table 2.

Table 2. Biotoxicity and biological system applications of different fluorescent nanomaterials.

Fluorescent
Nanomaterial Type

Intrinsic Material
Toxicity

Materials Biological System

Carbon dots Low C-dots, PEG stabilized Mice
Carbon nanotubes Low–medium Many types of CNTs Various in vitro/in vivo

Dendrimers High Various dendrimer types Various in vitro/in vivo
Doped graphene QDs Medium N-doped graphene quantum dots Red blood cells

Fluorescent beads
Medium (polymer) Polystyrene nanoparticles Endothelial cells

Low (silica) Silica nanoparticles Epithelial cells and fibroblasts
Fluorescent proteins Medium Red fluorescent protein HeLa cells

Graphene oxide Medium
Graphene oxide Various in vitro/in vivo
Graphene oxide Red blood cells

Organic dyes Medium Various organic fluorophores Various in vitro/in vivo

Metal clusters Medium
MPA or GSH stabilized Au clusters Colonic epithelial cells

GSH and BSA stabilized
Au25 clusters Mice

Nanodiamonds Low
Detonation nanodiamond Various in vitro/in vivo

Various diamond types Human liver cancer and HeLa cells
in vitro

Detonation nanodiamond Human embryonic kidney cells and
Xenopus laevis embryos

P-dots Medium
Quinoxaline based polymer,

STV conjugated Zebrafish embryo

Polybutylcyanoacrylate HeLa and human embryonic kidney
cells/rats

Quantum dots High

CdSe–ZnS; PEG, BSA or
polymer stabilized Rats

CdTe Mice
Several types Various in vitro/in vivo
Several types Various in vitro/in vivo

Rare earth nanoparticles Medium-high

UCNPs, NaYF4:Yb,Tm, polyacrylic
acid coated Mice

UCNPs, NaYF4:Yb,Tm HeLa cells, caenorhabditis elegans

DCNPs, Gd2O2S:Tb3+
Human peripheral blood

mononuclear cells, human-derived
macrophages, HeLa cells
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Because of the small size effect of nanomaterials and the complexity of biological
systems, the effects caused by the processing of nanomaterials in biological systems are
unpredictable. The interaction between biological components (proteins and cells) and
nanostructured materials may cause unique biodistribution and metabolic reactions, mak-
ing it difficult to predict the metabolism and safety of nanomaterials in biological systems.
As evidenced by the above literature review, fluorescent materials have been widely used
in biomedical fields such as bioimaging, biosensors, and drug delivery because of their
excellent luminescent properties and photoconversion properties. However, due to their
particularity, their biological safety cannot be predicted. Therefore, they may cause certain
harm to organisms during use, which greatly limits the application of fluorescent nanoma-
terials. Therefore, it is urgent to find fluorescent nanomaterials with good biocompatibility.

5. Application of Fluorescent Polymer Nanomaterials in Bioimaging

In order to meet the needs of different biological applications, many different types
of fluorescent polymer nanomaterials have been developed. This paper focuses on the
research direction and focuses on the introduction of polymer nanomaterials based on
rare earth luminescent materials, semiconducting polymers, and organic, small molecule
luminescent materials [7–9]. The use of nano-fluorescent probes can quickly, accurately,
and selectively label and study target molecules on cells. Labels were obtained according
to their excitation wavelengths at different emission wavelengths, as shown in Table 3.

Table 3. Common fluorescence excitation and emission wavelengths.

Fluorescent
Substance

Excitation Wavelength Emission Wavelength
EX nm EX (sub) EM nm

Alexa Fluor 532 532 554
Cy3 550 570

DsRed 557 579
EtBr 300 518 605
FITC 490 525

Gel Green 250 500 530
GFP 488 507

mCherry 580 610
SYBR Gold 495 540

SYBR Green I 498 522
SYPRO Red 550 300 630

SYPRO Ruby 280 450 620
TagRFP 555 583
Gel Red 270 510 600

5.1. Polymer Nanomaterials Based on Rare Earth Luminescent Materials

Rare earth elements include lanthanides with atomic numbers 57–71 in the periodic
table of chemical elements and scandium (Sc, 21) and yttrium (Y, 39) with similar chem-
ical properties, a total of 17 elements [102]. The electron configuration of lanthanides
is [Xe]4f0–145d0–16s2, and each element has a 4f electron shell. Compared with other lu-
minescent materials, it has narrow emission band (10–20 nm), high luminous efficiency,
large Stokes shift, and long emission lifetime (range μs-ms) features [103]. At present, rare
earth luminescent materials used in biological imaging mainly include rare earth organic
complexes and rare earth upconversion materials.

5.1.1. Rare Earth Organic Complexes

Rare earth organic complexes are due to the small molar absorptivity of lanthanide
trivalent ions and the prohibition of ff transitions in the electron shell [104,105]. As a
result, very little energy is directly absorbed by the 4f energy level of lanthanide elements,
and organic ligands are required to act as antennas to absorb excitation energy, thereby
sensitizing rare earth ions to emit light. This process is called “antenna” (Figure 7a) [106].
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As shown in Figure 7b, the main process of energy transfer of rare earth complexes is
as follows: (1) After the rare earth complex absorbs energy, electrons transition from the
ground state (S0) to the excited state (S1). (2) The energy of the excited state (S1) transfers
energy to the lowest excited triplet state (T1) through intersystem crossing (ISC). (3) When
the lowest excited triplet state (T1) matches the lowest excited state energy level (5DJ) of
rare earth ions, energy transfer occurs between T1 and 5DJ. Eventually, the rare earth ions
return to the ground state (7DJ) in the form of radiation, thereby emitting the characteristic
fluorescence of rare earth ions [103,107,108].

Figure 7. (a) Schematic diagram of the antenna effect of rare earth complexes; (b) schematic diagram
of the luminescent principle of rare earth complexes [103]. Copyright (2014), with permission from
American Chemical Society.

According to the structure of the ligands, it can be divided into β-diketone ligands,
carboxylic acid ligands and macrocyclic ligands such as crown ethers [109]. There are
coordination elements such as O, N, and S on the ligand, and a stable six-membered ring
structure is formed after coordination with rare earth. It can directly absorb laser energy
and effectively transfer energy to rare earth ions through the structure of the six-membered
ring, and then emit the characteristic fluorescence of rare earth ions. The coordination abil-
ity of the coordinating atoms is O > N > S. When rare earth complexes are used in biological
imaging, water molecules easily replace the coordination bonds of organic ligands [110].
The high-frequency O–H bonds of water increase the nonradiative decay of excited states
of rare earth ions, which in turn affects the luminescent properties of rare earths [111].
When rare earth organic complexes are used as fluorescent probes, they are usually physi-
cally wrapped with biocompatible silica or polyethylene glycol to form a core–shell struc-
ture, which improves the chemical stability of the material and avoids the interference of
water molecules.

Dos Santos et al. used the polymer PMMA-COOH to physically wrap the rare
earth complex Eu(TTA)3phen, and the preparation’s schematic diagram is shown in
Figure 8. By adjusting the concentration of the precursor, rare earth polymer nanoparticles
of 10 nm, 20 nm, and 30 nm were prepared. The fluorescence quantum efficiency exceeded
20%, and the brightness of a single particle was as high as 4.0 × 107 M−1 cm−1. A lower
laser intensity of 0.24 W/cm2 can be used to image single particles, and time-resolved
imaging microscopy can be used to dynamically observe the progress of nanoparticles
into cells [112]. However, the polymer physically wraps the rare earth complex material,
and there is also uneven distribution of the fluorescent material. Aggregation quenching
is prone to occur, which affects the luminescent properties of fluorescent probes, and the
related preparation methods still need further research [113–115].
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Figure 8. Schematic diagram of rare earth polymer nanoprobes for single particle detection and cell
imaging [112]. Copyright (2019), with permission from American Chemical Society.

In order to solve the problem of uneven distribution of fluorescent materials in polymer
nanosystems, Xu et al. [116,117] modified hydroxyl and amino groups on Eu(TTA)3phen,
respectively. As shown in Figures 9a and 10, two complexes, [Eu(TTA)3phen]-OH and
(Eu(TTA)3phen]-NH2, were prepared. They then reacted with hydrophilic polymers
PEG2000 and GluEG NCA through covalent connection to generate [Eu(TTA)3phen]-
PEG2000 and [Eu(TTA)3phen]-GluEG, respectively, and self-assembled into water-soluble
nanoparticles. They emi the 614 nm characteristic peak of Eu(III) ion in aqueous solution,
and can be successfully taken up by L929 cells and HeLa cells, and emit strong red light (as
shown in Figures 9b and 10).

 
Figure 9. [Eu(TTA)3phen]-PEG2000 nanomaterials: (a) schematic diagram of preparation; (b) cell
imaging diagram. (A) fluorescent image 405 nm laser excitation, (B) bright field and (C) merged
image of (A,B). Scale bar 1/4 20 mm. [116]. Copyright (2018), with permission from Elsevier.
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Figure 10. Preparation and cell imaging of [Eu(TTA)3phen]-GluEG nanomaterials [117]. Copyright
(2018), with permission from Elsevier.

5.1.2. Rare Earth-Doped Upconversion Luminescent Materials

Rare earth-doped upconversion materials are doped with trivalent lanthanide ions into
a suitable dielectric matrix lattice. The lanthanide ions act as the luminescent center, and the
ground state electrons of the sensitized ions are first excited to the excited state under the
irradiation of the excitation light of a suitable wavelength. Then, the energy is transferred
to the luminescent center, and the luminescent center is excited to an excited state. Finally,
the excited state electrons return to the ground state and emit near-infrared fluorescence.
Therefore, sensitizing ions are required to have a larger absorption cross-section at NIR-I or
NIR-II. For example, the luminescent central ions with NIR-I emission include Nd3+, Yb3+,
and Er3+, and the luminescent central ions with NIR-II emission include Nd3+, Ho3+, Pr3+,
Tm3+, and Er3+ (as shown in Figure 11) [118]. Rare-earth-doped upconversion materials
have the advantages of low toxicity, narrow-band emission, long emission lifetime, no
photobleaching, and no scintillation. They have broad application prospects in the fields of
bioimaging, such as in analytical sensors, PDT, and optical imaging [119].

Figure 11. Absorption spectra of Nd3+, Er3+, and Yb3+ in NIR-I and emission spectra of Nd3+, Ho3+,
Pr3+, Tm3+, and Er3+ in NIR-II [118]. Copyright (2019), with permission from Wiley.

Rare earth-doped upconversion luminescent materials are generally hydrophobic.
Generally, water-soluble bioluminescent probes are prepared by modifying the surface
function of materials with SiO2 that has better biocompatibility, water-soluble polymers
(PEG, PAA, PEI, etc.), and polyols. Tao et al. [120] used the block polymer PEO-b-PCL to
wrap NIR-I emitting rare earth nanocrystalline materials NaYF4:Yb/Ho(DiR) and NIR-II-
emitting NaCeF4:Er/Yb(LNPs). And luciferase (LUS) and red fluorescent protein (RFP)
were doped into the polymer to prepare a multifunctional nanomaterial that can simultane-
ously generate NIR-I and NIR-II fluorescence spectra (as shown in Figure 12a–c). Then, the
nanomaterials were injected intraperitoneally into mice with ovarian cancer, and fluores-
cence signals of two spectra could be found in the ovarian LUS+/RFP+-responsive cancer
cell OVCAR-8 (Figure 12d).
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Figure 12. (a) Schematic diagram of nanoparticles, in which the yellow block represents the block
polymer PEO-b-PCL, the red point represents the NIR-I quantum dot DiR, and the blue block repre-
sents the NIR-II quantum dot LNPs; (b) the nanoparticle TEM image; (c) fluorescence spectrum of
multifunctional nanomaterials; (d) imaging of multifunctional nanoparticles in mice [120]. Copyright
(2017), with permission from Elsevier.

5.2. Polymer Nanomaterials Based on Semiconducting Polymers

Semiconductor polymers (SPs) are a class of polymer materials whose main chain
is composed of π–π-conjugated structures [121,122]. Due to the excellent optoelectronic
properties and good processing properties of semiconductors, they were first applied
in the field of organic optoelectronics. At present, semiconducting polymer materials
commonly used in the biomedical field are divided into polyfluorene (PF), polythiophene
(PT), poly(phenylene ethylene, PPE) and poly(p-phenylene vinylene, PPV) according to
the structure of the main chain. Their derivatives [123,124] and structure are shown in
Figure 13.

 

Figure 13. Chemical structures of semiconducting polymers [125]. Copyright (2019), with permission
from Wiley.
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From the perspective of the main chain structure of the semiconducting polymer, it
is a typical rigid structure and hydrophobic, and aggregation occurs in aqueous solution,
resulting in fluorescence quenching. At present, the commonly used method is to directly
physically encapsulate semiconducting polymer materials in amphiphilic block polymers
to prepare water-soluble polymer fluorescent nanoparticles (SPNs). Not only can this effec-
tively solve the problem of monodispersion of semiconducting polymers in water, but the
surface can also be easily functionalized. They have been widely used in the fields of tumor
diagnosis [126–128] and antibacterials [129–131]. Among them [15], polyethylene glycol
(PEG) is widely used to modify semiconducting polymers because of its characteristics of
increasing drug solubility, reducing body immunity, and prolonging the residence time of
drugs in the body [132].

In order to improve the fluorescence quantum efficiency of semiconducting polymers,
Fan et al. used low-energy-band ester-based semiconducting polymers to skillfully control
intramolecular charge transfer (ICT) to increase the intensity of NIR-II fluorescence [133].
As shown in Figure 14, as the thiophene group chain lengthened (TT-T to TT-3T), the
ICT gradually weakened, and the corresponding NIR-II fluorescence emission gradually
increased. TT-3T CPs (51–70 nm) were prepared by physically wrapping TT-3T with
amphiphilic block polymer F127. They emit NIR-II light (1050 nm) in aqueous solution
with a fluorescence quantum efficiency of 1.75%. Moreover, in vivo cell tracking, vascular
system imaging, and lymphatic drainage mapping all had good imaging effects and high
NIR-II spatial resolution.

 

Figure 14. Schematic diagram of the synthesis of ester-based semiconducting polymer TT-3T CPs and
their application in bioimaging [133]. Copyright (2019), with permission from American Chemical Society.

In order to further study the NIR-II real-time imaging application of semiconducting
polymers in vivo, Hong et al. [134] designed and synthesized a NIR-II semiconducting
polymer pDA (Figure 15a). After being physically encapsulated with the amphiphilic
block polymer DSPE-MPEG (5kDa), pDA-PEG nanoparticles with a particle size of 2.9 nm
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were prepared (as shown in Figure 15b,c). The fluorescence emission wavelength is about
1000 nm (Figure 15d), the fluorescence quantum efficiency is about 1.7%, and it has been
successfully applied to real-time imaging of vascular diseases.

Figure 15. (a) Molecular structure diagram of semiconducting polymer pDA; (b) schematic diagram
of pDA-PEG nanoparticles; (c) AFM image of pDA-PEG nanoparticles; (d) absorption and emission
diagram of pDA-PEG nanoparticles aqueous solution [134]. Copyright (2014), with permission from
Springer Nature.

Some semiconducting polymers are prone to the aggregation-caused quenching (ACQ)
phenomenon after they are prepared into nanoparticles using physical encapsulation
of amphiphilic block polymers [135,136]. Zhang et al. [137] used phenothiazine, which
has typical AIE characteristics, as the electron donor. As shown in Figure 16a, different
groups were introduced into the side chains to compare the effect of weakening ACQ. The
study found that the emission wavelength of P3c modified with 9,10-diphenylanthracene
(9,10-diphenylanthracene) was larger than that of P3a modified with hexane, and the
emission intensity was high. Then the polymers P3a and P3c were physically encapsulated
using the amphiphilic block polymer PS-PEG to prepare P3a NPs and P3c NPs, which were
injected into mice. As shown in Figure 16b,c, the mice in the P3c NPs group glowed red,
while the mice in the P3a NPs group did not. Additionally, because P3c NPs have strong
NIR-II luminescent properties, the skull and cerebral blood vessels of mice can be clearly
observed when performing imaging in mice.

Fluorescence brightness is determined using the absorption cross-section and the
fluorescence quantum efficiency. Fluorescence quantum efficiency refers to the ratio of
the number of emitted photons to the number of absorbed photons, which is one of the
important parameters for evaluating the performance of fluorescent probes. The emission
wavelength range of polymer quantum dot PFBT is comparable to that of Qdot 565, a com-
monly used fluorescent probe, inorganic semiconductor quantum dot, and IgG-Alexa 488,
which contains approximately six dye molecules per IgG antibody. Therefore, the photo-
physical properties of the three are summarized and compared (see Table 4).
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Figure 16. (a) Schematic diagram of the preparation of P3a NPs and P3c NPs; (b) NIR-II images of
mice injected with P3a NPs and P3c NPs, respectively; (c) vascular NIR-II images of skull and brain
of mice injected with P3c NPs [137]. Copyright (2020), with permission from Wiley.

Table 4. Several photophysical properties of PFBT Pdots, IgG-Alexa 488, and Qdot 565 [138].

Probes Size PFBT ~10 nm IgG-Alexa 488 ~1 nm Qdot 565 ~15 nm

Abs/FL λmax (nm) 460/540 496/519 UV/565
ε (M−1cm−1) λ = 488 nm 1.0 × 107 5.3 × 104 2.9 × 105

Quantum yield (%) 30 90 30~50
Fluorescence lifetime (ns) 0.6 4.2 ~20

It can be seen from Table 1 that, when the three nanoparticles are excited by a laser
with a wavelength of 488 nm, the single-particle luminescence brightness of PFBT quantum
dots with a size of about 10 nm is about 30 times higher than that of IgG-Alexa 488 and
Qdot 565. At a wavelength of 488 nm, the absorption cross-section of PFBT quantum dots is
approximately half of its own peak absorption cross-section. The luminescence brightness
of the three fluorescent probes was compared in parallel using single-particle imaging
experiments [139]. Experiments have found that when the probe is excited by a laser with
a wavelength of 488 nm, when the excitation power is low, a single PFBT nanoparticle with
high luminescence brightness close to the diffraction limit can be observed. Under the
same conditions, the luminescence of IgG-Alexa 488 and Qdot 565 probes was found to
be very weak. The camera used in the experiment barely captured the fluorescent signal.
After counting the fluorescence intensity distribution of thousands of nanoparticles, it was
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found that the luminescence brightness of PFBT nanoparticles was about 30 times higher
than that of IgG-Alexa 488 and Qdot 565 probes. These experimental data are consistent
with the results based on the comparison of photophysical parameters.

5.3. Polymer Nanomaterials Based on Organic Fluorescent Small Molecules

The luminescence intensity of fluorescent probes determines the signal-to-noise ratio
and imaging depth of the probes. If polymer nanoparticles with higher brightness are
to be prepared, more fluorescent materials need to be encapsulated into the polymer
nanoparticles. However, in most fluorescent probe materials, as the concentration increases,
the fluorescence aggregation-induced quenching (ACQ) phenomenon occurs [140,141].
Tang et al. [142] first proposed the aggregation-induced emission (AIE) phenomenon, and
AIE materials are an effective way of solving the above problems. Qi et al. [143] designed
and synthesized the AIE compound TQ-BPN, and prepared TQ-BPN nanoparticles with
a particle size of 33 nm after physical wrapping with the amphiphilic block polymer
Pluronic F-127 (as shown in Figure 17a). The fluorescent quantum effect was as high as
13.9%. Although the maximum emission wavelength was in the NIR-I region (808 nm),
there was still a fluorescence quantum efficiency of 2.8% in the NIR-II region (Figure 17b).
Additionally, when TQ-BPN nanoparticles were used as fluorescent probes to perform
fluorescence imaging on a mouse’s brain, it was found that the imaging spatial resolution
reached 2.6 μm and the penetration depth reached 150 μm. More importantly, as shown in
Figure 17c, clearly identifiable fluorescent signals can be seen at various stages of tumor
growth, which can be applied to early diagnosis of cancer. According to the mechanism of
aggregation-induced luminescence, more and more AIE molecules have been designed and
synthesized by researchers. Typical AIE small molecules include hydrocarbon molecules
(1–3 molecules) and heterocyclic small molecules (4–9 molecules) (see Figure 18).

Figure 17. (a) Schematic diagram of TQ-BPN dot preparation; (b) TQ-BPN dot absorption and
generation curves in aqueous dispersion; (c) NIR-II of TQ-BPN dots at different stages of tumor
growth imaging [143]. Copyright (2018), with permission from Wiley.
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Figure 18. Typical AIE small molecules and their structures. 1. Tetraphenylethene (TPE); 2. Triphenylamine
(TPA); 3. Phenothiazine (PTZ); 4. Benzothiazole (BTH); 5. 2-(2′-Hydroxyphenyl)benzoxazole (HBO);
6. 2-(4′-Biphenylyl)-5-(4′′-tert-butylphenyl)-1,3,4-oxadiazole (BBD); 7. 1,2,3,4,5-pentaphenylsilole
(PPS); 8. 1,2-bis(4′-phenylvinyl)benzene (DPVBi); 9. 1,4-bis(2,2-diphenylvinyl)benzene (DPVBi-Ph).

In order to further improve the fluorescence efficiency of fluorescent probes in NIR-II,
Sheng et al. [144] designed and synthesized a new AIE material, TB-1, containing a DA
structure. TB-1 dots with a particle size of 32 nm were prepared after physical encapsulation
using DSPE-PEG2000, and the schematic diagram of the preparation is shown in Figure 19a.
The maximum emission wavelength of the nanomaterial exceeded 1000 nm in the aqueous
dispersion system, and the fluorescence efficiency was as high as 6.2%. The blood vessels
in the brain of the mouse could be clearly seen without opening the mouse’s cranium. In
addition, the targeting group c-RGD was further modified to the surface of nanoparticles
using a Michael addition reaction, prepared into TB1-RGD dots, and then injected into
mice, respectively. From the comparison of Figure 19b,c, it can be seen that the TB1-RGD
dot group modified with the targeting group has obvious imaging in the tumor part of the
mouse at 24 h. The corresponding TB-1 dots with unmodified targeting groups had no
obvious imaging effect.

Although the AIE material is wrapped in the polymer model using physical wrap-
ping, the monodispersity and biocompatibility of the water system of the AIE material
improve. However, there are also nanomaterials prepared using physical encapsulation in
different batches, showing different particle sizes and encapsulation effects. To prepare AIE
nanomaterials with good uniformity, Li et al. [145] alkynylated the AIE material TTB-OH.
As shown in Figure 20a, amphiphilic polymers were prepared using amino-alkyne click
polymerization with the amino-modified hydrophilic PEG polymer PEG-NH2, which then
self-assembled into SA-TTB NPs. At the same time, as a comparison, as shown in Figure 20b,
NDP-TTB NPs were prepared by directly encapsulating TTB-OH with the amphiphilic
block polymer DSPE-PEG2000. From the TEM comparison images of nanoparticles in
Figure 20c III, it can be seen that the two SA-TTB NPs prepared using the self-assembly
method are more uniform in particle size and better in monodispersity than the NDP-TTB
NPs prepared using the physical encapsulation method. By dispersing the three kinds
of nanoparticles into the water system, it was measured that their maximum emission
wavelengths were all around 1050 nm, with little difference. However, the fluorescence
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efficiency of SA-TTB NPs in the water system was as high as 10.3%, which is much higher
than that of physically encapsulated NDP-TTB NPs. Additionally, a resolution of 38 μm
and a penetration depth of 1 cm can be achieved in mice.

Figure 19. (a) Schematic diagram of the preparation of TB-1 dots and TB-RGD dots.; (b) imaging of
TB-RGD dots injected into mice at different times. The red dashed line indicates the location of the
intercepted area for calculating intensity of luminescence; (c) images of different time intervals of
TB-1 dots injected into mice [144]. Copyright (2018), with permission from Wiley.

Figure 20. (a) Schematic diagram of TTB-OH self-assembly to prepare nanoparticles; (b) TTB-
OH physical encapsulation method to prepare nanoparticles; (c) TEM images of three kinds of
nanoparticles [145]. Copyright (2021), with permission from Elsevier.
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In addition, based on the typical donor–acceptor–donor (D–A–D) structure, benzo-
bisthiadiazole (BBTD) derivatives are representative organic small molecules [146,147].
With good biocompatibility, low biotoxicity, easy functionalization, and excellent metabolic
ability, they show potential application prospects in the field of tumor imaging and treat-
ment. However, BBTD-like derivatives are inherently hydrophobic and have no tumor-
targeting ability. Polyethylene glycol (PEG) is often used for functional modification to
prepare fluorescent polymer nanoprobes. Targeting groups are then attached to the surface
of nanomaterials, so as to achieve partial targeted imaging of tumors and rapid metabolic
clearance from organs such as the kidney or liver [148–150]. Dai et al. first used BBTD as the
acceptor and triphenylamine (TPA) as the donor to prepare the compound CH1055 with a
typical D–A–D structure. CH1055-PEG was prepared after modification with polyethylene
glycol (PEG), and its maximum emission wavelength in water was 1055 nm. Experiments
have shown that the imaging effect on mouse blood vessels and lymph is better than
that of the commercial dye indocyanine green ICG, and about 90% of the material can
be metabolically cleared from the kidney within 24 h [151]. In recent years, based on the
compound CH1055, it has become possible to prepare a series of CH1055 derivatives by
using different group modifications, such as the water-soluble CH-4T [152] prepared using
sulfonation modification. With the help of follicle-stimulating hormone (FSH) modification,
it is prepared into FSH-CH [153] and so on.

6. Summary and Outlook

Early diagnosis and treatment of cancer can greatly reduce its incidence and mortality.
As a noninvasive and visualized diagnosis and treatment method, bioluminescence imaging
technology, combined with traditional imaging technology, provides reliable imaging
means for the early diagnosis of cancer. This article systematically introduces the research
and development status and application prospects of fluorescent polymer nanomaterials
based on rare earth luminescent materials, semiconducting polymers, and small organic
molecules from recent years. Various types of luminescent probes have been developed for
tumor diagnosis. However, due to the hydrophobic nature of the luminescent probe itself,
when it is further functionalized, most of the luminescent materials are encapsulated inside
the polymer nanoparticles using physical packaging. The method is simple to operate
and has good universality. However, there are also defects, for example, the luminescent
material leaks easily from the nanoparticles, the particle size of the nanomaterials prepared
in different batches is not uniform, and the encapsulation rate of the materials is different.
Therefore, searching for efficient functionalization methods for luminescent materials is
still one of the core issues in the design and development of new luminescent materials.

In the decades since the development of polymeric nanomaterials in the field of optics,
researchers have conducted a lot of work on synthesis control and material selection. While
making breakthroughs, there is still demand for both high-performance and multifunctional
materials. This also poses a higher challenge to the application of fluorescent polymer
nanomaterials and biological fields. This is mainly reflected in the following aspects:

(a) Fluorescent materials should be combined with current scientific theories and tech-
nologies. With advancements in science and technology, optical materials, as a tra-
ditional research field, can be further developed in the direction of diversification,
high technology, and high performance when combined with advanced theory and
technology. Thus, new subject areas are created [154,155].

(b) Quantification of the structure–property relationship of multifunctional fluorescent
polymer nanomaterials: Just as researchers have studied the “wetting” and “dewet-
ting” of polymer-grafted core–shell particles in the matrix [156,157], essentially, the
quantification of the effect of this structure on light transparency has developed from
simple conclusions to a formalized theory. This method can be continued and ex-
panded upon for other properties, forming quantitative structure–effect relationships
for various properties.
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(c) The trade-off between key properties in the design of optical materials: The discussion
in this article maintains a relatively consistent train of thought with most of the work.
That is, starting from the material with a certain performance, the study on the impact
of the structure on the improvement of this single performance, while ignoring the
impact on other performances, or even the actual application environment. This
is not conducive to the multifunctionalization of optical materials. Starting from
key structural factors such as particle size, grafting, and loading in the structure of
hybrid materials, the synergistic effects of a certain change in structure on various
properties can be discussed to form an application-oriented material performance
trade-off strategy.

(d) Attention paid to the development of new optical functional materials: In addition to
paying attention to the development of new photofunctional inorganic materials or
polymer materials, we also need to pay attention to the development of new hybrid
material systems. Carbonized polymer dots (CPDs) are a new type of nanofunctional
elementary material that represent a new system of polymer nanohybridization [158,159].
In recent years, the advantages of this material have been reflected in its luminescent
properties, and its synthesis process is considered to be a crosslinking carbonization
process involving small molecules or polymer precursors. After several years of
exploration, a family of CPDs with various luminescent properties such as full-color
luminescence and narrow half-peak width emission has been obtained. Recently,
Yang et al. further designed and applied this material to a material with both light
transmission and mechanical properties, realizing the application of CPDs in the
field of transparent optical films [160]. In addition, CPDs have also demonstrated
their contributions in multiple fields such as imaging, sensing, and energy [161].
Their advantages such as low toxicity, environmental friendliness, and structural
designability [162] lead us to believe that the introduction of new material systems
such as CPDs will provide more excellent performance and broader application
prospects for multifunctional fluorescent polymer nanomaterials.

(e) In order to promote the further application of fluorescent polymer nanomaterials in
biomedicine, future research work can be optimized and expanded in the following
aspects. At present, most light-emitting polymers have low light-emitting perfor-
mance in NIR-II. The development of NIR-II light-emitting polymer materials with
higher luminous intensity or photothermal efficiency using DA structure adjustment
combined with theoretical calculations is still one of the important research directions
for the future. Efficient enrichment of luminescent nanofunctional materials in tumor
sites is another key to improving the efficiency of tumor diagnosis and treatment. Us-
ing rational molecular design, targeting groups can be effectively bonded to polymer
chains to prepare light-emitting polymers with targeting functions, which is of great
significance for the precise diagnosis and treatment of tumor sites. A single treatment
for tumors is gradually being replaced by multimodal treatment. The therapeutic
effect on tumors can be improved by constructing a multifunctional nanodiagnosis
and treatment platform with properties such as chemotherapy, photodynamic therapy,
or photothermal therapy.

(f) Internal/external stimuli-responsive fluorescent polymer nanoparticles that can be
used in theranostics and sensing applications cannot be ignored either [163]. In
particular, they respond to internal stimuli, including redox, pH, and enzymes, and
external stimuli, including temperature, light, and magnetic fields, for drug delivery
and sensing applications [164,165]. In terms of generating stimulus-responsive signals,
these signals allow for amplification and easy detection of biologically relevant events.
More detailed modeling of the photophysical properties of existing materials and
their properties will provide decisive input for designing better performing NPs.
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46. Dworakowska, S.; Lorandi, F.; Gorczyński, A.; Matyjaszewski, K. Toward green atom transfer radical polymerization: Current
status and future challenges. Adv. Sci. 2022, 9, 2106076. [CrossRef]

47. Kim, J.; Cattoz, B.; Leung, A.H.; Parish, J.D.; Becer, C.R. Enabling Reversible Addition-Fragmentation Chain-Transfer Polymeriza-
tion for Brush Copolymers with a Poly (2-oxazoline) Backbone. Macromolecules 2022, 55, 4411–4419. [CrossRef]

48. Wang, J.-S.; Matyjaszewski, K. Controlled/“living” radical polymerization. atom transfer radical polymerization in the presence
of transition-metal complexes. J. Am. Chem. Soc. 1995, 117, 5614–5615. [CrossRef]

49. Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Polymerization of methyl methacrylate with the carbon
tetrachloride/dichlorotris-(triphenylphosphine) ruthenium (II)/methylaluminum bis (2, 6-di-tert-butylphenoxide) initi-
ating system: Possibility of living radical polymerization. Macromolecules 1995, 28, 1721–1723. [CrossRef]

50. Matyjaszewski, K.; Xia, J. Atom transfer radical polymerization. Chem. Rev. 2001, 101, 2921–2990. [CrossRef]

26



Molecules 2023, 28, 3819

51. Coessens, V.; Pintauer, T.; Matyjaszewski, K. Functional polymers by atom transfer radical polymerization. Prog. Polym. Sci. 2001,
26, 337–377. [CrossRef]

52. Pan, X.; Fantin, M.; Yuan, F.; Matyjaszewski, K. Externally controlled atom transfer radical polymerization. Chem. Soc. Rev. 2018,
47, 5457–5490. [CrossRef] [PubMed]

53. Yuan, M.; Cui, X.; Zhu, W.; Tang, H. Development of environmentally friendly atom transfer radical polymerization. Polymers
2020, 12, 1987. [CrossRef] [PubMed]

54. Chakma, P.; Zeitler, S.M.; Baum, F.; Yu, J.; Shindy, W.; Pozzo, L.D.; Golder, M.R. Mechanoredox Catalysis Enables a Sustainable and
Versatile Reversible Addition-Fragmentation Chain Transfer Polymerization Process. Angew. Chem. Int. Ed. 2023, 62, e202215733.
[CrossRef] [PubMed]

55. Bradford, K.G.; Petit, L.M.; Whitfield, R.; Anastasaki, A.; Barner-Kowollik, C.; Konkolewicz, D. Ubiquitous Nature of Rate
Retardation in Reversible Addition–Fragmentation Chain Transfer Polymerization. J. Am. Chem. Soc. 2021, 143, 17769–17777.
[CrossRef]

56. Chiefari, J.; Chong, Y.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.P.; Mayadunne, R.T.; Meijs, G.F.; Moad, C.L.; Moad, G. Living
free-radical polymerization by reversible addition-fragmentation chain transfer: The RAFT process. Macromolecules 1998, 31, 5559.
[CrossRef]

57. Moad, G.; Chiefari, J.; Chong, Y.K.; Krstina, J.; Mayadunne, R.T.A.; Postma, A.; Rizzardo, E.; Thang, S.H. Living free radical
polymerization with reversible addition–fragmentation chain transfer (the life of RAFT). Polym. Int. 2000, 49, 993–1001. [CrossRef]

58. Li, M.; Fromel, M.; Ranaweera, D.; Rocha, S.; Boyer, C.; Pester, C.W. SI-PET-RAFT: Surface-initiated photoinduced electron
transfer-reversible addition–fragmentation chain transfer polymerization. ACS Macro Lett. 2019, 8, 374–380. [CrossRef]

59. Zhang, X.; Yang, Z.; Jiang, Y.; Liao, S. Organocatalytic, stereoselective, cationic reversible addition–fragmentation chain-transfer
polymerization of vinyl ethers. J. Am. Chem. Soc. 2021, 144, 679–684. [CrossRef]

60. Cheng, G.; Xu, D.; Lu, Z.; Liu, K. Chiral self-assembly of nanoparticles induced by polymers synthesized via reversible addition–
fragmentation chain transfer polymerization. ACS Nano 2019, 13, 1479–1489. [CrossRef]

61. Strover, L.T.; Postma, A.; Horne, M.D.; Moad, G. Anthraquinone-mediated reduction of a trithiocarbonate chain-transfer agent to
initiate electrochemical reversible addition–fragmentation chain transfer polymerization. Macromolecules 2020, 53, 10315–10322.
[CrossRef]

62. Tuncel, D.; Demir, H.V. Conjugated polymer nanoparticles. Nanoscale 2010, 2, 484–494. [CrossRef]
63. Feng, L.; Zhu, C.; Yuan, H.; Liu, L.; Lv, F.; Wang, S. Conjugated polymer nanoparticles: Preparation, properties, functionalization

and biological applications. Chem. Soc. Rev. 2013, 42, 6620–6633. [CrossRef]
64. Kurokawa, N.; Yoshikawa, H.; Hirota, N.; Hyodo, K.; Masuhara, H. Size-dependent spectroscopic properties and thermochromic

behavior in poly (substituted thiophene) nanoparticles. ChemPhysChem 2004, 5, 1609–1615. [CrossRef]
65. Wu, C.; Szymanski, C.; McNeill, J. Preparation and encapsulation of highly fluorescent conjugated polymer nanoparticles.

Langmuir 2006, 22, 2956–2960. [CrossRef] [PubMed]
66. Wu, C.; Hansen, S.J.; Hou, Q.; Yu, J.; Zeigler, M.; Jin, Y.; Burnham, D.R.; McNeill, J.D.; Olson, J.M.; Chiu, D.T. Design of highly

emissive polymer dot bioconjugates for in vivo tumor targeting. Angew. Chem. 2011, 123, 3492–3496. [CrossRef]
67. Rivas, C.J.M.; Tarhini, M.; Badri, W.; Miladi, K.; Greige-Gerges, H.; Nazari, Q.A.; Rodríguez, S.A.G.; Román, R.Á.; Fessi, H.;

Elaissari, A. Nanoprecipitation process: From encapsulation to drug delivery. Int. J. Pharm. 2017, 532, 66–81. [CrossRef]
68. Vodyashkin, A.A.; Kezimana, P.; Vetcher, A.A.; Stanishevskiy, Y.M. Biopolymeric nanoparticles–multifunctional materials of the

future. Polymers 2022, 14, 2287. [CrossRef]
69. Kang, S.; Yoon, T.W.; Kim, G.-Y.; Kang, B. Review of Conjugated Polymer Nanoparticles: From Formulation to Applications. ACS

Appl. Nano Mater. 2022, 5, 17436–17460. [CrossRef]
70. Wang, Q.-B.; Zhang, C.-J.; Yu, H.; Zhang, X.; Lu, Q.; Yao, J.-S.; Zhao, H. The sensitive “Turn-on” fluorescence platform of ascorbic

acid based on conjugated polymer nanoparticles. Anal. Chim. Acta 2020, 1097, 153–160. [CrossRef]
71. Fang, F.; Li, M.; Zhang, J.; Lee, C.-S. Different strategies for organic nanoparticle preparation in biomedicine. ACS Mater. Lett.

2020, 2, 531–549. [CrossRef]
72. MacFarlane, L.R.; Shaikh, H.; Garcia-Hernandez, J.D.; Vespa, M.; Fukui, T.; Manners, I. Functional nanoparticles through

π-conjugated polymer self-assembly. Nat. Rev. Mater. 2021, 6, 7–26. [CrossRef]
73. Ong, S.Y.; Zhang, C.; Dong, X.; Yao, S.Q. Recent advances in polymeric nanoparticles for enhanced fluorescence and photoacoustic

imaging. Angew. Chem. Int. Ed. 2021, 60, 17797–17809. [CrossRef]
74. Sur, S.; Rathore, A.; Dave, V.; Reddy, K.R.; Chouhan, R.S.; Sadhu, V. Recent developments in functionalized polymer nanoparticles

for efficient drug delivery system. Nano-Struct. Nano Objects 2019, 20, 100397. [CrossRef]
75. Indoria, S.; Singh, V.; Hsieh, M.-F. Recent advances in theranostic polymeric nanoparticles for cancer treatment: A review. Int. J.

Pharm. 2020, 582, 119314. [CrossRef] [PubMed]
76. Cölfen, H. Double-hydrophilic block copolymers: Synthesis and application as novel surfactants and crystal growth modifiers.

Macromol. Rapid Commun. 2001, 22, 219–252. [CrossRef]
77. Gaucher, G.; Dufresne, M.-H.; Sant, V.P.; Kang, N.; Maysinger, D.; Leroux, J.-C. Block copolymer micelles: Preparation, characteri-

zation and application in drug delivery. J. Control. Release 2005, 109, 169–188. [CrossRef] [PubMed]
78. Chen, J.Z.; Zhao, Q.L.; Lu, H.C.; Huang, J.; Cao, S.K.; Ma, Z. Polymethylene-b-polystyrene diblock copolymer: Synthesis, property,

and application. J. Polym. Sci. Part A Polym. Chem. 2010, 48, 1894–1900. [CrossRef]

27



Molecules 2023, 28, 3819

79. Zhou, Y.; Wang, Z.; Wang, Y.; Li, L.; Zhou, N.; Cai, Y.; Zhang, Z.; Zhu, X. Azoreductase-triggered fluorescent nanoprobe
synthesized by RAFT-mediated polymerization-induced self-assembly for drug release. Polym. Chem. 2020, 11, 5619–5629.
[CrossRef]

80. Sun, H.; Cao, W.; Zang, N.; Clemons, T.D.; Scheutz, G.M.; Hu, Z.; Thompson, M.P.; Liang, Y.; Vratsanos, M.; Zhou, X. Proapop-
totic Peptide Brush Polymer Nanoparticles via Photoinitiated Polymerization-Induced Self-Assembly. Angew. Chem. 2020,
132, 19298–19304. [CrossRef]

81. Khor, S.Y.; Quinn, J.F.; Whittaker, M.R.; Truong, N.P.; Davis, T.P. Controlling nanomaterial size and shape for biomedical
applications via polymerization-induced self-assembly. Macromol. Rapid Commun. 2019, 40, 1800438. [CrossRef]

82. Ramkumar, R.; Sundaram, M.M. A biopolymer gel-decorated cobalt molybdate nanowafer: Effective graft polymer cross-linked
with an organic acid for better energy storage. New J. Chem. 2016, 40, 2863–2877. [CrossRef]

83. Ferguson, C.J.; Hughes, R.J.; Nguyen, D.; Pham, B.T.; Gilbert, R.G.; Serelis, A.K.; Such, C.H.; Hawkett, B.S. Ab initio emulsion
polymerization by RAFT-controlled self-assembly. Macromolecules 2005, 38, 2191–2204. [CrossRef]

84. Wan, W.-M.; Hong, C.-Y.; Pan, C.-Y. One-pot synthesis of nanomaterials via RAFT polymerization induced self-assembly and
morphology transition. Chem. Commun. 2009, 39, 5883–5885. [CrossRef] [PubMed]

85. Wan, W.-M.; Sun, X.-L.; Pan, C.-Y. Morphology transition in RAFT polymerization for formation of vesicular morphologies in one
pot. Macromolecules 2009, 14, 4950–4952. [CrossRef]

86. Canning, S.L.; Smith, G.N.; Armes, S.P. A critical appraisal of RAFT-mediated polymerization-induced self-assembly. Macro-
molecules 2016, 49, 1985–2001. [CrossRef] [PubMed]

87. Buwalda, S.J.; Vermonden, T.; Hennink, W.E. Hydrogels for therapeutic delivery: Current developments and future directions.
Biomacromolecules 2017, 18, 316–330. [CrossRef]

88. Zhang, M.; Huang, Y.; Pan, W.; Tong, X.; Zeng, Q.; Su, T.; Qi, X.; Shen, J. Polydopamine-incorporated dextran hydrogel drug
carrier with tailorable structure for wound healing. Carbohydr. Polym. 2021, 253, 117213. [CrossRef]

89. Ilgin, P.; Ozay, H.; Ozay, O. Synthesis and characterization of pH responsive alginate based-hydrogels as oral drug delivery
carrier. J. Polym. Res. 2020, 27, 251. [CrossRef]

90. Kabanov, A.V.; Vinogradov, S.V. Nanogels as pharmaceutical carriers: Finite networks of infinite capabilities. Angew. Chem. Int.
Ed. 2009, 48, 5418–5429. [CrossRef]

91. Oh, J.K.; Drumright, R.; Siegwart, D.J.; Matyjaszewski, K. The development of microgels/nanogels for drug delivery applications.
Prog. Polym. Sci. 2008, 33, 448–477. [CrossRef]

92. Nishizawa, Y.; Minato, H.; Inui, T.; Uchihashi, T.; Suzuki, D. Nanostructures, thermoresponsiveness, and assembly mechanism
of hydrogel microspheres during aqueous free-radical precipitation polymerization. Langmuir 2020, 37, 151–159. [CrossRef]
[PubMed]

93. Bai, F.; Yang, X.; Huang, W. Synthesis of narrow or monodisperse poly (divinylbenzene) microspheres by distillation− precipita-
tion polymerization. Macromolecules 2004, 37, 9746–9752. [CrossRef]

94. Fan, M.; Wang, F.; Wang, C. Reflux precipitation polymerization: A new platform for the preparation of uniform polymeric
nanogels for biomedical applications. Macromol. Biosci. 2018, 18, 1800077. [CrossRef]

95. Aillon, K.L.; Xie, Y.; El-Gendy, N.; Berkland, C.J.; Forrest, M.L. Effects of nanomaterial physicochemical properties on in vivo
toxicity. Adv. Drug Deliv. Rev. 2009, 61, 457–466. [CrossRef]

96. Rama Narsimha Reddy, A.; Narsimha Reddy, Y.; Himabindu, V.; Rama Krishna, D. Induction of oxidative stress and cytotoxicity
by carbon nanomaterials is dependent on physical properties. Toxicol. Ind. Health 2011, 27, 3–10. [CrossRef] [PubMed]

97. Mahmoudi, M.; Shokrgozar, M.A.; Sardari, S.; Moghadam, M.K.; Vali, H.; Laurent, S.; Stroeve, P. Irreversible changes in protein
conformation due to interaction with superparamagnetic iron oxide nanoparticles. Nanoscale 2011, 3, 1127–1138. [CrossRef]

98. Liu, J.-Y.; Zhao, L.-Y.; Wang, Y.-Y.; Li, D.-Y.; Tao, D.; Li, L.-Y.; Tang, J.-T. Magnetic stent hyperthermia for esophageal cancer: An
in vitro investigation in the ECA-109 cell line. Oncol. Rep. 2012, 27, 791–797.

99. Lanone, S.; Boczkowski, J. Biomedical applications and potential health risks of nanomaterials: Molecular mechanisms. Curr. Mol.
Med. 2006, 6, 651–663. [CrossRef]

100. Rahman, I. Regulation of nuclear factor-κB, activator protein-1, and glutathione levels by tumor necrosis factor-α and dexametha-
sone in alveolar epithelial cells. Biochem. Pharmacol. 2000, 60, 1041–1049. [CrossRef]

101. Rahman, I.; Biswas, S.K.; Jimenez, L.A.; Torres, M.; Forman, H.J. Glutathione, stress responses, and redox signaling in lung
inflammation. Antioxid. Redox Signal. 2005, 7, 42–59. [CrossRef]

102. Guanming, Q.; Xikum, L.; Tai, Q.; Haitao, Z.; Honghao, Y.; Ruiting, M. Application of rare earths in advanced ceramic materials.
J. Rare Earths 2007, 25, 281–286. [CrossRef]

103. Heffern, M.C.; Matosziuk, L.M.; Meade, T.J. Lanthanide probes for bioresponsive imaging. Chem. Rev. 2014, 114, 4496–4539.
[CrossRef]

104. Zhang, C.; Zhang, C.; Zhang, Z.; He, T.; Mi, X.; Kong, T.; Fu, Z.; Zheng, H.; Xu, H. Self-suspended rare-earth doped up-conversion
luminescent waveguide: Propagating and directional radiation. Opto-Electron. Adv. 2020, 3, 190045. [CrossRef]

105. Zhu, X.; Zhang, J.; Liu, J.; Zhang, Y. Recent progress of rare-earth doped upconversion nanoparticles: Synthesis, optimization,
and applications. Adv. Sci. 2019, 6, 1901358. [CrossRef]

106. Werts, M.H. Making sense of lanthanide luminescence. Sci. Prog. 2005, 88, 101–131. [CrossRef]

28



Molecules 2023, 28, 3819

107. Montgomery, C.P.; Murray, B.S.; New, E.J.; Pal, R.; Parker, D. Cell-penetrating metal complex optical probes: Targeted and
responsive systems based on lanthanide luminescence. Acc. Chem. Res. 2009, 42, 925–937. [CrossRef] [PubMed]

108. Moore, E.G.; Samuel, A.P.; Raymond, K.N. From antenna to assay: Lessons learned in lanthanide luminescence. Acc. Chem. Res.
2009, 42, 542–552. [CrossRef]

109. Ding, Z.; He, Y.; Rao, H.; Zhang, L.; Nguyen, W.; Wang, J.; Wu, Y.; Han, C.; Xing, C.; Yan, C. Novel Fluorescent Probe Based on
Rare-Earth Doped Upconversion Nanomaterials and Its Applications in Early Cancer Detection. Nanomaterials 2022, 12, 1787.
[CrossRef] [PubMed]

110. Li, H.; Wei, R.; Yan, G.-H.; Sun, J.; Li, C.; Wang, H.; Shi, L.; Capobianco, J.A.; Sun, L. Smart self-assembled nanosystem based on
water-soluble pillararene and rare-earth-doped upconversion nanoparticles for ph-responsive drug delivery. ACS Appl. Mater.
Interfaces 2018, 10, 4910–4920. [CrossRef]

111. Sun, L.-D.; Wang, Y.-F.; Yan, C.-H. Paradigms and challenges for bioapplication of rare earth upconversion luminescent nanoparti-
cles: Small size and tunable emission/excitation spectra. Acc. Chem. Res. 2014, 47, 1001–1009. [CrossRef]

112. Cardoso Dos Santos, M.; Runser, A.; Bartenlian, H.; Nonat, A.M.; Charbonnière, L.J.; Klymchenko, A.S.; Hildebrandt, N.; Reisch,
A. Lanthanide-complex-loaded polymer nanoparticles for background-free single-particle and live-cell imaging. Chem. Mater.
2019, 31, 4034–4041. [CrossRef]

113. Ai, K.; Zhang, B.; Lu, L. Europium-based fluorescence nanoparticle sensor for rapid and ultrasensitive detection of an anthrax
biomarker. Angew. Chem. 2009, 121, 310–314. [CrossRef]

114. Tan, H.; Liu, B.; Chen, Y. Lanthanide coordination polymer nanoparticles for sensing of mercury (II) by photoinduced electron
transfer. ACS Nano 2012, 6, 10505–10511. [CrossRef]

115. Binnemans, K. Lanthanide-based luminescent hybrid materials. Chem. Rev. 2009, 109, 4283–4374. [CrossRef] [PubMed]
116. Xu, D.; Zhou, X.; Huang, Q.; Tian, J.; Huang, H.; Wan, Q.; Dai, Y.; Wen, Y.; Zhang, X.; Wei, Y. Facile fabrication of biodegradable

lanthanide ions containing fluorescent polymeric nanoparticles: Characterization, optical properties and biological imaging.
Mater. Chem. Phys. 2018, 207, 226–232. [CrossRef]

117. Xu, D.; Liu, M.; Huang, Q.; Chen, J.; Huang, H.; Deng, F.; Wen, Y.; Tian, J.; Zhang, X.; Wei, Y. One-step synthesis of europium com-
plexes containing polyamino acids through ring-opening polymerization and their potential for biological imaging applications.
Talanta 2018, 188, 1–6. [CrossRef]

118. Fan, Y.; Zhang, F. A new generation of NIR-II probes: Lanthanide-based nanocrystals for bioimaging and biosensing. Adv. Opt.
Mater. 2019, 7, 1801417. [CrossRef]

119. Cai, Y.; Wei, Z.; Song, C.; Tang, C.; Han, W.; Dong, X. Optical nano-agents in the second near-infrared window for biomedical
applications. Chem. Soc. Rev. 2019, 48, 22–37. [CrossRef]

120. Tao, Z.; Dang, X.; Huang, X.; Muzumdar, M.D.; Xu, E.S.; Bardhan, N.M.; Song, H.; Qi, R.; Yu, Y.; Li, T. Early tumor detection
afforded by in vivo imaging of near-infrared II fluorescence. Biomaterials 2017, 134, 202–215. [CrossRef]

121. Dimov, I.B.; Moser, M.; Malliaras, G.G.; McCulloch, I. Semiconducting polymers for neural applications. Chem. Rev. 2022,
122, 4356–4396. [CrossRef]

122. Liu, C.; Wang, K.; Gong, X.; Heeger, A.J. Low bandgap semiconducting polymers for polymeric photovoltaics. Chem. Soc. Rev.
2016, 45, 4825–4846. [CrossRef]

123. Scharber, M.C.; Sariciftci, N.S. Low band gap conjugated semiconducting polymers. Adv. Mater. Technol. 2021, 6, 2000857.
[CrossRef]

124. Yan, X.; Xiong, M.; Deng, X.-Y.; Liu, K.-K.; Li, J.-T.; Wang, X.-Q.; Zhang, S.; Prine, N.; Zhang, Z.; Huang, W. Approaching
disorder-tolerant semiconducting polymers. Nat. Commun. 2021, 12, 5723. [CrossRef]

125. Tsai, W.K.; Chan, Y.H. Semiconducting polymer dots as near-infrared fluorescent probes for bioimaging and sensing. J. Chin.
Chem. Soc. 2019, 66, 9–20. [CrossRef]

126. Xu, L.; Cheng, L.; Wang, C.; Peng, R.; Liu, Z. Conjugated polymers for photothermal therapy of cancer. Polym. Chem. 2014,
5, 1573–1580. [CrossRef]

127. Chen, P.; Ma, Y.; Zheng, Z.; Wu, C.; Wang, Y.; Liang, G. Facile syntheses of conjugated polymers for photothermal tumour therapy.
Nat. Commun. 2019, 10, 1192. [CrossRef] [PubMed]

128. Li, S.; Wang, X.; Hu, R.; Chen, H.; Li, M.; Wang, J.; Wang, Y.; Liu, L.; Lv, F.; Liang, X.-J. Near-infrared (NIR)-absorbing conjugated
polymer dots as highly effective photothermal materials for in vivo cancer therapy. Chem. Mater. 2016, 28, 8669–8675. [CrossRef]

129. Chen, J.; Wang, F.; Liu, Q.; Du, J. Antibacterial polymeric nanostructures for biomedical applications. Chem. Commun. 2014,
50, 14482–14493. [CrossRef] [PubMed]

130. Chong, H.; Nie, C.; Zhu, C.; Yang, Q.; Liu, L.; Lv, F.; Wang, S. Conjugated polymer nanoparticles for light-activated anticancer and
antibacterial activity with imaging capability. Langmuir 2012, 28, 2091–2098. [CrossRef]

131. Li, J.; Zhao, Q.; Shi, F.; Liu, C.; Tang, Y. NIR-mediated nanohybrids of upconversion nanophosphors and fluorescent conjugated
polymers for high-efficiency antibacterial performance based on fluorescence resonance energy transfer. Adv. Healthc. Mater. 2016,
5, 2967–2971. [CrossRef] [PubMed]

132. Zhang, K.; Tang, X.; Zhang, J.; Lu, W.; Lin, X.; Zhang, Y.; Tian, B.; Yang, H.; He, H. PEG–PLGA copolymers: Their structure and
structure-influenced drug delivery applications. J. Control. Release 2014, 183, 77–86. [CrossRef] [PubMed]

29



Molecules 2023, 28, 3819

133. Zhang, W.; Huang, T.; Li, J.; Sun, P.; Wang, Y.; Shi, W.; Han, W.; Wang, W.; Fan, Q.; Huang, W. Facial control intramolecular charge
transfer of quinoid conjugated polymers for efficient in vivo NIR-II imaging. ACS Appl. Mater. Interfaces 2019, 11, 16311–16319.
[CrossRef] [PubMed]

134. Hong, G.; Zou, Y.; Antaris, A.L.; Diao, S.; Wu, D.; Cheng, K.; Zhang, X.; Chen, C.; Liu, B.; He, Y. Ultrafast fluorescence imaging
in vivo with conjugated polymer fluorophores in the second near-infrared window. Nat. Commun. 2014, 5, 4206. [CrossRef]
[PubMed]

135. Qi, J.; Hu, X.; Dong, X.; Lu, Y.; Lu, H.; Zhao, W.; Wu, W. Towards more accurate bioimaging of drug nanocarriers: Turning
aggregation-caused quenching into a useful tool. Adv. Drug Deliv. Rev. 2019, 143, 206–225. [CrossRef]

136. Wang, B.W.; Jiang, K.; Li, J.X.; Luo, S.H.; Wang, Z.Y.; Jiang, H.F. 1, 1-Diphenylvinylsulfide as a Functional AIEgen Derived from
the Aggregation-Caused-Quenching Molecule 1, 1-Diphenylethene through Simple Thioetherification. Angew. Chem. Int. Ed.
2020, 59, 2338–2343. [CrossRef]

137. Zhang, Z.; Fang, X.; Liu, Z.; Liu, H.; Chen, D.; He, S.; Zheng, J.; Yang, B.; Qin, W.; Zhang, X. Semiconducting Polymer Dots
with Dual-Enhanced NIR-IIa Fluorescence for Through-Skull Mouse-Brain Imaging. Angew. Chem. Int. Ed. 2020, 59, 3691–3698.
[CrossRef]

138. Wu, C.; Chiu, D.T. Highly fluorescent semiconducting polymer dots for biology and medicine. Angew. Chem. Int. Ed. 2013,
52, 3086–3109. [CrossRef]

139. Wu, C.; Schneider, T.; Zeigler, M.; Yu, J.; Schiro, P.G.; Burnham, D.R.; McNeill, J.D.; Chiu, D.T. Bioconjugation of ultrabright
semiconducting polymer dots for specific cellular targeting. J. Am. Chem. Soc. 2010, 132, 15410–15417. [CrossRef]

140. Gao, M.; Tang, B.Z. Fluorescent sensors based on aggregation-induced emission: Recent advances and perspectives. ACS Sens.
2017, 2, 1382–1399. [CrossRef]

141. Tsai, W.-K.; Wang, C.-I.; Liao, C.-H.; Yao, C.-N.; Kuo, T.-J.; Liu, M.-H.; Hsu, C.-P.; Lin, S.-Y.; Wu, C.-Y.; Pyle, J.R. Molecular design
of near-infrared fluorescent Pdots for tumor targeting: Aggregation-induced emission versus anti-aggregation-caused quenching.
Chem. Sci. 2019, 10, 198–207. [CrossRef]

142. Luo, J.; Xie, Z.; Lam, J.W.; Cheng, L.; Chen, H.; Qiu, C.; Kwok, H.S.; Zhan, X.; Liu, Y.; Zhu, D. Aggregation-induced emission of
1-methyl-1, 2, 3, 4, 5-pentaphenylsilole. Chem. Commun. 2001, 18, 1740–1741. [CrossRef] [PubMed]

143. Qi, J.; Sun, C.; Zebibula, A.; Zhang, H.; Kwok, R.T.; Zhao, X.; Xi, W.; Lam, J.W.; Qian, J.; Tang, B.Z. Real-time and high-resolution
bioimaging with bright aggregation-induced emission dots in short-wave infrared region. Adv. Mater. 2018, 30, 1706856.
[CrossRef] [PubMed]

144. Sheng, Z.; Guo, B.; Hu, D.; Xu, S.; Wu, W.; Liew, W.H.; Yao, K.; Jiang, J.; Liu, C.; Zheng, H. Bright aggregation-induced-emission
dots for targeted synergetic NIR-II fluorescence and NIR-I photoacoustic imaging of orthotopic brain tumors. Adv. Mater. 2018,
30, 1800766. [CrossRef] [PubMed]

145. Li, Y.; Hu, D.; Sheng, Z.; Min, T.; Zha, M.; Ni, J.-S.; Zheng, H.; Li, K. Self-assembled AIEgen nanoparticles for multiscale NIR-II
vascular imaging. Biomaterials 2021, 264, 120365. [CrossRef]

146. Fang, Y.; Shang, J.; Liu, D.; Shi, W.; Li, X.; Ma, H. Design, synthesis, and application of a small molecular NIR-II fluorophore with
maximal emission beyond 1200 nm. J. Am. Chem. Soc. 2020, 142, 15271–15275. [CrossRef] [PubMed]

147. Ye, F.; Huang, W.; Li, C.; Li, G.; Yang, W.C.; Liu, S.H.; Yin, J.; Sun, Y.; Yang, G.F. Near-Infrared Fluorescence/Photoacoustic Agent
with an Intensifying Optical Performance for Imaging-Guided Effective Photothermal Therapy. Adv. Ther. 2020, 3, 2000170.
[CrossRef]

148. Rao, R.S.; Singh, S.P. Near-Infrared (>1000 nm) Light-Harvesters: Design, Synthesis and Applications. Chem. Eur. J. 2020, 26,
16582–16593. [CrossRef]

149. Wang, Y.; Wang, M.; Xia, G.; Yang, Y.; Si, L.; Wang, H.; Wang, H. Maximal Emission beyond 1200 nm Dicyanovinyl-Functionalized
Squaraine for in vivo Vascular Imaging. Chem. Commun. 2023, 59, 3598–3601. [CrossRef]

150. Tu, L.; Xu, Y.; Ouyang, Q.; Li, X.; Sun, Y. Recent advances on small-molecule fluorophores with emission beyond 1000 nm for
better molecular imaging in vivo. Chin. Chem. Lett. 2019, 30, 1731–1737. [CrossRef]

151. Zhang, X.D.; Wang, H.; Antaris, A.L.; Li, L.; Diao, S.; Ma, R.; Nguyen, A.; Hong, G.; Ma, Z.; Wang, J. Traumatic brain injury
imaging in the second near-infrared window with a molecular fluorophore. Adv. Mater. 2016, 28, 6872–6879. [CrossRef]

152. Antaris, A.L.; Chen, H.; Diao, S.; Ma, Z.; Zhang, Z.; Zhu, S.; Wang, J.; Lozano, A.X.; Fan, Q.; Chew, L. A high quantum yield
molecule-protein complex fluorophore for near-infrared II imaging. Nat. Commun. 2017, 8, 15269. [CrossRef] [PubMed]

153. Feng, Y.; Zhu, S.; Antaris, A.L.; Chen, H.; Xiao, Y.; Lu, X.; Jiang, L.; Diao, S.; Yu, K.; Wang, Y. Live imaging of follicle stimulating
hormone receptors in gonads and bones using near infrared II fluorophore. Chem. Sci. 2017, 8, 3703–3711. [CrossRef] [PubMed]

154. Kalay, S.; Stetsyshyn, Y.; Donchak, V.; Harhay, K.; Lishchynskyi, O.; Ohar, H.; Panchenko, Y.; Voronov, S.; Çulha, M. pH-Controlled
fluorescence switching in water-dispersed polymer brushes grafted to modified boron nitride nanotubes for cellular imaging.
Beilstein J. Nanotechnol. 2019, 10, 2428–2439. [CrossRef] [PubMed]

155. Nese, A.; Lebedeva, N.V.; Sherwood, G.; Averick, S.; Li, Y.; Gao, H.; Peteanu, L.; Sheiko, S.S.; Matyjaszewski, K. pH-responsive
fluorescent molecular bottlebrushes prepared by Atom Transfer Radical polymerization. Macromolecules 2011, 44, 5905–5910.
[CrossRef]

156. Liu, S.; de Beer, S.; Batenburg, K.M.; Gojzewski, H.; Duvigneau, J.; Vancso, G.J. Designer Core–Shell Nanoparticles as Polymer
Foam Cell Nucleating Agents: The Impact of Molecularly Engineered Interfaces. ACS Appl. Mater. Interfaces 2021, 13, 17034–17045.
[CrossRef] [PubMed]

30



Molecules 2023, 28, 3819

157. Chen, Y.; Xu, H.; Ma, Y.; Liu, J.; Zhang, L. Diffusion of polymer-grafted nanoparticles with dynamical fluctuations in unentangled
polymer melts. Phys. Chem. Chem. Phys. 2022, 24, 11322–11335. [CrossRef]

158. Xia, C.; Zhu, S.; Feng, T.; Yang, M.; Yang, B. Evolution and synthesis of carbon dots: From carbon dots to carbonized polymer
dots. Adv. Sci. 2019, 6, 1901316. [CrossRef]

159. Ru, Y.; Ai, L.; Jia, T.; Liu, X.; Lu, S.; Tang, Z.; Yang, B. Recent advances in chiral carbonized polymer dots: From synthesis and
properties to applications. Nano Today 2020, 34, 100953. [CrossRef]

160. Pan, K.; Liu, C.; Zhu, Z.; Feng, T.; Tao, S.; Yang, B. Soft–Hard Segment Combined Carbonized Polymer Dots for Flexible Optical
Film with Superhigh Surface Hardness. ACS Appl. Mater. Interfaces 2022, 14, 14504–14512. [CrossRef]

161. Liu, J.; Li, R.; Yang, B. Carbon dots: A new type of carbon-based nanomaterial with wide applications. ACS Cent. Sci. 2020,
6, 2179–2195. [CrossRef]

162. Zeng, Q.; Feng, T.; Tao, S.; Zhu, S.; Yang, B. Precursor-dependent structural diversity in luminescent carbonized polymer dots
(CPDs): The nomenclature. Light Sci. Appl. 2021, 10, 142. [CrossRef] [PubMed]

163. Lou, K.; Hu, Z.; Zhang, H.; Li, Q.; Ji, X. Information Storage Based on Stimuli-Responsive Fluorescent 3D Code Materials. Adv.
Funct. Mater. 2022, 32, 2113274. [CrossRef]

164. Battistelli, G.; Cantelli, A.; Guidetti, G.; Manzi, J.; Montalti, M. Ultra-bright and stimuli-responsive fluorescent nanoparticles for
bioimaging. Wiley Interdiscip. Rev. Nanomed. Nanobiotech. 2016, 8, 139–150. [CrossRef] [PubMed]

165. Mazrad, Z.A.I.; Lee, K.; Chae, A.; In, I.; Lee, H.; Park, S.Y. Progress in internal/external stimuli responsive fluorescent carbon
nanoparticles for theranostic and sensing applications. J. Mater. Chem. B 2018, 6, 1149–1178. [CrossRef] [PubMed]

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

31



Citation: Di Matteo, P.; Petrucci, R.;

Curulli, A. Not Only Graphene

Two-Dimensional Nanomaterials:

Recent Trends in Electrochemical

(Bio)sensing Area for Biomedical and

Healthcare Applications. Molecules

2024, 29, 172. https://doi.org/

10.3390/molecules29010172

Academic Editors: Sudeshna Chandra

and Heinrich Lang

Received: 20 November 2023

Revised: 20 December 2023

Accepted: 21 December 2023

Published: 27 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Review

Not Only Graphene Two-Dimensional Nanomaterials: Recent
Trends in Electrochemical (Bio)sensing Area for Biomedical and
Healthcare Applications

Paola Di Matteo 1, Rita Petrucci 1 and Antonella Curulli 2,*

1 Dipartimento Scienze di Base e Applicate per l’Ingegneria, Sapienza University of Rome, 00161 Rome, Italy;
p.dimatteo@uniroma1.it (P.D.M.); rita.petrucci@uniroma1.it (R.P.)

2 Consiglio Nazionale delle Ricerche (CNR), Istituto per lo Studio dei Materiali Nanostrutturati (ISMN),
00161 Rome, Italy

* Correspondence: antonella.curulli@cnr.it

Abstract: Two-dimensional (2D) nanomaterials (e.g., graphene) have attracted growing attention
in the (bio)sensing area and, in particular, for biomedical applications because of their unique
mechanical and physicochemical properties, such as their high thermal and electrical conductivity,
biocompatibility, and large surface area. Graphene (G) and its derivatives represent the most common
2D nanomaterials applied to electrochemical (bio)sensors for healthcare applications. This review
will pay particular attention to other 2D nanomaterials, such as transition metal dichalcogenides
(TMDs), metal–organic frameworks (MOFs), covalent organic frameworks (COFs), and MXenes,
applied to the electrochemical biomedical (bio)sensing area, considering the literature of the last
five years (2018–2022). An overview of 2D nanostructures focusing on the synthetic approach, the
integration with electrodic materials, including other nanomaterials, and with different biorecognition
elements such as antibodies, nucleic acids, enzymes, and aptamers, will be provided. Next, significant
examples of applications in the clinical field will be reported and discussed together with the role of
nanomaterials, the type of (bio)sensor, and the adopted electrochemical technique. Finally, challenges
related to future developments of these nanomaterials to design portable sensing systems will be
shortly discussed.

Keywords: electrochemical (bio)sensors; 2D nanomaterials; TMDs; MOFs; COFs; MXenes; biomedical
analysis; healthcare

1. Introduction

The development of (bio)sensors for the quick and cost-effective determination of
low-level analytes within a wide linearity range can be considered a key goal to be achieved
in the field of biomedical analysis and healthcare [1–3], among others.

The main requirement to compete with conventional analytical methods is the real-
ization of an accurate and robust analysis system through the development of sensing
platforms capable of stabilizing the biorecognition element, if present, and effectively inter-
weaving with the signal transduction system. Consequently, the selection of appropriate
sensing materials is fundamental for achieving the required performance.

Among various (bio)sensors, the electrochemical ones can represent smart detection
tools for biomedical analysis and healthcare as part of accurate, sensitive, specific, and
rapid analysis systems [4,5].

Recently, the interest in two-dimensional (2D) nanomaterials has grown considerably,
and one-atom-thick graphene (G) is definitely the best known and most studied [6].

Due to its peculiar physicochemical properties, the so-called ‘graphene rush’ has trig-
gered the study of atomically thin sheets of other layered materials, such as transition metal
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dichalcogenides (TMDs), metal–organic frameworks (MOFs), covalent organic frameworks
(COFs), and MXenes, among others.

The chemical and structural heterogeneity of these new 2D nanomaterials, whose
properties are actually controlled and tuned by their dimensions, provides huge possibilities
for basic and applied research. In particular, the high surface area-to-volume ratio together
with their optical/electrical properties and biocompatibility make such materials extremely
attractive for their application in sensing and biosensing areas, including electrochemical
sensors and biosensors such as immunosensors, genosensors, enzyme-based biosensors,
and aptasensors.

This review focuses on the application of various 2D nanomaterials beyond graphene
in electrochemical biosensing and sensing systems for the analysis of significant analytes
of clinical and biomedical interest, such as glucose, neurotransmitters, hormones, viruses,
cancer biomarkers, and drugs, among others.

Several reviews reported in the literature are focused on the application of 2D nano-
materials in the (bio)sensing area [1,2,6–13], but no special attention has been paid to
electrochemical (bio)sensors for biomedical and healthcare applications.

This review aims to provide an up-to-date overview of which 2D nanomaterials
beyond G are applied to electrochemical (bio)sensors for biomedical and healthcare appli-
cations, considering the literature of the last five years (2018–2022), evidencing strengths,
limits, and future perspectives. For this purpose, it is organized in two parts.

In the first part, the synthetic approach and properties of 2D nanomaterials used in
the herein reported (bio)sensor examples are briefly described; the second part introduces
the most significant examples regarding the determination of analytes of clinical and
biomedical interest.

Special attention is paid to the role of the involved nanomaterial, type of receptor,
recognition mechanism, and selectivity, beyond the possibility of using them on real
samples, and to the comparison with official validation methods, if provided.

Brief comments and/or observations are reported at the end of each subsection, but a
more detailed and in-depth discussion can be found in Section 4.

2. Two-Dimensional Nanomaterials

It is well-known that dimensions of 2D nanomaterials are not within the nanoscale
and that they are considered single- or few-layer nanocrystalline materials with a planar
morphology. Electronic conduction is restricted by the nanostructure’s thickness and it is
assumed delocalized on the plan of the sheet [2,4]. They make up a big family involving
different elements, from transition metals to carbon, nitrogen, and/or sulfur [12]. Among
them, G is the most popular for designing and developing electrochemical (bio)sensors,
drawing attention to other 2D nanomaterials.

More recently, graphene-like 2D-layered nanomaterials such as MXenes, TMDs, COFs,
and MOFs have evidenced strong mechanical strength, high surface areas, fast electron
transfer kinetics, significant biocompatibility, and easy functionalization; for these reasons
they have begun to be used to assemble and develop electrochemical sensors.

2.1. MXenes

MXenes display peculiar properties, including metallic electrical conductivity [14,15]
and hydrophilicity, which are not always available in other 2D family members.

MXenes are 2D transitional metal carbides/nitrides/carbonitrides, obtained by the
selective etching of the so-called MAX phases (Figure 1). MAX phases are conductive 2D
layers of transition metal carbides/nitrides interconnected by the ‘element A’ (Group 13–16)
through strong ionic, metallic, and covalent bonds [14,15]. In chemical exfoliation, method
hydrofluoric acid (HF) or a mixture of lithium fluoride and hydrochloric acid (HCl) are
used, while the electrochemical selective exfoliation procedure is assumed as a fluoride-free
etching procedure [14].
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Figure 1. MXenes: (A) chemical composition starting from MAX and (B) schematics of the synthetic path.

Mn+1XnTx is the general formula, M being an early transition metal (Mo, W, Ti, V, Sc, Y,
Zr, Hf, Nb, Ta, or Cr) and X carbon or nitrogen with n between 1 and 3. T indicates surface
functional groups, such as -O, -F, -OH, and rarely -Cl and x in Tx their number. MXenes are
classified as layered sheet-like nanomaterials and their thicknesses, starting from 1 nm, can
be modulated to vary in value in MXenes’ general formula to provide different chemical
compositions, using both computational and experimental methods.

MXenes have been intensively investigated for designing and assembling electro-
chemical (bio)sensors because of their high electrochemical activity and conductivity, and
for their large surface area [16–20]. Notably, MXenes can be easily functionalized with
other materials and their performance in the electrochemical sensing area relies on the
type and number of functional groups [16,20]. MXenes nanohybrids can be synthesized
including, for instance, metal nanoparticles and other nanomaterials, with a synergistic
effect enhancing the sensing properties.

Notably, novel 2D monoelemental materials called Xenes, (e.g., borophene, silicene,
germanene, stanene, phosphorene, arsenene, antimonene, bismuthene, and tellurene) have
recently attracted considerable attention as promising 2D nanomaterials for biosensors,
bioimaging, therapeutic delivery, theranostics, and other new bio-applications, due to their
interesting physical, chemical, electronic, and optical properties [21].

When the lateral dimension of 2D nanomaterial is lower than 10 nm, 2D quantum dots
(2D-QDs) can be produced owing to the strong quantum confinement effect [22,23]. Thus,
2D-QDs are generally classified as quantum dots derived from 2D materials. Although
2D-QDs might be considered zero-dimensional (0D) nanomaterials, they can actually be
assumed as miniaturized/scaled-down structures of 2D-layered materials retaining their
two-dimensional lattices. Compared with conventional forms, they present better solubility
and dispersibility, beyond a larger surface area-to-volume ratio, so they can be easily doped
and functionalized. In addition, they generally present electrochemical activity and high
electrical conductivity. All these properties make 2D-QDs suitable for applications in
various fields, including electrochemical sensing and biosensing areas, and appealing for
the development of electrochemical sensors.

Two-dimensional quantum dots are generally synthesised by top-down approaches,
involving the cleavage of bulk precursors such as the 2D nanomaterial, and by bottom-
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up approaches, including the aggregation and growth of small organic or inorganic
molecules [22,23].

Regarding 2D-QDs derived from MXenes, the ultra-thin size involves a large specific
surface area and a high number of functional groups, thereby allowing the binding of a
high number of biomolecules and/or interacting more effectively with different analytes.

2.2. TMDs

TMDs represent a very interesting and unique 2D nanomaterial’s family. Their general
formula is MX2, where M is a transition metal such as Ti, Zr, V, Nb, Mo, W, Hf, and Ta
and X is a chalcogen such as Se, S, or Te [24,25]. TMDs are characterized by an M-X-M
sandwich structure, in which the chalcogen X and the two metal atoms M in the same
layer are covalently linked. Different layers are held together only by weak van der Waals
interactions (Figure 2).

Figure 2. TMDs: structure (center), M = transition metal and X = chalcogen; structures and surface
modification: non-covalent (left) and covalent (right) interactions.

According to their electronic band structure [26], TMDs can be defined as insulators
(such as HfS2), semiconductors (such as MoS2 and WS2), semi metals (such as WTe2 and
TiSe2), and metals (such as NbS2 and VSe2).

Due to their physical, chemical, optical, and electronic features, such as high bandgap,
large surface area-to-volume ratio, large number of active sites available for further function-
alization, good electrical conductivity, and fast electron transfer, TMDs can be considered
promising nanomaterials to be applied in the electrochemical sensing area [26,27].

Different synthetic approaches have been reported, such as mechanical cleavage, liquid
and chemical exfoliation, chemical vapour deposition (CVD), and hydrothermal/solvothermal
processes. They can be classified as top-down or bottom-up methods [26].

Starting from the top-down approaches, the mechanical cleavage is the most common
method, involving mechanical exfoliation by using scotch tape or adhering polymeric thin
films to obtain TMDs single-layer or multi-layer structures from bulky materials [28,29]. It
is an easy and inexpensive technique, but it is time demanding, and quality and thickness
are not properly managed.

In the chemical exfoliation, intercalators (organometallic compounds) are introduced
inside the bulk material via ultrasound. This method develops different ultrathin TMDs
without involving toxic solvents. However, it is time demanding and requires a high
reaction temperature and high environmental awareness.

The liquid intercalation and exfoliation involve a stabilizer/dispersing agent and
solvent. The liquid exfoliation requires three typical steps: bulk starting the material
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dispersion in solvent, exfoliation, and purification for isolating TMD-exfoliated layers from
the unexfoliated ones. It is an easy and cost-effective method, and single-layer or multi-
layer nanostructures can be produced on a large scale. Conversely, using toxic solvents can
be considered a real disadvantage.

Moving to the bottom-up techniques, the hydrothermal and solvothermal approaches
are conventional methods for the synthesis of colloidal TMDs.

The solvothermal method requires high boiling organic solvents and efficient nu-
cleation and growth procedures. The presence of organic ligands is mandatory for con-
trolling TMDs’ morphology and size, and for guaranteeing dispersibility. The differ-
ence with the hydrothermal method is the precursor is not in an aqueous solution. Hy-
drothermal and solvothermal approaches are simple and easy to apply but not suitable for
large-scale production.

Finally, the bottom-up CVD method under high temperature and pressure conditions
produces TMDs’ high-quality layers on different substrates. Chalcogenide atoms and
transition metals are provided by the corresponding precursors. TMD films with peculiar
electronic properties and optimized thicknesses were synthesized by means of the bottom-
up CVD method. However, high-temperature and high-vacuum conditions are required
for the synthetic protocol.

Two-dimensional quantum dots derived from TMDs [22,23] show large specific surface
areas and a high number of functional groups, so they can be used for electrochemical
sensors and biosensors, as already reported in Section 2.1 for 2D-QDs derived from MXenes.

2.3. MOFs

Metal–organic frameworks (MOFs) are assumed as organic–inorganic hybrid crys-
talline porous coordination polymers. They are assembled with inorganic and organic units,
acting as ligands through coordination binding, to realize a network together with a flexible
and tunable structure [30,31]. MOFs can represent very promising electrode materials
for different application fields, since the selection of MOFs’ “ingredients” will determine
the geometry, form, and size of the pores, as well as the surface area and functionality of
the structure. However, the most common MOFs have low electrical conductivity and
relatively poor stability under electrochemical experimental conditions. To solve this critical
issue, MOF-hybrid electrochemical sensing materials have been developed introducing
metal nanoparticles (MNPs) or metal oxide nanoparticles (MONPs) in the corresponding
reticulated structure.

Different strategies have been applied for the synthesis of MOFs (Figure 3). In addition,
post-synthetic methods for surface functionalization and the modification of MOFs have
been implemented during the last years [32,33]. The most common methods are reported
and discussed below.

Figure 3. MOFs: synthetic strategies.
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The solvothermal (or hydrothermal) method is a conventional procedure to synthesize
MOFs crystalline structures, performed at the solvent boiling temperature, as previously
reported for TMDs in Section 2.2. A direct coordination between organic ligands and metal
clusters is obtained and the crystals’ nucleation/growth rate is controlled by the applied
temperature, assuring coordination between the inorganic and organic units, irrespective
of the generated pressure. However, this method is time and energy demanding.

In the microwave-assisted method, the microwave irradiation supports MOF crystals’
nucleation: growth rate, different morphologies, and size, together with faster crystalliza-
tion, can be achieved by controlling the key parameters such as solvent, energy power,
reactants concentration, and reaction time.

With regard to the electrochemical strategy, the anode and cathode are immersed in
the electrolytic solution in the presence of the organic linker and the inorganic metal salt.
Cathodic electrodeposition (CED), anodic electrodeposition (AED), and electrophoretic
deposition (EPD) are the electrochemical synthetic strategies. The cathodic reduction of
metal cations corresponds to CED, so MOFs are deposited onto the cathode. In AED, the
anode is oxidized producing metal cations for MOF. EPD is a two-step protocol, where
MOFs are deposited on the electrode surface in the presence of an applied electrical field.
Different parameters can affect the synthesis of MOFs via EPD, such as conductivity, particle
size, and so on. The cathodic reduction of metal cations is considered a possible drawback
and the use of solvents, such as acrylonitrile, acrylates, and maleates, is strongly suggested
for minimizing it.

The ultrasonic (ULS)-assisted approach involves acoustic cavitation phenomena, in-
ducing the increase in temperature and pressure in the reaction system. MOFs at the
nanoscale level are obtained with crystallization times faster than those obtained by more
conventional approaches.

The mechanochemical method is used to prepare MOFs at room temperature without
applying solvents, using a mechanical force for breaking the intramolecular bond in metal
salts and creating new bonds between organic ligands and metal cations. On the other
hand, this method can be used only for the synthesis of particular MOFs [32].

The reverse microemulsion technique is currently used to synthesize MOFs at the
nanoscale level and includes an emulsified liquid phase (water drops in organic solvent
or droplets of organic solvent in water). Surfactant molecules act as stabilizers of the
emulsified solution and dispersing agents of the resulting nanostructure, thereby increasing
MOFs’ stability.

The topology-guided design includes ligands with increasing steric hindrance and
changes in synthetic conditions to avoid interpenetration in MOFs. Using this approach, it
is possible to tune structure and functionality of MOFs.

Different methods of post synthetic modifications are also reported in the literature [32].
They are not actual synthetic routes, but modification strategies for further functionalizing
MOFs’ structures, introducing proper functional groups.

2.4. COFs

Two-dimensional covalent organic frameworks (COFs) are porous polymers con-
necting organic molecules in two dimensions via covalent bonds [34,35]. Their structure
and pores size are tunable and characterized by high surface area, thermal stability, and
long-lasting porosity.

Several COFs have been designed and synthesized with different sizes, symmetries,
and geometries of the structural units, such as COFs based on boric anhydride and bo-
rate (BCOFs), on Schiff base (SCOFs), on triazine groups (TCOFs), and on polyimide
(PCOFs) [36].

The most common approaches are solvothermal, mechanochemical, solvent-free,
microwave-assisted, and sonochemical synthesis [37] (Figure 4).
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Figure 4. Two-dimensional COFs: structures and synthetic strategies.

The solvothermal method is the most common approach, obtaining highly crys-
talline COFs. As usual, this method is performed at the solvent boiling temperature,
also involving high-pressure conditions, as previously reported for TMDs and MOFs (see
Sections 2.2 and 2.3). The main drawbacks are the long-time synthetic procedure and the
use of organic solvents.

The mechanochemical synthesis represents an alternative strategy for synthesizing
COFs, being easy to perform, efficient, solvent-free, and operating at room temperature.
A mechanical force is used for breaking intramolecular bonds in organic molecules, placed
in a mortar, and for connecting them in the porous polymeric structure [38]. The addition
of small amounts of catalyst in the mortar can accelerate the reaction rate, homogenizing
the reagents and thus improving polymer crystallinity [38]. In fact, COFs obtained through
this method usually present a lower surface area and poorer crystallinity compared with
those prepared by the solvothermal method.

The solvent-free synthesis method is considered an alternative route for COFs, because
it is assumed to be environmentally friendly, easy to perform, low-cost, and suitable for
large-scale synthesis. The experimental conditions, in terms of temperature and pressure,
are comparable with those of the solvothermal approach, involving, in this case, a solid-
state catalyst to enhance COFs’ crystallinity and yield. The main disadvantages are due to
the use of a solid-state catalyst: high pressure and high temperature.

The microwave-assisted approach has gained increased attention because it is fast and
environmentally friendly, involves higher yields, and consumes less energy. Microwave
irradiation supports the polymerization process, and different morphologies and sizes,
along with faster crystallization, can be achieved by controlling key parameters such as
solvency, energy power, reactants’ concentration, and reaction time, as already reported for
MOFs in Section 2.3.

The sonochemical method can improve the homogeneity of COFs and accelerate the
rate of polymerization and crystallization, due to the significant increase in pressure and
temperature induced by the ultrasonic wave.

However, COFs usually have poor electrical conductivity, which is a real disadvantage
for their application in electrochemical sensors and biosensors. Combining COFs with
different conducting materials, such as carbon-based nanomaterials, metal and metallic
oxides nanoparticles, and/or conducting polymers, can be considered an effective strategy
to improve COFs’ application in the electrochemical (bio)sensing area.

3. Applications of 2D Nanomaterials to Electrochemical (Bio)Sensors for Healthcare and
Biomedical Field

Electrochemical (bio)sensors represent a well-known class of diagnostic systems for
the healthcare and biomedical field [1,39–41]. In fact, they enable the simultaneous analysis
of analytes, also at low concentrations and under different conditions, by using simple and
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low-cost instrumentation. Moreover, portability and miniaturization are possible in many
cases [39].

The critical analytical parameters of electrochemical (bio)sensors, such as sensitivity,
selectivity, and stability, are mainly controlled by the design of the sensing interface and
platform. Different electrochemical techniques are generally involved, such as amperom-
etry (A), chronoamperometry (CA), cyclic voltammetry (CV), linear sweep voltammetry
(LSV), differential pulse voltammetry (DPV), square-wave voltammetry (SWV), chrono-
coulometry (CC), and electrochemical impedance spectroscopy (EIS) [38,39], and their
applicability has been improved with the introduction of new functional materials such as
2D nanomaterials [13,42–46]. Several examples of electrochemical (bio)sensors for clinical
analysis and healthcare using 2D nanomaterials such as MXenes, TMDs, MOFs, and COFs
are reported and discussed below.

3.1. Glucose

Diabetes mellitus represents a worldwide public health problem since it is regarded
as the seventh cause of death in the world, according to the World Health Organization
(WHO) [39,47]. It is a metabolic disorder caused by an altered insulin action involving
blood glucose concentration higher than the normal range (4.4–6.6 mol L−1). Also, a glu-
cose level decrease represents a pathological condition, called hypoglycaemia, causing a
loss of consciousness in the most serious cases. For these reasons, glucose monitoring is
fundamental for diabetics, and fast and reliable glucose sensors for healthcare monitoring
are required. Considering the great improvements in nanomaterials over the last decade,
an increasing interest in nanomaterial-based electrochemical glucose sensors has been
highlighted. Combining glucose biosensors with the particular properties of 2D nanoma-
terials has significantly improved sensitivity and selectivity. Reviews on electrochemical
glucose sensors based on 2D nanomaterials have been recently published. However, they
are mainly focused on the application of graphene and its derivatives [48,49].

The first example herein reported is a non-enzymatic glucose electrochemical sensor
based on a nanocomposite including a Co-based porous metal–organic framework (MOF)
such as ZIF-67 and Ag nanoparticles (Ag@ZIF-67) [50]. Poor conductivity is a real disad-
vantage for most MOFs, because it can imply a decrease in sensitivity. On the other hand,
MOFs’ high porosity and flexibility allow the introduction of functional metal nanoparticles
(MNPs) within the pores’ cages/channels to form metal@MOF nanocomposites [50], in
which MOF acts as a supporter to wrap MNPs, and the incorporated MNPs are uniformly
dispersed in the framework. Ag nanoparticles (AgNPs) were selected because of their
high conductivity and biocompatibility, and they were encapsulated within ZIF-67 by a
sequential deposition–reduction method [50]. In this case, we have to note that, considering
the convention that a nanomaterial is only one such if one or more external dimensions
range from 1 to 100 nm, ZIF-67 is not a proper nanostructure because it is a dodecahedron
with a size of about 200 nm. A glassy carbon electrode (GCE) was then modified with the
resulting Ag@ZIF-67 nanocomposite by drop-casting the composite suspension onto the
electrode surface. Glucose was analysed using amperometry, and a linearity range from
2 to 1000 μM with a limit of detection (LOD) of 0.66 μM was obtained. Selectivity and
stability were evaluated. Selectivity was evaluated in the presence of usual interferences
for glucose such as uric acid (UA), ascorbic acid (AA), and acetaminophen (AP) that did
not affect the amperometric response. Regarding the operational stability, a slight activity
loss of 6.5% was observed after 25 consecutive analysis cycles; considering the long-term
stability, a decrease of 5.8% in the electrochemical response was found after one month at
room temperature (RT). Reproducibility, repeatability, and application to real samples were
not considered.

Another non-enzymatic glucose sensor based on ZIF-67 including Ag-doped TiO2
nanoparticles (Ag@TiO2NPs) was developed [51]. The hybrid nanocomposite was syn-
thesized using the solvothermal method and drop-casted on GCE. In this case, the poor
conductivity of MOF was improved by introducing metal-doped nanoparticles to obtain a
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nanocomposite, in which MOF acts as a supporter to encapsulate Ag@TiO2NPs uniformly
dispersed in the ZIF-67 nanostructure. Glucose was amperometrically detected, and a
linearity range from 48μM to 1mM with an LOD of 0.99 μM was obtained. Selectivity was
evaluated in the presence of UA, AA, AP, and dopamine (DA) as interferences that did not
affect the amperometric response. Reproducibility, repeatability, stability, and application
to real samples were not examined.

A flexible Ni–Co MOF/Ag/reduced graphene oxide/polyurethane (Ni–Co MOF/Ag/
rGO/PU) fiber-based wearable electrochemical sensor was assembled for monitoring glu-
cose in sweat [52]. rGO/PU fiber was produced by wet spinning technology, and a Ni–Co
MOF nanosheet was deposited on its surface to set up the Ni–Co MOF/Ag/rGO/PU
(NCGP) fiber electrode. Due to Ni–Co MOF’s large specific surface area and high cat-
alytic activity, the fiber sensor showed good electrochemical performances, with a wide
linear range of 10 μM–0.66 mM and an LOD of 3.28 μM. In addition, the NCGP fiber elec-
trode displayed significant stretching and bending stability under mechanical deformation.
Selectivity and stability were investigated. Selectivity was evaluated in the presence of
interferences such as lactic acid (LA), sodium chloride (NaCl), UA, cysteine (Cys), and DA,
which did not affect the amperometric response. Long-term stability was evaluated after
7 days at RT, with a 2.90% decrease in the electrochemical response. As the human body
temperature can change after exercise, the sensor was also tested at different temperatures,
i.e., 24, 30, and 38 ◦C, and experimental data evidenced that temperature had little influence
on glucose detection. An NCGP fiber-based three-electrode system, including an NCGP
fiber as a working electrode, Ag/AgCl/rGO/PU as a reference electrode, and a Pt wire
as a counter electrode, was sewn with a sweat absorbent cloth and set on a stretchable
polydimethylsiloxane film substrate to provide a non-enzymatic sweat glucose wearable
sensor, for the real-time monitoring of glucose in human sweat. Data obtained from
two different patients were comparable with those coming from a commercial blood glu-
cometer. In addition, a good correlation between glucose level changes in sweat and in
blood was found.

A dual-confinement strategy in MOFs’ nanocage-based structure was involved in
realizing a sensor for glucose in sweat [53]. The enzyme retained its activity and stability,
even if incorporated in an MOF nanocage, thereby avoiding the enzyme leakage and
maintaining its conformational structure. Moreover, the mass transport resulted enhanced
modifying the MOF-nanocage mesoporosity. ZIF-67 was firstly synthesized through a
bottom-up method. Subsequently, GOX and Hemin were uniformly adsorbed on the
surface of ZIF-67 (ZIF-67@GOX/Hemin) via coordination between metal cations and the
Hemin carbonyl group. ZIF-67@GOX/Hemin acted as a template for the synthesis of a
well-defined core-shell composite (ZIF-67@GOX/Hemin@ZIF-8).

The sensor stability was investigated under different conditions, denaturing for the
free-enzyme, such as high temperature or treatment with urea, DMF, or DMSO. The sensor
retained its bioactivity at 72.1% after exposure at 80 ◦C, at 84.6% after the urea treatment,
at 70.7% after DMF exposure, and at 90.1% after DMSO exposure. Reproducibility was
also investigated with satisfactory results in terms of RSD% (2.4%). Fructose, AA, DA, UA,
maltose, and lactose were selected as possible interfering molecules, and their presence did
not affect the glucose electrochemical signal. Furthermore, a GOX/Hemin@NC-ZIF-based
sensor and printed circuit board (PCB) were integrated into a sweatband for the continuous
real-time monitoring of glucose in human sweat, and a good correlation between glucose
level changes in sweat and in blood was evidenced. The miniaturized, portable and all-
integrated glucose sensor included GOX/Hemin@NC-ZIF as a working electrode, carbon
paste, and Ag/AgCl paste as a counter electrode and reference electrode, respectively. A
linearity range was obtained amperometrically from 50 to 600 μM with LOD of 2 μM.

A flexible carbon cloth (CC) was used as a matrix to grow NiCo2O4 nanorods using the
hydrothermal method, and then to synthesize in situ the composite ZIF-67@GO, including
ZIF-67 and graphene oxide (GO). A ZIF-67@GO/NiCo2O4/CC hybrid system provides
a peculiar structure and it was used as a sensing platform for glucose detection [54].
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NiCo2O4 nanorod arrays offer growth sites for ZIF-67 nanocubes and fast electron transport
pathways for CC and ZIF-67@GO. The presence of GO in MOF provides high conductivity
and stability to the composite ZIF-67@GO. Considering the electrochemical non-enzymatic
sensing platform, ZIF-67@GO/NiCo2O4/CC acted as a working electrode, a platinum plate
as a counter electrode, and Ag/AgCl as a reference electrode. After the morphological,
compositional, and electrochemical characterization of the working electrode, glucose was
detected using chronoamperometry, achieving a linear range from 0.3 μM to 5.407 mM with
LOD of 0.16 μM and a response time within 2 s. Selectivity, repeatability, and stability were
investigated. AA, UA, DA, and fructose, sucrose, lactose, maltose, as sugars structurally
similar to glucose, were selected as possible interfering compounds, and they did not
affect the current value even in large amounts. Repeatability was acceptable in terms of
RSD% (1.65%). Long-term stability was tested, and the electrochemical response decreased
by 4.20% after 30 days, under not better specified experimental storage conditions. Any
application to real samples was not addressed.

Bimetallic CuCo-MOFs were synthesized in situ on nickel foam (NF) electrodes
through a simple one-pot hydrothermal procedure and the NF-modified electrode was used
as a non-enzymatic sensing platform for glucose detection [55]. Ni foam as a supporting
material provides a large surface area, stability, and good electrical conductivity, so MOF
criticalities of poor stability and electrical conductivity might be solved. A CuCo-MOF/NF
electrode, a platinum sheet, and a standard saturated calomel electrode (SCE) acted as
working, counter, and reference electrodes, respectively. Chronoamperometry was used to
detect glucose, and a linearity range of 0.05–0.5 mM with LOD of 0.023 mM was obtained.
AA, UA, DA, and NaCl were identified as possible interferences, and the response was
negligible compared with glucose. Reproducibility was addressed with satisfactory results
in terms of RSD% (2.17%). Stability and applications to real samples were not considered.

Ni-based metal–organic framework (Ni-MOF) nanosheets were used as precursors to
create Ni-MOF@Ni-2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) core@shell structures
by introducing HHTP as a π–conjugated molecule [56]. HHTP interacted with free Ni2+

ions on a Ni-MOF surface and etched Ni-MOF NSs at the same time. Ni-MOF@Ni-HHTP
nanocomposite was drop-casted onto a GCE surface and the modified GC electrode was
used to detect glucose using amperometry in an alkaline aqueous solution. Linear concen-
trations ranging from 0.5 to 2665.5 μM with LOD of 0.0485 μM were obtained. Selectivity,
reproducibility, repeatability, stability, and application to real samples were not examined.

In the next example, MOFs are regarded as sacrificial templates for synthesizing hol-
low metal oxide/carbon architectures with particular properties such as separate inner
voids, low density, structural stability, and large specific surface areas [57,58]. Consequently,
the mobility of analyte/ions/electrons at the solid/liquid interphase results in acceler-
ated enhancing of the electron transfer from and to the electrode surface. In particular,
NiO/Co3O4/C was developed as hierarchical hollow architecture using Ni-Co MOF as
a sacrificial template. The proximity of Ni(II)/Co(II) ions with the organic ligand in the
bimetallic MOF structure accelerates the formation of NiO/Co3O4 nanostructures closely
linked to carbon. DFT studies have defined the role of the ingredients of nanocatalysts in the
charge-transfer process and their structural and electronic relationship. In fact, the hollow
architecture of NiO/Co3O4/C used both inner and outer surfaces for glucose interaction,
while the presence of carbon linked to NiO/Co3O4 nanostructures enhanced the electron
transfer rate. NiO/Co3O4/C was incorporated into a biodegradable corn-starch bag (BCSB)
representing a free-standing, disposable, bendable, low-cost, and fast electrochemical probe
for glucose detection.

A scheme of Ni-Co MOF synthesis, a non-enzymatic glucose-sensor-assembling and
glucose-detection mechanism is reported in Figure 5.
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Figure 5. Schematic representation of Ni-Co MOF synthesis, a non-enzymatic glucose-sensor-
assembling and glucose-detection mechanism, reprinted with permission by [57] Copyright 2022,
Elsevier. The arrows indicate the well-known glucose detection mechanism.

A linear concentration, ranging from 0.0002 to 10 mM with an LOD of 45 nM, was
achieved using amperometry. AP, AA, urea (U), DA, NaCl, citric acid (CiA), UA, and
KCl were considered as possible interferences, with the sensor response to interferences
resulting as negligible compared with glucose. Long-term stability was tested after 60 days
under not better specified experimental storage conditions, and the electrochemical re-
sponse decreased by 7.90%. The reproducibility and repeatability were investigated with
satisfactory results in terms of RSD%, resulting in 2.1% and 2.4%, respectively. BCSB
enzyme-free glucose sensor performance was evaluated in human serum real samples,
obtaining interesting results in terms of recovery (98.3–102.4%) and RSD (2.19–2.72%).

A microelectrode based on a flexible nanocomposite including carbon fiber (CF)
wrapped in rGO-supporting Ni-MOF nanoflake arrays was designed and developed for
non-enzymatic glucose detection [59]. Combing the flexibility and conductivity of carbon
substrate and highly dense Ni-MOF nanoflake arrays, interesting analytical performances
for glucose detection were evidenced for the corresponding Ni-MOF/rGO/CF electrode. In
particular, Ni-MOF nanoflake nanoarrays resulted uniformly supported on rGO/CF. The
nanocomposite synthesis involved GO wrapping on the CF surface, the electrochemical
reduction of GO to rGO, and the growth of Ni-MOF nanoflake nanoarrays on the rGO/CF
surface using the solvothermal method. In addition, using conductive rGO/CF-supporting
Ni-MOF nanostructures can accelerate the electron transfer from and to the CF electrode.
The flexible hybrid CF electrode represented an alternative to more conventional elec-
trode typologies such as GCEs or carbon paste electrodes (CPS) because it can be easily
incorporated in miniaturized sensing systems. Glucose detection was performed using am-
perometry and a linearity range from 6 μM to 2.09 mM with LOD of 0.6 μM was found. KCl,
NaCl, U, UA, AA, and DA were investigated as possible interferences and no significant
changes to the electrochemical response of glucose were evidenced. Reproducibility was
analysed, obtaining an RSD value of less than 5%. Concerning stability, the amperometric
signal decreased by 7.40% after five weeks at RT. The sensing system was applied to detect
glucose in orange juice samples, obtaining an RSD value of 3.6%.

A N-doped-Co-MOF@polydopamine nanocomposite (N-Co-MOF@PDA), including
Ag nanoparticles (N-Co-MOF@PDA-Ag), was synthesized and then applied to assemble
electrochemical sensors for glucose non-enzymatic determination [60]. DA polymerizes
on the surface of N-Co-MOF, with N-Co-MOF acting as a catalyst. In addition, the N-Co-
MOF@PDA nanocomposite was the reducing agent of Ag+ ions to Ag nanoparticles with
homogeneous size and good dispersion and conductivity. The combination of N-Co-MOFs
and AgNPs assured good analytical performance with the non-enzymatic sensor. The N-
Co-MOF@PDA-Ag nanocomposite was drop-casted onto a GCE and the resulting modified
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electrode was used to electrochemically detect glucose via amperometry, obtaining a linear
concentration range from 1 μM to 2 mM and LOD of 0.5 μM. Fructose, AA, and UA
were used as potential interferences, evidencing a negligible current response relative to
glucose. Reproducibility was analysed, obtaining satisfactory results in terms of RSD (4.6%).
Stability was investigated evaluating the sensor response after 3600 s from the first injection
of glucose solution: the amperometric signal decreased by 3.8%. The sensor was applied to
human serum samples, obtaining recoveries ranging from 96% to 110% with RSDs from
3.54% to 4.95%.

A wearable electrochemical sweat sensor including Ni–Co MOF nanosheets deposited
on Au/polydimethylsiloxane (PDMS) film was realized for the continuous checking of
glucose in sweat [61]. A flexible three-electrode system based on Au/PDMS film was set
up by the chemical deposition of a gold layer on PDMS. Then, Ni–Co MOF nanosheets
were synthesized by the solvothermal method and deposited on the Au/PDMS electrode
surface. A Ni–Co MOF/Au/PDMS (NCAP) electrode was applied to determine glucose
amperometrically and showed a wide linear range from 20 μM to 790 μM, with LOD of
4.25 μM. Selectivity and stability were evaluated. Lactose, U, DA, UA, AA, and NaCl were
tested as possible interfering molecules that did not affect the electrochemical response of
glucose. Long-term stability was tested and the amperometric response decreased by 2.00%
after one month, but storage conditions were not indicated. Repeatability and reproducibil-
ity were not analysed. Performances under a stretching state were comparable to those
under a not-stretching state. Since body temperature changes during sporting activity, as
discussed above, the effect of temperature was studied and similar good performances
were evidenced at different temperatures. The flexible sensor was then applied to monitor
glucose level in volunteers. A sweat-absorbent cloth was used to cover the working area
of the sensing system. Changes in glucose level before and after meals were evidenced,
and the results were comparable with those obtained in sweat by commercial glucometers.
Moreover, changes in sweat glucose concentration were strictly correlated to the values
measured in blood.

A skin-attachable and flexible electrochemical biosensor based on ZnO tetrapods (TPs)
and MXene (Ti3C2Tx) was developed for the continuous monitoring of glucose in sweat [62].
Skin-attachable electrodes included a carbon working electrode and were produced by a
conventional screen-printing method, using thermoplastic polyurethane (TPU). Glucose
oxidase (GOX) was immobilized using glutaraldehyde (GA) as a cross-linking agent on
the working electrode modified with a ZnO TPs/MXene nanocomposite, with the last
one showing a high specific area and electrical conductivity. A linear concentration range
from 0.05 to 0.7 mM with LOD of 17 μM was obtained by chronoamperometry, including a
satisfactory mechanical stability (up to 30% stretching) of the template. Reproducibility
was acceptable in terms of RSD% (10%). Stability was investigated, and the amperometric
response decreased by 10% of its initial value, after 10 days storage at 4 ◦C. The developed
skin-attachable flexible biosensor was used to check glucose levels in sweat before and
after a meal, and during physical activity, by continuous in vivo monitoring, and data were
correlated with those collected by a conventional amperometric glucometer in blood.

A glucose biosensor was developed based on an electrode surface functionalized
with MXene (Ti3C2Tx), providing binding sites for enzyme immobilization and proper
conductivity [63]. Consequently, a transfer channel for electrons produced by the enzymatic
redox reaction between GOX and glucose was guaranteed. A linear concentration range
from 0.1 to 10 mM with LOD of 12.1μM was obtained via amperometry. UA and AA,
tested as interfering compounds, did not affect the electrochemical response of glucose.
Repeatability, reproducibility, and stability were not investigated; the biosensor was not
applied to real samples.

An electrochemical glucose biosensor was assembled immobilizing GOX onto GCE
modified with poly(3,4-ethylenedioxythiophene):4-sulfocalix [4]arene (PEDOT:SCX)/MXene
nanocomposite [64]. PEDOT was synthesized by chemical oxidation using SCX as a
counter ion and MXene at high temperature under an inert gas atmosphere. Next, a PE-
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DOT:SCX/MXene hybrid film was obtained by the ultrasonication of PEDOT:SCX/MXene
(1:1) dispersion. GOX was then immobilized onto chitosan-modified PEDOT:SCX/MXene/
GCE. The biosensor was electrochemically characterized and a stable redox peak of FAD-
GOX was observed at −0.435 V, showing a direct electron transfer between the enzyme
and the electrode surface. A linear concentration range from 0.5 to 8 mM was achieved,
with LOD of 0.0225 mM. Selectivity and repeatability were analysed. UA, AA, oxalic acid
(OA), L-alanine (L-ala), and L–tyrosine (L-tyr) were tested as possible interferences and
no changes were evidenced in the electrochemical signal after the addition of all of them.
Repeatability was satisfactory with an RSD of 2.1%. The electrochemical signal decreased
by 13% after 20 days at 4 ◦C. The biosensor was applied to commercial fruit juice samples
with satisfactory recoveries, ranging from 96% to 99%.

A scheme of the biosensor assembling is reported in Figure 6.

Figure 6. Scheme of GCE modification for assembling glucose biosensor reprinted from [64]. The
arrows indicate the several steps of the glucose sensor assembling.

An advanced butterfly-inspired hybrid epidermal biosensing (bi-HEB) patch is now
reported [65]. The bi-HEB patch included a glucose biosensor provided with pH and tem-
perature sensors for precise quantitation and two biopotential electrodes for the real-time
monitoring of electrophysiological signals. Nanoporous carbon and MXene (NPC@MXene)
nanocomposite including platinum nanoparticles (PtNPs) were used to modify a Au elec-
trode and support GOX immobilization via an EDC/NHS approach for assembling a
glucose biosensor. Glucose levels were determined using chronoamperometry and a linear-
ity range of 3 μM–21 mM with LOD of 7 μM was obtained. Reproducibility resulted <5%
in terms of RSD. The bi-HEB patch integrated in a wearable system was used to control the
sweat glucose and electrophysiological (EP) parameters of human subjects participating in
indoor physical activities.

A non-enzymatic sensor based on a nanostructured electrode including MXene, chi-
tosan (CHI), and Cu2O nanoparticles was assembled for the simultaneous detection of
glucose and cholesterol [66]. MXene and CHI act as a nanostructured sensing platform,
while Cu2O nanoparticles provide catalytic active edges to improve sensor performances.
Glucose and cholesterol were determined simultaneously by CV: a linear concentration
range from 52.4 to 2000 μM with LOD of 52.4 μM was achieved for glucose, and a linearity
range from 49.8 to 200 μM with LOD of 49.8 μM was found for cholesterol. Sucrose (SC),
UA, AP, lactose, NaCl, AA, and L-Cys were tested as possible interferences that did not
affect the electrochemical signal of glucose. The sensor was applied to human serum real
samples for quantifying glucose and cholesterol simultaneously and acceptable recoveries
ranging from 98.04% to 102.94% were evidenced.

A glucose sensor was realized using a GCE modified with MXene/MOFs nanohy-
brid [67]. The nanocomposite with high conductivity was synthesized by depositing ZIF-67
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as an MOF onto two-dimensional Ti3C2Tx nanosheets as MXene. Ti3C2Tx nanosheets
improved electrical conductivity, while ZIF-67 improved electrocatalytic activity. Glucose
was determined amperometrically, and a linearity range from 5 μM to 7.5 mM with LOD of
3.81 μM was obtained. UA, AP, and AA were tested as possible interferences that did not
affect the electrochemical response. Repeatability was investigated with satisfactory results
in terms of RSD (1.18%). The sensor was not applied to real samples.

An MXene nanocomposite, presenting a combination of MXene with TiO2 nanocrys-
tals (Ti2C-TiO2), was applied to modify GCE for assembling a non-enzymatic glucose
sensor [68]. It was synthesized through the oxidation of Ti2C-MXene nanosheets. The
oxidative opening of the nanosheets produced TiO2 nanocrystals on their surface. The
combination of MXene nanosheets and TiO2 nanocrystals accelerated the electron transfer
from and to the sensing surface. The nanocomposite was then casted on the electrode
surface and the corresponding modified GCE was used for determining glucose via DPV
and CA. A linearity range from 0.1 to 200 μM and LOD of 0.12 μM were evidenced. AA, UA,
and DA were selected as possible interferences, evidencing an insignificant electrochemical
response compared with glucose. Reproducibility was acceptable in terms of RSD (4%).
After 15 days, the signal response decreased by 6.5%, but storage conditions were not
indicated. The sensor was applied to human serum samples with recoveries ranging from
99.80% to 100.23%, comparable with those obtained from a commercial glucometer.

A glucose sensor based on a carbon fiber electrode (CFE) modified with cobalt oxide
Co3O4 nanocubes directly grown on a conducting MXene layer was realized [69], where 2D
nanosheets deposited on the electrode surface supported the uniform growth of nanocubes.
Conductive MXene and Co3O4 nanocubes as catalytic active sites acted synergistically
to support sensor performances. Glucose was determined via amperometry, achieving a
linear range from 0.05 μM to 7.44 mM with LOD of 10 nM. AA, DA, AP, catechol, L-Cys,
resorcinol, UA, and hydrogen peroxide (H2O2) were considered as possible interferences
that did not affect the glucose response. After 30 days, the signal response decreased by
2.0%, but storage conditions were not indicated. Reproducibility was satisfactory in terms
of RSD (2.52%). The sensor was applied to spiked real samples of human serum, urine, and
blood, with recoveries from 97.8% to 101.6% with results comparable to those obtained by
the conventional colorimetric method.

An MXenes (Ti3C2Tx)-based nanocomposite with Cu2O nanoparticles (Ti3C2Tx-Cu2O)
was developed to assemble a glucose sensor by modifying GCE [70], as shown in Figure 7.
The morphological characterization of Ti3C2Tx-Cu2O evidenced that the micro-octahedral
Cu2O nanoparticles were distributed uniformly on the MXene surface.

 

Figure 7. Schematic representation of electrode modification and glucose sensing mechanism,
reprinted with permission from [70] Copyright 2022 Elsevier. The arrows indicate the cyclic volyam-
metry of the glucose oxidation and the glucose detection by chrono amperometry.
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Glucose was determined using CA and a linear range from 0.01 to 30 mM with an
LOD of 2.83 mM was evidenced. AA, NaCl, U, LT, fructose, and SC were considered
as interfering molecules, without affecting the sensor response. After 30 days at RT, the
analyte response decreased by 5.00%. The sensor was applied to human serum real samples
and the data resulted as comparable with those coming from a commercial glucometer.

As a last example, a glucose sensor based on a two-dimensional (2D) conjugated
metal–organic framework (c-MOF) film, such as 2D Cu3 (HHTP)2 (HHTP = 2,3,6,7,10,
11- hexahydroxytriphenylene) c-MOF, is reported [71]. The MOF film was deposited onto
a Au electrode, improving conductivity and the electrocatalytic response. Glucose was
detected amperometrically and a linear range from 0.2 μM to 7 mM with LOD of 10 μM was
achieved. NaCl, UA, lactose, U, AA, and DA were tested as possible interferences without
affecting the electrochemical response of glucose. Long-term stability was investigated and
the amperometric signal remained almost unchanged after 60 days at room temperature.
Reproducibility was not considered, and the sensor was not applied to real samples.

As a conclusive comment regarding the reported examples of sensors for the deter-
mination of glucose, it can be observed that LOD values are generally micromolar, and
nanomolar values were reported for two examples only [57,69].

Notably, the complexity of materials does not always correspond to better perfor-
mances in terms of linearity range or LOD.

Considering enzyme-based biosensors, only a few examples are reported in the litera-
ture [53,62–64,66] compared with the total. It is well-known that electrochemical enzyme-
based biosensors are easy to assemble and generally reusable, but their major drawback is
the stability of the enzyme over time.

Selectivity, applicability to real samples, and sensors’ validation with analytical con-
ventional methods have not always been adequately analyzed and addressed.

The glucose sensors’ analytical performances, together with the corresponding sensor
formats, are summarized in Table 1.

Table 1. Analytical performances and format of electrochemical (bio)sensors for glucose determination.

Electrode
2D Nano-
material

Format Technique Sample
Linearity

(μM)
LOD
(μM)

Recovery
%

Reference
Method

Ref.

GCE ZIF-67 sensor based on Ag@ZIF-67
nanocomposite A - 2–1000 0.66 - - [50]

GCE ZIF-67
sensor based on

Ag@TiO2@ZIF-67
nanocomposite

A - 48–1000 0.99 - - [51]

rGO/PU
fiber

Ni–Co
MOF

sensor based on
Ni–Co MOF/Ag
nanocomposite

A Human
sweat 10–660 3.28 - Glucometer

blood test [52]

SPCPE NC-ZIF biosensor based on
GOX/Hemin@NC-ZIF A Human

sweat 50–600 2 - Glucometer
blood test [53]

CC ZIF-67 sensor based on
ZIF-67@GO/NiCo2O4

A - 0.3–157.4 0.16 - - [54]

NF Cu1Co2-
MOF

sensor based on
Cu1Co2-MOF CA - 50–500 23 - - [55]

GCE Ni-MOF

sensor based on
Ni-MOF@Ni-HHTP-5 NSs

core@shell
structures

A - 500–
2,665,500 48.5 - - [56]

BCSB

Ni-Co
MOF as

sacrificial
template

sensor based on
NiO/Co3O4/C
nanocomposite

A
Human
blood
serum

0.2–
10,000 0.045 98.3–102.4 - [57]

CFE Ni-MOF
sensor based on
Ni-MOF/rGO
nanocomposite

A Orange
juice 6–2090 0.6 - - [59]
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Table 1. Cont.

Electrode
2D Nano-
material

Format Technique Sample
Linearity

(μM)
LOD
(μM)

Recovery
%

Reference
Method

Ref.

GCE N-doped-
Co- MOF

sensor based on
N-Co-MOF@PDA-Ag

nanocomposite
A Human

serum 1–2000 0.5 96–110 - [60]

AuE Ni-Co-
MOF

sensor based on
Ni–Co MOF/Au/PDMS

nanocomposite
A Human

sweat 20–790 4.25 - Glucometer
blood test [61]

SPCE MXene
(Ti3C2Tx)

biosensor based on
ZnO TPs/MXene/GOX CA Human

sweat 50–700 17 - Glucometer
blood test [62]

Cr/AuE MXene
(Ti3C2Tx)

biosensor based on
MXene/GOX A - 100–

10,000 12.1 - - [63]

GCE MXene
(Ti3C2Tx)

biosensor based on
PEDOT:SCX/MXene/GOX A Fruit

juice 500–8000 22.5 96–99 - [64]

AuE MXene
(Ti3C2Tx)

biosensor based on
GOX/PtNPs/NPC/MXene CA Human

sweat 3–21,000 7 - Glucometer
blood test [65]

GCE MXene sensor based on
MXene/CHI/Cu2O CV Human

serum
52.4–
2000 52.4 98.04–

102.94 - [66]

GCE
MXene

(Ti3C2Tx)
ZIF-67

sensor based on
Ti3C2Tx/ZIF-67
nanocomposite

A - 5–7500 3.81 - - [67]

GCE Ti2C-
MXene

sensor based on
Ti2C-TiO2-MXene

nanocomposite
DPV Human

serum 0.1–200 0.12 99.80–
100.23

Glucometer
blood test [68]

CFE MXene
sensor based on
Co3O4/MXene
nanocomposite

A

Human
blood
serum,
urine

0.05–
7440 0.010 97.80–

101.60
Glucometer
blood test [69]

GCE MXene
(Ti3C2Tx)

sensor based on
MXene-Cu2O

nanocomposite
CA Human

serum
10–

30,000 2.83 - Glucometer
blood test [70]

AuE c-MOF
(Cu3(HHTP)2) sensor based on c-MOF A - 0.2–7

mM 10 - - [71]

Abbreviations: A: amperometry; BCSB: biodegradable corn starch bag; CA: chronoamperometry; CC: carbon
cloth; CFE: carbon fiber electrode; CHI: chitosan; c-MOF: conjugated MOF; COF: covalent organic framework;
DPV: differential pulse voltammetry; GCE: glassy carbon electrode; GO: graphene oxide; GOX: glucose
oxidase; HHTP: 2,3,6,7,10,11-hexahydroxytriphenylene; MOF: metal–organic framework; NF: nickel foam;
NPC: nanoporous carbon; NSs: nanosheets; PDMS: polydimethylsiloxane; PEDOT: poly(3,4-ethylenedioxythiophene;
PtNps: platinum nanoparticles; rGO: reduced graphene oxide; SCX: 4-sulfocalix [4]arene; ZnO TPs: ZnO tetrapods.

3.2. Neurotransmitters

Neurotransmitters are endogenous chemical molecules able to send, improve, and
exchange specific signals between neurons and other cells.

They can be classified into two groups, considering their electrochemical activity.
Electroactive neurotransmitters include dopamine, serotonin, epinephrine, norepinephrine,
among others, while glutamate, acetylcholine, and choline are assumed electroinactive [72].

In this review, attention was focused on electrochemical sensors based on 2D nano-
materials for the determination of two important electroactive neurotransmitters such as
dopamine and serotonin, where the nanostructured interface acts to amplify the signal and
subsequently to improve the performance of the sensor in terms of stability, sensitivity,
and sustainability.

3.2.1. Dopamine

Dopamine is a catecholamine neurotransmitter widely present in the central nervous
system (CNS). It influences attention skills and brain plasticity, i.e., the ability of neural
networks in the brain to change through growth and reorganization. In addition, DA plays
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a crucial role in memory and learning. Several neurological disorders such as Parkinson’s
disease and schizophrenia are associated to abnormal levels of DA [72].

Several studies evidenced that physiological levels of DA in human biological fluids
are significantly different. For example, 5 nM DA is reported in urine and cerebrospinal
fluid [73], while normal values of DA in blood range from 10 to 480 pM.

The monitoring of DA in the presence of other molecules such as AA, UA, and tyrosine,
among others, is essential for the diagnosis of neurological diseases and for understanding
mechanisms underlying human neuropathologies.

A Ti3C2Tx (MXene)/Pt nanoparticle-modified GCE (Ti3C2Tx/PtNPs/GCE) was devel-
oped for determining AA, DA, UA, and APAP [74]. GCE was modified by drop-casting
using a dispersion of MXene and PTNPs. MXene acted as a nanostructured sensing plat-
form, while PtNPs provided catalytic active edges to improve the sensor performance.
Target analytes were determined using amperometry: the linear response range was ob-
served up to 750 μM for all the analytes, and an LOD of 10 nM was found for DA. In order
to make DA detection selective in samples containing AA, an outer layer from an ethanolic
solution of Nafion or from chitosan was deposited onto the modified electrode surface. In
fact, they did not affect the electrochemical behaviour of DA and UA, their redox behaviour
being similar to the one evidenced in the modified GCE without any additional outer
layers. Selectivity, reproducibility, repeatability, stability, and application to real samples
were not examined.

Another electrochemical sensor for DA was realized using MoS2 (TMD) electrode-
posited onto pyrolytic graphite sheets (PGSs) and doped with Mn [75]. The presence of Mn
as a dopant improved the electrochemical behaviour of DA compared with bare PGS and
undoped MoS2. In fact, Mn-MoS2 enhanced selectivity toward DA in the presence of other
common electroactive interferences such as AA and UA. DA was determined through DPV,
and two linearity ranges were observed: one was from 50 pM to 5 nM and the other one
was from 5 nM to 5 mM, with LOD of 50 pM. Concerning selectivity, the electrochemical
response was not affected by the presence of AA and UA. The sensor was tested in artificial
samples of human serum and sweat, with LOD values of 50 nM and 5 nM, respectively.
Reproducibility, repeatability and stability data were not provided as well as applications
to real samples.

A titanium carbide (MXene) (Ti-C-Tx)-modified GCE was assembled for the simulta-
neous determination of AA, DA, and UA [76]. It was demonstrated that Ti-C-Tx/GCE evi-
denced satisfactory electrocatalytic activity and separated oxidation peaks for AA (0.01 V),
DA (0.21 V), and UA (0.33 V). Their simultaneous determination was performed at physio-
logical pH, obtaining a linearity range of 100–1000 μM for AA, 0.5–50 μM and 0.5–4 μM
for DA, and 100–1500 μM for UA. The LOD values were 4.6 μM, 0.06 μM, and 0.075 μM
for AA, DA, and UA, respectively. Reproducibility was investigated involving three differ-
ent independent sensors, which evidenced no significant changes in the electrochemical
response for AA, DA, and UA in PBS. Considering stability, the electrochemical response
decreased by 10.4% after 25 days at RT even after repeated use. Selectivity was also tested
in the presence of U, nicotine, L-Cys, and APAP, and the electrochemical response was not
affected by the presence of interferences. Any application to real samples was not provided.

An electrochemical flexible sensor for DA determination was realized by the direct
growth of molybdenum disulphide nanosheets (MoS2NS) on carbon cloth (CC) [77], as
reported in Figure 8.

In MoS2NS/CC flexible electrodes, CC acts as a conductive and flexible support, and
MoS2Ns promotes uniform DA adsorption and oxidation. DA was determined by CV,
and a linear concentration range from 250 to 4000 μM with LOD of 0.3 μM was evidenced.
Repeatability and reproducibility were considered satisfactory in terms of RSD, 1.87%
and 1.35%, respectively. The sensor, stored under ambient conditions, was tested against
DA every 4 days for 16 days. RSD was 2.9%, indicating good long-term stability. Data
concerning real samples application were not provided.
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Figure 8. Scheme of TMD synthesis, CC electrode modification and electrochemical characterization,
reprinted with permission from [77] Copyright 2022 Elsevier.

A novel triazine-based covalent organic framework (TS-COF) was synthesized by
condensation of 1, 3, 5-tris-(4-aminophenyl) triazine (TAPT) and squaric acid (SA) via a
solvothermal approach. Next, AuNPs were grown on a TS-COF surface and rGO was
incorporated in AuNPs@TS-COF composite. AuNPs@TS-COF/rGO nanocomposite was
then used for modifying GCE and the resulting sensor was used to assay DA, UA, and
AA [78]. TS-COF bounded to rGO by π–π stacking promoted electron transfer and electron
mobility, while TS-COF acted as a dispersing agent for AuNPs that improved both electrical
conductivity and electrocatalytic activity. AA, UA, and DA were determined via DPV, and
linearity ranges of 8–900 μM, 25–80 μM, and 20–100 μM were obtained for AA, UA, and
DA, respectively, with LODs of 4.30 μM for AA, 0.07 μM for UA, and 0.03 μM for DA.
Glucose, L-cys, glycine, CA, tyrosine, lysine, tryptophan, leucine, and L-glutamic acid
were used as possible interfering molecules, and they did not affect the determination of
AA, DA, and UA, the relative errors being under ± 5%. Reproducibility was considered
acceptable in terms of RSD: 4.76% for UA, 3.53% for DA, and 3.15% for AA. Concerning
repeatability, satisfactory RSD values were obtained: 2.19%, 4.48%, and 3.26% for AA, DA,
and UA, respectively. The sensor was applied to human urine real samples, with recoveries
ranging within 97.0% and 104.4%.

A composite was prepared including PMo12O40
3− (PMo12) as polyoxmetalate (POM),

C9H5FeO7 (MIL-100(Fe) as an Fe-based MOF, and polyvinylpyrrolidone (PVP), and then
it was deposited on a GCE for the simultaneous determination of DA and UA [79]. MIL-
100(Fe) can encapsulate POMs within its mesoporous architecture. These POM-based
MOF composites not only evidenced large surface areas, but their multi-component and
multi-interface architectures also improved electron transfer, thereby enhancing analytical
performances and the stability of the sensor. PVP can prevent hybrid particles agglomera-
tion, thereby supporting conductivity and increasing electrochemical sensor performance.
DA and UA were determined using DPV, and linear concentration ranges of 1–247 μM for
DA and 5–406 μM for UA, with corresponding LODs of 1 μM and 5 μM, were obtained. AA,
tyrosine, guanosine, isoleucine, alanine, tryptophan, KCl, xanthine, glucose, hypoxanthine,
and NaCl were chosen to check selectivity, and no significant response to these interfering
molecules was found. Considering long-term stability, DA response decreased by 10.31%,
while the one of UA decreased by 11.31%, after 42 days at RT. Repeatability was acceptable
in terms of RSD: 2.54% (DA) and 3.18% (UA). Similarly, reproducibility was found to be
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satisfactory, with RSDs of 2.08% and 5.19% for DA and UA, respectively. The sensor was
applied to human serum real samples and recoveries of 97.67–102.16% and 97.81–102.89%
for DA and UA, respectively, were found.

An electrochemical sensor for DA determination was realized, modifying a low-cost
lead pencil graphitic electrode (LP) by dip-coating using a ZIF-67/PEDOT composite [80],
as shown in Figure 9.

 

Figure 9. Scheme of the sensing mechanism involved in DA assay at ZIF-67/PEDOT-modified LPE,
reprinted with permission from [80] Copyright 2022 Elsevier.

ZIF-67 as an MOF has interesting properties such as a crystalline structure, chemical
durability, high surface area, high thermal stability, and tunable pore size, while PEDOT
improves conductivity and accelerates electrode transfer at the ZIF-67 surface, preserving
the peculiar MOF properties such as large surface area and stability. DA was determined
using amperometry, and a linearity range from 15 to 240 μM with LOD of 0.04 μM was
found. AA, UA, L-Cyst, glucose, and salbutamol were assumed as possible interfering
molecules and negligible interfering impact towards DA was evidenced, even in the
presence of several-fold higher concentrations of interfering molecules. Reproducibility
was acceptable in terms of RSD (0.92%); concerning stability, the amperometric response
decreased by 2% after 10 days, but storage conditions were not identified. The sensor was
then applied to real blood samples of a COVID-19 quarantine patient, since neurological
disorders such as anxiety, depression, and agitation were connected to the lockdown
condition, but the results were not accurately explained.

A conductive graphitic pencil electrode (GPE) was modified using a nanocomposite
including Ti3C2Cl2 as MXene and 1-methyl imidazolium acetate as ionic liquid (IL) for
preparing a DA electrochemical sensor [81]. As discussed in Section 2.1., MXenes are
characterized by good conductivity, a high surface area, biocompatibility, hydrophilicity,
and resistivity against electrode surface fouling and passivation. However, low flexibility
and poor stability in aqueous media and air, due to the presence of hydrophilic functional
groups, make those materials easy to oxidize; consequently, their working potential range
is limited. For this reason, the stabilization of an MXene surface by IL is an effective
strategy to minimize its oxidative degradation without compromising MXene conductivity.
An IL/MXene composite was drop-casted onto PGE, and DA was determined via am-
perometry. A linearity range from 100 μM to 2 mM with LOD of 702 nM was obtained.
Repeatability, reproducibility and stability were investigated, and acceptable results in
terms of RSD were found: 2.3% (repeatability) and 1.9% (reproducibility), besides an RSD
of 1.3% obtained after 14 days storage at RT (stability). UA, AA, glucose, fructose, L-cys,
and U were tested as interfering molecules, without affecting the DA amperometric signal.
The sensor was applied to spiked real samples of human serum with recoveries ranging
from 98.3% to 100.0%.

MOF are considered promising nanomaterials in the sensing area because of their
high porosity, adsorption capability, film-forming ability, and tunable synthesis protocol,
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and nanocomposites including MOF and MXene produce a hybrid with a synergistic
combination of the properties of both 2D nanomaterials.

A Ti3C2 membrane was synthesized by doping UIO-66-NH2 (MOF) with Ti3C2 (MX-
ene) through a hydrogen bond and used to modify GCE by drop-casting, for assembling a
DA electrochemical sensor [82]. DA was determined via DPV, and a linear concentration
range from 1 to 250 fM with LOD of 0.81 fM was obtained. Glucose, bovine serum albumin
(BSA), AA, and UA were investigated as possible interferences, but they did not affect the
DA signal response. After 15 days at 4 ◦C, the electrochemical response decreased by 7.9%.
Reproducibility was found to be good in terms of RSD (3.16%). The sensor was applied to
spiked human serum real samples, with recoveries in the range 101.2–103.5%.

A monolayer titanium carbide (Ti3C2Tx) material was prepared, and an MXene-based
nanocomposite was developed by self-assembling ZnO nanoparticles and a Ti3C2Tx mono-
layer. It was applied to modify a gold electrode for determining DA [83]. Ti3C2Tx presents
good conductivity, hydrophilicity, a high surface area, biocompatibility, and its integration
with another nanomaterial such as ZnO nanoparticles could improve the analytical per-
formances of the sensor. DA was analysed via CA, and a linear concentration range from
0.1 to 1200 μM with LOD of 0.076 μM was evidenced. Glucose, U, serotonin, AA, and UA
were investigated as possible interferences that did not interfere with the analysis of DA.
Reproducibility and repeatability were considered satisfactory in terms of RSD, at 4.24%
and 1.04%, respectively. The sensor was applied to human serum samples, with recoveries
ranging from 97.8% to 102.2%.

A hybrid nanomaterial based on Ti3C2 as MXene, graphitized multi-walled carbon
nanotubes (g-MWCNTs), and ZnO nanospheres (ZnO NSPs) was realized for developing
an electrochemical sensor for DA assay [84]. Ti3C2 was combined with g-MWCNTs to
enhance stability and electrochemical properties, and the addition of ZnO NSPs could
further improve the catalytic and electrochemical properties of the Ti3C2/g-MWCNTs
nanocomposite. Finally, Ti3C2/g-MWCNTs/ZnO NSPs was deposited on GCE for assem-
bling the DA sensor. DA was determined using DPV, with a linearity range from 0.01 to
30 μM and LOD of 3.2 nM. Glucose, alanine, glycine, leucine, OA, U, AA, and UA were
assumed as possible interferences that did not affect the DPV response of DA. Long-term
stability was investigated, and a decreased response of 7.4% was evidenced after 25 days at
4 ◦C. Reproducibility and repeatability were considered acceptable in terms of RSD, 0.54%
and 1.16%, respectively. The sensor was applied to human serum samples with recoveries
ranging from 98.6% to 105.9%.

A screen-printed electrode (SPCE) modified with Ti3C2 nanolayers was assembled
for the simultaneous determination of DA and tyrosine [85]. SPCE was modified by the
drop-casting of MXene suspension. DA and tyrosine were determined using DPV, but
only in the linearity range (0.5–600.0 μM,) and LOD (0.15 μM) of DA were reported and
commented. The sensor was then applied to determine DA and tyrosine in pharmaceutical
drugs and in human urine samples, with recoveries ranging from 97.1% to 104.0% for DA
and from 96.7% to 102.5% for tyrosine.

A DA electrochemical sensor based on flower-like MoS2 (TMD) nanomaterial, deco-
rated with single Ni site catalyst (Ni-MoS2), was realized by modifying GCE [86]. Single
atom catalysts (SACs) are a new class of electrocatalysts where isolated metal atoms are
distributed and docked on solid supports [87]. SACs have been proposed as single-atom
nanozymes (SAzymes) mimicking natural enzymes, due to high catalytic stability, tun-
able activity, low cost, and high storage stability [88]. MoS2 has been investigated as a
support material, because of its surface area-to-volume ratio, conductivity, and capability
in biomarker detection [89]. Moreover, considering Ni electronegativity and the redox
properties of the couple Ni(II)/Ni(III), a flower-like MoS2 modified by a Ni atom (Ni-MoS2)
was developed as a proper and suitable sensing nanohybrid for the selective and sensitive
determination of DA. The neurotransmitter was detected using DPV in a linear range from
1 pM to 1 mM, with LOD of 1 pM. AA, UA, glucose, and U were assumed as interfering
molecules, and a negligible interfering effect was observed. Repeatability was found to be
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acceptable in terms of RSD (3.2%), while after 7 days at RT in air, a decreased electrochemi-
cal response of 11.4% was evidenced. The sensor was applied to bovine serum samples
with recoveries ranging from 97.00% to 105.00%.

MoS2 screen-printed electrodes (SPEs) were developed for DA electrochemical de-
tection [90]. MoS2 SPEs were developed utilising high viscosity screen printable inks
containing MoS2 particles in different concentrations and with various sizes, and ethyl-
cellulose as a binder. MoS2 inks were printed onto conductive FTO (Fluorine-doped Tin
Oxide) substrate. DA was determined via DPV in a linear range up to 300 μM, with LOD
of 260 nM. Selectivity, reproducibility, repeatability, stability, and application to the real
samples were not examined.

3.2.2. Serotonin

Serotonin is also called 5-hydroxytryptamine (5-HT) and is the most important monoamine
neurotransmitter and neuromodulator. Normal values of 5-HT in blood vary in the range
0.6–1.6 μM [91]. It plays a fundamental role in several biological and psychopathological
processes, such as sleep regulation, depression, eating disorders, irritable bowel syndrome,
anxiety disorders, and psychosis, among others. Consequently, the development of rapid
and sensitive methods for detecting 5-HT in body fluids is crucial for supporting the correct
diagnosis of neuropathologies and psychopathological disorders.

As a first example, an electrochemical sensor based on GCE modified with a nanocom-
posite including L-cysteine-terminated triangular silver nanoplates (Tri-AgNPs/L-Cys)
and Ti3C2Tx (MXene) nanosheets [92] is reported, and shown in Figure 10. AgNPs are
biocompatible and have good electrocatalytic activity but tend to aggregate if any system
supporting their dispersion is not used. As the multilayer structure of MXene can prevent
nanoparticles’ aggregation, AgNPs can be incorporated between MXene layers, promoting
electron transfer and increasing surface area, with improved performances of the sensor as
consequence. 5-HT was determined using DPV in a linear range of 0.5–150 μM, with LOD
of 0.08 μM. Selectivity was tested using different interfering molecules such as UA, L-Cys,
L-Arginine (L-Arg), L-Phenylalanine (L-Phe), and L-Glycine (L-Gly), and little peak current
changes were observed. The sensor was used to assay 5-HT in human serum samples, with
recoveries ranging from 95.38% to 102.3%.

 
Figure 10. Sensing mechanism of 5-HT determination at MXene-modified GCE, reprinted with
permission from [92] Copyright 2021 American Chemical Society. The colored lines correspond to the
different electrochemical signals using different concentration of 5-HT.

A flexible sensing platform was developed with a WS2/graphene nanostructured
hybrid supported on polyimide (WGP) for the simultaneous and selective determination of
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DA and 5-HT [93]. WS2 (TMD) and graphene acted synergistically, producing a nanocom-
posite with unique electrical conductivity and several electrochemically active sites. DA
and 5-HT were detected simultaneously using DPV with linear ranges of 1.21–13.37 μM
(DA) and 249 nM–9.9 μM (5-HT) and LODs of 1240 nM (DA) and 240 nM (5-HT). Stability
and selectivity were investigated. DA and 5-HT electrochemical responses were recorded
every five days over 30 days, with decreases of 16.3% (DA) and 17.5% (5-HT). Storage
conditions were not specified. UA, AA, glucose, and epinephrine were identified as possi-
ble interferences, and negligible DPV responses occurred for all of them. The sensor was
applied to artificial cerebrospinal fluid (CSF) samples because abnormal levels of DA and
5-HT in the CSF are correlated to the malfunctioning of dopaminergic and serotonergic
neurons in CNS. Satisfactory recoveries ranging from 95.2% to 104.1% were obtained.

An electrochemical cell-sensing platform for 5-HT detection based on MXene/SWCNTs
nanocomposites was assembled onto GCE [94]. The nanohybrid included SWCNTs uni-
formly distributed on the surface and among the MXene layers. The conductivity and
electrocatalytic properties of both the starting nanomaterials improved in the synthesized
MXene-SWCNTs composite. 5-HT was determined using amperometry in a linearity range
from 4 nM to 103.2 μM with LOD of 1.5 nM. Reproducibility was considered acceptable
in terms of RSD (3.8%). In terms of stability, the signal response decreased by 10% after
3 weeks, but storage conditions were not specified. Concerning selectivity, AA, DA, UA,
and tyrosine were assumed as possible interfering molecules, yielding negligible current
signals. Since the real-time monitoring of 5-HT produced from living cells is crucial for the
early diagnosis and rapid treatment of several neuropathogical disorders, the sensor was
applied to different cell lines to assess its applicability under physiological conditions.

The same research group had proposed a Ti3C2Tx-reduced oxide graphene (Ti3C2Tx-
rGO) nanocomposite for modifying GCE to determine 5-HT in biological fluids [95]. The
nanostructured hybrid material provided a large surface area and effective active sites for
enhancing sensing layer electrochemical performances and, compared with [94], SWCNTs
were substituted by rGO. 5-HT was quantified using DPV, in a linear range of 0.025–147 μM
with LOD of 10 nM. Concerning stability, the sensor response decreased by 8.3% after
10 days at 4 ◦C. DA, AA, and UA were tested as possible interferences, and they did not
affect the analyte signal response. Reproducibility was acceptable in terms of RSD (5.2%).
The sensor was applied to real samples of human blood plasma and recoveries ranged from
96.4% to 107%.

As a conclusive comment regarding the reported examples of sensors for the
detection of neurotransmitters, it can be observed that LOD values are generally micromolar,
even if several examples reported lower values ranging from nanomolar to
femtomolar [74,75,81,82,84,86,90,93–95].

Questionable points concern the validation of the proposed methods. In fact, in all
cases, results were not validated with conventional and standard analytical methods.

The data of sensor formats and analytical performances concerning the herein reported
examples for the determination of neurotransmitters are summarized in Table 2.

Table 2. Analytical performances and format of electrochemical sensors for neurotransmitters
determination.

Electrode
2D Nano-
material

Format Technique Sample Linearity LOD
Recovery

(%)
Ref.

GCE MXene
(Ti3C2Tx)

sensor based on
Ti3C2Tx/PtNPs A - Up to 750 μM 10 nM - [74]

PGS TMD
(MoS2)

sensor based on
MoS2

DPV DA 0.05–5 nM
5 nM–5 mM 50 pM - [75]

GCE MXene
(Ti-C-Tx)

sensor based on
Ti-C-Tx

DPV DA,AA,UA
DA: 0.5–4 μM

AA: 0.5–50 μM
UA: 0.1–1.5 μM

DA: 0.06 μM
AA: 4.6 μM

UA: 0.075 μM
- [76]
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Table 2. Cont.

Electrode
2D Nano-
material

Format Technique Sample Linearity LOD
Recovery

(%)
Ref.

CC TMD
(MoS2)

sensor based on
MoS2 nanosheets CV DA 250–4000 μM 0.3 μM - [77]

GCE TS-COF
sensor based on

AuNPs@TS-
COF/rGO

DPV DA,AA,UA in
human urine

DA: 20–100
μM

AA: 8–900 μM
UA: 25–80 μM

DA: 0.03 μM
AA: 4.30 μM
UA: 0.07 μM

97–104.4 [78]

GCE
Fe-based

MOF MIL-
100(Fe)

sensor based on
POM- MOF/PVP DPV DA,UA in

human serum
DA: 1–247 μM
UA: 5–406 μM

DA: 1 μM
UA: 5 μM

DA:
97.67–102.16

UA:
97.81–102.89

[79]

LPE MOF
(ZIF-67)

sensor based on
ZIF-67/PEDOT A DA in

human blood 15–240 μM 0.04 μM - [80]

GPE MXene
(Ti3C2Cl2)

sensor based on
IL-MXene A DA in

human serum 100–2000 μM 702 nM 98.3–100 [81]

GCE

MXene
(Ti3C2)

MOF (UIO-
66-NH2)

sensor based on
Ti3C2/UIO-66-NH2

DPV DA in
human serum 1–250 fM 0.81 fM 101.2–103.5 [82]

AuE MXene
(Ti3C2Tx)

sensor based on
ZnO NPs/Ti3C2Tx

CA DA in
human serum 0.1–1200 μM 0.076 μM 97.8–102.2 [83]

GCE MXene
(Ti3C2)

sensor based on
Ti3C2/g-MWCNTs/

ZnO NSPs
DPV DA in

human serum 0.01–30 μM 3.2 nM 98.6–105.9 [84]

SPCE MXene
(Ti3C2)

sensor based on
Ti3C2

DPV
DA in

human urine
Tyr in drug

0.5–600 μM 0.15 μM

DA:
97.1–104.0

Tyr:
96.7–102.5

[85]

GCE TMD
(MoS2)

sensor based on
Ni-MoS2

DPV DA in
bovine serum 1 pM–1 mM 1 pM 97.0–105.0 [87]

FTO SPE TMD
(MoS2)

sensor based on
MoS2

DPV DA Up to 300 μM 260 nM - [90]

GCE MXene
(Ti3C2Tx)

sensor based on
Tri-AgNPs/L-Cys/

MXene
DPV 5-HT in

human serum 0.5–150 μM 0.08 μM 95.38–102.3 [92]

WGPE TMD
(WS2)

sensor based on
WGP DPV DA, 5-HT in

artificial CSF

DA:
1.21–13.37 μM

5-HT:
9.9–0.249 μM

DA:
1.24 μM

5-HT:
0.24 μM

95.2–104.1 [93]

GCE MXene
(Ti3C2)

sensor based on
MXene/SWCNTs CA 5-HT produced

by living cells 0.004–103.2 μM 1.5 nM - [94]

GCE MXene
(Ti3C2)

sensor based on
MXene/rGO DPV 5-HT in

human plasma 0.025–147 μM 10 nM 96.4–107 [95]

Abbreviations: A: amperometry; AuE: gold electrode; AuNPs: gold nanoparticles; CA: chronoamperometry;
CC: carbon cloth; COF: covalent organic framework; CSF: cerebrospinal fluid; CV: cyclic voltammetry;
DA: dopamine; DPV: differential pulse voltammetry; FTO: fluorine-doped tin oxide; GCE: glassy carbon elec-
trode; GPE: graphite pencil electrode; 5-HT: 5-hydroxytryptamine (serotonine); IL: ionic liquid; LPE: lead pencil
graphitic electrode; MOF: metal–organic framework; g-MWCNTs: graphitized multi-walled carbon nanotubes;
NSPs: nanospheres; PGS: pyrolytic graphitic sheets; POM: polioxametalate; rGO: reduced graphene oxide;
SPE: screen-printed electrode; SWCNTs: single-walled carbon nanotubes; TMD: transition metal dichalcogenide;
Tri-AgNP: T triangular silver nanoplate; TS-COF: triazine-based covalent organic framework; Tyr: tyrosine;
WGP: WS2/graphene heterostructure on polyimide.

3.3. Hormones

According to Starling’s original definition (1905), “a hormone is a substance produced
by glands with internal secretion, which serve to carry signals through the blood to target
organs” [96]. In other words, hormones are secreted generally by glands, and circulate in
blood by simple diffusion before reaching the target cell. Hormones can induce responses
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of target cells either by interaction with a specific receptor on the cell membrane without
entering the cell or by interaction with a receptor within the target cell. Notably, hormones
circulate in the blood at very low concentrations (nanomolar amounts or even less); this is
the reason why accurate and sensitive approaches are needed for their determination, such
as the use of electrochemical sensors integrated with nanomaterials or nanocomposites [97].

Herein, some recent examples of electrochemical sensors based on 2D nanomaterials
for hormone determination are reported and discussed.

Human cortisol (11b,17a, 21-Trihydroxypregn-4-ene-3,20-dione) is a steroid hormone,
one of the major glucocorticoids synthesized in the zona fasciculata of adrenal glands, and
it plays a vital role in emotional responses like stress or depression [98].

A thread-based electrochemical immunosensor was developed for cortisol determina-
tion in sweat immobilizing anti-cortisol on L-cys/AuNPs/MXene-modified conductive
thread electrode [99], as shown in Figure 11. MXene and AuNPs increase the surface area
and promote antibody immobilization, thereby improving sensitivity. The antibody was
immobilized on the sensing layer by using EDC and NHS as coupling agents.

 

Figure 11. Schematic representation of L-cys/AuNPs/MXene-modified conductive thread electrode
assembling and sensing mechanism of cortisol determination, reprinted with permission from [99]
Copyright 2022 Elsevier.

Cortisol was analysed using amperometry and a linearity range from 5 to 180 ng mL−1

and LOD of 0.54 ng mL−1 were observed under optimized conditions. Corticosterone, corti-
sone, AA, UA, and creatinine were investigated as possible interfering molecules, but their
amperometric response did not affect the cortisol response. Considering reproducibility at
different cortisol concentrations, the results were acceptable in terms of RSD, ranging from
2.60% to 3.46%. Long-term stability was addressed, and the initial value decreased by 20%
after 6 weeks at 4 ◦C. The sensor was applied to artificial sweat samples, with recoveries in
the range 94.47–102%.

A wearable electrochemical impedimetric immunosensor based on a Ti3C2Tx-decorated
laser-burned graphene (LBG) flake 3D electrode network including a microfluidic channel
and chamber was assembled for cortisol determination in human sweat [100]. Polydimethyl-
siloxane (PDMS) was selected as a substrate for the flexible and stretchable patch sensor.
Then, LBG was deposited on it and a laser line gap induced a disconnection between
laser-burned graphene flakes and conductivity, so that the electrochemical activity of the
LBG electrode was reduced. For this reason, highly conductive Ti3C2Tx was deposited onto
the electrode. In addition, this flexible microfluidic system was prepared using 3D-printed
mold and PDMS. Finally, anti-cortisol was immobilized on a Ti3C2Tx MXene/LBG/PDMS
3D sensing network and cortisol was determined using EIS. A linear concentration range
between 10 pM and 100 nM with LOD of 3.88 pM was achieved. Aldosterone, corticos-
terone, prednisolone, and progesterone were tested as possible interferences that did not
significantly affect the response of cortisol. Reproducibility with an RSD of 4.6% was
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considered satisfactory. The wearable sensor was applied to quantify the cortisol in freshly
collected spiked sweat samples to evaluate its applicability in clinical diagnostics, and
recoveries ranging from 93.68% to 99.1% were obtained.

Epinephrine (EP) or adrenaline is a hormone belonging to the catecholamine family
secreted by the suprarenal gland. Catecholamines stimulate CNS and cardiac contrac-
tion [101]. Adrenaline is present in human brain fluid, blood, and body fluids at nanomolar
levels. Alterations in EP levels can be correlated to several disorders, such as Alzheimer’s
or Parkinson’s disease, and multiple sclerosis.

A nanocomposite including reduced graphene oxide (rGO) and Ti3C2Tx (GMA) was
used to modify an indium tin oxide (ITO) electrode for determining EP [102]. Ti3C2Tx was
uniformly deposited on the 3D G layer and the 3D structure of the GMA supported the
interaction with biomolecules. EP was determined using DPV, and a linear concentration
range of 1–60 μM with LOD of 3.5 nM was observed. UA was considered a possible inter-
fering compound and any appreciable changes in analytical parameters were evidenced.
Repeatability was acceptable in terms of RSD (1%); concerning stability, the voltammetric
response retained 96.2% of its initial value after 16 days at RT. The GMA sensor was applied
to human urine real samples for verifying its application in clinical analysis and recoveries
ranging from 95.7% to 105.7% were evidenced.

An electrochemical sensor based on GCE modified by CoMn-based porous MOF
deposited on carbon nanofiber (CNF) was prepared for EP determination [103]. CoMn-
ZIF/CNF combined CNF’s good conductivity and CoMn-ZIF’s electrocatalytic properties.
EP was determined using DPV, and a linear range from 5 to 1000 μM with LOD of 1.667 μM
was achieved. Reproducibility was satisfactory in terms of RSD (1.95%); the voltammetric
response retained 87.81% of its initial value after 20 days, under not specified storage
conditions. Different amino acids such as tyrosine and leucine, UA, DA, norepinephrine,
and glucose and drugs such as ibuprofen and amoxicillin were selected as possible interfer-
ences, and they exhibited negligible influence on the EP electrochemical signal. The sensor
was applied to human urine samples for evaluating its applicability to a real matrix, with
recoveries from 97.51% to 102.53%.

Insulin is an important hormone secreted by β-cells in the pancreas. This hormone
regulates the glucose level in the blood through the control of the metabolism of pro-
teins, carbohydrates, and lipids. The normal value of insulin concentration in blood is
50 pmol L−1 [104]. Nevertheless, inflammatory autoimmune and/or metabolic disorders
can undermine β-cells inducing type I (insulin-dependent) diabetes.

An aptasensor for insulin assay in human serum was assembled modifying dis-
posable Au electrodes (DGEs) with a nanocomposite including copper (II) benzene-1,3,
5-tricarboxylate (Cu-BTC) nanowires and a leaf-like zeolitic imidazolate framework (ZIF-L)
as MOF [105], as illustrated in Figure 12.

Aptamers were immobilized via physical adsorption on a Cu-BTC/ZIF-L composite
that enhanced the aptasensor electrochemical performance due to the integration of electro-
catalytic properties and the larger surface area of MOF and Cu-BTC nanowires. Insulin
was analysed using DPV, obtaining a linear concentration range from 0.1 pM to 5 μM with
LOD of 0.027 pM. Glucose, DA, AA, and melatonin (MELA) were used as interferences
for evaluating aptasensor selectivity: the error percentage of 10.5% evidenced the good
selectivity of the sensor. Reproducibility was investigated and acceptable results in terms of
RSD (5.5%) were obtained. Regarding operative stability, the voltammetric signal decreased
a little after continuous measurements up to 20 cycles, evidencing a stability rate of 91.7%.
The aptasensor was applied to human serum samples with recoveries ranging from 97.2%
to 98.5%, and the data were comparable to those coming from the ELISA standard method.
The aptasensor was used to monitor in vivo insulin in non-diabetic and diabetic mice, and
data were comparable to those coming from the ELISA standard method, as shown in
Figure 13. Biofouling was observed due to the presence of proteins, so the use of anti-
biological attachment polymers, such as polyethylene glycol and polyhydroxy ethyl-
methacrylate, was suggested to prevent biofouling and to improve aptasensor durability.
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Figure 12. Assembling of Cu-BTC/ZIF-L composite-modified DGE and sensing mechanism of insulin
assay, reprinted with permission from [105] Copyright 2022 American Chemical Society.

 

Figure 13. (a) Schematic of real-time in vivo insulin monitoring using aptamer/Cu-BTC/ZIF-
L/DGE. (b) CV curves of insulin concentration in serum samples determined by insulin aptasensor.
(c) Calibration plot of anodic peak current vs. insulin concentration logarithm, reprinted with
permission from [105] Copyright 2022 American Chemical Society.

As a conclusive comment on the reported sensors for the detection of hormones,
linearity ranges were sufficiently wide, with LOD values being generally nanomolar as well
as picomolar, independently from analyte, and according to hormonal levels in biological
fluids such as blood, urine, or sweat.

Notably, an example involving 2D-based biosensor nanomaterials for biomedical
applications was used for the in vivo determination of mice for the first time, with important
results for the possible commercialization of the device [105].

Analytical performances of the electrochemical sensors reported for the determination
of hormones as well as the corresponding sensor format are summarized in Table 3.
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Table 3. Analytical performances and format of electrochemical (bio)sensors for hormones determination.

Electrode
2D Nano-
material

Format Technique Sample Linearity LOD
Recovery

%
Reference
Method

Ref.

Thread
Conductive

E
MXene

immunosensor
immobilizing

anti-cortisol on
L-cys/AuNPs/

MXene

A Cortisol in
sweat

5–180
ng mL−1

0.54
ng mL−1 94.47–102 - [99]

LBG/PDMS MXene
(Ti3C2Tx)

immunosensorimmobilizing
anti-cortisol on
Ti3C2Tx/LBG/

PDMS

EIS Cortisol in
sweat

0.01–100
nM 3.88 pM 93.68–99.1 - [100]

ITOE MXene
(Ti3C2Tx)

sensor based on
GMA DPV

EP in
human
urine

1–60 μM 3.5 nM 95.7–105.7 - [102]

GCE
MOF

(CoMn-
ZIF)

sensor based on
CoMnZIF-CNF DPV

EP in
human
urine

5–1000
μM 1.667μM 97.51–

102.53 - [103]

DGE MOF
(ZIF-L)

aptasensor
immobilizing

insulin aptamer on
Cu-BTC/ZIF-L

DPV
Insulin in

human
serum

0.1 pM–
5 μM 0.027 pM 97.2–98.5 ELISA [105]

Abbreviations: A: amperometry; AuNPs: gold nanoparticles; CNF: carbon nanofiber; Cu-BTC: copper(II) benzene-
1,3,5-tricarboxylate; DGE: disposable gold electrode; DPV: differential pulse voltammetry; EIS: electrochemical
impedance spectroscopy; ELISA: enzyme-linked immunosorbent assay; EP: epinephrine; GCE: glassy carbon
electrode; GMA: reduced graphene oxide/MXene Ti3C2Tx; ITOE: indium tin oxide electrode; L-cys: L-cysteine;
LBG: laser graphene burned; MOF: metal–organic framework; PDMS: polydimethylsiloxane.

3.4. Pathogens

A pathogen is defined as an organism causing disease to its host, and virulence is the
severity of the disease symptoms [106]. Pathogens are biologically different organisms and
comprise viruses and bacteria as well as unicellular and multicellular eukaryotes. In this
review, examples of (bio)sensors based on 2D nanomaterials for the assay of bacteria and
viruses are reported.

3.4.1. Bacteria

Bacteria are the most common cause of foodborne diseases and present different
shapes, types, and properties. Pathogenic bacteria directly or indirectly infect food and
water sources, and the ingestion of contaminated foods can induce intestinal infectious
diseases and/or food poisoning [107].

In this review, recent examples of electrochemical (bio)sensors based on 2D nanomate-
rials for the determination of Escherichia coli (E. coli), Salmonella Mycobacterium tuberculosis,
and two vibrio bacteria such as Vibrio vulnificus (VV) and Vibrio parahaemolyticus (VP) have
been considered.

The first two examples concern the determination of Gram-negative bacterium E. coli,
a facultative anaerobic rod present in the intestinal tract of animals and humans from birth.
A wide and differentiated class of bacteria includes E. coli: most strains are not pathogenic
while a few induce diseases in humans and animals.

An electrochemical immunosensor was developed based on magnetic COF [108].
A specific egg yolk antibody (IgY) with affinity for E. coli was labelled with a porous
magnetic covalent organic framework (m-COF) microbeads to assemble a capture probe
(m-COF@IgY) for efficiently recognizing E. coli, as shown in Figure 14.

m-COF@IgY was then used with ferrocene boronic acid (FBA) as signal tag to com-
bine with E. coli in a sandwich complex, dropped on a screen-printed electrode (SPE).
The voltammetric signal generated by FBA in the sandwich complex was used for the
quantitation of bacterium. After experimental conditions had been optimized, E. coli was
determined by SVW in the linear range of 10–108 CFU mL−1 with LOD of 3 CFU mL−1.
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Immunosensor specificity was investigated using Vibrio parahaemolyticus (VP), Salmonella
typhimurium (ST), and Listeria monocytogenes and even at concentration 10 times higher
than E. coli, the sensor had no significant response to them compared with that from E. coli.
SPE maintained 97.0% of the initial signal response after being reused 60 times for various
samples by controlling the sandwich complex through the magnet, so that the sensing
platform could be considered reusable. Long-term stability was also addressed, and the
voltammetric signal decreased by less than 10% after 3 months at 4 ◦C. The sensor was
applied to determine E. coli in several spiked food samples such as milk, beef, and shrimps,
with recoveries ranging from 90% to 103%. The results were validated and compared with
those obtained by the ELISA standard method.

 

Figure 14. (A) Scheme for the synthesis of m-COF@IgY and IgY for E. coli and (B) sensing mechanism
of the immunosensor for E. coli based on m-COF@IgY and ferrocene boric acid (FBA) using magnetic
control screen-printed electrode (SPE) as detection platform, reprinted with permission from [108],
Copyright 2022 Elsevier.

A cationic covalent organic polymer (COP), named CATN, was employed to develop
an impedimetric sensor for E. coli cells [109]. COPs are a class of porous organic materials,
generally including polycyclic aromatic hydrocarbons linked by C-C σ bonds and several
π electronic systems, thereby guaranteeing good thermal and chemical stability and rep-
resenting a proper sensing platform [110]. CATN was deposited via electrophoresis onto
the interdigitated electrode array (IDEA) and EIS response showed a linear logarithmic
relationship with increasing concentrations of E. coli up to 10 CFU mL−1, with LODs of
2 CFU mL−1. Repeatability, reproducibility and stability were not analysed. The sensor
was not applied to real samples.

A two-dimensional porphyrin-based covalent organic framework (Tph-TDC-COF)
was used for developing an electrochemical aptasensor to determine E. coli [111]. Tph-TDC-
COF was synthesized starting from 5,10,15,20-tetrakis(4-aminophenyl)-21H, 23H-porphine
(Tph), and [2,2′-bithiophene]-2,5′-dicarbaldehyde (TDC) and a highly conjugated structure
was obtained that had high conductivity, a large specific surface area, and was ideal
for immobilizing aptamers through π-π stacking, hydrogen bonding, and electrostatic
interactions. In particular, the specific recognition between the aptamer and E. coli results
in the formation of the G-quadruplex. Tph-TDC-COF was deposited on AuE and E. coli
was determined using EIS and DPV. The same linearity range was obtained using EIS and
DPV (10–108 CFU mL−1), while two different LOD values were found: 0.17 CFU mL−1

(EIS) and 0.38 CFU mL−1 (DPV). Staphylococcus aureus, Basophils (Bas), Staaue (Sta), and
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Salmonella typhimurium (ST) were considered as possible interferences: the EIS response
obtained by a mixture of interferents and E. coli was about 8% higher than the EIS signal
obtained by detecting E. coli alone. Reproducibility was acceptable in terms of RSD (4.92%).
The electrochemical response remained almost stable after 15 days at 4 ◦C. The aptasensor
was applied to spiked real samples of bread and milk, with recoveries ranging from 100.09
to 103.97% (bread) and from 99.61 to 100.71% (milk).

Salmonella is a flagellated Gram-negative, non-spore-forming bacillus, growing at
temperatures between 35 ◦C and 37 ◦C. It is a foodborne pathogen because most infections
are due to the ingestion of contaminated food. Salmonella induces salmonellosis, the most
significant symptoms of which are nausea, vomiting, abdominal pain, and diarrhoea,
among others.

An MXene/poly (pyrrole) (PPy)-based bacteria-imprinted polymer (MPBIP) sensor
was assembled to modify GCE for determining Salmonella [112]. MPBIP was prepared via
the one-step electropolymerization of pyrrole, and a Salmonella template was then eluted.
The interaction of Salmonella surface groups with MXene functional groups enhanced
the connection between MPBIP and the target, assisting the biorecognition process. A
linear relationship with the logarithmic concentration of Salmonella was found from 103 to
107 CFU mL−1 and the corresponding LOD was 23 CFU mL−1. Repeatability was acceptable
in terms of RSD (0.91%), and the sensor maintained 94.5% of its initial response after 7 days
at 4 ◦C. Staphilococcus aureus, E. coli, and Lysteria monocytogenes were tested at the same
concentration of Salmonella for evaluating specificity and selectivity, without any significant
response compared to that from Salmonella. The impedimetric sensor was applied to
quantify Salmonella in drinking water samples, with recoveries in the range 96–109.4%.

Mycobacterium tuberculosis (M. tb) is a human pathogen that causes tuberculosis (TB),
a serious infectious disease among the top 10 causes of death worldwide.

A genosensor was assembled for the determination of a DNA target inside an IS6110
sequence of the M. tb genome, using MXene (Ti3C2) nanosheets and PPY as modifiers of
GCE, ssDNA as Probe DNA (p IS6110), and methylene blue (MB) as a redox indicator [113].
ssDNA was immobilized onto MXene/PPY/GCE via covalent bonding. The combination
of MXene and PPY improved the electron transfer rate, conductivity, and sensitivity of
the genosensing platform. The analytical performances of the genosensor were evaluated
by recording the MB electrochemical response as a function of DNA target concentration
using DPV. The MB signal intensity decreased as the DNA target concentration increased,
since the redox probe electron transfer decreased because of the hybridization among the
ssDNA immobilized onto the electrode and the target DNA. Under optimized conditions,
a linearity range of 100 fM–25 nM and LOD of 11.24 fM were observed. Two-base mis-
match DNA (2 m-DNA), five-base mismatch DNA (5 m-DNA), complementary target
DNA, non-complementary DNA (nc-DNA), and, also, the genomic single-strand of other
bacteria similar in sequence to M. tb., including the M. bovis BCG strain GL2 and M. simiae
strain TMC 1226, were tested for evaluating specificity. It was evidenced that the MB
current intensity increased with the number of mismatches. Reproducibility was accept-
able in terms of RSD (6.05%). The biosensor applicability was investigated by analysing
M. tb-extracted DNA from clinical patient sputum samples. The same samples were also
analysed using a conventional PCR method. Recoveries were in the range of 90.52–100.8%
and results were comparable with those coming from the PCR method.

The genus Vibrio, belonging to the family Vibrionaceae, includes more than 35 species,
and more than one-third are pathogenic to humans [114]. Vibrios are Gram-negative straight
or curved rods. Among the pathogenic Vibrios, Vibrio cholerae, Vibrio parahaemolyticus, and
Vibrio vulnificus have to be mentioned.

As one of the most dangerous Vibrios, Vibrio vulnificus (VV) could cause acute gastroen-
teritis, primary sepsis, necrotizing wound infection, and even death.

A dual-mode immunoassay based on electrochemiluminescence (ECL) coupled with
Surface Enhanced Raman Spectroscopy (SERS) was designed for the determination of
VV [115]. A multifunctional sensing platform (R6G-Ti3C2Tx @AuNRs-Ab2/ABEI), includ-
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ing Ti3C2Tx MXene, Rhodamine 6G (R6G), gold nanorods (AuNRs), detection antibodies
(Ab2), and N-(4-aminobutyl)-N-ethylisoluminol (ABEI), was developed as a signal unit. The
dual-mode immunosensor included a capture unit, i.e., Fe3O4@Ab1 where Fe3O4 supported
the immunosensor assembling and Ab1 acted as capture antibody. The signal unit R6G-
Ti3C2Tx @AuNRs-Ab2/ABEI evidenced good conductivity and large specific area. AuNRs
and SERS signal R6G molecules were deposited on the surface of Ti3C2Tx by electrostatic
adsorption, while R6G, detection antibody Ab2 and ECL signal tags ABEI were immobi-
lized onto AuNRs. After capture unit Fe3O4@Ab1 was assembled onto a magnetic glassy
carbon electrode (m-GCE), VV was recognized and captured by Fe3O4@Ab1, followed
by the formation of the capture unit-target-signal unit immunocomplex Fe3O4@Ab1-VV-
R6G-Ti3C2Tx@AuNRs-Ab2/ABEI after immobilizing the signal unit R6GTi3C2Tx@AuNRs-
Ab2/ABEI. Consequently, ABEI produced an ECL signal and R6G produced a SERS signal
separately. Under optimized conditions, ECL intensity increased with VV concentration. A
linear relationship between ECL and the logarithm of VV concentration was found in the
range 1–108 CFU mL−1 with limit of quantitation of 1 CFU mL−1. Considering SERS deter-
mination, there was a linear relationship between SERS intensity and the logarithm of VV
concentration in the range 102–108 CFU mL−1 with a limit of quantitation of 102 CFU mL−1.
Considering operational stability, ECL response was stable after 16 consecutive scan cy-
cles, with an RSD of 2.0%. In addition, SERS intensity was stable after 10 consecutive
measurements, with an RSD of 2.9%. Reproducibility was also investigated, with accept-
able results in terms of RSD: 3% for ECL determination and 2.9% for SERS determination.
Vibrio parahaemolyticus (VP), Shewanella marisflavi (SM), Vibrio harveyi (VH), and Enterobacter
cloacae (EC) were analysed as common interfering bacteria in a mixture with VV, providing
signal intensities roughly similar to those of blank. The immunosensor was applied to
VV-spiked real samples of seawater with recoveries ranging from 94.8% to 110.3% for ECL,
and from 92.3% to 112.1% for SERS.

The consumption of raw or undercooked seafood such as crabs, shrimps, scallops,
seaweed, oysters, and clams can induce gastroenteritis due to the presence of Vibrio para-
haemolyticus (VP). In severe cases, the bacterium can cause dysentery, primary septicaemia,
or cholera-like illness with the possibility of death [114].

A dual-mode electrochemical and colorimetric aptasensor was developed for the
on-site detection of (VP) in shrimps [116]. Mercapto-phenylboronic acid (PBA), ferrocene
(Fc), and Pt nanoparticles were assembled on an MXenes layer to develop the nanoprobe
PBAFc@Pt@MXenes that acted as dual-signal probe, evidencing peroxidase mimic features
and electrochemical activity. A screen-printed Au electrode functionalized with an aptamer
acted as a capture probe for VP. A sandwich complex was produced after the conjugation
of PBAFc@Pt@MXenes with the capture probe. The colorimetric determination of VP was
related to the chromogenic reaction of tetramethylbenzidine (TMB)-H2O2, catalysed by PBA
on the probe, while the electrochemical response of Fc on the probe was further used for
the determination of VP. Under optimal conditions, VP was determined electrochemically
using DPV with a linearity range of 101–108 CFU mL−1 and LOD of 5 CFU mL−1, while
a linearity range of 102–108 CFU mL−1 with LOD of 30 CFU mL−1 was obtained by the
colorimetric method. Staphylococcus aureus, Salmonella typhimurium, Listeria monocytogenes,
and E. coli were analysed as common interfering bacteria in a mixture with VP, the signal
intensities resulting as roughly similar to those of blank. The electrochemical signal retained
89.6% of the initial value after 2 weeks under not clearly specified storage conditions. The
aptasensor was applied to real samples of shrimps with recoveries ranging from 95.0% to
104.3%, in good agreement with those obtained by the colorimetric mode (94.2% to 102.5%).

3.4.2. Viruses

Viruses are everywhere and can induce life-threatening diseases in humans and animals.
Indeed, it is well-known that viral infections cause a third of deaths worldwide [117,118].

Virus biosensors have been described in recent reviews, also providing a comparison
with the conventional analytical methods [118–121]. In this review, attention was focused
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on electrochemical biosensors based on 2D nanomaterials, considering the literature of the
last five years (2018–2022) and integrating the data of a previous review [117].

Almost four years ago, the worldwide coronavirus 2019 (CoV-2) pandemic was an-
nounced. It is well known that the CoV-2 virus induces Severe Acute Respiratory Coron-
avirus Syndrome SARS-CoV-2 [118]. Coronaviruses are enveloped viruses, and they can
infect humans and animals. COVID-19 contains four structural proteins and protein S on
the virus surface is responsible for infection transmission.

The first three examples include MOF-based biosensors but, notably, there is an inter-
esting review focused on the use of MOF for the determination of viruses [122] comprising
the literature up to 2019.

An electrochemical dual-aptamer biosensor based on NH2-MIL-53(Al) as MOF, Au@Pt
nanoparticles, horseradish peroxidase (HRP), and hemin/Gquadruplex DNAzyme (GQH
DNAzyme) as a signal nanoprobe was developed for the detection of SARS-CoV-2 nu-
cleocapsid protein (NP) [123]. Au@Pt/NH2-MIL-53 was modified with HRP and with
the thiolated aptamers (SH-2G-N48 and SH-2G-N61) including a double G-quadruplex
sequence, for amplifying the aptasensor response and for catalyzing the oxidation of hy-
droquinone (HQ). In the presence of NP, HQ was determined using DPV, obtaining a
linear correlation with the logarithmic concentration in the range of 0.025–50 ng mL−1 with
LOD of 8.33 pg mL−1. Several proteins, such as cTnI, Her2, and MPT64, were selected
as interferences, and they did not affect the SARS-CoV-2 NP response. Repeatability was
analyzed with acceptable results in terms of RSD%, ranging from 2.6% to 5.0. Results
were comparable to those coming from the ELISA method, and recoveries were in the range
92.0–110%. A scheme of the nanoprobe’s assembling and sensing mechanism are shown in
Figure 15.

 

Figure 15. (A) Scheme of nanoprobe assembling and (B) sensing mechanism of the aptasensor for the
detection of SARS-CoV-2 NP, reprinted with permission from [123], Copyright 2021 Elsevier.

A label-free electrochemical immunosensor for the determination of the SARS-CoV-2
S-protein [124] was assembled modifying SPCE with SiO2@UiO-66 nanocomposite, includ-
ing UiO-66 and a Zr-MOF nanostructure. The nanocomposite showed high surface area and
porosity, good thermal conductivity, and chemical stability. SiO2 nanoparticles improved
the electron transfer and the conductivity of Zr-MOF. Angiotensin-converting enzyme 2
(ACE2) has been used as receptor for the S-protein [124]. S-protein determination was per-
formed by EIS, and a linear concentration range from 100.0 fg mL−1 to 10.0 ng mL−1 with
LOD of 100.0 fg mL−1 was obtained. Human coronavirus HCOV, L-glucose, L-Cys, L-Arg,
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UA, DA, AA, vitamin D, ribavirin, zanamivir, favipiravir, remdesiver, and tenofovir were
selected as possible interferences, and they did not affect the determination of S-proteins,
except favipiravir, remdesiver, and tenofovir, since they are antiviral drugs. Reproducibility
and repeatability were acceptable in terms of RSD (4.85%). The immunosensor was consid-
ered reusable, [124] and was applied to nasal fluid samples, with satisfactory recoveries
ranging from 91.6% to 93.2%. Results were validated with the PCR test.

An aptasensor was developed using an aptamer and an imprinting polymer (MIP)
for the determination of an intact SARS-CoV-2 virus [125]. The aptasensor was based on
SPCE modified with nickel-benzene tricarboxylic acid-MOF (Ni3(BTC)2 MOF), SARSCoV-2
S-protein aptamer, and polydopamine synthesized via electropolymerization (ePDA). MIP
synthesis was performed via PDA electropolymerization on the aptamer [SARS-CoV-2
virus] complex, immobilized on the modified SPCE. The template virus was removed
just after the electropolymerization ended. Analytical performances of the MIP-aptamer
nanohybrid sensor were evaluated by measuring EIS response to different concentrations
of SARS-CoV-2 virus, and under optimized experimental conditions, a linear relationship
with logarithmic concentration in the range of 10–108 PFU mL−1 with LOD of 3.3 PFU
mL 1 was achieved. SARS-CoV, MERS-CoV, influenza A H1N1, and influenza A H3N2
were selected as possible interfering viruses, and no significant response was observed
for all of them. Reproducibility and repeatability were considered satisfactory in terms of
RSD, at 4.2% and 1.4%, respectively. Considering long-term stability, EIS response did not
show significant changes after 14 days at 4 ◦C. The aptasensor was applied to real saliva
and nasopharyngeal swab samples in a viral transport medium (VTM) of sick and healthy
patients for the qualitative and quantitative analysis of the virus. Results in both cases were
comparable to those obtained via PCR, with recoveries ranging from 98% to 104%.

The last example includes an MXenes-based genosensor, reminding that a recent
review focusing on the use of MXenes for the determination of the SARSCoV-2 virus has
been reported in the literature [126].

A Ti3C2Tx MXene was functionalized with a single-stranded DNA (ssDNA) through
noncovalent adsorption, which facilitates the sequence-specific detection via hybridization
with a target SARS-CoV-2 gene [127]. Consequently, ssDNA/Ti3C2Tx was used for develop-
ing a chemoresistive biosensing platform for the determination of the SARS-CoV-2 N gene.
The hybridization of the SARS-CoV-2 N gene with complementary DNA probes induced
the detachment of dsDNA from the Ti3C2Tx layer, so an increase in Ti3C2Tx conductivity
occurred. LOD below 105 copies mL−1 in saliva was obtained, with a linear concentration
range from 105 to 109 copies mL−1. Reproducibility, repeatability, selectivity, and stability
data were not provided.

The hepatitis B (HBV) virus is widely spread worldwide and is transmitted through
blood and body fluids. HBV belongs to the Hepadnavirus family; it is an enveloped icosa-
hedral DNA virus with a spherical shape [118]. The virus’s outer layer is a denominated
surface antigen (HBS Ag) and it is a lipid envelope containing viral proteins responsible for
the host cells attack.

An electrochemical genosensor, based on a modified GCE, was prepared for detecting
HBV DNA by combining the electroactive Cu-MOF as signal nanoprobe and electroreduced
GO (ErGO) as signal amplification material [128], without any enzymes, labels, or other
redox indicators. Cu-MOF with a strong π-conjugate system can interact with ErGO
through π–π interaction, enhancing the analytical performances of the sensor. Moreover,
the strong interaction between Cu-MOF and DNA through covalent bonding improves
stability. The genosensor was used to detect HBV using DPV, and a linear concentration
range between 50.0 fM and 10.0 nM with LOD of 5.2 fM was evidenced. Reproducibility
was evaluated satisfactory with RSD 3.02%. The voltammetric signal decreased by 4.5%
after 2 weeks at 4 ◦C. The genosensor was applied to spiked human serum and urine
samples, obtaining recoveries from 95.2% to 99.8%.

An electrochemical immunosensor based on GCE modified with Cu-MOF was devel-
oped for HBS Ag detection [129]. In particular, amine-functionalized Cu-MOF nanospheres
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were synthesized, for immobilizing Ab via covalent interaction between the Ab carboxyl
group and the Cu-MOF amino groups. In addition, the nanospheres acted as electrocat-
alysts and electrochemical signal amplifiers. After the optimization of the experimental
conditions, HBS Ag was determined by means of DPV and a linearity range from 1 ng·mL−1

to 500 ng·mL−1 with LOD of 730 pg·mL−1 was found. Considering reproducibility, RSD
was 3.24%. Selectivity was tested by comparing the electrochemical response of the target
antigen with those coming from other hepatitis virus biomarkers such as HAV, HDV, and
HCV. HBS Ag, and the electrochemical response was much higher compared with other
hepatitis virus markers. The biosensor was applied to spiked clinical samples, obtaining
recoveries from 79.63% to 92.18%.

As a final remark regarding the biosensors for pathogen analysis herein reported, LOD
values achieved fM or fg mL−1 in different cases. Concerning the biosensor format, the
number of immunosensors, genosensors, and aptasensors is very similar.

Analytical data are generally sufficiently accurate, evidencing, in many cases, appli-
cability to real samples. In some cases, results obtained from real samples were validated
with external or standard methods.

Analytical performance and sensor format of the reported electrochemical (bio)sensors
for pathogens determination are summarized in Table 4.

3.5. Cancer Biomarkers

According to the literature [130], biomarkers can be defined as “a characteristic that
is objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic intervention”. In par-
ticular, cancer biomarkers (CBs) are specific proteins and/or oligonucleotides spread into
body fluids during the early stages of cancer at abnormal levels with respect to those found
in healthy people. Moreover, they are important in providing data indicating the type and
phase of the cancer and to monitor and evaluate treatment efficacy [131].

Herein, recent examples of electrochemical biosensors based on 2D nanomaterials for
the determination of some relevant CBs are reported.

Carcinoembryonic antigen (CEA) is a cell membrane structural protein produced by
embryonic gastrointestinal tissue and epithelial tumours and is one of the most important
clinical CBs for the diagnosis of colon and breast cancers, ovarian carcinoma, colorectal
cancer, and cystadenocarcinoma. Its normal level should be below 5 ng mL−1 in human
serum. Concentration of 5 ng mL−1 is assumed as a threshold for differentiating abnormal
from normal expression. In fact, CEA concentration is higher than 20 ng mL−1 in cancer
patients [132].

An integrated microfluidic electrochemical platform was organized for the determina-
tion of CEA [133]. It included two functional parts: a herringbone-embedded microfluidic
chip and an electrochemical aptasensor. The electrochemical aptasensor was based on SPCE
modified with nanocomposite including MXene (Ti3C2) nanosheets and functionalized
carbon nanotubes (CCNTs) with hemin for electrochemical signal amplification. Hemin
supported the aptamer immobilization via EDC-NHS covalent coupling. The herringbone-
embedded chip produced local mixed flow and enhanced the interaction between CEA
and the sensing interface. All the analytical processes involving sample injection, efficient
enrichment, target capture, and detection was performed at one integrated platform. CEA
was determined using DPV and a dynamic concentrations range of 10–1 × 106 pg mL−1

with LOD of 2.88 pg mL−1 was obtained. Human serum albumin (HSA), immunoglobulin
G (IgG), and glucose were tested in mixture with CEA as possible interfering molecules,
and no significant response was observed for all of them. Reproducibility was considered
satisfactory in terms of RSD (3.6%). The integrated platform was applied to spiked human
serum samples, obtaining acceptable recoveries in the range of 95.29–105.19%.
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A label-free immunosensor for CEA assay was realized including β-cyclodextrin
(β-CDs) and gold nanoparticles (AuNPs) (Au-β-CD) deposited on the surface of FTO mod-
ified with a composite consisting of PANI and MXene (MXene@PANI) [134]. MXene@PANI
improved the electrocatalytic activity and conductivity of the immunosensing platform,
while Au-β-CD supported anti-CEA immobilization, as shown in Figure 16.

 
Figure 16. Scheme of the electrochemical immunosensor assembling steps for label-free detection of
CEA, reprinted from [134].

The resulting BSA/anti-CEA/Au-β-CD/MXene@PANI/FTO immunosensor was elec-
trochemically and morphologically characterized and, under optimized conditions, CEA
was determined using DPV. The electrochemical signal decreased as the concentration of
CEA increased, because the electron transfer was hindered after immunoreaction between
anti-CEA, immobilized on the sensing interface, and CEA. There was a linear relationship
between current intensity and the logarithm of CEA concentrations in the range 0.5~350 ng
mL−1 with LOD of 0.0429 ng mL−1. Reproducibility was considered satisfactory in terms of
RSD (3.61%). AA, glucose, BSA, human immunoglobulin G (IgG), and cancer antigen 15-3
(CA15-3) were selected as possible interferences, without affecting the CEA DPV response.
Concerning long-term stability, the electrochemical response decreased by only 9.4% after
10 days at 4 ◦C. The applicability of the CEA immunosensor was investigated by analysing
several spiked real samples of human serum and recoveries ranging from 97.52% to 103.98%
were obtained.

A nanocomposite including trimetallic nanoparticles (Au-Pd-Pt NPs) and MXene
(Ti3C2Tx) nanosheets was drop-casted onto a GCE for assembling a CEA aptasensor [135].
In particular, CEA detection was performed via exonuclease III (Exo III)-supported recy-
cling amplifications using triple-helix complex probes (THC). A CEA target interacted
with the aptamer containing hairpin probes to cause cyclic cleavage of the secondary
hairpins supported by Exo III to release ssDNAs. The obtained ssDNA hybridized with
G-quadruplex-integrated triple-helix complex (THC) signal probes onto the electrode.
Then, Exo III cyclically cleaved dsDNAs to release G-quadruplex sequences able to con-
strain hemin on the electrodic surface. Then, hemin catalysed H2O2 reduction at Au-Pd-
Pt/Ti3C2Tx/GCE thus enhancing CEA electrochemical response. A linearity range from
1 fg mL−1 to 1 ng mL−1 with LOD of 0.32 fg mL−1 was obtained using DPV. Considering
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BSA, α-fetoprotein (AFP), and platelet-derived growth factor (PDGF-BB) as possible inter-
fering proteins, their DPV current intensities showed no significant differences in a blank
test. Reproducibility was acceptable in terms of RSD (4.74%). Then, aptasensor was applied
to spiked real samples of human serum with recoveries ranging from 98.8 to 104.1%.

The next two examples reported the application of COF nanomaterials for CB determi-
nation. Notably, a review regarding COF application for determining disease biomarkers,
including CBs, can be found in the literature. There are generally reported applications of
COFs to all types of sensors for CB analysis, from optics to fluorescence sensors, but not
necessarily to the electrochemical ones [136].

Cancer antigen 125 (CA-125) or Mucin 16 (MUC16) is a protein and biomarker pro-
duced by ovarian cancer cells. CA 125 normal values found in healthy women are in the
range 0–35 U mL−1. Values higher than 35 U mL−1 are linked to ovarian cancer occurrence
and development. Therefore, a CA-125 test could be useful to follow the ovarian cancer
evolution during and after its treatment [137].

A sandwich immunosensor based on COF-LZU1 and multilayer reduced graphene
oxide frame (MrGOF) was developed for assaying CA 125 [137]. COF-LZU1 was casted
on GCE and acted as a platform for immobilizing CA 125 first antibody, while MrGOF,
functionalized with an amino group and decorated with silver nanoparticles (AgNPs),
acted as a probe to label CA 125 s antibody. A scheme of the immunosensor assembling is
reported in Figure 17.

 

Figure 17. Scheme of the electrochemical sandwich immunosensor assembling for the determination
of CA 125, reprinted with permission from [137] Copyright 2022 Elsevier.

Under optimized conditions, CA 125 was determined using DPV, and a linear concen-
tration range from 0.001 to 40 U mL−1 and LOD of 0.00023 U mL−1 were found. CA19-9
antigen, CA72-4 antigen, horseradish peroxidase (HRP), AA, and BSA were analysed as
possible interferences, evidencing that they did not affect CA 125 determination. Long-
term stability was investigated: the DPV signal decreased by 19.11% after 7 days at 4 ◦C.
The immunosensor was applied to spiked samples of human serum, obtaining recoveries
ranging from 91.54% to 105.21%.

Prostate-specific antigen (PSA) is a well-known biomarker for prostate cancer (PCa)
diagnosis. PSA normal values found in healthy men are in the range 0–4 ng mL−1. Values
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higher than 4 ng mL−1 are related to PCa occurrence and development. Therefore, the PSA
method to determine PCa accurately is very important [138].

A peptide-PSA-antibody sandwich immunosensor was developed using polydopamine-
coated boron-doped carbon nitride, including AuNPs, (Au@PDA@BCN) and covalent
organic frameworks (COF) functionalized with AuPt bimetallic nanoparticles and man-
ganese dioxide (MnO2) (AuPt@MnO2@COF) [131]. Boron-doped carbon nitride (BCN) is a
heteroatom-doped 2D carbon material with low toxicity and high stability, while PDA is
a conducting polymer. A Au@PDA@BCN nanocomposite was deposited on a GCE and
acted as a sensing platform to immobilize PSA primary antibodies. On the other hand,
AuPt@MnO2@COF served as an electrocatalyst and signal-amplifier. PSA affinity peptide
was immobilized on it to form a Pep/MB/AuPt@MnO2@COF nanocomposite, including
MB as a redox indicator. PSA was determined using DPV, with a linear response in the
range of 0.00005–10 ng mL−1 with LOD of 16.7 fg mL−1. AA, BSA, lysine, ovalbumin,
glucose, lysozyme, sucrose, and lipase were considered as interferences because they are
present together with PSA in the same complex matrices or structural analogues. The DPV
response of a mixture of PSA and all the interfering molecules was similar to that produced
by PSA. Repeatability was satisfactory in terms of RSD (1.6%); DPV response decreased
by 5% with respect to its initial value after 14 days at 4 ◦C. Spiked serum samples were
analysed with recoveries ranging from 98.9% to 100.2%.

An aptasensor based on a two-dimensional porphyrin-based covalent organic frame-
work (p-COF) was developed, immobilizing epidermal growth factor receptor (EGFR)-
targeting aptamer strands for determining trace EGFR and living Michigan Cancer
Foundation-7 (MCF-7) cells [139].

Epidermal growth factor receptor (EGFR) is a transmembrane protein and its abnormal
values (>75.3 mg·L−1) may be linked to different cancer typologies, such as lung, breast,
prostate, bladder, colorectal, pancreatic, and ovarian.

MCF-7 is a human breast cancer cell line with estrogen, progesterone, and glucocorti-
coid receptors. It was isolated for the first time from the pleural effusion of a 69-year-old
Caucasian metastatic breast cancer (adenocarcinoma) at the Michigan Cancer Foundation.

The two-dimensional p-COF structure can provide several binding sites for aptamers
or biomolecules and its conjugated structure can improve electrochemical activity. In
addition, the presence of large pore channels supports the aptamer immobilization inside
the p-COF structure, thereby increasing the number of biomolecules adsorbed and further
enhancing the sensor analytical performances. P-COF was deposited on AuE and EGFR
was determined using EIS and DPV. The same linearity range was obtained via EIS and DPV
(0.05–100 pg mL−1), while two different LOD values were found: 7.54 × 10−3 pg mL−1 (EIS)
and 5.64 × 10−3 pg mL−1 (DPV). CEA, PSA, Mucin-1 (MUC1), human epidermal growth
factor receptor 2 (HER2), vascular endothelial growth factor (VEGF), immunoglobulin G
(IgG), platelet-derived growth factor-BB (PDGF-BB), and BSA, present together with EGFR
in human serum, were tested as interfering biomolecules at a concentration 1000 times
higher than that of EGFR. Their electrochemical response was negligible compared with
that of EGFR. After 10 days at 4 ◦C in dry state, the electrochemical response remained
almost stable. Reproducibility was acceptable in terms of RSD (2.29%). The aptasensor
was applied to spiked human serum samples to determine EGFR with recoveries ranging
from 96.2% to 103.2%. After testing the biocompatibility of the aptasensor with MCF-7 cells,
the sensor was applied for determination in artificial samples MCF-7 cells, with LOD of
61 cells·mL−1 and a linear detection range of 5 × 102–1 × 105 cell·mL−1.

As final considerations, LOD values achieved generally pg mL−1 and the correspond-
ing linearity ranges seem to be wide, considering the application field.

There is not a preferred sensor format and all the (bio)sensors have been applied to
real samples. Comparison and validation with standard methods are, however, missing.

Analytical performance and format of the reported electrochemical biosensors for CBs
determination are summarized in Table 5.
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Table 5. Analytical performances and format of electrochemical (bio)sensors for cancer biomarkers
determination.

Electrode
2D Nano-
material

(Bio)Sensor
Format

Technique Sample Linearity LOD Recovery% Ref.

SPCE MXene
(Ti3C2)

Aptasensor
including

He@CCNT/Ti3C2

DPV
CEA in
human
serum

10–106

pg mL−1
2.88

pg mL−1 95.29–105.19 [133]

FTOE MXene
(Ti3C2)

Immunosensor
including Au-β-

CD/MXene@
PANI

DPV
CEA in
human
serum

0.5–350
ng mL−1

42.9
pg mL−1 97.52–103.98 [134]

GCE Mxene
(Ti3C2Tx)

Aptasensor
involving

Au-Pd-Pt/Ti3C2Tx

DPV
CEA in
human
serum

1 fg mL−1

–1 ng mL−1
0.32

fg mL−1 98.8–104.1 [135]

GCE COF-
LZU1

Sandwich-type
Immunosensor

involving
COF-LZU1,

MrGOF, AgNPs

DPV
CA 125 in

human
serum

0.001–40
U mL−1

0.00023
U mL−1 91.54–105.21 [137]

GCE COF
BCN

Sandwich-type
immunosensor

involving
MnO2@COF,

AuPtNPs, BCN,
PDA

DPV
PSA in
human
serum

0.00005–10 ng
mL−1

16.7
fg mL−1 98.9–100.2 [138]

AuE COF
(p-COF)

Aptasensor based
on EGFR aptamer
immobilized on

p-COF

DPV
EIS

EGFR in
human
serum

0.05–100 pg
mL−1

7.54 × 10−3 pg
mL−1 (EIS)
5.64 × 10−3

pg mL−1 (DPV).

96.2–103.2 [139]

AuE COF
(p-COF)

Aptasensor based
on EGFR aptamer
immobilized on

p-COF

EIS MCF-7/- 5 × 102–1 × 105

cell·mL−1 61 cells·mL−1 - [139]

Abbreviations: AgNPs: silver nanoparticles; AuPtNPs: gold platinum nanoparticles; AuE: gold electrode;
β-CD: β-cyclodestrin; BCN: boron-doped carbon nitride; CEA: carcinoembryonic antigen; CNT: carbon nan-
otube; COF: covalent organic framework; DPV: differential pulse voltammetry; EGFR: epidermal growth factor
receptor; He: herringbone-embedded; FTOE: fluorine-doped tin oxide electrode; GCE: glassy carbon electrode;
MCF-7: Michigan Cancer Foundation-7; MrGOF: multi-layer reduced graphene oxide frame; p-COF: porphyrin-
COF; PDA: polydopamine; PSA: prostate-specific antigen; SPCE: screen-printed carbon electrode; U: enzymatic unit.

3.6. Antibiotics

Antibiotics are drugs used for treating bacterial diseases in animals and plants because
they can destroy bacterial cells by either preventing cell reproduction or modifying neces-
sary cellular function or processes within the cell [140]. Antibiotics are non-biodegradable
compounds, and they can induce endocrine disorders, anaemia, mutagenicity, etc., if they
remain in the human body. Consequently, it is mandatory to have effective, responsive,
and fast antibiotic trace detection methods.

A recent review reported some examples of electrochemical sensors based on MOFs
for the determination of antibiotics [140], describing MOFs’ synthetic methods and the
different typologies of the included sensors. The most recent examples of electrochemical
sensors for antibiotics have been herein reviewed, also considering other 2D nanomaterials.

Enrofloxacin (ENR) is a fluoroquinolone antibiotic used to fight bacterial diseases in
livestock and aquaculture. Ampicillin (AMP) is a broad-spectrum antibiotic classified as
β-lactam, widely used because of its ability to kill Gram-positive and -negative bacteria by
destroying the cell wall.

Electrochemical aptasensors were developed for ENR and AMP analysis using AuE-
modified with COF synthesized from the condensation-polymerization of 1,3,6,8-tetrakis(4-
formylphenyl)pyrene and melamine through imine bonds (Py-M-COF) [141]. Py-M-COF
presented an extensive π-conjugation framework, a large specific surface area, a nanosheet-
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like structure, different functional groups, and good conductivity, so a stable and firm ap-
tamers immobilization was performed via π-π stacking and electrostatic interactions. ENR
was determined using EIS and a linear concentration range of 0.01 pg mL−1–2 ng mL−1

with LOD of 6.07 fg mL−1 was found. Similarly, AMP was quantified with a linearity
range of 0.001–1000 pg mL−1 and LOD of 0.04 fg mL−1. Tetracycline, kanamycin (Kana),
tobramycin (TOB), streptomycin, and oxytetracycline (OTC) were tested as possible inter-
fering antibiotics and the electrochemical response of all those vs. both ENR and AMP
was negligible. The reproducibility of the two aptasensors was acceptable considering
the RSD values, 1.25% and 1.44% for ENR and AMP, respectively. Long-term stability
was investigated: the EIS response remained almost stable after 14 days at 4 ◦C. ENR and
AMP were assayed in spiked samples of human serum and recoveries were in the range of
101.0–112.4% for ENR and 99.5–103.0% for AMP.

Tetracycline (TC) is a broad-spectrum antibiotic for the treatment of bacterial infections
in humans and animals and is used as animal feed-additive to prevent animal infections
because of its low cost and high antibacterial activity. Notably, antibiotic residues in food
can cause health problems and induce bacterial resistance to TC in humans and animals.

A molecularly imprinted tetracycline electrochemiluminescence (ECL) sensor was
assembled based on Zr-coordinated amide porphyrin-based 2D COF (Zr-amide-Por-based
2D COF) [142]. Zr-amide-Por-based 2D COF was dropped onto GCE and then the TC-
molecularly imprinted electrochemiluminescence sensor (TC-MIECS) was assembled to
perform the electropolymerization of o-phenylendiamine (o-PD), acting as a functional
monomer, and using TC as a molecular template. After removing the template molecule,
imprinted cavities serving as TC recognition elements were realized. Under optimized
experimental conditions, TC-MIECS showed a linear relationship with tetracycline in the
concentration range 5–60 pM, with LOD of 2.3 pM. The sensor evidenced an acceptable re-
peatability in terms of RSD (6.7%). Operative stability was considered satisfactory because,
after 12 measurements, the RSD value of the ECL intensity variation was 0.94%. Chloram-
phenicol (CAP), OTC, AMP, and penicillin were investigated as interfering antibiotics and
the ECL intensity response of all the interferences vs. that of TC was negligible because
of the high specificity of the molecularly imprinted cavities. TC-MIECS were applied to
spiked real samples of milk and recoveries ranging from 94.0% to 103.5% were obtained.

Chloramphenicol (CAP) is a broad-spectrum antibiotic used against the main species
of Gram-positive and -negative bacteria, as well as other groups of microorganisms such as
Salmonella. Since CAP can trigger several collateral effects, such as anaemia or mutagenicity
in humans, its use is limited and controlled or even forbidden in animal husbandry for
food production in many countries [143].

An electrochemical aptasensor based on a nanocomposite including Zirconium-porphyrin
MOF (PCN-222) and graphene oxide (PCN-222/GO) was prepared for the determination
of CAP [144]. The high conductivity of GO, together with MOF mesoporous channels
and metal sites, facilitated a stable aptamer immobilization owing to a π−π stacking in-
teraction and the connection between the aptamer phosphate group and Zr(IV) sites of
PCN-222. PCN-222/GO was dropped on AuE and then the aptamer was adsorbed on
the nanocomposite. CAP was determined using EIS and a linear concentration range
from 0.01 to 50 ng mL−1 and LOD of 7.04 pg mL−1 were found. OTC, TC, kanamycin
sulphate (KS), metronidazole (MDZ), and nitrofurantoin (NFT) were used as interfering
compounds, with the EIS response of all of them being insignificant compared with that of
CAP. Reproducibility was acceptable in terms of RSD (6.29%), and long-term stability was
defined as satisfactory without indicating storage conditions. The aptasensor was applied
to spiked real samples of milk, human serum, and urine with recoveries ranging from 94.6
to 107.2%.

Norfloxacin (NF) presents a broad-spectrum antibacterial activity and, for this reason,
it has been used for the treatment of human and animal diseases. However, its excessive use
can trigger antibiotic resistance, collateral effects, and toxicity. Residual amounts or traces
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of NF can remain in foods and tissues because of its uncompleted metabolism. Therefore,
the production and use of NF have been limited and controlled.

β-CD porous polymers (P-CDPs) functionalized with COF (PCDPs/COFs) and com-
bined with Pd2+ via electrostatic interaction (Pd2+@P-CDPs/COFs) were synthesized and
casted onto GCE to assemble a non-enzymatic electrochemical sensor for the assay of
NF [145], as shown in Figure 18.

Figure 18. Scheme of non-enzymatic electrochemical sensor assembling for the determination of NF,
reprinted with permission from [145] Copyright 2022 Elsevier.

COF was prepared starting from 1,3,5-tris(4-aminophenyl)benzene (TAPB) and
2,5-dimethoxyterephaldehyde (DMTP) via the simple solution infiltration method.
β-CD entrapped NF through a host–guest interaction, while COF interacted electrostatically
via -NH2 functionalities with the negatively charged functional group of NF; consequently,
the adsorption of NF onto the modified electrode improved. Moreover, Pd2+ increased
the nanocomposite catalytic performances and acted as an electrochemical signal ampli-
fier. After experimental conditions optimization, the NF was determined using DPV, and
two linear concentrations in the ranges of 0.08–7.0 μM and 7.0–100.0 μM with LOD of
0.031 μM were evidenced. Precision was verified and the results in terms of RSD were in
the range of 2.91–3.46% for intra-day precision and 3.13–3.47% for inter-day precision. Con-
cerning accuracy, the results obtained for intra-day and inter-day accuracy were < 3.00%.
Glucose, AA, UA, DA, and Levofloxacin (LF) were evaluated as interference molecules
and none of them affected the electrochemical response of the NF. Repeatability and re-
producibility were considered acceptable in terms of RSD, 2.9% and 3.1%, respectively.
The sensor was applied to determine NF in the spiked samples of Norfloxacin Eye-drops.
The results were comparable to those coming from a standard method using HPLC, with
recoveries ranging from 97.8% to 101.7%.

The next three examples introduce electrochemical sensors for the determination of
three antibiotics belonging to the sulphonamide family with a wide spectrum of antimicro-
bial activities against protozoa and bacteria. The first one is sulfathiazole (STZ), well-known
as being low cost and a broad-spectrum antibiotic, widely employed for the treatment
of animal and human infections. On the other hand, its accumulation in humans and
livestock causes serious effects on hematopoietic systems by blocking the dihydrofolic acid
synthesis [146], so its use is limited and controlled especially to guarantee food safety.

A GCE-modified electrochemical MIP sensor for the determination of STZ was de-
signed to exploit CuS microflowers as redox probe polypyrrole as MIP, imprinted with STZ,
and AuNPs incorporated in a COF structure (Au@COF) for conductivity [147]. The scheme
for MIP-sensor assembling is shown in Figure 19.
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Figure 19. Scheme for MIP/CuS/Au@COF/GCE-sensor assembling and the STZ-detection strategy,
reprinted with permission from [147] Copyright 2020 Elsevier.

STZ was quantified using DPV, and a decreasing electrochemical response was ob-
served for increasing STZ concentration, owing to selective STZ adsorption on the MIP
film. Consequently, the corresponding CuS electron transfer at the sensing interface was
hampered. The DPV current decrease was directly proportional to the logarithm of STZ
concentration over a concentration range from 0.001 to 100,000 nM with LOD of 0.0043 nM.
Structural analogues of STZ, such as sulfadimidine, sulfacetamide, and sulfadiazine (SDZ),
and glucose, glutamate, and AA were tested as possible interfering molecules, evidencing
that they did not interfere with the STZ assay. Reproducibility was considered, with ac-
ceptable results in terms of RSD (4.5%); DPV response decreased by 15.4% after 30 days,
without specifying storage conditions. Mutton and fodder spiked samples were used to
investigate accuracy and the applicability to real samples, with recoveries in the range of
83.0–107.3%. The MIP sensor was applied to samples of chicken liver and pig liver and the
results were comparable to those coming from HPLC as a reference method, indicating no
significant difference in amounts determined by the two methods (p > 0.05).

Sulfamethoxazole as STZ can cause haematological problems, as well as hypersensi-
tivity and gastrointestinal diseases. Moreover, sulfamethoxazole traces in food with animal
origin can induce thyroid cancer and several other diseases [148].

An electrochemical sensor based on CPE modified with a Fe3O4/ZIF-67 nanocom-
posite and ionic liquid (IL) 1-Butyl-3-methylimidazolium hexafluorophosphate (Fe3O4/
ZIF-67/ILCPE) was prepared for the determination of sulfamethoxazole [149]. ZIF-67 is a
well-known MOF with peculiar catalytic properties and chemical and thermal stability, as
described above, while Fe3O4 can improve conductivity and electron-transfer to and from
the electrode surface. Under the optimized experimental conditions, the antibiotic was
determined using DPV, with the current intensity directly proportional to the concentration
over the range 0 0.01–520.0 μM with LOD of 5 nM. River and tap water and urine-spiked
samples were used to investigate the sensor applicability to real samples, and recoveries in
the range of 97.1–103.3% were found. The reproducibility, repeatability, and stability data
of the sensor were not provided.

Sulfadiazine (SDZ) is an antibiotic used for the treatment of several infections in
animals and humans. SDZ inhibits bacteria growth by interfering with folate metabolism,
so its use is regulated and controlled especially for food safety [150].
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An electrochemical sensor for the simultaneous determination of SDZ and AP was
developed based on an MIP for the recognition of SDZ and AP, and a GO@COF nanocom-
posite for signal amplification [150]. The nanocomposite was first deposited on GCE; a
polypyrrole MIP was then electropolymerized on the modified electrode. MIP synthesis
was performed via pyrrole electropolymerization in the presence of the template molecules.
Then, they were removed just after the electropolymerization ended. Under optimized ex-
perimental conditions, SDZ and AP were determined simultaneously through DPV. Linear
concentration ranges of 0.5–200 μM for SDZ and 0.05–20 μM for AP, with LODs of 0.16 μM
and 0.032 μM, respectively, were found. Molecules structurally similar to SDZ, such as
sulfamerazine and sulfacetamide, and to AP, such as AA and p-nitrophenol, were assumed
as possible interferences. The electrochemical response of the modified GCE towards SDZ
and AP were higher than those of the respective structural analogues. Reproducibility was
satisfactory in terms of RSD: 5.5% (SDZ) and 6.7% (AP). Concerning repeatability, RSD
values of 2.7% for SDZ and 5.8% for AP were found. The DPV response decreased by 17.6%
for SDZ and 14.6% for AP, after 30 days, without specifying the storage conditions. The
sensor was applied to spiked samples of fodder and beef, extracted with an organic solvent,
for investigating its accuracy. Recoveries ranging from 82.0% to 108.0% were obtained. The
sensor was applied to real samples of pork and chicken, with data comparable to those
coming from the HPLC analysis.

Tobramycin (TOB) is an effective antibiotic commonly used in the treatment of various
systemic and ocular infections. As an aminoglycoside antibiotic, tobramycin is active against
aerobic gram-negative bacteria. Like other aminoglycosides, several side effects for tobramycin
can be evidenced such as ototoxicity, nephrotoxicity, and neuromuscular toxicity.

An impedimetric aptasensor based on a Zirconium-porphyrin MOF PCN-222 (Fe)
nanosheet (PCN-222(Fe)-NS) was assembled to analyse TOB [151]. PCN-222(Fe)-NS was
prepared, starting from [5,10,15,20-tetrakis(4-carboxyphenyl) porphyrinato]-Fe(III) chloride
and Zr clusters, and supported the aptamer immobilization via π–π interaction and coordi-
nation bond. Under optimized conditions, a linear range of 1.1 × 10−4–10.7 nM and LOD
of 1.3 × 10−4 nM were determined. Considering the aptasensor reproducibility, RSD values
smaller than 4.92% were obtained. Penicillin G (PCL), oxytetracycline (OTC), doxycycline
(DOX), streptomycin (STR), and kanamycin (KAN) were investigated as possible interfering
antibiotics, without affecting the impedimetric response of TOB. The electrochemical signal
was almost stable after 7 days of storage at −20 ◦C. The aptasensor was applied to spiked
real samples of milk and recoveries ranging from 97.5% to 104.8% were found.

A covalent organic framework nanosheet (COF NS) synthesized from 2,4,
6-triformylphloroglucinol (Tp) and 5,5′ -diamino-2,2′ -bipyridine (Bpy) (Tp-Bpy COF NS)
was used as functional material to immobilize the aptamer for assembling an impedimetric
aptasensor to determine TOB [152]. Tp-Bpy COF NS showed a high surface area and
stability and different functional sites to support the aptamer immobilization. TOB was
assayed by EIS and a linear concentration range of 2.1 × 10−4–10.7 nM and LOD of 6.57 fM
were obtained. Reproducibility was investigated by using five Tp-Bpy COF NS aptasensors,
with RSD values lower than 4.17%. Tetracycline (TET), ampicillin (AMP), oxytetracycline
(OTC), kanamycin (KAN), penicillin G (PCL), doxycycline (DOX), and ornidazole (ODZ)
were tested as possible interfering antibiotics, which did not affect the EIS response of the
TOB. The electrochemical signal was almost stable after 10 days storage at −20 ◦C. The
aptasensor was applied to spiked real samples of milk and river water, with recoveries in
the range of 95.4–105.2% in milk and of 96.1–104.4% in river water.

Considering all the sensors described, the LOD values achieved concentration levels
pM or nM, and the corresponding linearity ranges seem to be wide enough considering the
application field. The preferred (bio)sensor format seems to be aptasensor. Validation with
standard methods was performed for three examples only [145,147,150].

The analytical performance and format of the reported electrochemical biosensors for
antibiotics determination are summarized in Table 6.
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4. Conclusions

In this section, some considerations and comments regarding the role of 2D nanomate-
rials and the different types of electrodes and biosensors are summarized.

In addition, some comments concerning biosensors’ analytical performances, such
as linearity range, detection limits, selectivity, and validation with standard methods of
analysis, along with the possibility of determining several analytes at the same time or the
applicability in real matrices, are introduced. Finally, critical issues, challenges, and future
perspectives on the electrochemical (bio)sensing approach for biomedical applications
involving 2D nanomaterials are outlined.

In most cases, the most used nanomaterial was found to be MXenes because of their
high electrochemical activity and conductivity, as well as large surface area and well-
established synthetic procedures [16–20]. In addition, MXenes can be easily functionalized
and, consequently, their performance in the electrochemical sensing area relies on the type
and number of these functional groups. Finally, MXenes nanohybrids including different
nanomaterials or polymers can be easily synthesized, and the sensing properties of the
nanocomposite can be enhanced with respect to those of the starting material.

MOFs are also largely employed in (bio)sensors for biomedical applications, probably
because it is possible to tune their structure and functionality [30,31], and include in
the MOF’s structure different conducting nanomaterials such as metal nanoparticles can
improve the poor conductivity and sensing properties of the starting MOFs.

COFs and TMDs are much less likely to be used because COFs’ synthesis methods still
need to be optimized, while synthetic approaches for TMDs require drastic conditions in
terms of temperature and pressure, which do not facilitate their use to design (bio)sensors
for biomedical applications.

The integration of nanomaterials in the development of electrochemical (bio)sensors is
crucial for improving their analytical performances.

Nanocomposites and/or nanohybrids represent the preferred sensing interface, in-
cluding different nanomaterials or synthetic polymers, and sometimes the resulting nanos-
tructure with tailored architecture can be very complex.

Considering the electrode typologies reported in this review (see Tables 1–6), different
types of electrodes are employed for the determination of analytes of clinical and biomedical
interest, from more conventional bulk electrodes such as GCE, AuE, and ITOE, to IDEA
(interdigitated electrode array), IGE (interdigitated gold electrode), CCE (carbon cloth
electrode), and SPEs, among others. GCE was the preferred option probably because of its
well-known chemical–physical properties [3].

Gold electrode (AuE) and SPEs were employed in several examples because Au is a
biocompatible, stable, easy to functionalise, and a conducting material, and SPEs represent
low-cost sensing platforms, able to move the transition from conventional laboratory
equipment to portable devices.

Regarding different types of (bio)sensors, it is difficult to make general considerations,
because examples with different types of analytes have been examined. In the case of
glucose, neurotransmitters and hormones as target molecules, chemosensors, are prevailing,
the key recognition element being generally a nanocomposite including 2D nanomaterials
[see Tables 1–3]. In the case of glucose, only a few examples are represented by classical
enzymatic biosensors based on glucose oxidase [see Table 1].

On the other hand, when pathogens, CBs, or antibiotics are the target analyte, im-
munosensor or aptasensor are the prevalent type [see Tables 4–6].

The number of examples using molecularly imprinted polymer as a key recognition
element was limited [see Tables 3, 4 and 6], even if it could represent a promising synthetic
receptor to be used instead of more conventional ones.

Analytical performances in terms of linearity range and/or LOD seem to be very
promising: in fact, several examples involved nanomolar concentrations with the LOD at
a femtomolar level, depending on the target. Regarding selectivity, this issue is generally
addressed, but the criterion of choice of interfering compounds is often not clear, even
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for the same target. It would be useful to indicate this criterion: interferences might have
been chosen because they have similar structure or function or because they are present in
the same complex matrices to be analysed where the target is also present, just to suggest
some examples.

The reproducibility, repeatability, and stability of the sensors have been generally
investigated. However, it is difficult to compare data from different sensors, even when
regarding the same target, because comparable experimental procedures are not used. In
particular, referring to long-term stability, storage conditions in terms of temperature and
wet or dry storage are not always indicated.

Validation with standard methods is rarely performed, even if this step is mandatory
in order to have a clear indication of the sensors’ analytical performances in comparison
with those of more conventional approaches.

Moreover, it should be stressed once again that electrochemical (bio)sensors are gener-
ally not commercially available except for the glucometer [see Table 1]. Different problems
and challenges are involved, such as complex and expensive material synthesis, samples
preparation and stability, unforeseen interfering molecules, collateral chemical reactions in
real matrices, or the fouling and biofouling of the electrode surface.

Finally, coming back to 2D nanomaterials, greater attention should be paid to the rela-
tionship among structure and material properties, and which 2D nanomaterial properties
really affect the (bio)sensor performances.

All these challenges should be addressed and solved in view of the electrochemical
(bio)sensor introduction into the market, because the industrial interest in their commer-
cialization is connected to market demand considering all the costs associated with new
technologies. Consequently, an interdisciplinary approach and the close collaborations
of analytical chemists, materials scientists, biochemists, engineers, and physicians can
effectively support solving these problems.
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Abstract: Molecular biology applications based on gold nanotechnology have revolutionary impacts,
especially in diagnosing and treating molecular and cellular levels. The combination of plasmonic
resonance, biochemistry, and optoelectronic engineering has increased the detection of molecules
and the possibility of atoms. These advantages have brought medical research to the cellular level
for application potential. Many research groups are working towards this. The superior analytical
properties of gold nanoparticles can not only be used as an effective drug screening instrument for
gene sequencing in new drug development but also as an essential tool for detecting physiological
functions, such as blood glucose, antigen-antibody analysis, etc. The review introduces the principles
of biomedical sensing systems, the principles of nanomaterial analysis applied to biomedicine at
home and abroad, and the chemical surface modification of various gold nanoparticles.

Keywords: gold nanoparticles; biosensing; surface plasmon resonance; cancer marker; surface modification

1. Introduction

The unique optical properties of gold nanomaterials were revealed as early as the
Middle Ages, when the scientist Michael Faraday prepared a gold colloid solution via the
wet chemical synthesis method and demonstrated its extraordinary optical properties in
1857 [1], suggesting that gold particles (AuNPs) appear red in the nanoscale and gradually
change to dark blue as the particle size increases.

It has been demonstrated that the incident light’s electromagnetic field can excite the
surface-free electrons of metallic materials on the nanoscale, as the particle size is much
smaller than the incident wavelength. The frequency of the incident light produces a collec-
tive oscillation motion called surface plasmon resonance (SPR), as shown in Figure 1a [2].
The uneven distribution of electrons illustrates the electric field at different cross-sections
when free electrons are affected by electromagnetic radiation. For example, deviation
from an electric field causes negatively charged electrons to move in the direction of the
electric field. Transiently induced dipoles are generated, resulting in the separation of free
electrons from the metal nucleus. This separation leads to a Coulomb restoring force in
the opposite direction and, finally, causes the metal’s free electrons to generate a collective
back-and-forth oscillatory motion at both ends of the particle. Surface plasmon absorption
bands appear in the ultraviolet and visible wavelengths of light as a result of this resonance
phenomenon. This explains the different colors of metallic nanomaterials under white
light. As shown in Equation (1), there is a strong correlation between the peak of surface
plasmon resonance (ωsp) and the surface charge density of the material. In contrast, the
charge density of the particle is affected by particle size, shape, structure, dielectric constant,
etc. [3].
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Figure 1. Schematic diagrams: (a) surface plasmon polariton. (b) Localized surface plasmon reso-
nance. (c) A dipole centered on a metal sphere with a radius r smaller than the incident wavelength
was used to oscillate metallic nanoparticles that were subjected to an electromagnetic field and oscil-
lated by the dipole. (d) Excitation of AuNPs by incident light results in surface plasmon resonance.
The surface plasmon resonance oscillating along different axes comprises the short-axis absorption
peak and the long-axis absorption peak.

In addition to the above advantages, AuNPs combined with composite materials of
upconversion nanoparticles can solve some of the shortcomings and increase the diagnostic
and therapeutic value of single materials. For instance, AuNPs need light energy to promote
SPR, which upconversion nanoparticles can provide. As shown in Figure 1b, Sun et al. [4]
used a AuNP dimer as a core material. They combined it with a grafted photosensitizer to
form a core-satellite type composite material for diagnostic and mouse tumor treatment.
A 980 nm laser was used to excite the upconverted nanoparticles to emit fluorescence
to drive the photosensitizer for photodynamic therapy. An 808 nm laser was then used
to excite the AuNP dimer for photothermal treatment. Using near-infrared light as the
excitation source can increase the penetration of biological tissues and reduce unnecessary
heat damage. A combination of photothermal and photodynamic therapy is more effective
than a single light treatment. In addition to its therapeutic function, the above-converted
emitted light can be used as a fluorescent probe for cellular calibration. In nuclear magnetic
resonance imaging, gadolinium (Gd3+) can serve as a contrast agent (NMRI) to enhance the
bio-imaging function. Due to the photothermal conversion effect, the excited AuNPs can be
used for photoacoustic imaging (PAI), which provides an alternative way to image tumors.
The composite material can also be used as a contrast agent for computed tomography
(CT) imaging to enhance image contrast. Therefore, the composite material has excellent
therapeutic effects and high application value for four types of bioimaging calibrations.
Based on the advantages mentioned above, AuNPs are often used in biomedical research
to carry certain substances into organisms. The surface of AuNPs can be coated to modify
the specific molecules and sensors expected to be held on their surface when the AuNPs
are used carry biomarker receptors into a body. Optical biomarkers are produced by SPR
using AuNPs adhered to high-refractive-index surfaces. The AuNPs absorb laser light and
generate electron waves on their surface to generate measurable signals for any analyte
bound to the AuNPs. Therefore, this review is focused on AuNPs, specifically considering
the changes in signals caused by the characteristics of AuNPs that can be used to detect
molecules, such as DNA, RNA, and protein, flowing into an organism. This review further
discusses the synthesis and properties of AuNPs, as well as their potential applications
as sensors.
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2. Synthesis of Gold Nanoparticles

Depending on the method of preparation, AuNPs can be classified into two major
categories: (i) top–down and (ii) bottom–up. The top–down approach includes the template
method [5], lithographic methods [6], and catalytic methods [7]; the bottom–up process
consists of the electrochemical method [8], the seedless growth method [9], and the seed-
mediated growth method [10]. It is most commonly used to synthesize AuNPs by seed-
mediated growth.

2.1. Surfactant-Preferential-Binding-Directed Growth

The seed-mediated growth method was first proposed by Wiesner and Wokaun [11] in
1989 to obtain the crystals of AuNPs by reducing the tetrachloroauric acid (HAuCl4) with
phosphorus elements using the crystals as the nuclei to grow AuNPs. In the beginning,
Turjevich’s team used sodium citrate as a reducing agent and an interfacial reactive agent
to reduce HAuCl4 from Au3+ to Au by hydrothermal method to synthesize many gold
nanoparticles of different sizes under different reaction parameters. In the aqueous phase,
the AuCl4− atoms are reduced by sodium citrate to form gold atoms, which then aggregate
to form gold nanoparticles. The negatively charged citrate ions play the reducing agent
and capping agent. The size of the particles is controlled by the ratio of gold ions to
sodium citrate with the heating time of the reaction. At this time, the gold nanoparticles
are protected by the negatively charged citrate on the outside of the particles and are
stably stored in the aqueous solution. In 2003, Nikoobakht and El-Sayed [12] proposed two
modifications of this synthesis method: sodium citrate, the protective agent, was replaced
by hexadecyltrimethylammonium bromide (CTAB) in the synthesis of the seeds and Ag+

was used to regulate the aspect ratio of the AuNPs. After modification, the yield of AuNPs
produced by the crystal growth method could reach 99%, and the aspect ratio of AuNPs
could be adjusted from 1.5 to 4.5 by changing the silver ion concentration. There are two
significant steps in the crystal growth process. The first step is the preparation of a crystal
solution; a tetrachloroauric acid solution containing the surfactant CTAB is reduced to
crystals with the reductant sodium borohydride (NaBH4), in which the surfactant CTAB is
used as a protective agent to stabilize the crystal. In the second step, reductant ascorbic acid
is added to a growth solution containing the surfactant CTAB, silver nitrate (AgNO3), and
tetrachloroauric acid, and the trivalent gold ions of tetrachloroauric acid in the solution are
reduced to monovalent gold ions. Then, the crystalline solution synthesized in the previous
step is added to the growth solution to produce AuNPs. Currently, Murphy et al. propose
a mechanism in which surfactant-preferential-binding-directed growth is responsible for
the growth of AuNPs [13,14]. This team observed the structure of AuNPs and the effects of
various reaction conditions on AuNP generation with high-resolution penetrating electron
microscopy. The growth of AuNPs begins with the change of the intrinsic structure of
the crystalline species, and the disruption of the crystalline species symmetry leads to
non-isotropic growth, in which the {100} lattice of the AuNPs has a higher surface energy.
Hence, CTAB preferentially adsorbs on the {100} surface. In addition, the adsorption of
CTAB stabilizes the {100} surface and restricts the growth of the {100} surface so that the
AuNPs grow towards the ends of the {111} surface to form a rod, as shown in Figure 2a.
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Figure 2. AuNP synthesis method. (a) In the surfactant-preferential-binding-directed growth mecha-
nism, because CTAB protects the {100} side of the crystalline species, the subsequently added gold
ions can only be stacked and grown on the unprotected {111} side, resulting in AuNPs. (b) Electric-
field-directed growth mechanism, in which AuCl4-substituted Br is connected to the CTAB microcell
and reacts with the CTAB-coated crystalline species.

2.2. Electric-Field-Directed Growth Mechanism

According to Mulvaney et al., the electric-field-directed is the second growth mech-
anism [15]. This mechanism involves the addition of AuCl42− to the CTAB microbattery,
followed by its reduction to an AuCl2−-CTAB microbattery by a reducing agent, and the
reaction equation is as follows. The negatively charged AuCl2− at the surface of the CTAB
microcell attracts the CTAB on the surface of the crystal, causing the AuCl2−-CTAB micro-
cell to collide with the CTAB-protected crystal. In contrast, the electrons on the surface of
the crystal are transferred to the monovalent gold ions to produce the reduction reaction.
Finally, the collision probability of the two ends of the crystal becomes greater than that of
the side, resulting in the generation of the rod-like structure. In the synthesis of AuNPs, the
silver ions of silver nitrate are used to regulate the aspect ratio of AuNPs by forming silver
bromide (AgBr) with the bromine ions (Br-) of CTAB to reduce the charge density and the
negative electric repulsion between the functional groups at the head end of the CTAB;
therefore, regulating the concentration of silver ions can regulate the arrangement of the
soft templates of CTAB and change the aspect ratio of AuNPs. As shown in Figure 2b, As
part of the growth mechanisms of AuNPs, CTAB plays a crucial role in preventing AuNPs
from aggregating due to electrostatic repulsion between positive surface charges [16].

3. Biological Characteristics of AuNPs

Metal materials have localized surface plasmon resonance (LSPR) properties, and
gold nanomaterials have become a popular research material because of their unique
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optical properties. To understand the LSPR phenomenon, the SPR effect first needed to
be understood. In 1902, Wood [17] designed a grating experiment on polarizing light. He
found an abnormal phenomenon of diffraction on the flat metal surface when the grating
was placed near a metal surface. Later, Fano provided a theory to explain this, i.e., light is a
kind of electromagnetic wave that could interact with the free conduction electrons on the
surface of the metal. In this case, plasma polaritons propagate along the metal-dielectric
interface in both directions. This is called surface plasma polarization (SPP) or surface
plasma resonance (SPR), as shown in Figure 1c [18]. Furthermore, LSPR occurs at the
nanoscale because the incident light is far greater than the nanomaterials, resulting in all the
free electrons on the surface reacting together. Briefly, when light is irradiated on a metallic
nanoparticle, the free conductive electrons on the surface interact with the incident light
via the electromagnetic interaction, followed by all polarized electrons oscillating together
at a specific frequency, as shown in Figure 1d. In 1908, this phenomenon in spherical
nanomaterials was investigated and resolved by Mie using Maxwell’s equations to explain
the relationship of the extinction (SPR) spectra (extinction = scattering + absorption) in any
particle size [19].

3.1. Localized Surface Plasmon Resonance (LSPR)

As a result of some elemental species inside organisms, UV and visible light have
limited penetration abilities regarding skin, such as water and oxy/deoxyhemoglobin,
which show tremendous individual absorption ranges from ~900 to 1000 nm and from ~400
to 690 nm, respectively [20]. Accordingly, the suitable SPR peaks at the greatest wavelength
are between 700 and 900 nm, which is intended to mean that the energy is more efficiently
absorbed when moving away from the red-shifted region to the near-infrared (NIR) region.
Gold nanorods with an anisotropic structure generate two bands of SPR at 520 nm or
650~1200 nm, denoted as the transverse and longitudinal axis, respectively. It is easy to red-
shift the long axis of an SPR band by increasing the aspect ratio for gold nanorods. When
AuNPs are excited by incident light to generate surface plasmon resonance, the oscillation
directions of surface free electrons are divided into two types due to different polarization
modes, one of which is the oscillation motion along the long axis of the material, and the
other is the oscillation motion along the short axis of the material [21,22]. The short-axis
surface plasmon oscillates as a result of the short-axis surface plasmon, and AuNPs exhibit
a characteristic absorption peak at about 520 nm in the visible light range. This is called the
short-axis absorption peak (transverse band). The long-axis plasmon oscillations produce
stronger absorptions and fall in the longitudinal band, which corresponds to the long-
wavelength region. The short-axis absorption peaks do not significantly change with the
size change of AuNPs. On the contrary, the long-axis absorption peaks drastically change
with the aspect ratio (length/width, aspect ratio) of AuNPs. When the aspect ratio increases,
the long-axis absorption peak shifts from the visible light band to the near-infrared light
band, resulting in a red-shift phenomenon.

ωsp =

√
ne2

m0ε0(ε∞ + κεm)
− Γ2 (1)

ωsp: surface plasmon resonance wavelength; n: free carrier density; m0: effective mass
of charge carrier; ε0: dielectic constant offree space; εm: medium dielectric constant; ε∞:
high dielectric constant of medium; κ: geometry of nanomaterials; and Γ: damping constant.

When considering using AuNPs for biotherapeutic applications, it is essential to use
appropriate-length AuNPs because red blood cells and water occupy a large proportion of
the biological body. In the visible wavelength (<650 nm) and infrared region (>900 nm),
the absorption intensity of red blood cells and water molecules is the highest. Still, the
absorption coefficients of red blood cells and water are the lowest in the near-infrared
wavelength between 650 nm and 900 nm. This distance is also called the near-infrared
(NIR) window [20]. Therefore, when near-infrared light is used as the excitation source,
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the biological tissues absorb the least, which also means that the penetration depth of
near-infrared light in biological tissues is higher than that of other wavelengths and is
most suitable for biomedical applications. When the aspect ratio is about 4, the position
of the long-axis absorption peak of AuNPs is red-shifted to about 800 nm, which is the
near-infrared region (650–900 nm) where the incident light penetrates deepest into human
tissues. AuNPs can convert near-infrared light energy into heat when stimulated by near-
infrared light [23–25]. As a result of the scattering and absorption of light, the scattered
light is converted into thermal energy when the incident light absorbs it, AuNPs can be
used for the detection of diseased tissues and the diagnosis and treatment of tumor cells at
the same time; therefore, AuNPs have great potential in the biomedical field due to their
unique optical properties.

3.2. Surface Modification of Gold Nanoparticles

AuNPs are often used as emerging nanomaterials with unique and excellent optical
properties. They are widely used in the biotechnology and biomedicine fields, including
biomedical imaging, drug transportation, disease diagnosis, and treatment, as shown in
Figure 3a. Whether AuNPs are synthesized by the crystal-free growth or crystal growth
methods, their surface must be adsorbed with a CTAB double-layer protective agent so that
the AuNPs are monodisperse in aqueous solutions due to electrostatic repulsive forces. In
addition, the CTAB can protect AuNPs in environments with high concentrations of salts.
However, CTAB causes a high degree of biotoxicity when it is detached from the surface
of AuNPs. Therefore, the surface modification will become an essential issue if we want
to apply AuNPs in the biomedical field further. Currently, there are three types of surface
modification methods for AuNPs.

3.2.1. Ligand Exchange

The differences between carboxylic acids and amines can be observed when compared
to other functional groups and alcohols, and there is a strong covalent bonding between
thiol and gold in AuNPs. The molecules to be modified on the surface of AuNPs can be
functionalized with thiol functional groups, and the thiol groups can generate Au-S bonds
on the surface of the AuNPs to replace the interfacial reactive agent CTAB, deoxyribonucleic
acid (DNA) [26], or other small molecules [27]. For example, Maltzahn et al. [28] replaced
CTAB with PEG of high biocompatibility on the surface of AuNPs to enhance their stability,
improve the shortcomings of CTAB-coated AuNPs that tend to aggregate in serum environ-
ments, and increase the circulation time (t1/2) of the material in an organism for up to 17 h,
as shown in Figure 3b. Due to the close arrangement of CTAB on AuNP surfaces, some
biomolecules, including antibodies and proteins, cannot bind to them after they have been
modified with thiols. Therefore, small molecules, such as 3-mercaptopropionic acid (MPA)
and 11-mercaptoundecanoic acid (11-MPA), must be used first. Then, the functionalized
ends of these molecules can be used to covalently bond with the large molecules, such as
antibodies or proteins, to be modified. For example, Yu et al. [29] first replaced CTAB on
the surface of AuNPs with MUDA and AMTAZ, two small molecules of organic thiol, to
significantly reduce the biotoxicity of the composite, which then reacted with the amine or
carboxylic acid groups of MUDA and AMTAZ to form an amide bond with the antibodies.
Antibody-modified AuNPs can be applied to nanosensors and target therapy.

89



Molecules 2023, 28, 364

Figure 3. Surface modification of AuNPs. (a) Application of AuNPs in the biomedical field after
surface modification. (b) Schematic diagram of the interface active agent CTAB adsorbed on the
surface of AuNPs with a bilayer structure. (c) Schematic diagram of a modified polymer on AuNPs’
surface (n means the numbers of polymer molecules). (d) Layer-by-layer modification of charged
polymer on AuNPs’ surface for selective adhesion to the substrate.

3.2.2. Electrostatic Adsorption

Furthermore, gold surfaces can be modified by forming gold-sulfur bonds between
thiol groups and gold surfaces, as well as electrostatic adsorption between negative
molecules and positive CTAB, while antibodies or proteins may also be directly adsorbable
onto the surface of AuNPs [30] or via layer-by-layer modification [31]. The layer-by-layer
modification of polymers on the surface of AuNPs can easily manipulate their surface
properties. For example, Gole et al. [32] performed the layer-by-layer modification of
negatively and positively charged sodium polystyrene sulfonate (PSS) and poly (dimethyl
diallyldimethylammonium chloride) (PDADMAC), respectively. The polymers on the
surface of the AuNPs were selectively attached to the substrates with different charges,
as shown in Figure 3c. In addition, the modification of polymers with further charges
also affects the phagocytosis behavior of cells [33]. Compared with the gold–sulfur bond
modification strategy, electrostatic adsorption does not require ligand substitution and is
relatively simple, fast, and efficient.

3.2.3. Electrostatic Adsorption

In addition to using the two abovementioned methods to improve the stability and
applicability of AuNPs, Sendroiu et al. [34] proposed covering the surface of AuNPs
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with a layer of silica to strengthen their application value in living organisms through
silica’s excellent biocompatibility and ease of modification, which also enables the use
of application strategies. In addition, it is possible to increase the surface area of AuNPs
by using mesoporous silica as a carrier, which can facilitate the loading of more drug
molecules and provide the material with more functions. For example, Zhang et al. [35]
used mesoporous silica-coated AuNPs to load the anticancer drug doxorubicin (Dox) and
modulate the long-axis absorption peak of the AuNPs to the near-infrared region so that
the AuNPs could undergo photothermal conversion after near-infrared laser excitation to
produce hyperthermia while also promoting the release of Dox loaded into the mesopores
to enhance chemotherapy (chemotherapy). The two-photon fluorescence generated by
the Dox release and the AuNPs could be used for cell imaging. This nanoplatform could
simultaneously realize the dual effect of cell imaging and therapy, as shown in Figure 3d.

3.3. Biosensing Assays
3.3.1. Förster Resonance Energy Transfer (FRET)

An energy transfer mechanism based on Förster resonance energy transfer (FRET)
involves energy transfer between two chromophores. FRET is similar to near-field trans-
port, i.e., compared with the wavelength of the excitation light, the reaction distance of
action is much smaller. Near-field regions are characterized by the emission of virtual
photons by excitations of donor chromophores, which are then absorbed by acceptor chro-
mophores. Due to the fact that these photons violate energy conservation and momentum,
these particles are not detectable. Therefore, FRET is considered a radiation-free process.
From quantum electrodynamics calculations, we can determine the short-range and long-
range approximations of radiation-free and radiative energy transfers under a unified
field [36,37], respectively. When both chromophores are fluorophores, the mechanism is
called fluorescence resonance energy transfer; however, in reality, the energy transfer is not
conducted through fluorescence [38,39]. Since this phenomenon is based on non-radiative
energy transfer, we prefer to use FRET terminology to avoid misleading names. It should
also be noted that FRET is not limited to fluorescence as it can also be related to phos-
phorescence. For instance, a combination of AuNPs and upconversion nanoparticles was
first applied to enhance the fluorescence intensity of upconversion nanoparticles with the
unique SPR optical properties of AuNPs. After continuous research, in 2015, Zhan [40]
and his research team adjusted the aspect ratio of AuNPs so that the absorption peaks
of the long and short axes overlapped with the excitation source and emission position
of the upconversion nanoparticles, and controlled the particle size of the upconversion
nanoparticles to 4 nm to ensure that all the doped ions were affected by the electromagnetic
field of the SPR to enhance the intensity of the upconversion emission. Dadmehr [41]
et al. conjugated the aptamers to deposit on the surface of graphene oxide decorated
with AuNPs, and the following formation of a hetero-duplex stem-loop structure led to
fluorescence quenching. Moreover, Hu et al. [42] also reported a sensitive fluorescent probe
with off–on FRET response for harmful thiourea that can be detected by fluorescent carbon
nanodots combined with AuNPs via electrostatic interaction. As shown in Figure 4a, the
electromagnetic field generated by the long-axis absorption peak of AuNPs very strongly
absorbs photons, which consequently enhances the absorption rate of photons via the
surrounding upconversion nanoparticles, thus increasing the intensity of the emitted light.
The short-axis absorption peak of AuNPs enhances the density of the optical states of
upconversion nanoparticles through the Purcell effect, which regulates the radiative decay
rate to strengthen the intensity of the upconversion.
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Figure 4. (a) The upconverted nanoparticles (donor fluorophore) are affected by the surface plasmon
resonance (SPR) of AuNPs. (b) The FRET effect enhances the absorption of the excitation source, and
the Purcell effect enhances the emission intensity.

3.3.2. LSPR Electric Field Enhancement

AuNPs enhance the light emission of organic fluorophores by means of the SPR effect.
In this article, we discuss this effect using an example of plasmon-enhanced fluorescence
emission [43]. As a result of the abundance of conductive electrons in AuNPs, both
the intensity and the rate at which electromagnetic fields are radiated increase as an
electromagnetic field is excited. However, AuNPs could simultaneously quench or enhance
the emitting intensity because it also has a high absorption coefficient. Therefore, the
distance between AuNPs and another emitter, which we call upconversion nanoparticles
(UCNPs), is the key point to control which behavior in the significant part. In Figure 4b,
there is another viewpoint that an emitter with a low quantum yield could be significantly
enhanced compared with an emitter with a higher quantum yield, even following radiative
rate enhancement, meaning that UCNPs have a high potential for enhancing upconverted
luminescence efficiency based on the low quantum yield of UCNPs. Among the plasmonic
nanomaterials, silver and gold have been studied extensively for their ability to enhance
upconversion. Silver has a more substantial SPR effect than gold because overlapping
interband transitions do not dampen its plasmon resonance. In spite of this, silver does not
consistently result in a greater enhancement of upconversion emissions, suggesting that
other factors such as overlap between spectral bands or overlap between fields may have a
greater influence on the observed enhancements. Additionally, the maximum enhancement
for a core-shell or flat gold film structure is 10 times lower than that of a gold hole array-
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patterned system with 450 times enhancement because SPR displays a specific region with
a higher resonance strength for two reasons: the coupling phenomena between each AuNP
and SPR’s focus on sharp tip structures.

Additionally, AuNPs be used as energy absorbers because of the significantly different
order of extinction coefficient between AuNPs and organic fluorophores. The value of the
extinction coefficient for the commonly used organic dye indocyanine green (ICG) is only
105 (cm−1/M) at 790 nm, but AuNPs have an extinction coefficient of 1011~1013 (cm−1/M),
which is higher than the ICG 6~8 order. Therefore, AuNPs can be used to improve ROS
production from ICG by accepting the energy transferred from the dye [44].

3.3.3. Fluorescent and Colorimetric Assay

AuNPs have unique physical and chemical properties, which make them easier to be
novel chemical and biological sensors. Over the past ten years of research, AuNPs have
been widely used as sensors and in detecting heavy metals. Among them, the colorimetric
method is a common and convenient detection method. The content of the component to
be tested is determined through the solution’s color depth, and the sample’s concentration
is analyzed by optical and photoelectric colorimetry. Both methods are calculated through
the Beer–Lambert law (Equation (2)). For example, DNA-functionalized gold nanoparticles
can be used to detect lead ions with a colorimetric method: DNase-based functionalized
gold nanoparticles; the sensor’s detection range can be from 3 nM to 1 μM [45]. However,
DNA molecule synthesis and chemical modification are very complex and expensive.

A = ε·l·c (2)

A is the absorbance; ε is the molar attenuation coefficient or absorptivity of the attenuat-
ing species; l is the optical path length in cm; c is the concentration of the attenuating species.

However, colorimetric techniques tend to be less sensitive and less selective. To
effectively improve its sensitivity and resolution, recent studies have used composite
materials to improve the accuracy of colorimetry. In current literature, AuNPs are used
as a heavy metal sensor at different pH values. Mercury ions and lead ions will form
mercury-gold and lead-gold alloys on the surface of AuNPs [46]. In the presence \ of
hydrogen peroxide (H2O2), the fluorescent substrate is catalyzed with peroxidase-like
properties. In order to make the sensor more stable to heat, pH, and salt, Li [47] et al.
designed a fluorescent and colorimetric dual-modal sensor based on AuNPs prepared using
carbon dots (CDs) to detect the concentration of Cu2+ and Hg2+ in water. In addition to
environmental heavy metal detection, AuNPs can also be used to analyze cancer biomarkers
through dual-mode fluorescence colorimetry. Dadmehr [48] et al. used AuNPs grafted
with gelatin and combined with gold nanoclusters to detect matrix metalloproteinase.
Food samples can also be detected by AuNPs colorimetric method. Shahi [49] et al. used
gelatin-functionalized AuNPs (AuNPs@gelatin) and applied a competitive colorimetric
assay to detect aflatoxin B1 (AFB1) and measure the concentration of this carcinogen in
food samples.

4. Clinical Biomarkers for Early Cancer Detection

Crick proposed the central dogma in 1957 and demonstrated that the transmission
of genetic information relies on DNA, RNA, and proteins [50]. With the development
of molecular biology technologies, people can now identify how diseases are caused by
specific molecules involved in transcription and translation. It is becoming increasingly
common to use these molecules as diagnostic markers for diseases related to cancer and
other diseases. Nevertheless, the development of imaging and molecular marker-related
technologies is considered the most effective method of improving the resolution and
sensitivity of detection. Since AuNPs enable image transduction and are non-invasive,
many studies have been conducted to label many key disease-related molecules identified
via AuNPs, thereby improving the sensitivity of diagnosis (Figure 5).
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Figure 5. The development of cross-disciplinary nanotechnology has been vigorous, and one critical
application is in biosensors produced by combining the semiconductor industry and biotechnology.
AuNPs induce more biomolecular bonds, such as those of DNA, RNA, protein, and drugs to achieve
the benefit of expanding the output signal. In addition, immobilization techniques can also be applied
to a novel metal–semiconductor–metal material wafer. Using the chemiluminescence reaction in the
system, the photons are converted into electronic signals to measure target biomolecules.

4.1. DNA

DNA is one of the most critical substances cells used to store genetic information.
Most commonly, it is found in the nucleus as a chromosome. Chromatin stability can be
regulated by histone modifications, DNA methylation and DNA-histone interactions, the
results of which is only gene expression, but not the intrinsic sequence of genes, known
as epigenetic regulation [51]. Most eukaryotic cells, including mammals, regulate DNA
methylation in GC-rich regions or CpG islands, primarily through DNA methyltransferases.
Such modification leads to dysregulation and abnormal expression of specific genes. These
expression imbalances have been linked to the development of several diseases [52]. It was
therefore necessary to develop these specific variants of methyltransferases as a means of
detection.

The detection of DNA methylation has been carried out using several techniques [53],
including genome-wide methylation extent analysis, gene-specific methylation analysis,

94



Molecules 2023, 28, 364

and screening for new methylated sites. Assays are restricted by restriction sites [54], in-
cluding enzymatic hydrolysis-based traditional methods, such as high-performance liquid
chromatography (HPLC), high-performance capillary electrophoresis (HPCE), restriction
landmark genome scanning (RLGS), and methylation-sensitive arbitrary primed poly-
merase chain reaction (MS-AP-PCR), as well as restriction enzyme-free methods, such
as methylation-specific PCR (MSP) and real-time methylation-specific PCR. However,
many technologies may generate false-positive results and lack the sensitivity to detect
them. Nevertheless, there are methods that can be used to improve this insufficiency [54],
such as combined bisulfite restriction analysis (COBRA), a methylation-sensitive single
nucleotide primer extension (Ms-SNuPE) assay, Ms-SNuPE assays, matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), double-labeled probes, and quan-
titative PCR (qPCR), but these methods are not cost-effective.

The introduction of AuNPs is considered to be an effective method to improve these
shortcomings. Upon exposure to methyltransferases, AuNPs modified by a double-strand
DNA probe will change from a well-dispersed state to an aggregated state. By measuring
the A620/A520 difference, a colorimetric assay based on AuNPs can be developed to
detect the presence of methyltransferases in the environment [55]. It is also possible to
apply the same logic by using surface-enhanced Raman spectroscopy (SERS) to detect
single-nucleotide polymorphisms. Detecting changes in SERS was found to be enhanced by
comparing the conversion of cytosine and 5-methylcytosine into sodium bisulfite with the
binding difference between AuNP-dGTP-cy5-probe and sodium bisulfite [55]. According
to Liu’s research, a polyadenine-DNA hairpin probe that is methylene blue-labeled and
can be methylated by methyltransferases can be used as a restriction enzyme recognition
tool for determining the differences in electrochemical response and DNA methylation [56].
Additionally, a specific probe designed to detect methylation combined with a fiber optic
nanogold-linked sorbent assay can directly detect the methylation state of the tumor
suppressor SOCS-1 through transmitted light intensity [57].

Furthermore, biomarkers that identify somatic mutations are also used to diagnose
potential genetic diseases as a preventative measure. For example, the BRCA1 mutation is
one of breast and ovarian cancer most commonly occurring oncogenes. It was found that a
DNA capture probe immobilized in AuNP can be used to detect these discovered prognosis
biomarkers, with a detection accuracy reaching femtomolar levels [58]. Additionally,
an electrochemical DNA sensor based on a BRCA1 DNA sequence-based tetrahedral-
structured probe was fabricated with AuNPs to precisely detect BRCA1 [59]. It has also
been found that using Bi2Se3-AuNPs as a load signal probe to form a sandwich with BRCA1-
immobilized silicon improves diagnostic accuracy [60]. It is also possible to use boron
nitride quantum dot AuNPs to enhance the detection of BRCA1/2 [61]. An electrochemical
method of prostate cancer-specific DNA sequences (PCA3) using chondroitin sulfate-
AuNPs has been demonstrated to treat prostate cancer [62].

The cell-systematic evolution of ligands by exponential enrichment (cell-SELEX) is the
process of discovering small oligonucleotides through arithmetic. It has been found that
these less than 100-mer aptamers bind with a specific affinity to the cell surface through
a unique folding structure and have applications in the detection and diagnosis of dis-
eases [63], as well as in the annotation of metals [64–66]. The identification of cancer cells
was found to be effective when combining specific aptamers with AuNPs and simultane-
ously forming complexes with magnetic beads and magnetic forces [67]. Using this method,
it is possible to separate a sample using complementary sequence DNA (capture DNA) and
determine whether the sample contains cancer cells via electrochemiluminescence. Fur-
thermore, AuNPs have a good solubility, high surface reactivity, and excellent bioactivity.
Taking advantage of their high fluorescence efficiency and versatility in surface modifi-
cation, concatemer quantum dots were further used as a component of nanocomposites
with AuNPs. This study demonstrated that MWCNTs@PDA@AuNP nanocomposites can
improve aptamer recognition specificity [68].
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Similar oncogenes such as KRAS can also be used as biomarkers for cancer diag-
nosis. MWCNTs–PA6–PTH conjugates can recognize mismatched bases in KRAS single-
strand DNA-AuNPs with over 50% efficiency when used with KRAS single-strand DNA-
AuNPs [69]. This method can also be applied to gastric tumors using KRAS as the target.
A hairpin-DNA that recognizes KRAS mutations and conjugates with Cy3-AuNPs can be
highly effective in identifying gastric tumors. As a result, KRAS-specific hairpin-DNA can
go against the sequence of the KRAS sequence to inhibit its biological functions, which in-
clude vascularization and metastasis, resulting in an improvement in the survival rate [70].

Apart from forming nanocomposite materials with different elements, aptamer-AuNPs
can also be used to separate circulating tumor cells from blood using microfluidics, with a
39-fold increase in efficiency [71]. According to this method, when using aptamer-AuNP
probes for detection, one can determine the presence or absence of binding based on the
color difference between the two probes [72]. It is therefore possible to apply similar assays
to identify different molecules in liquid biopsies, such as circulating tumor DNA (ctDNA)
and PIK3CA. In conjunction with peptide nucleic acid-AuNPs, the anti-5-methylcytosine
antibody conjugate apoferritin can be used to specifically identify ctDNA in patient blood
by detecting differences in ions with an accuracy of 50–10,000 fM [73]. The use of aptamers
is helpful for not only identifying specific cells as a diagnostic tool but also targeting
therapies. A Pt@Au nanoring@DNA nanocomposite was found to be helpful as a diagnostic
and therapeutic strategy due to its photothermal therapy abilities for tumor cells when
exposed to near-infrared light [74]. It has also been shown that combining tetrahedral DNA
frameworks and AuNPs can further enhance the capture efficiency of BRCA1 ctDNA from
1 aM to 1 pM [75].

In addition to the DNA of a tumor itself, different genotypes of tumor-associated
viruses have been designed as probes in conjunction with polyaniline-AuNP to develop
biosensors that can identify the specific DNA targets of human papillomavirus, as well as
other viruses, to improve diagnosis efficiency [76]. Studies have also shown trichomoniasis
infections cause several cancers. The abovementioned probes can also be used detect
trichomoniasis by designing a sequence that targets trichomoniasis and forming a biosensor
with AuNPs [77].

4.2. RNA/miRNA

RNA messengers, also known as messenger RNA (mRNA), are essential molecules that
are transcripted from DNA, transmit information, and serve as templates for translation
into proteins. The use of dysregulated mRNA is also considered to be one of the most
important cancer detection methods. With an accuracy of 0.31 nM, polyadenine can be
quantified with fluorescent spherical nucleic acid labeled at the end of the mRNA in
AuNPs [78]. This is therefore considered a precision medicine strategy to predict diseases
by quantifying associated mRNAs. Among the major enzymes involved in DNA replication
and repair is topoisomerase 1/2, which is implicated in cancer development or resistance to
chemotherapy [79]. As a result of the labeling of a probe capable of detecting topoisomerase
1/2 in AuNPs, the absorbance ratio in a gold-aggregating assay can be calculated to
determine the amount of AuNPs [79]. Likewise, quantitative measurements of biomarkers
associated with cancer, such as glypican-1, facilitate the diagnosis of pancreatic cancer [80].
In Li’s work, glypican-1 was found to be pre-amplifiable when using the catalytic hairpin
assembly and point-of-care-testing methods. Capturing glypican-1 mRNA through AuNPs
is performed with paper-based strips with a 100 fM sensitivity [80].

In addition to regulating the transcription of DNA into RNA, a noncoding RNA can
also regulate the translation of mRNA. The use of microRNA (miRNA) is one of the most
common methods for regulating mRNA, so detecting the level of miRNA is considered a
means of diagnosing diseases. It is possible to successfully capture miRNAs by designing
corresponding DNA probe-AuNPs [81–84]. Various methods of detection have been used
to quantify miRNAs in many studies. miRNA levels can be detected using electrochemical
differential pulse voltammetry [85]. The results of Pothipor’s study suggested that the
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detection limit of miRNA-21 can reach as low as 0.020 fM after optimizing the electron
transfer reaction between graphene and polypyrrole in AuNPs [85]. The introduction of
MXene–MoS2 heterostructure nanocomposites was also found to improve electrochemistry
and to form a catalytic hairpin assembly that can amplify the signal and enhance data
detection [86]. Consequently, changing DNA structure may improve the efficiency of
miRNA recognition. It has been shown that using three-dimensional or tetrahedral DNA
nanostructure probes enhances electrochemical signals [87,88]. Furthermore, this DNA
structure can also be applied to detect magnetic nanocomposites based on AuNPs [89].
Magnet-based devices for miRNA detection, such as the SERS-based biosensor, can be
applied to serum and urine samples [90,91]. It is important to note that when using specific
DNA structures and SERS, anticancer drugs can also be loaded to target miR21 for precision
therapy [92].

4.3. Protein

As the final product of mRNA translation, a protein is a larger molecule than DNA
and RNA, and conjugates with AuNPs can also be used to detect proteins. In cancer cells,
telomerase, an enzyme responsible for protecting DNA replication from cell division, is
overexpressed. It was found that the use of (TTAGGG)n sequences and AuNPs as probes
could be used to diagnose cancer cells or the telomerase level in a liquid biopsy as a
method of cancer diagnosis [93–95]. As a similar approach, single-strand DNA-rhodamine
6G-AuNPs were designed to be cleaved by Flap endonuclease 1, another molecule related
to DNA structure; the potential Flap was calculated by exposing the rhodamine 6G after
cleavage at the Flap endonuclease 1 level [96,97]. In addition to being used to screen for
specific cell types, the aptamer can also be used to identify specific proteins. The use of
designed aptamer-AuNPs has been reported to be specific for diagnosing prostate cancer
through a prostate-specific antigen [98]. In breast cancer, the aptamer-AuNP method
can also detect HER2 [99], and surface plasmon resonance technology can improve this
method’s detection sensitivity [100].

5. Biosensing of Cancer Biomarkers

As most molecules can only be quantified through precision instruments, many studies
have primarily focused on optical and enzyme-dependent biosensing to reduce detection
time and cost. These two methods’ numerous applications in detecting cancer biomarkers
are discussed in this section.

5.1. Optical Biosensing

Many studies have identified and determined the identity of generated AuNPs through
their spectral differences since AuNPs require different media for ultraviolet–visible spec-
troscopy. Most studies have used electrochemical responses to assess whether targets are
captured [101]. However, it should be noted that optical property can be used to facili-
tate detection and interpretation, thus reducing the requirements for equipment level or
response time. Based on the surface plasmon resonance of AuNPs formed by incident
photon frequency and free electrons, state changes can occur between dispersion and ag-
gregation and are accompanied by color changes [102]. For this reason, colorimetric assays
are used to interpret data. According to Miti’s study, localized surface plasmon resonance
can be used to detect miR-17 levels in cancer cells [103]. It is also possible to combine it
with the upconversion emission nanoparticle NaYF4 to amplify the signal for detecting
miR-21-AuNPs [104]. This application can be used to detect not only miRNA sequences
but also target miRNAs for the delivery of drugs. Introducing nanocomposite elements
with AuNPs can not only enable the detection of miR-21 but also allow doxorubicin to
be released through localized surface plasmon resonance to achieve therapeutic effects.
miR-21 levels and cell death incidence can also be determined via color conversion. A
nanocomposite that undergoes electron transfer can also be detected via electrochemilu-
minescence [105]. In Zhang’s study, Ru(bpy)32+ and boron nitride quantum dots were

97



Molecules 2023, 28, 364

used to detect miR-21-AuNPs, and the resonance energy transfer was quantified through
electrochemiluminescence [106,107].

Fluorescence labeling has also been employed as a further method of identifying AuNP
probe signals. In Li’s research, miR-21 and miR-141 were simultaneously labeled with two
fluorescent dyes on AuNPs to hybridize them with intracellular microRNA. The fluorescent
signal changed when the target RNA was bound to the probe. Due to how flares are made,
diagnostic sensitivity can be achieved [108]. Labeling DNA sequences with fluorescent
signals can also be used to detect proteins. There is evidence that labeling Cy5 with
(TTAGGG)n sequence-AuNPs can be combined with surface-enhanced Raman spectroscopy
(SERS) to identify the telomerase level in tumor cells [109]. Moreover, SERS and AuNPs, in
combination with doxorubicin in DNA sequence, were shown to detect miR-21 and drug
release [92]. With fluorescence resonance energy transfer, specific proteins from a mixture
can be detected using N-doped carbon dots if there is an interaction between the target
protein and the carbon dots [110]. Using antibodies to recognize specific DNA sequences
can also increase the signal. A prostate-specific antigen, kallikrein-3, is considered to be
useful for the diagnosis of prostate cancer. By simultaneously labeling aptamer-AuNPs
with streptavidin and anti-kallikrein-3-AuNPs, kallikrein-3 can be effectively detected. It is
noteworthy that the detected signal can also be embedded in cellulose paper and read with
a smartphone [111].

5.2. Enzyme-Dependent Biosensing

The enzyme-dependent biosensing method uses a catalytic reaction or formation
of a structure when the target and probe are combined, resulting in the cleavage of a
specific enzyme. The methylation of DNA is the most common detection method. Various
restriction enzymes may cleave a methylated DNA sequence to reveal signal differences. It
is also possible to apply a similar approach to the incidence of miRNA detection. Upon
interaction between the target miRNA and the probe, a structure can be formed that
can be recognized by a cleaved, duplex-specific nuclease. A specific antibody with a
label can identify the cleaved structure and interpret the structure using methods such as
electrochemistry [112]. It has been shown that this duplex-specific nuclease approach can
be used in conjunction with fluorescence [113,114], surface plasmon resonance [115], or
SERS [116] for the identification of signals in other ways.

The development of methods using optical and enzyme-dependent biosensing has
also been gradual. According to Zhang’s research, noncoding RNAs can be bound and
cleaved by exonuclease III, and the cleaved products can release signal DNA and be
detected by fluorescence resonance energy transfer [117]. A prostate-specific antigen was
used in Wang’s experiment to design a unique sequence that would be vulnerable to
CRISPR-Cas12a cleavage. This method produces a product that can be quantified via the
colorimetric method and used to diagnose prostate cancer [118].

6. Clinical Applications of Cancer Based AuNP Biomarkers

Based on the above discussion, AuNPs can distinguish between single bases and
therefore be applied to detect DNA methylation. Accordingly, this section discusses single-
point mutations and single-nucleotide polymorphisms as related diagnostic cases.

6.1. Single-Point Mutations or Single-Nucleotide Polymorphism (SNP)

AuNPs have also been used for the detection of single-nucleotide polymorphisms [119].
Analyses are primarily conducted by hybridizing a DNA microarray with single-strand
DNA-AuNPs, and interpretation is obtained through analysis of various signals, including
resonance light scattering [120] and SERS [121].

A single-point mutation is also a type of single-nucleotide polymorphism that can lead
to the continuous activation of specific genes, ultimately resulting in a mutation. As a result
of Park’s work, it was found that the mismatch recognition protein, the MutS protein, can
recognize mutations of the KRAS gene. Combining MutS-AuNPs with sequence hybridiza-
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tion can change the resonance frequency detected by a microcantilever resonator [122]. It
can also be applied to liquid biopsy-related incidents, including the detection of circulating
tumor cells and the detection of ctDNA for the diagnosis of cancer [123–125].

6.2. Exon or Gene Copy-Number Changes Detection

There is an association between cancer progression and mutations in the EGFR and
the development of drug resistance. Mainly, mutations in exon 19/21 are often detected in
tissues and cells related to lung cancer. Via the hybridization of specific probe-AuNPs with
a target sequence, AuNPs can be changed between dispersed and aggregated states that
colorimetric assays can detect and applied to different tissues, including tumor cells and
liquid biopsies [126,127].

6.3. Protein Structural Modifications Detection

Proteins such as transcription factors can be detected using AuNPs. This is accom-
plished by designing a suitable ligand or aptamer. It has been demonstrated that a protein–
captured target interaction product can change signaling through fluorescence resonance
energy transfer [110]. Additionally, a proper ligand can also be utilized in high-throughput
screening to identify special drug candidates for alternative treatments [128]. Interestingly,
a similar detection method was recently used to identify differences in proteins subjected
to glycosylation [129].

7. Conclusions

The use of nanoparticles for bio-detection, drug delivery, and drug screening has
become a new research direction for scientists. In addition, the combination of semicon-
ductor etching technology and biomaterials can be used for biological disease detection
or drug screening. Due to the unique spectroscopic properties of AuNPs, more detection
methods can be established to perform a variety of analytical experiments on a single
biochip. In pharmaceutical science and biotechnology, the rapid detection and reading
of different DNA sequences is a more compelling development target. Combining DNA
sequences with fluorescent probes, gold nanoparticles, and chemical luminescence has
partially replaced old radio-isotope detection methods. The development of nanotech-
nology will bring unlimited opportunities for the development of life sciences, mainly
regarding: (1) the study of the structure and function of various intracellular organelles
(e.g., granulosa and nucleus) at the nanoscale in terms of the exchange of materials, energy,
and information between cells and organisms; (2) biological response mechanisms in repair,
replication, and regulation, as well as the development of molecular engineering (including
the use of AuNP biomolecular robots), based on biological principles; (3) nanoscale imaging
techniques, such as optical coherence chromatography (OCT), which is known by scientists
as the “molecular radar” and has a resolution of 1 micron (which is thousands of times
higher than the precision of available chromatography and nuclear magnetic resonance
techniques), can conduct the dynamic imaging of living cells in living organisms 2000 times
per second, and observe the dynamics of living cells without killing them as with X-ray,
general chromatography, and MRI; (4) laser single-atom molecular detection, which is
also ultra-sensitive and can accurately acquire one of the 100 billion atoms or molecules
in gaseous materials at the single-atom molecular level; and (5) microprobe technology,
which can be implanted into different parts of human body according to different research
purposes and can also run with the blood in the body so that various types of biological
information can be delivered to the external recording device at any time. Microprobe
technology has the potential to become a standard tool for life science research in the 21st
century. The development of nanotechnology will bring infinite hope to the development
of biotechnology as it can be used to investigate the activities of biomolecules in the body
to investigate issues affecting human health.
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Abstract: This article discusses the application and research status of long-wavelength fluorescent
carbon dots. Currently, there are two main methods for synthesising carbon dots (CDs), either from
top to bottom, according to the bulk material, or from bottom to top, according to the small molecules.
In previous research, mainly graphite and carbon fibres were used as raw materials with which to
prepare CDs, using methods such as arc discharge, laser corrosion, and electrochemistry. These
preparation methods have low quantum efficiencies and afford CDs that are limited to blue short-
wavelength light emissions. With advancing research, the raw materials used for CD preparation have
expanded from graphite to biomaterials, such as strawberry, lime juice, and silkworm chrysalis, and
carbon-based molecules, such as citric acid, urea, and ethylenediamine (EDA). The preparation of CDs
using carbon-based materials is more rapid and convenient because it involves the use of microwaves,
ultrasonication, and hydrothermal techniques. Research on developing methods through which to
prepare CDs has made great progress. The current research in this regard is focused on the synthesis
of CDs, including long-wavelength fluorescent CDs, with a broader range of applications.

Keywords: carbon dots; fluorescent nanomaterial; versatile applications

1. Introduction

Carbon dots (CDs) are fluorescent nanomaterials that are smaller than 10 nm. The
origin of these types of materials can be traced back to 2004, when Xu et al. [1] purified a
single-walled carbon nanotube fragment using electrophoresis and isolated nanoparticles
that exhibited fluorescence properties. In 2006, Sun et al. [2] used graphite and black char-
coal as raw materials with which to synthesise nanoparticles with improved fluorescence
properties. This led to the nomination of CDs as the first official carbon-based fluorescent
nanoparticles. Compared with traditional fluorescent materials, such as organic dyestuff
and quantum dots, CDs are simple to synthesise, have low consumption, and possess
superior luminescence properties and biocompatibility [3,4]. In addition, the surfaces of
CDs are enriched in water-soluble groups. CDs readily combine with inorganic molecules,
organic molecules, and biomolecules, allowing them to exhibit multifunctionality. CDs
are widely used in biological imaging, heavy metal detection, catalysis, and drug loading,
making them a current research hotspot [5–8]. The research targets are divided into two
aspects: improving the quantum yield (QY) and exploring the versatile applications of
CDs [9,10]. Exploring the possible applications of CDs, Tian [11] developed full-colour CDs
for use in white-light-emitting diodes (WLEDs). In 2017, Zhong [12] synthesised green
CDs for Ag+ detection, using 1,2-phenylenediamine and formaldehyde as raw materials
via hydrothermal synthesis. Additionally, CDs are widely used in catalytic reactions and
electro-optical devices. For example, Wang synthesised silane-functionalised CDs, G-SiCDs,
and R-SiCDs with green and red emissions, using a one-step solvothermal route. Initially, a
red light-emitting diode (LED) was prepared by combining blue-fluorescence LED chips
with R-SiCDs. Subsequently, the ratios of G-SiCDs and R-SiCDs were adjusted, and a
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WLED with a chrominance value of 88 was synthesised based on trichromatic fluorescence.
The chrominance of the WLED was higher than that of the double-colour-based LED
prepared using G-SiCDs by a value of 30. This led to an improvement in the ability of
the WLED to present the true colour of the irradiated object. Ge [13] used polythiophene
phenylpropionic acid as a raw material with which to prepare new-type red fluorescent
CDs. The range of these CDs is 400–750 nm, and their maximum emission wavelength
is 640 nm. The in vivo fluorescence imaging, which was conducted on mouse models, is
shown in Figure 1. Under a near-infrared laser, the photoacoustic response was very strong,
and photothermal conversion efficiency was high (η = 38.5%), proving that these CDs
can be applied to the areas of multichannel fluorescence imaging, photoacoustic imaging,
and photothermal therapy. Moreover, it is hopeful that these CDs have the potential to
be used for cancer diagnosis and treatment. Zhong [14] used 1,2-paraphenylenediamine
and carbofural as precursors. Nitrogen-doped orange florescence CDs (QE = 14.3%) were
composed via 180 ◦C hydrothermal reaction for 3 h, and can be applied to Ag+ detection in
water and to A549 human lung cancer cell imaging.

 
Figure 1. Carbon dots utilised for multimodal imaging in mice [13].

2. Summary of Previously Reported Synthetic Routes to CDs

The incomplete carbonisation of CD surfaces is advantageous because the existing
interstitial structure makes the CD surface easy to modify. Research has shown that atom
doping can improve the fluorescence properties of CDs [15–18].

2.1. Non-Metallic Element Doping

Early experiments suggested that nitrogen atom doping is the most effective, due to
the similarity in radius between nitrogen and carbon atoms and the high electronegativity
of nitrogen. Nitrogen atoms can provide electrons to carbon atoms, thus altering the
internal structure and improving the luminescent properties of CDs. Qian et al. [19]
used 1,2-ethylenediamine (EDA), 1,3-propylenediamine (PDA), 1,4-tetramethylenediamine,
and ethylene glycol as dopants, and the different nitrogen contents in these materials had
different effects on the luminescent properties of CDs. The QYs of these nitrogen-doped CDs
were between 20.4% and 36.3%, far surpassing those of undoped CDs. Reckmeier et al. [20]
utilised a hydrothermal method through which to prepare nitrogen-doped carbon quantum
dots (CQDs), which exhibited a fluorescence quantum efficiency of nearly 80%.

Furthermore, the homology of carbon atoms and nearby elements, like Si, P, and S, can
have an effect on doping. Guo et al. [21] utilised sodium citrate and L-cysteine as precursors
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in order to synthesise CDs with a quantum efficiency up to 68%. He et al. [22] used
triethoxysilane and EDA as raw materials with which to prepare blue CDs with a quantum
efficiency of 29.7%. These CDs were successfully utilised for the detection of ferric ions,
demonstrating that doping with Si and N elements can enhance the fluorescence properties
of CDs. Wang et al. [23] used maltose, hydrochloric acid, and phosphoric acid as raw
materials, increasing the quantum efficiency of the tested CDs from 9.3% to 15%. The CDs
also showed a linear response to ferric ions, making them a promising material for sensing
applications. Two types of nitrogen–boron-doped CDs were prepared by Ye et al. [24]
in order to detect 2,4,6-trinitrophenol in cells and Hg2+ in water. Yang et al. [25] used
phytic and citric acids, which are rich in phosphorus, to prepare P-doped CDs, which were
effective in the sensitive detection of copper ions.

2.2. Metallic Element Doping

Doping CDs with metal ions has been reported to significantly impact their proper-
ties and potential applications. Near-infrared (NIR) laser induction therapy is a unique,
minimally invasive or non-invasive cancer treatment that has attracted considerable at-
tention. Guo et al. [26] prepared excitation-dependent blue-fluorescent Cu-N-doped CDs
using ethylenediaminetetraacetic acid (EDTA-2Na) and CuCl2 via one-step hydrothermal
synthesis. Cooperative photothermal/photodynamic therapy has been found to substan-
tially inhibit cancer. Moreover, Cu-N-CDs can function as a type of fluorescent probe
and infrared thermal developer. In addition, the treatment process using Cu-N-CDs is
non-invasive, making it a promising approach for application in biomedical imaging and
therapy. Pakkath [27] employed citric acid as the carbon source and rapidly synthesised
(within 6 min) CDs doped with ethylenediamine-functionalised transition-metal ions (Mn2+,
Fe2+, Co2+, and Ni2+) via the microwave method. These CDs had a quantum efficiency
of up to 50.84% and exhibited biocompatibility when used for fluorescence biological
imaging of human colon cancer cells (SW480). He et al. [28] developed Gd-doped CDs with
excellent magnetic resonance and an excellent cell imaging capability, as well as a high
gene transfer efficiency and potent antiserum capacity. Even in an environment containing
10% serum, these CDs exhibited a gene transfer efficiency 74 times higher than that of
polyethyleneimine (PEI, 25 kDa). Furthermore, they produced high permeability and
carryover effects in solid tumours, resulting in enhanced imaging. Thus, metal ion-doped
CDs are promising for medical applications—particularly as contrast media and targeting
agents—owing to their unique properties.

CD preparation methods can be divided into two categories according to the mecha-
nism used: top-to-bottom (or ‘top-down’) and bottom-to-top (or ‘bottom-up’) (Figure 2a).
The quintessence of the top-down method is physical shearing or chemical stripping of
carbon-rich fragments, such as graphene and carbon nanotubes (CNTs), into nanoscale
CDs (graphene is shown as green, carbon nanotubes are shown in yellow). For instance,
in a previous study, graphene was used as the raw material. A two-step shearing process
was employed to produce monodispersed CDs from HNO3-octadecene amine hydrazine,
and these CDs were then used for the preparation of white light-emitting diode (WLED)
components. Lu used an electrochemical method to strip graphite in an ionic solution and
produce blue-fluorescence CDs. The structure and fluorescence properties of these CDs
were subsequently characterised. In the bottom-up method, carbon-based small molecules
and carbon-rich fragments are used as raw materials. In the hydrothermal, microwave, and
ultrasonic methods, polymerisation and carbonisation of the carbon source result in the
formation of CDs such as those shown in Figure 2b. Compared with the top-down method,
the bottom-up method involves materials that can be obtained from a wider variety of
sources. Further, it involves simpler synthesis routes and incurs lower equipment costs;
therefore, it is preferred for CD preparation.

108



Molecules 2023, 28, 7473

Figure 2. Schematic of the synthesis methods for carbon dots [28]: (a) ‘top-down’ method,
(b) ‘bottom-up’ method.

2.3. Arc Discharge Method

In 2004, Xu [29] inadvertently obtained fluorescent substances during the preparation
of pure single-walled CNTs by using a 3 M HNO3 solution as the oxidant to achieve oxida-
tion arc discharge. Under alkaline conditions (NaOH, pH = 8),e HNO3 was neutralised,
yielding a suspension containing single-walled CNTs and other impurities. With subse-
quent separation, a fluorescent substance was obtained. Gel electrophoresis was used to
isolate the purified fluorescent substance, from which electrophoretic bands corresponding
to blue-green, yellow, and orange lasers were obtained. It was found that three types of
fluorescent substances could be separated via arc discharge. However, this approach tends
to produce separated substances that contain significant amounts of impurities that are
difficult to separate, leading to low yields.

2.4. Laser Erosion Method

Graphite powder and cement have been used to obtain carbon materials via heat
treatment [30]. In the presence of a water vapour current, these carbon materials were
transformed into carbon particles via laser erosion. The resulting carbon particles were then
compounded to form fluorescent particles of various sizes. Subsequently, the fluorescent
particles were placed in a 2.6 M HNO3 solution for 12 h under backflow conditions, and the
resulting uniformly sized carbon particles were decorated with PEG1500 to obtain particles
with an average diameter of 5 nm. At an excitation wavelength of 400 nm, the yield of the
prepared carbon quantum dots was found to increase from 4% to 10%. Further, Hu [31]
used a pulsed laser to illuminate graphite sheets in a polymer solution. The pulse duration
was found to affect the resulting particle size and the fluorescence quantum yield (QY). The
laser erosion method is advantageous; however, large amounts of the carbon source are
required, and the preparation of heterogeneously sized carbon nanoparticles significantly
restricts the application of the resulting CDs.

2.5. Microwave Method

The microwave method is simple, rapid, and highly sensitive; therefore, it has been
widely employed for the preparation of CDs. For example, Qu [32] used citric acid and urea
as raw materials to prepare water-soluble CDs. This simple route involves mixing of the
reactants in the microwave digestion system and heating at 750 W for 4–5 min to produce
a brown CD solution. The desired CDs are then isolated via centrifugal purification. In
addition, Zhang [33] used the microwave method to prepare green CDs for the fluorescence
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probe detection of folate receptor-positive cancer cells. Additionally, He prepared CDs via
the carbonisation of active dry yeast through the microwave approach. The average particle
size of the resulting CDs was determined to be 3.4 nm, and their maximum emission peak
was observed at ~516 nm. Furthermore, Liu [34] used the microwave method (400 W,
30 min) to prepare orange, yellow, and blue CDs that can be used in colour-based cell
imaging and illumination, thereby expanding the application scope of CDs. It was also
possible to use these CDs for the detection of cell pH levels. Compared with other methods,
the synthesis time required by the microwave method is short, the equipment is simple,
and the raw materials are inexpensive and widely available. Consequently, this is one of
the most popular approaches for preparing CDs.

2.6. Hydrothermal Method

The hydrothermal method has numerous advantages, including a simple apparatus,
facile operation, low cost, and eco-friendliness. Zhou used ammonium citrate as the
carbon source, and, through a hydrothermal reaction at 180 ◦C for 30 min, obtained the
desired CDs possessing applicability in the rapid detection of ochratoxin A in flour and
beers. Chandra [35] used citric acid and ammonium dihydrogen phosphate as the raw
materials for their hydrothermal reaction. After 4 h of reaction at 180 ◦C and subsequent
centrifugation, the purified CDs were obtained via dialysis. The prepared CDs were then
used to measure the Fe3+ contents of cancer cells. Further, Long used the hydrothermal
method to prepare CDs containing F and N. When these CDs were combined with room-
temperature phosphors, they were suitable for use as protective materials for data security.
Furthermore, the hydrothermal method has been used to prepare organic-soluble CDs and
multicolour fluorescence emission-adjustable CDs. Moreover, Yuan [36] used citric acid and
either 2,3-diaminonaphthalene (2,3-DAN) or 1,5-DAN as the raw materials under different
reaction times and solvent contents to control the carbonisation process. They found that
the emission peaks of the resulting fluorescent substances exhibited a red shift. Fluorescent
CDs exhibiting blue, green, yellow, orange, and red colours were also prepared. It has been
reported that the luminescence mechanism of multicolour fluorescence emission-adjustable
CDs is affected by various factors, e.g., changes in the CD bandgap, the charge transfer on
the CD surface, and the sizes of the CD molecules. Overall, the CDs prepared using the
hydrothermal approach are widely applicable, and the carbon sources tend to be cheap
and readily available. However, the CD luminescence mechanism remains to be elucidated.
Further, novel methods are needed to increase the CD QYs.

3. Fluorescence Properties of CDs

3.1. Synthesis of High-Efficiency N,S-Doped Blue CDs

At present, the quantum efficiency of CDs is low. Thus, increasing the quantum effi-
ciency is the main priority in the CD research field. High-efficiency CDs are prerequisites
for composite applications. For the experiment performed in this study, the convenient
hydrothermal method was selected. Citrate sodium and cysteine were used as raw ma-
terials. Ethylenediamine was used as a passivation agent. High-efficiency N,S-doped
blue CDs were synthesised. Quinine sulphate (0.1 M H2SO4, QY = 56%) was used as a
standard reference solution. The quantum efficiency of the CDs was calculated as 68%. The
fluorescence of the CDs was examined, along with the effects of the NaCl solution, pH,
ultraviolet (UV) light, temperature, and metal ions on the CD fluorescence intensity. All
the reagents used in the experiment are presented in Table 1.

The experiment instruments are shown in Table 2.

3.2. Synthesis of N,S-Doped Blue CDs

The blue CDs were synthesised using a one-step hydrothermal method via the follow-
ing steps. First, 0.2 g of L-cysteine and 0.2 g of citrate sodium were weighed and added to
a 25-mL beaker. Subsequently, 10 mL of ultrapure water and 500 μL of ethylenediamine
(EDA) were added via pipette for 5 min until complete dissolution. This transparent liquid
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was shifted quickly to a 50-mL hydrothermal reactor. Then, the reactor was kept in an oven
at 200 ◦C for 4 h. After the liquid cooled to room temperature, dialysis was performed for
24 h by using a dialysis bag (Mw = 1000). Thus, purified N,S-doped CDs with an average
size of 5 nm were obtained.

Table 1. Chemical reagents used in the experiments.

Reagent Purity Manufacturer

Citrate sodium Analytical pure Aladdin Reagent Co., Ltd., Shanghai, China
L-Cysteine Analytical pure GHTECH Co., Ltd., Guangzhou, China

EDA Analytical pure Aladdin Reagent Co., Ltd., Shanghai, China
Citric acid Analytical pure DaMao chemical reagent factory, Tianjin, China

Citrate sodium Analytical pure Aladdin Reagent Co., Ltd., Shanghai, China

Table 2. Experimental instruments.

Instruments Model Manufacturer

Steady/transient state X-ray fluorescence
(XRF) spectrometer FLS980 Edinburgh Instruments company, Edinburgh, Britain

Fourier-transform infrared (FT-IR)
spectroscope Spectrum Two FT-IR Thermo Fisher Scientific technology company,

Waltham, MA, USA
UV-visible-near infrared light

spectrophotometer UV-5500PC Shimadzu corporation, Kyoto, Japan

Transmission electron microscope Tecnai G2 F20 Oxford instrument technology Co., Ltd.,
Shanghai, China

Constant magnetic stirring 85-2 Thermo Fisher Scientific technology company,
Waltham, MA, USA

Table-top high-speed centrifuge TG16-WS Xiangyi laboratory Instrument Development Co., Ltd.,
Xiangtan, China

Collector type constant-temperature
heating magnetic stirrer DF-101S Yuhua instrument Co., Ltd., Gongyi, China

Electronic analytical balance AX124 ZH/E OHAUS instrument Co., Ltd., Newark, NI, USA
Camera obscura UV analyser ZF-20D Yuhua instrument Co., Ltd., Gongyi, China

Electric blast drying oven DHG-9145A Yiheng scientific instrument Co., Ltd., Shanghai, China

3.3. Fluorescence Spectra

The excitation and emission spectra, temperature-dependence emission spectra, and
fluorescence lifetimes of the samples were measured using X-ray fluorescence (FLS980).
The illuminant in the emission and photostability tests was an Xe lamp, and that in the
fluorescence lifetime test was a 320 nm laser. Next, 3 mL of the CD solution was added to a
cuvette. The slit was set as 1.5 nm. The residence time was 0.05 s. The excitation wavelength
was 350 nm. The emission spectra were acquired within the range of 360–750 nm. Addi-
tionally, the CD influence factors (pH, metal ions, and NaCl) were tested via the following
steps. First, 3 mL of buffer solution with different pH values was prepared. Next, 100 μL
of CD solution was added, and the mixture was shaken. The fluorescence intensity test
(λex = 350 nm) was then conducted. To examine the effect of the concentration of the NaCl
solution on the CDs, NaCl solutions with concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 M
were used; 100 μL of the CD solution was added, followed by mixing for 3 min. Finally, the
emission spectra were acquired.

The photoluminescence excitation (PLE) spectrum and emission spectrum (PL) are im-
portant for measuring the fluorescence properties of CDs. In this study, a steady/transient-
state fluorescence analyser (FLS980) was used to analyse the PLE and PL of the samples
(Figure 3a). Under natural light, the CD solution was faint yellow and transparent; however,
under UV irradiation, the light emitted by the CDs was blue. The optimum excitation
wavelength (λex) and strongest emission peak of the CDs were 350 and 450 nm, respec-
tively. Calculations using quinine sulphate (QY = 56%) as a standard reference solution
indicated that the QY of the CDs increased to 68%; this QY exceeded those of other CDs,
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such as S/N-doped CDs (13.71%), full-colour electroluminescent CDs (35%), and BNS
CDs (5.44%). The emission behaviour of the samples is also important, as differences in
the excitation wavelength can result in a redshift or blueshift of the emission spectrum.
The emission behaviour can be divided into excitation wavelength-dependent behaviour
and non-excitation wavelength-dependent behaviour. An excitation wavelength ranging
from 300 to 360 nm was used to assess the emission behaviour of the CDs. The emis-
sion spectrum was analysed at 10 nm intervals within the testing range of the excitation
wavelength. However, only one emission peak at 450 nm was observed for each spectrum
(Figure 3b). Thus, the emission spectrum did not exhibit a redshift or blue shift across
different excitation wavelengths, indicating that the emission behaviour of the CDs did not
depend on the excitation wavelength. This is because the size of the aromatic ring on the
surface of the CDs was relatively uniform, and the emission locus was close.

 
Figure 3. (a) Excitation and emission spectra of CDsand (b) effect of different excitation wavelengths
on the fluorescence intensity of CDs.

The fluorescence lifetime test was performed to analyse the fluorescence decay char-
acteristics of the CDs. The double-exponential decay dynamics function (χ2 = 1.093) was
successfully fitted. At room temperature, the fluorescence lifetimes were 2.48 ns (3.48%)
and 14.87 ns (96.52%) (Figure 4a), and the average lifetime of the CDs was 14.44 ns; this
short lifespan was consistent with the blue fluorescence decay characteristics. Chen previ-
ously reported an average lifetime (12 ns) that was similar to the results of this study. The
fluorescence lifetime was also affected by the temperature; an increase in the temperature
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from 283 to 343 K reduced the fluorescence lifetime from 15.03 to 11.75 ns (Figure 4b).
This occurred because of nonradiative relaxation. The blue arrow meas the Non radiative
relaxation process.

 
Figure 4. Fitted curve for the fluorescence decay of CDs. (a) Everage life of CD (b) Temperature-life
dependence graph of CD.

3.4. Analysis of CD Morphology

The CD size and morphology were examined via TEM, as shown in Figure 5a. The
CDs synthesised via the hydrothermal method were spherical and well-dispersed. The
average particle size was 3.6 nm. As shown in Figure 5b, these findings were supported
by atomic force microscopy (AFM) test results (The green arrow point to the CDs). To
measure the electric charges in the CDs, a potential test was performed using a Zetasizer
Nano potentiostat. After parallel testing was performed three times, the charge in the
CDs was −38 mV. The groups on the CD surface were ionised easily, yielding anions;
thus, the negative electricity was strong. These CDs can be used for the detection of
positively charged species. Additionally, they can combine with positively charged species,
forming composites.
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Figure 5. TEM and AFM images of CDs. (a) TEM image of CDs (b) AFM image of CDs.

4. Carbon-Dot Applications

Given their exceptional fluorescence and biocompatibility, CDs are commonly used in
various applications, including drug testing, cell imaging, chemical sensing, and information
forgery-proofing. In this section, we explore the use of CDs in four key areas—electro-optical
devices, detection of drug ions, biological imaging, and information forgery-proofing.

4.1. Electro-Optical Devices

Typically, CDs are prepared in aqueous solutions. Even when prepared using the
microwave method, CDs only exhibit fluorescence when dissolved in water. However, CDs
must be in the solid state for application to electro-optical devices, and severe aggregation-
induced quenching remains a significant challenge in this regard. Tian [37] synthesised
controllable-luminescence CDs that emitted light ranging from blue to red. To overcome
the issue of aggregation-induced quenching, a microwave-assisted rapid heating method
was used to solidify the CDs in a sodium silicate aqueous solution. The solid-state CDs
maintained their fluorescence, which allowed the preparation of multicolour light-emitting
diode (LED) and WLED lighting devices based on CDs. Zhai [38] synthesised red-, green-,
and yellow-fluorescent CDs, which were combined with blue chips to construct WLEDs
with adjustable colour temperatures. Wang [39] synthesised red CDs with a quantum
efficiency of 53%, which were combined with blue- and green-fluorescent powders to
prepare warm white LEDs. These LEDs exhibited excellent overall performance, including
a correlation colour temperature of 2875 K, colour rendering index of 97, and luminous
efficacy of 31.3 lm/W, representing a significant contribution to the development and
application of high-efficiency composite LEDs based on CDs.

4.2. Drug and Ion Detection

CDs exhibit excellent fluorescent properties; however, their fluorescence is quenched
when they are combined with drugs or ions. This property makes CDs useful for the
quantitative detection of drugs and ions.

Tetracycline is a broad-spectrum antibiotic that inhibits the growth of multiple Gram-
positive and Gram-negative bacteria. It is also effective against rickettsia and trachoma
virus. Guo [40] developed a method to produce blue-fluorescent CDs by thermally cracking
crab waste material. These CDs have been successfully utilised to detect tetracycline with
good detection stability and low detection limits. They can be applied to quantitative detec-
tion of tetracycline in most acidic solutions. Furthermore, this method has been shown to
be useful for sewage water analysis. Ehtesabi [41] synthesised blue-fluorescent CDs via
pyrolysis and characterised them. Upon exposure to tetracycline, the fluorescence emission
intensity of the CDs was significantly reduced. To develop a user-friendly tetracycline de-
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tection method, the synthesised CDs were encapsulated in a chondrocyte-sodium hydrogel.
Figure 6a shows the fluorescence quenching intensity of CDs encapsulated in the hydrogel
structure measured in the presence of tetracycline. The encapsulation of CDs in hydrogels
enables their use as a tetracycline sensor and as an adsorbent for environmental tetracy-
cline pollutants. The new method is faster and more efficient than traditional tetracycline
detection methods. Folic acid is a pteridine derivative that was initially separated from
heparin and is abundant in green plants. Tu [42] used citric acid, EDTA, and mesoporous
silica (MCM-41) to prepare blue-fluorescent CDs. Their research indicated that folic acid
can selectively quench CD fluorescence. Zhang [43] used these CDs to analyse folic acid
in human urine samples, and the recovery rates for the samples were between 82.0% and
113.1%. The results indicated the effectiveness of this method for folic-acid analysis.

Heavy-metal ions can cause severe environmental pollution, as they cannot be easily
dispersed and tend to bioaccumulate in the food chain and ultimately in the human
body, resulting in metal poisoning. Therefore, detecting their presence in the environment
and food is crucial. Qin [44] used microwave irradiation to prepare CDs that served as
effective fluorescence sensing probes that enable sensitive and selective detection of Hg2+

with a detection limit as low as 0.5 nM. Through a hydrothermal method with coconut
juice as the raw material, Murugesan [45] prepared fluorescent CDs that could detect Ag
ions in aqueous solutions with a detection limit of 0.26 nM. These CDs can be used as a
material for fluorescent probes for environmental protection against metal ions. Figure 6
shows the fluorescence of CDs prepared by Chaudhary [46]; these CDs could measure the
concentration of Cu ions with a detection range of 1–800 μg/mL and a detection limit of
0.3 μg/mL.

 

Figure 6. Carbon dots (CDs) for drug and ion detection: (a) CD composite hydrogels for tetracycline
detection and absorbance [41], (b) CDs for copper ion detection [46].

4.3. Biological Imaging

Compared with traditional fluorescent materials, CDs exhibit low toxicity and high
biocompatibility, thereby reducing the risk of side effects when they enter the body [47,48].
Additionally, most CDs are water-soluble, which simplifies sample preparation by avoiding
the need for complex pre-treatment procedures. Moreover, the fluorescence signal of CDs
is stable and is less likely to be affected by the complex biological environment. Owing to
these significant advantages, CDs are increasingly being used in biological imaging.

CDs with efficient excitation and ionisation emissions in the deep-red/NIR spectral
range are important for bioimaging applications. Liu developed a simple and effective
method to significantly enhance the absorption and emission of CDs in the deep-red/NIR
spectral range by suppressing nonradiative charge recombination via deprotonation of
the CD surface. Owing to an enhanced deprotonation ability and increased viscosity,
the NIR emissions of CDs in N,N-dimethylformamide and glycerol at −20 ◦C exhibited
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50- and 70-fold increases, respectively, compared with those of CDs in aqueous solutions at
room temperature. Given the adjustable NIR fluorescence intensity of CDs, multilevel data
encryption in the NIR region was achieved by controlling the humidity and temperature of
CD-ink-stamped paper.

Gong et al. [49] used amylacea, EDA, and strong phosphoric acid (SPA) to prepare
a cavity CD with P and N double doping. The CD prepared by amylacea, EDA, and
strong phosphoric acid are shown in Figure 7a(i), (ii) and (iii) respectively. As shown in
Figure 7a, these CDs can serve as nanocarriers for anticancer drugs such as doxorubicin,
inhibiting tumour growth while allowing fluorescence imaging. Chen [50] synthesised a
series of hydrophobically modified CDs with low cytotoxicity via a ring-opening reaction.
These CDs exhibited reduced cytotoxicity and improved serum survivability. Moreover,
they enable dual-channel imaging and can be used to track the transfer of DNA in cells.
Cell-uptake experiments confirmed that these CDs have excellent serum survivability and
a strong structure–activity relationship. Yang [51] prepared F-doped CDs using a simple
and eco-friendly one-step microwave-assisted carbonation method. As shown in Figure 7b,
these CDs emitted red fluorescence, and the researchers suggested a possible mechanism
for the emission redshift caused by F doping. These CDs can be used as optical nanoprobes
for biological imaging within the human body. The results indicate that F-doped CDs have
potential for tumour biological imaging and diagnosis. In summary, research on CDs for
biological imaging is constantly advancing, and CDs are expected to be increasingly used
as internal fluorescence probes.

 
(a) 

Figure 7. Cont.
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(b) 

Figure 7. Carbon dots (CDs) for biological imaging: (a) CDs for cell imaging [49], (b) CDs for in vivo
imaging of mice [51].

4.4. Information Anti-Counterfeiting and Encryption

Fluorescent anti-counterfeiting refers to security patterns or characters printed using
fluorescent ink that are invisible under normal lighting conditions. However, when exposed
to UV radiation, these patterns become visible. The recoverable fluorescence characteristics
of CDs can be used for information anti-counterfeiting and encryption.

Guo [52] prepared bright green-yellow-emitting CDs via a hydrothermal method using
2-hydroxyphenyl boric acid and EDTA as a solvent. These CDs can be used to measure
the concentration of Cr2O7

2− in water. Furthermore, they can be used as fluorescent ink,
emitting bright green light under UV radiation. Yuan [53] synthesised red-fluorescent CDs
that were sensitive to acid and attached them to a polyvinyl alcohol (PVA) membrane. As
shown in Figure 8a, the CDs without hydrochloric acid treatment exhibited red fluorescence
under UV irradiation. After treatment with hydrochloric acid, the fluorescence was blue,
facilitating a dual-mode information anti-counterfeiting application. Zhao [54] synthesised
three types of CDs with red, green, and blue fluorescence. The blue-fluorescent CDs were
used to prepare a fluorescent ink, as shown in Figure 8b. When this ink was applied to
paper, the blue fluorescence was visible under UV radiation. However, it disappeared
when the ink was sprayed with a Cu2+ solution, providing encryption. The fluorescence
can be recovered upon spraying with a cysteine solution, providing decryption. This
method based on fluorescent CDs is a promising new approach to anti-counterfeiting
and encryption.
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Figure 8. Carbon dots (CDs) used for information security: (a) double-mode information security
effect of CDs [53], (b) encryption and decryption function of CDs [54].

4.5. Introduction to Danio rerio Model

The zebrafish (Danio rerio) is a model organism with several advantages over tradition
animal models, for example, small size, highly transparent bodies, high reproduction rates,
and high hatchability. The sequencing of the Danio rerio genome has revealed considerable
homology with the genomes of mammals. Of the 26000 genes of the zebrafish, 70% are
similar to those of humans, including genes encoding cytokines and histocompatibility
system molecules, which are immune-reaction regulatory factors. Additionally, 84% of
known human disease-causing genes correspond to those of the zebrafish [55,56]. Owing to
these similarities, the related mechanisms of zebrafish and the pathogenic hosts are similar
to those of humans [57,58]. The Danio rerio embryo is considered a type of in vitro animal
model; accordingly, simple cell or tissue culture experiments can be used to validate the
results of animal (e.g., rodent) experiments.

Because of their transparency and short reproductive cycle, zebrafish embryos are
particularly well-suited for fluorescence imaging. Wei [59] synthesised a type of blue CDs,
and the results showed that different concentrations of CDs had low toxicity to zebrafish
embryo development. The nervous and circulatory systems of zebrafish embryos developed
normally in the presence of CDs. Figure 9a,b show that the CDs possess great florescent
stability and biocompatibility, making them suitable for biological imaging in zebrafish. The
CDs can enter the zebrafish embryo through the chorion or oral cavity. Wang [60] prepared
red CDs as an unmarked nanoprobe, and the addition of formaldehyde increased the
fluorescence of the CDs in zebrafish, allowing for selective testing of formaldehyde in living
cells and zebrafish, which is shown in Figure 9c (The different addition of formaldehyde in
A–K is 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 mol/L).
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Figure 9. Imaging of zebrafish: (a) CDs for imaging zebrafish embryos [59], (b) CDs for imaging
adult zebrafish [59], (c) CDs for imaging formaldehyde in zebrafish [60].

5. Conclusions

To summarise, CDs are a type of florescent nanomaterial that has garnered a lot of
interest due to their excellent fluorescence properties and biocompatibility. Despite the fact
that the structure, luminescence mechanism and quenching mechanism of CDs are still
not completely understood, research on CDs continues. The research on CD composite
methods is relatively mature, and breakthroughs have been made in their application in
drug and ion detection, electro-optical devices and biological imaging. The synthesis and
application of long-wavelength fluorescent CDs are also widely researched. Additionally,
CDs are a new type of florescent nanomaterial that possess many advantages, such as low
toxicity, good biocompatibility, unique optical properties and non-bleaching fluorescence,
which overcome some of the disadvantages of traditional florescent materials. With the
development of society, the demand for functionalised composites is increasing, and CDs
are playing an important role. Synthesis methods for CDs have increased along with
the development of CDs. The physicochemical properties of CDs, such as particle size,
fluorescence intensity, stability, and water-solubility, can be significantly affected by the
synthesis method used, as well as reaction times, temperatures, and pH values. Therefore,
controlling these parameters during the synthesis process is crucial for obtaining CDs with
desired properties for specific applications.
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Abstract: Cannabidiol (CBD) is a promising natural agent for treating psoriasis. CBD activity is
attributed to inhibition of NF-kB, IL-1β, IL-6, and IL-17A. The present study evaluated the anti-
psoriatic effect of cannabidiol in lipid-stabilized nanoparticles (LSNs) using an imiquimod (IMQ)-
induced psoriasis model in mice. CBD-loaded LSNs were stabilized with three types of lipids, Cetyl
alcohol (CA), Lauric acid (LA), and stearic-lauric acids (SALA), and were examined in-vitro using rat
skin and in-vivo using the IMQ-model. LSNs loaded with coumarin-6 showed a localized penetration
depth of about 100 μm into rat skin. The LSNs were assessed by the IMQ model accompanied by
visual (psoriasis area severity index; PASI), histological, and pro-psoriatic IL-17A evaluations. Groups
treated with CBD-loaded LSNs were compared to groups treated with CBD-containing emulsion,
unloaded LSNs, and clobetasol propionate, and to an untreated group. CBD-loaded LSNs significantly
reduced PASI scoring compared to the CBD emulsion, the unloaded LSNs, and the untreated group
(negative controls). In addition, SALA- and CA-containing nanoparticles significantly inhibited
IL-17A release, showing a differential response: SALA > CA > LA. The data confirms the effectiveness
of CBD in psoriasis therapy and underscores LSNs as a promising platform for delivering CBD to
the skin.

Keywords: cannabidiol-loaded nanoparticles; lipid-stabilized nanoparticles; skin permeability; IMQ
induced psoriasis; interleukin release

1. Introduction

There has been growing evidence related to the anti-inflammatory activity of cannabid-
iol (CBD). CBD, one of the main components of the Cannabis sativa extract, is a non-
psychoactive phytocannabinoid shown to have therapeutic potential for various disease
states [1]. Whereas CBD acts as an antagonist or partial agonist via allosteric binding to
CB1 and CB2 receptors [2–4], its anti-inflammatory activity is attributed to its effect exerted
on the adenosine A2A receptor [5]. This mechanism was demonstrated in LPS-induced
inflammation in a mouse model, where CBD reduced the production of pro-inflammatory
cytokines (TNF-α and IL-6) and chemokines (MCP-1 and MIP-2). A study on Toll-like
receptor (TLR)-activated human monocytes showed that CBD modulated the production
of TNF-α, IL-1β, and IL-6 [6]. In addition, CBD is effective in treating psoriasis [7,8]. Such
activity of CBD is explained by its ability to inhibit TNF-α-induced NF-kB transcription
in a dose-dependent manner in HaCaT cells [9]. The potential applicability of CBD to
psoriasis treatment is well established, however, its cutaneous delivery and retention in the
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skin remain to be addressed. The retention and prolonged mode of action are significant
in chronic dermatological conditions such as psoriasis due to increasing efficacy, patient
compliance, and chances of successful treatment. Formulation of nanoparticles (NPs) is a
technology platform that enables active substances to penetrate the skin, retain them in the
skin, and control the release of these active compounds in skin layers. The mechanisms of
skin permeation and retention of nanoparticles include an entry of the applied NPs through
the hair follicles [10–12] and penetration of the nanoparticles through the stratum corneum
between corneocytes [13,14]. Published reports on the topical application of CBD in a
nanoparticulate system are relatively limited. Lodzki et al. reported successful transdermal
delivery of CBD using an ethosome-based formulation with 3% w/w CBD and 40% w/w
ethanol combined with a phospholipid carbomer gel [15]. Another study reports successful
trans-corneal delivery of CBD loaded in mixed polymeric micelles of chitosan/polyvinyl
alcohol and polymethyl methacrylate under air-liquid and liquid-liquid conditions [16]. In
recent publications by our group, we have shown that ethyl cellulose NPs stabilized by
various lipids (Figure 1) could deliver CBD into and through rat skin [17]. We also showed
that the stabilizing lipids affected the in vitro release of CBD and its ex-vivo permeation
through rat skin. Particularly, the incorporation of the relatively high melting point (m.p.
69.5 ◦C) of stearic acid (SA) reduced the permeation, whereas the incorporation of a eu-
tectic mixture of lauric acid (LA) (m.p. 46.4 ◦C) and SA (SALA) (m.p. ~36 ◦C) increased
skin permeation. The lipid-stabilized NPs (LSNs) showed a significant anti-inflammatory
activity by reduction in IL-6 and IL-8 release in TNF-α induced HaCaT cells [18].

 

Figure 1. A representative scanning electron micrograph (SEM) (left) and transmission electron
micrograph (TEM) (right) of cetyl alcohol (CA)-stabilized LSNs.

The aim of the current research was an in-vivo efficacy evaluation of these CBD-loaded
LSNs as a new potential platform for the treatment of psoriasis in humans. This evaluation
was performed using the imiquimod (IMQ)-induced psoriasis model in mice. We evaluated
LSNs stabilized with different lipids in terms of their effectiveness in reducing psoriasis
manifestations measured by psoriasis area and severity index (PASI) score and histological
and cytokine profiles. IMQ-induced psoriasis in mice is a widely used model for assessing
potential psoriasis treatments with a good translation to humans [19] when using the
C57BL/6 mice strain. IMQ is a Toll-like receptor (TLR7/8) agonist that can be applied to
mouse skin to elicit erythema, scaling, and keratinocyte proliferation. At the same time, the
phenotype involves the induction of the IL-17/IL-23 axis cytokines [20]. The ability of CBD
to reduce the production of pro-inflammatory cytokines through the A2A and the TLR
pathways, suggests the applicability of the IMQ-induced psoriasis model for its evaluation.
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2. Results and Discussion

2.1. Formulation Development

The various LSNs were first characterized for particle size, particle concentration,
loaded CBD concentration, and Entrapment Efficiency (EE) (Table 1). Prior to the preclinical
studies, CBD-loaded LSNs were compounded into a conveniently used topical dosage form.
Various delivery forms have been previously used for nanoparticles, including directly
applying the NPs dispersed in water, saline, or PBS [21] and semi-solid formulations.
There are several examples of NPs formulated in an acrylate gel based on Carbopol® ETD
2020 [14] or Carbopol® 934 [22], hydroxypropyl methylcellulose (HPMC) [23,24], Xanthan
gum [25], Poloxamer 407 [26], and colloidal silica [27]. For the LSN systems, the use of
polysaccharide thickeners such as xanthan gum or modified celluloses (e.g., hydroxypropyl
cellulose, hydroxyethyl cellulose, or carboxymethyl cellulose) were not utilized since these
linear fiber-based polymers may hinder permeation of the nanoparticles. Thus, inorganic
thickeners such as colloidal silica gel and magnesium aluminum silicates (MAS) were
used. In addition, Poloxamer 407 was also considered as a candidate thickener due to its
thermogelling properties.

Table 1. Nanoparticles and their parameters.

LSN-Type Size [nm] PDI NP Conc. [NPs/mL] CBD Conc. [mg/g] EE [%]

SALA 238.0 0.028 2.06 × 1013 13.8 86.3
CA 220.8 0.102 1.52 × 1013 12.5 69.2
LA 245.0 0.182 1.78 × 1013 20.0 68.0

Unloaded 226.2 0.114 1.60 × 1013 NA NA

2.2. In Vitro Skin Permeability of Semi-Solid LSN Formulation Development

The skin permeability of CBD from the LSN semi-solid formulations was analyzed
using fresh rat skin mounted on a Franz diffusion cell system. No significant differences
were observed between the skin permeation and retention of the various LSNs. However,
since SALA-stabilized nanoparticles showed a relatively high CBD release in our previous
study [18], they were used in skin penetration experiments as a representative LSN system.
The LSN dispersion was thickened with fumed silica (CAB-O-SIL® 530), MAS (Veegum
HV), and Poloxamer 407 thermogel, while LSNs dispersed in water served as a non-
gelled control. Volumes of 0.2 mL (about 0.2 g) from the various LSN formulations, each
containing CBD at a concentration of 500 μg/g, were applied on the excised skin, providing
100 μg dose of CBD over 1.77 cm2 of skin surface area. (i.e., 100 μg CBD/0.2 g quantity
and 56.5 μg/cm2 skin surface area). The unstirred volume of these LSN products (about
0.2 mL) was relatively high for typical dermal application, and only a tiny portion of CBD
in the SLNs came in direct contact with the skin. Typically, semi-solid formulations are
applied to the skin in much lower volumes per cm2, constituting about 1 μL/cm2 [28,29]
and accompanied by rubbing. Thus, considerably higher availability of LSNs would be
expected in clinical use. Considering the hindrance caused by the gel structures, the total
permeation from the liquid aqueous dispersion was expected to be the highest.

As seen in Figure 2, there was a quantitative penetration of CBD into rat skin. The
extent of CBD penetration depended on the type of gelling agent used for formulating
the LSNs. Skin penetration of CBD from the liquid dispersion of the LSNs was relatively
high, as expected (100% ± 28%, with actual values of 2.0 ± 0.8 μg/cm2), compared to the
penetration of CBD from the poloxamer thermogel, which was the lowest (15.4% ± 14.6%,
with actual values of 0.4 ± 0.3 μg/cm2; p < 0.001, ANOVA test). The relatively low skin
penetration of LSNs from the poloxamer gel can be explained by the micelle density formed
by poloxamers. Liu et al. [30] found that the micellar face-centered cubic lattice length is
29.5 nm for 15–45% w/w poloxamer 407 in an aqueous solution. Thus, with such small dis-
tances between the poloxamer micelles, the mobility of the 200 nm diameter LSNs through
the Poloxamer gel network should have been significantly obstructed at rest (without exter-
nal mechanical shear, i.e., rubbing). MAS particles are extremely thin, negatively charged
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plates approximately 2 nm thick and about 200–500 nm long, forming a three-dimensional
network after water dispersion [31]. CAB-O-SIL® 530 fumed silica has an average aggre-
gate size of 200–300 nm, though the distance between the aggregates may be even greater.
According to localization and hopping theory [32,33], the permeation of nanoparticles
through an entangled polymer network depends on the confinement ‘parameter C’ de-
scribed as the ratio of effective particle diameter to the effective tube diameter, which
roughly corresponds to the distance between the polymer or mesh crosslinks. Particles
with the confinement parameter C < 1 permeate relatively free, whereas the movement in
the mesh of particles with 1 < C < 3 is due to hopping, given a sufficient activation energy.
According to this theory, the diffusion coefficient in the mesh quickly drops proportionally
to the exponent of (-C2). Thus, CAB-O-SIL® 530 gel with the largest distances between the
gel crosslinks would have the highest diffusion coefficient compared to the other tested
gels, explaining the differences observed in Figure 2. It was also noted that the skin pen-
etration of CBD was dependent on the silica concentration. Compared to 5% w/w gel,
penetration extent decreased to 63.5 ± 17.5% for 4% w/w gel and further to 33.5% ± 7.4%
for 3% w/w gel. This result is counter-intuitive to the expectation that reducing the gelling
agent’s content would increase the molecules’ or NPs’ permeation through its polymeric
network. It has been shown by Binder et al. [34] that an increase in the concentration of
hydroxypropyl methylcellulose (HPMC) and hydroxyethyl cellulose (HEC) reduced the
permeation of sulphadiazine sodium through the skin, which was explained by increased
viscosity and entanglement of these cellulosic gels. In contrast to these polymers, the higher
concentration of CAB-O-SIL® 530 silica gel increased skin permeation, probably due to the
hydrophobicity of the silica particles. Additional silica particles tend to form aggregates,
building a mesh with thicker strands-fibers and larger openings. These results established
CAB-O-SIL® 530 5% gel as a more suitable semi-solid vehicle for LSNs and NPs in general.

Figure 2. CBD penetration following the application of NP formulated with different gelling agents
recovered from the skin. The values are presented relative to NP dispersion in water (100%),
* p < 0.05, *** p < 0.001 ANOVA followed by Tuckey post-hoc analysis. Data are presented as
mean ± SD.

2.3. In-Vivo Skin Penetration and Retention

Further assessment of the skin penetrability of LSNs from the topical silica gel vehicle
was performed in an in-vivo study using SALA-stabilized NPs loaded with a fluorescent
marker—coumarin 6 (C6) [35]. The LSN dispersion was combined with CAB-O-SIL® 530
to obtain a 5% silica gel with 7.5 × 1011 NPs/g. Then, the gel was applied for 2 h onto
the abdomen of an anesthetized rat, which had previously been shaved and depilated as
described in the experimental section. As seen in Figure 3, C6 penetrated to about 100 μm
skin depth, roughly corresponding to or slightly exceeding the thickness of the epidermis
layer of rat skin [36,37].
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Figure 3. Microphotographs of excised rat skin after application of 5% CAB-O-SIL® 530 gel with
coumarin-6 loaded LSNs on rat skin, unshaved (top) and shaved (bottom). Left: green, fluorescent
light; Middle: bright field; Right: merged pictures. Scale bar: 100 μm.

2.4. Imiquimod-Induced Psoriasis Model

IMQ-induced psoriasis in mice is a widely accepted psoriasis-like model for testing
potential treatments with a good translation power to humans [38], especially when per-
formed on the commonly used C57BL/6 mice strain [19]. IMQ-induced psoriasis study
conducted on Cannabinoid 2 Receptor (CB2R) knockout mice showed that CB2R deficiency
exacerbated psoriasis disease [39]. These results further suggest the IMQ model’s appli-
cability for the evaluation of CBD as a treatment for psoriasis. This report presents for
the first time an evaluation of CBD in IMQ-induced psoriasis model in mice, particularly
the evaluation of CBD delivered by LSNs. We have previously shown that incorporating
different stabilizing lipids in ethyl cellulose NPs could influence the rate and extent of both
release and dermal permeability of the loaded CBD [18]. By using the IMQ-induced psoria-
sis model, we compared the effectiveness of three types of LSNs stabilized with either CA,
LA, or SALA to the efficacy of emulsified CBD solution (‘free CBD’ or f-CBD), clobetasol
(CLO, positive control), and unloaded nanoparticles (Unloaded NP, negative control).

2.4.1. Erythema and Scaling

The first appearance of IMQ-related symptoms was on the second day after induction.
If not treated, the symptoms increased continuously during the following days. As shown
in Figure 4d (cumulative PASI score), a significant improvement was observed in the
treatment groups, CBD-loaded CA-NPs, LA-NPs, and SALA-NPs, as well as CLO (positive
treatment groups—G+), compared to the apparent progression of the disease in the non-
treatment (NT) group, the treatment with unloaded LSNs group, and the treatment with
CBD solution (f-CBD) group (negative treatment groups—G−). On study day 4, the
NT and treatment with f-CBD were significantly less effective than all G+ treatments
(p < 0.001 for CBD-loaded LA-NPs and CLO, and p < 0.01 for CBD-loaded CA-NPs and
CBD-loaded SALA-NPs, ANOVA). In addition, treatment with CBD-unloaded LSNs had
lower effectiveness than treatments with CBD-loaded LA-NPs and CLO (p < 0.05, ANOVA).
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On the last day of the study (day 5), the differences between each treatment of G+ groups
and each treatment of G- groups were highly statistically significant (p < 0.001, ANOVA).
Similarly, no significant differences in erythema symptoms were observed between any
of the treatments during the first three days. Only on day 4, a significant difference was
observed between the f-CBD treatment group and each of the treatments in G+ groups
(p < 0.001 for CLO and CBD-loaded LA-NPs, p < 0.01 for CBD-loaded CA-NPs and CBD-
loaded SALA-NPs, Figure 4a). On day 5, all treatments in the positive G+ treatment groups
were significantly more effective in the prevention of erythema than each of the treatments
in the negative groups (p < 0.001 for NT and f-CBD groups compared to CBD-loaded
CA-NPs, CBD-loaded LA-NPs, CBD-loaded SALA-NPs, and CLO; p < 0.001 for treatment
with unloaded-LSNs compared to CBD-loaded SALA-NPs and CLO, p < 0.01 for treatment
with unloaded-LSNs compared to CBD-loaded CA-NPs, and p < 0.05 for treatment with
unloaded-LSNs compared to CBD-loaded LA-NP, ANOVA). As seen in Figure 4c, skin
scaling was significantly minimized by CBD-loaded CA-NPs and CBD-loaded LA-NPs
compared to the untreated group. In contrast, scaling increased on treatment with CBD-
loaded SALA-NPs on days 2 and 3, but on day 4, these nanoparticles hindered the scaling
progress. Thus, on day 4 the NT group and the f-CBD group were significantly less effective
than any treatment in the positive G+ groups (p < 0.001 for CLO and CBD-loaded LA-NPs;
p < 0.01 for CBD-loaded CA-NPs and CBD-loaded SALA-NPs, ANOVA). Unloaded LSNs
were less effective than treatments with CLO and CBD-loaded LA-NPs (p < 0.05, ANOVA).
On day 5, all treatments in the G+ groups were significantly more effective than those in
the negative G- groups (p < 0.001, ANOVA).

 

Figure 4. Evaluation of dorsal skin from Day 0 (D0) to Day 5 (D5) according to PASI score during IMQ
induction of psoriasis-like dermatitis. Observed criteria are skin redness (a), thickness (b), scaling (c),
and total cumulative PASI score (d). Representative images of mice in each group on Day 5 (D5) (e).
Data are presented as mean ± SD.
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2.4.2. Skin Thickness

A gradual increase in skin thickness, another parameter of inflamed area, was observed
in the NT group and the unloaded LSNs treatment group (Figure 4b). However, significant
inhibition was noted by CBD-loaded LA-NPs and CBD-loaded CA-NPs (days 4 and 5).
Clobetasol cream also inhibited skin thickening on days 4 and 5. All treatments in the
G+ groups were significantly more effective on day 4 than the NT group (p < 0.001, ANOVA).
Treatments with f-CBD and unloaded LSNs were significantly less effective in reducing skin
thickening when compared to treatment with CBD-loaded LA-NPs (p < 0.001, ANOVA).
On day 5, NT group showed a significant skin thickening compared to each treatment in
G+ (p < 0.001 for CA-NP, LA-NP, and CLO and p < 0.01 for SALA-NP, ANOVA), f-CBD
treatment was also less effective compared to treatments with CBD-loaded CA-NPs, CBD-
loaded LA-NPs, and CLO (p < 0.05, ANOVA). At the same time, unloaded LSNs were
significantly less effective than treatments with CBD-loaded CA-NPs and CBD-loaded
LA-NPs only (p < 0.05, ANOVA).

2.4.3. Cumulative Day-to-Day Scoring

To perform an overall comparison between the treatments throughout the study rather
than on a day-to-day basis, we summed up the daily cumulative scores from day 0 to day 5
(Figure 5a). As shown in Figure 5a, All the G+ treatment groups were significantly more
effective than the untreated group in reducing IMQ-induced psoriasis symptoms (p < 0.001
for CBD-loaded CA-NPs, CBD-loaded LA-NPs, and CLO, and p < 0.01 for CBD-loaded
SALA-NPs, ANOVA). Unloaded LSNs were the most effective treatment in the G- group,
being significantly less effective than treatments with CBD-loaded LA-NPs (p < 0.01) and
CLO (p < 0.05). Among the G+ treatment groups, treatment with CBD-loaded SALA-NPs
was the least effective, although no significant difference (p > 0.05) was noted compared
to the other G+ groups. The differences between the LSNs stabilized with CA, LA, or
SALA could be attributed to differences in the release rates of CBD from these NPs. NPs,
such as those stabilized with LA, released CBD at a higher rate and, therefore, had a lower
day-to-day score. In contrast, NPs stabilized with SALA released their CBD at a slower
rate but allowed its accumulation, thus providing a similar effect on day 5.

2.4.4. Weight Loss

Examination of body weight changes during the study and the spleen-to-body weight
ratio did not show significant differences between the G+ and the G- groups (Figure 5b).
Figure 5b shows that treatments with CBD-loaded SALA-NPs and CBD-loaded CA-NPs
were the only treatments that significantly kept the body weight of the diseased mice
almost constant compared to the untreated group. These treatments prevented the decrease
in body weight, which was significantly different from all other treatments except for
the f-CBD treatment group. Body weight is a common measure of an animal’s health
condition, while its loss is usually associated with the IMQ model. Numerous studies
have shown that the change in body weight in mice treated with topical imiquimod is
related to reduced consumption of food and water [40,41]. Therefore, the extent of the
weight loss reversal might be a measure of treatment effectiveness. Data available from
previous studies regarding the influence of CBD on body weight have indicated that CBD
induces weight loss by appetite depression through CB2 receptors in rats [42], as well as in
humans [43]. Nevertheless, the effect of oral CBD on body weight in mice was significant
only for the highest daily dose of 615 mg/kg/day, while no weight change occurred after
lower doses of CBD [44]. For comparison, the total CBD dose applied on the psoriasis-like
skin in the present study was about 50–70 mg/kg. It is interesting to note that topical
application of clobetasol propionate used as a positive control in the IMQ-induced psoriasis
model resulted in a marked decrease in body weight [45,46]. Thus, the significantly lower
body weight loss in the groups treated with CBD-loaded SALA-NPs and CBD-loaded
CA-NPs could be explained by their anti-inflammatory action that reversed the influence
of IMQ.

129



Molecules 2023, 28, 6907

Figure 5. Comparison of the applied treatments with respect to the sum of their day-to-day cumulative
PASI scores (a); Evaluation the mice body weight change from day 0 (D0) to day 5 (D5) (b); Evaluation of the
spleen to body weight ratio [%] as an indication for systemic exposure of the treatments (c); Evaluation of the
IMQ induced acanthosis measured as the epidermis thickness (d); Histological examination by H&E staining
of the mice back skin samples (e); Evaluation of the IL-17A release in the mice back skin samples taken on
D5 (f). ns/**/***—not significant/p < 0.01/p < 0.001 compared to the No treatment group, red symbols
ns/#/##/###—not significant/p < 0.05/p < 0.01/p < 0.001 compared to the Unloaded NP treatment group,
ANOVA followed by post-hoc Tukey test. Data are presented as mean ± SD. Scale bar: 100 μm.

2.4.5. Spleen

The spleen is the second major immune organ besides the lymph nodes. The observed
splenomegaly and the subsequent increase in spleen-to-body weight ratio indicates a
systemic effect exerted by the treatment on the immune system. It is proposed that IMQ-
related splenomegaly is caused by inflammation [47], whereas the hyposplenism induced by
clobetasol (CLO) was associated with the depletion of splenic dendritic cells [48]. According
to the observed results (Figure 5c), neither of the CBD-including treatments prevented
IMQ-induced splenomegaly as CLO, possibly indicating localization of the NPs in the skin,
preventing systemic exposure to CBD.
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2.4.6. Acanthosis Evaluation

The results obtained for the measured acanthosis values, as seen from Figure 5d,e, are
well in line with the day-to-day cumulative scores, although without the distinct differences
between the groups treated with the CBD-loaded LSNs. The most visually pronounced
effect of CLO can be attributed to its anti-inflammatory activity as well as skin tissue
atrophy generally associated with corticosteroid treatment [49].

2.4.7. Anti-Inflammatory Action of CBD-Loaded LSNs as Evaluated by Reduction in
IL-17A Secretion

Pro-inflammatory cytokines play a significant role in psoriasis disease manifestation. It
was shown that the IMQ-induced psoriasis model is mediated via the IL-23/IL-17 axis [20].
Other publications showed the effectiveness of IL-17A antagonists and anti-IL-17A ssDNA
aptamers in reversing the action of IMQ in mice [50,51]. Although CBD has not been tested
previously in the IMQ-induced psoriasis model in mice, several other mice and human
models have demonstrated its effectiveness in reducing IL-17A secretion [52,53]. In the
present study, we have selected to evaluate the influence of various CBD-loaded LSNs on
the secretion of IL-17A as a supplementary measure of their effectiveness.

The results showed that treatment with CBD-loaded SALA-NPs was more effective
in the reduction in IL-17A secretion compared to treatment with CBD-loaded LA-NPs
(p < 0.01, ANOVA) (Figure 5f). While CBD-loaded LA-NPs had no effect on IL-17A
release, both treatments with CBD-loaded SALA-NPs and CBD-loaded CA-NPs resulted
in a significant reduction in IL-17A levels compared to the negative control groups, the
untreated group and the group treated with unloaded LSNs. The finding that treatment
with CBD-loaded LA-NPs was less effective in inhibiting IL-17A compared to other CBD-
loaded LSNs may be explained by an inherent pro-inflammatory activity of LA. Such
activity was previously shown by the ability of LA to induce the release of IL-12 from the
RAW264.7 cells (BALB/c mouse macrophages) [54] and the release of IP-10 chemokine
from human U937 macrophages [55]. Considering IL-17A, LA was shown to promote
differentiation of Th17 cells, resulting in increased levels of IL-17A [56]. The difference in
the effects between CBD-loaded NPs containing LA and those containing SALA eutectic
mixture can be attributed to the lower solubility and release of free LA molecules from the
eutectic mixture. For example, the individual solubility of each lidocaine and prilocaine
is significantly reduced when both components form a eutectic mixture [57]. A similar
effect of toxicity reduction in eutectic mixture components was shown for the reduction in
menthol toxicity on HaCaT cells when applied as a component of a eutectic mixture with
either lauric, stearic, or myristic acids [58].

3. Materials and Methods

3.1. Nano-Particles Preparation

Ethyl cellulose (EC) up to about 0.05% w/w, one of the stabilizing lipids: CA or
SALA (24:76)—0.025% w/w, or LA—0.05% w/w, Triethyl citrate (TEC)—0.05% w/w, and
CBD—0.015% w/w, all were dissolved in absolute ethanol. The solution was constantly
stirred on a magnetic plate at about 700 RPM. The ratio of magnetic stirrer length to beaker
diameter was at least 1:3. Deionized water was added by dripping at a constant rate of
about 22–25 mL/min with a syringe pump NE-300, New Era Pump Systems (Farming-
dale, NY, USA) to the final content of about 60% w/w of the final dispersion mass. The
obtained NP dispersion was evaporated with R-205 Rotavapor (Buchi Labortechnik AG,
Flawil, Switzerland) until about four times volume reduction. To obtain concentrated NP
dispersion, several consecutive centrifugation steps were performed. The CBD content
in the obtained nanoparticles was determined by High Pressure Liquid Chromatography
HPLC, and the entrapment efficiency percentage (EE%) was calculated according to the
following Equation (1):

EE% =
Mass of CBD in formulation

Total mass of CBD used for formulation
× 100 (1)
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3.2. Size and Microscopic Analysis
3.2.1. Dynamic Light Scattering (DLS)

The hydrodynamic diameter spectrum of the NPs was collected using a CGS-3 Com-
pact Goniometer System (ALV GmbH, Langen, Germany). The laser power was 20 mW at
the HeNe laser line (632.8 nm). Correlograms were calculated by ALV/LSE 5003 correlator,
which were collected at 90◦, for 20 s for 10 times, at 25 ◦C. The NP size was calculated using
the Stokes–Einstein relationship, and the analysis was based on the regularization method
as described by Provencher [59].

3.2.2. Nanoparticle Tracking Analysis (NTA)

Measurements were performed using a NanoSight NS300 instrument (Malvern In-
struments Ltd., Worcestershire, UK), equipped with a 632 nm laser module and 450 nm
long-pass filter, and a camera operating at 25 frames per second, capturing a video file of
the particles moving under Brownian motion. The software for capturing and analyzing
the data (NTA 3.4, Build 3.4.4) calculated the hydrodynamic diameters of the particles by
using the Stokes–Einstein equation.

3.3. Determination of CBD in NP Dispersion

To quantify CBD (within nano-sized particles), to about 25 μL aliquots from each
particle sample that was carefully weighed, 975 μL MeOH was added and stirred. After
at least 10 min, the samples were further diluted 1:10, and then the liquid was injected
into an HPLC system (Shimadzu VP series, Shimadzu Corp., Tokyo, Japan), equipped
with a prepacked column (ReproSil-Pur 300 ODS-3, 5 μm, 250 mm 4.6 mm, Dr. Maisch,
Ammerbuch, Germany), which was constantly maintained at 30 ◦C. The samples were
chromatographed using a mobile phase of acetonitrile-35 mM acetic acid (75:25) at a
1 mL/min flow rate. A calibration curve, peak area measured at 208 nm versus CBD
concentration, was constructed by running standard drug solutions in MeOH for each
series of chromatographed samples.

3.4. In-Vitro Skin Penetration Study
3.4.1. In-Vitro Skin Penetration

The penetration of CBD from CBD-loaded NP formulated in various gel formulations
into the skin was determined in vitro using a Franz diffusion cell system (Permegear, Inc.,
Bethlehem, PA, USA). The diffusion area was 1.767 cm2 (15 mm diameter orifice), and the
receptor compartment volume was 12 mL. The solutions in the water-jacketed cells were
constantly set at 37 ◦C and stirred by externally driven, Teflon-coated magnetic bars. Each
set of experiments was performed with twelve diffusion cells, each containing abdominal
rat skin. The animal treatments were performed in accordance with a protocol reviewed
and approved by the Institutional Committee for the Ethical Care and Use of Animals in
Experiments, Ben-Gurion University of the Negev, which complies with the Israeli Law of
Human Care and Use of Laboratory Animals”. Authorization number: IL-30-06-2020(C).
Sprague–Dawley rats were euthanized by aspiration of CO2. Abdominal hair was carefully
clipped, and sections of full-thickness skin were excised from the fresh carcasses of animals
and used immediately. All skin sections were measured for transepidermal water loss
(TEWL), and only those pieces in which TEWL levels were less than 10 g/m2/h were
used. TEWL testing was performed on skin pieces using the Dermalab Cortex Technology
instrument (Hadsund, Denmark). The skin was placed on the receiver chambers with the
stratum corneum facing upwards, and the donor chambers were then clamped in place.
The receiver chamber, defined as the side facing the dermis, was filled with phosphate
buffer (pH 7.4)—ethanol 50:50 solution [60] to allow sink conditions. Formulated NPs
(0.2 mL or approx. 200 mg) containing 100 μg (about 0.05% w/w) of entrapped CBD was
applied on the skin at time = 0. After a 6-h experimental period, each exposed skin tissue
was removed, washed with plenty of water, wiped carefully, and tape-stripped (×15) to
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remove CBD adsorbed in the stratum corneum. Penetrated levels in the skin tissues were
determined after overnight methanol extraction by HPLC (see Section 3.3).

3.4.2. Preparation of NPs for Formulation Carrier Selection and Optimization

The 16% w/w Poloxamer 407 gel NP dispersion was prepared by mixing previously
prepared Poloxamer 407 (Kolliphor P 407™, BASF, Florham Park, NJ, USA) 20% w/w
solution in deionized water stored at about 5 ◦C with NP dispersion and deionized water.
The 7% MAS NP dispersion was prepared by mixing 10% w/w MAS (Veegum HV™,
Vanderbilt, Norwalk, CT, USA) with NP dispersion and deionized water. The 3%, 4%, and
5% w/w colloidal silica gel NP dispersions were prepared by mixing previously prepared
10–11%w/w silica (CAB-O-SIL 530®, Cabot, Boston, MA, USA) gel with NP dispersion and
deionized water. SALA-stabilized NPs were used for all comparative permeation studies
intended for carrier selection and optimization.

3.5. In-Vivo Skin Penetration Study and Image Analysis

The in-vivo penetration study was performed on Sprague–Dawley rats. On the day
prior to the experiment, the rats were anesthetized, and their abdominal hair was carefully
clipped and depilated (Veet cream, Reckitt Benckiser, Chartres, France). On the day of
the experiment, the rats were anesthetized, and Coumarin 6 (TCI, Tokyo, Japan) loaded
NPs formulated in a 5% silica gel were applied at about 50 mg/cm2. After two hours,
the rats were euthanized by aspiration of CO2. The abdominal skin was washed with
plenty of water and removed from the carcasses. The animal treatments were performed
in accordance with protocol authorization number: IL-30-06-2020(C). SALA stabilized,
Coumarin 6 (C6) loaded NPs were prepared similarly to CBD loaded NPs (see Section 3.1),
with initial 5 × 10−4% w/w C6 content in the ethanol solution. The C6-loaded NP dispersion
in 5% silica gel was prepared as described in Section 3.4.2 with a final concentration of about
0.002%w/w C6. The excised skin was snap-frozen in liquid nitrogen and sectioned with a
cryotome using 100μm thickness for further confocal microscopy analysis (Spinning disc
confocal microscope, 3i, Denver, CO, USA). The micrographs were collected with 1.5 μm
depth steps. Further, they were processed with Fiji software (version 2.9.0/1.54f) [61] using
the Z-project function.

3.6. Imiquimod-Induced Psoriasis in Mice
3.6.1. Animals

For the study, male C57BL/6 8 to 11-weeks-old mice were used. The animals were
kept under standard conditions with free access to water and food. The animal treatments
were performed in accordance with a protocol reviewed and approved by the Institutional
Committee for the Ethical Care and Use of Animals in Experiments, Ben–Gurion University
of the Negev, which complies with the Israeli Law of Human Care and Use of Laboratory
Animals”. Authorization number: IL-64-11-2021(C).

3.6.2. Preparation of the Formulated NP Dispersions and the CBD Emulsion

The formulated NP dispersions were prepared by mixing concentrated dispersions of
CBD-loaded NP stabilized with either CA, LA, SALA or unloaded NP with 10% w/w silica
gel (CAB-O-SIL 530®, see Section 3.4.2) aiming at a final concentration of 5% w/w silica.
Since the lowest achieved CBD content for these dispersions was 1.25% w/w (12.5 mg/g for
CA NP see Table 1), the content of CBD in the formulated dispersions was set to 0.6% w/w.
The content of unloaded NP was determined by the highest achievable NP concentration,
allowing to obtain 5% w/w silica gel resulting in about 8 × 1012 NP/g (based on initial
1.6 × 1013 NP/mL for Unloaded NP—see Table 1).

CBD emulsion was prepared by dissolving CBD (4.6% w/w) in C8-C10 triglycerides
(Miglyol 810, Cremer Oleo, Hamburg, Germany) and emulsifying with Polysorbate-80 (J.T.
Baker, Phillipsburg, NJ, USA) and deionized water. The prepared emulsion was mixed
and dispersed with about 10% silica gel (CAB-O-SIL 530®, see Section 3.4.2) to obtain the
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following final contents (w/w): CBD—0.6%, Miglyol 810—13%, Polysorbate-80—2%, silica
gel—5%, and deionized water ad 100%.

3.6.3. Imiquimod-Induced Psoriasis in Mice

On the first study day (D0), the back of the mice was shaved using an electric clipper
and depilated (Veet cream, Reckitt Benckiser, Chartres, France), see Scheme 1. The mice
with large black pigmentation areas on their skin—anagen areas, resulting in quick hair
regrowth [62] and preventing the effective application of treatments, were excluded from
the study. These animals were sacrificed on the first study day, n = 5. Samples obtained
from these mice were designated “naive” and served as an IMQ non-treated control. Other
experimental groups received a daily topical dose of 62.5 mg of commercially available
IMQ cream (5%) (Aldara, 3M, Bracknell, UK) on the back for 5 consecutive days to establish
a model of IMQ-induced psoriasis [20]. Negative control (No Treatment—NT) mice did
not receive additional treatment on top of IMQ. Due to a large number of treatments, the
experiments were performed in two series, each one including the NT group (n = 6 and
n = 5) as an internal control. The presented data is for the combined result of both NT
groups (n = 11). For other groups, the treatment was applied 1 h after the application
of IMQ cream. The CA (n = 5), LA (n = 6), SALA (n = 7), and Unloaded (n = 5) groups
received a daily dose of 50 mg of formulated CA, LA, and SALA-stabilized CBD-loaded
NPs and formulated LA stabilized unloaded NPs, respectively. The Blank group served
as a negative control for formulated CBD-loaded NPs. The formulated NPs’ dispersions
were prepared in 5% silica gel, as described in Section 3.6.2. The free CBD (f-CBD) group
received a daily dose of 50 mg of formulated CBD emulsion (see Section 3.6.2). The CLO
group received a daily dose of 100 mg 0.05% commercial clobetasol cream (Clobetasol
0.05%, Trima, Maabarot, Israel), serving as a positive control.

Scheme 1. IMQ-induced psoriasis in mice conduct.

3.6.4. Evaluation of Psoriasis Area Severity Index (PASI) Score and Spleen Index

PASI was used to assess the inflammatory condition in the mice on all study days (D0-
D5). For this purpose, we visually examined each mouse’s back skin erythema (redness)
and scaling. The skin thickness was measured by a calibrated caliper (Mitutoyo, Japan)
as the thickness of a back skin fold. The visually examined parameters were assigned
a score between 0 and 4 (0-none, 1-slight, 2-moderate, 3-severe, 4-very severe) [63]. To
accommodate the possible differences in evaluation between the series of experiments, the
values obtained for each mouse were normalized by the maximum value obtained for all
mice and multiplied by 4. To compare with the visually examined parameters, the skin
thickness score was calculated as the thickness change from D0 for each mouse normalized
by the maximum thickness change for all mice and then multiplied by 4 to bring the value
to the 0–4 scale. The cumulative score (0 to 4), calculated as the average of the erythema,
scaling, and thickness scores, indicates the severity of psoriasis inflammation (PASI score).

The animal weight was measured on the study’s first (D0) and last (D5) days. Fol-
lowing the sacrifice, the spleens were weighed, and the spleen index was calculated as the
percent of the animal weight on D5.

3.6.5. Histology

For histological analysis, following the sacrifice, the back skin samples were removed
and fixed with 10% formaldehyde, embedded into paraffin blocks, cut, and finally stained
with hematoxylin-eosin (H&E). The tissue sections on slides were then micrographed with
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a light microscope (Nikon Eclipse Ts2, Tokyo, Japan) with ×20 magnification. For each slide
(corresponding to a specific animal), 12 micrographs were taken. The epidermal thickness
was evaluated through area and length measurements [50] using Fiji software (version
2.9.0/1.54f) [61]. To avoid bias, the area of the viable epidermis containing the blue-purple
stained nuclei was measured with the “wand” function. The epidermal thickness for each
mouse was calculated as an average of 12 measurements.

3.6.6. Evaluation of IL-17A Levels in the Skin Tissue

For IL-17A evaluation, following the sacrifice, the back skin samples were snap-frozen
and then dehydrated in a lyophilizer. The lyophilized samples were ground in a mortar
with column sand (Sigma-Aldrich Inc., St. Louis, MO, USA) and then homogenized in a
Tissue Extraction Reagent I (Thermo Fischer Scientific, Waltham, MA, USA) with Polytron
homogenizer (Kinematica, Malters, Switzerland). Homogenates were centrifuged for
5 min at 10,000 RPM, and the supernatants were analyzed for protein and IL-17A content.
The protein content was analyzed with Bradford assay using Protein Assay Dye Reagent
Concentrate (Bio-Rad Laboratories, Hercules, CA, USA). The IL-17A content was evaluated
by enzyme-linked immunosorbent assay (ELISA). The ELISA was performed according to
the manufacturer’s instructions for the kit (ELISA Max, Biolegend, San Diego, CA, USA).
The results for each skin extract (corresponding to a specific animal) were obtained by
normalization of the IL-17A content by the protein content of each sample.

3.7. Statistical Analysis

Data analysis was performed using the Graph-Pad Prism software (Version 5.01, San
Diego, CA, USA). Data were expressed as mean ± standard deviation (SD) or original data
represented. The one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test
was used to compare groups. The p-value < 0.05 was considered statistically significant.

4. Conclusions

The present study demonstrates the potential of LSNs as a versatile platform for
precisely delivering CBD to the skin. Formulation studies involving fumed silica, MAS, and
Poloxamer thermogel underscored the critical role of vehicle selection and optimization
for effective nanoparticle dispersion. In vitro skin permeation testing revealed that fumed
silica was significantly more effective than other gelling agents. The in-vivo assessments
using LSNs loaded with fluorescent marker C6 confirmed successful permeation and
localization within the viable epidermis. Utilizing an IMQ-induced psoriasis model in
mice provided additional evidence of CBD’s efficacy in treating psoriasis. CBD-loaded
LSNs significantly reduced the PASI score and acanthosis, as well as inhibited the IL-17A
release compared to the control treatment groups, indicating a substantial improvement
in psoriasis symptoms. Moreover, the difference in response between CBD-loaded LSNs
and CBD emulsion suggests deeper skin penetration and localization due to the LSN
formulation. Lastly, the variation in the anti-inflammatory response among LSNs stabilized
with CA, LA, or SALA highlighted the significance of the stabilizing lipid selection, as LSNs
stabilized with CA and SALA demonstrated greater anti-inflammatory effect compared
to LA-stabilized LSNs. This has emphasized the importance of lipid selection in topical
drug delivery.
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Abstract: The intriguing properties of metal sulfide nanoparticles (=MxSy-NPs), particularly tran-
sition metal dichalcogenides, are discussed for their use in diverse biological applications. Herein,
recent advances in MxSy-NPs-based imaging (MRI, CT, optical and photoacoustic) and photother-
apy (photothermal and photodynamic) are presented. Also, recent made progress in the use of
immuno-phototherapy combinatorial approaches in vitro and in vivo are reported. Furthermore,
challenges in nanomaterials-based therapies and future research directions by applying MxSy-NPs in
combinatorial therapies are envisaged.

Keywords: metal sulfide nanoparticles; bioimaging; photothermal therapy; photodynamic
therapy; immunotherapy

1. Introduction

In recent years, applications of nanotechnology have expanded into different branches
of the biomedical field [1–3]. Efforts are continually being made towards the development
of unique nanoparticles (=NPs) which can overcome limitations of traditional therapeutics
and, hence, are able to improve management of diseases [4]. Large surface area-to-volume
ratios of NPs provide a platform for easy chemical functionalization for excellent interaction
with biological systems. Among the broad range of NPs studied for biomedical applications,
metal sulfide nanoparticles (=MxSy-NPs) have been the focus of several studies in recent
years [5–7]. In addition to properties found at the nanoscale, MxSy-NPs also exhibit
favorable properties such as light conversion, Fenton catalysis, immune activation and
radiation enhancement [8,9]. The lower electronegativity of sulfur in comparison to oxygen
makes MxSy-NPs naturally versatile in comparison to highly exploited metal oxide ones [10].
The versatility of MxSy-NPs becomes evident by the fact that they can be successfully used
for various applications including different types of imaging and therapy, often alone or in
combination with other materials to enhance their intended application [11]. In addition,
MxSy-NPs possess the ability to impart multiple functionalities as “stand-alone” systems
without addition of other materials. For example, transition metal dichalcogenide-based
molybdenum disulfide (MoS2-) and tungsten disulfide (WS2-) NPs are increasingly found
in theranostic and biosensing applications [12,13]. Tunable bandgap and strong spin-orbit
coupling make MoS2-NPs particularly interesting for biomedical applications, whereas
strong near-infrared (NIR) absorptions has led to the efficacious use of copper sulfide (CuS-)
NPs as photothermal agents [14,15].

Hence, herein, various uses of MxSy-NPs towards the above-mentioned background
will be discussed on selected examples.
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2. Applications of Metal Sulfide Nanoparticles in Bioimaging

2.1. Magnetic Resonance Imaging

As a result of the use of non-ionizing radiation, high spatial resolution and non-
invasive magnetic resonance imaging (=MRI) has become one of the most used imaging
techniques in the medical field [16]. MRI makes use of pulsed magnetic waves to align
protons present in water and images are produced by recording radio-waves released by
these protons upon their relaxation to the ground state [17]. Contrast agents are applied
to significantly improve resolution and work by reducing the longitudinal or transverse
(i.e., T1 or T2) relaxation time of protons in water [18]. Studies on NPs for MR imaging
have mostly focused on metal oxides such as superparamagnetic iron oxide NPs (SPIONs);
however, in recent years, researchers have begun exploring MxSy-NPs as well [19,20].
Examples of such studies reporting the use of MxSy-NPs, wherein the MR contrast is
brought about by the metal sulfide itself, are highlighted below.

Iron sulfide quantum dots (=FeS QDs) were synthesized via a biomimetic route using
protein bovine serum albumin (=BSA) as a template. Nanoparticles based on FeS exhibit
physicochemical properties similar to that of iron oxide nanoparticles as sulfur and oxy-
gen are congeneric elements. However, iron sulfide (FeS, Fe1−xS, FeS2, Fe3S4) exist in
more phases than iron oxide (Fe3O4, Fe2O3) showing more variability and also have a
smaller band gap. The authors observed a strong NIR absorption which was exploited
for photoacoustic imaging, whereas quantum confinement effects enabled fluorescence
imaging. The longitudinal relaxation (=r1) value of FeS QDs (5.35 mM−1 s−1) was found
to be higher than that of corresponding aggregates (0.2 mM−1 s−1), which is attributed
to the template-assisted synthesis [21]. The resulting QDs thus showed good dispersion,
higher longitudinal relaxivity, extended rotational correlation time and lower magnetiza-
tion in comparison to the clinically used gadolinium-based MRI contrast agent Gd-DTPA
(r1 = 3.1 mM−1 s−1). As observed in Figure 1, the authors tested the MR, PA and fluores-
cence imaging ability of FeS QDs in vivo in 4T1 tumor-bearing mice post-intravenous (i.v.)
administration [22]. As can be seen in Figure 1A,B, MR contrasts at 5 h post-administration
is 1.8-fold higher as compared to pre-administration.

Figure 1. Representative images of (A) MR imaging and (B) its quantitative estimation. Reprinted
with permission from Ref. [22]. Copyright © 2023, Elsevier.

A nanohybrid (=NH), based on the sulfides of bismuth and iron was prepared by
Xiong et al. via biomineralization using BSA to yield Bi2S3/FeS2@BSA NHs [23]. BSA acted
as a source of sulfur, as a template for the synthesis and as a reducing agent, whereas Fe and
Bi provided the contrast for MR and computed tomography (=CT) imaging, respectively.
The X-ray absorption coefficient of the NHs is 8.02 HU mM−1 which increased in proportion
to increasing concentrations of Bi. A similar trend was observed for MRI contrast and r2,
i.e., transverse relaxivity time was determined to 53.9 mM−1 s−1. In vivo, Bi2S3/FeS2@BSA
NHs showed accumulation in the tumor with good CT and MR imaging contrast when
injected intravenously in a 4T1 tumor-bearing mice [23]. Fu et al. exploited magnetocaloric
and MR imaging properties of iron sulfide for imaging-guided thrombolysis in celiac
vein thrombosis. The author’s synthesized hydrophilic polyvinyl pyrrolidone-capped
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Fe3S4-NPs with an r2 value of 53.1 mM−1 s−1 [24]. Through simultaneous exposure to
an alternating magnetic field (=AMF) and an 808 nm laser, the NP dispersion attained a
temperature higher than when exposed to AMF or laser alone. In vitro, the synergistic
thermal conversion resulted in near disappearance of the thrombus, whereas individual
stimulation resulted in partial dissolution. When tested in a C57 mice model of deep
vein thrombosis, it resulted in the reduction of thrombus, which was visualized by MR
imaging. Unpaired 3D electrons in cobalt (Co) were utilized by Lv and colleagues for
T2-weighted MRI [25]. Therefore, the authors prepared hollow cobalt sulfide (Co3S4-) NPs
which were coated with a shell of N-doped carbon and encapsulated the drug doxorubicin
for therapeutic (chemotherapy, photothermal therapy and photodynamic therapy) and
imaging (MRI and thermal imaging) applications [26]. The respective NPs showed a
concentration-dependent increase in MR and thermal imaging contrast. In vivo, when
tested in H22 tumor bearing mice, the nanoparticles showed a good contrast as compared
to pre-treatment. Huang et al. synthesized Cu2−xS@MnS core-shell NPs in which the
Cu2−xS-NPs are surrounded by a manganese sulfide (MnS) shell [27]. NIR absorption
by CuS enabled photothermal treatment, whereas the presence of MnS facilitated light-
triggered photodynamic therapy (PDT) and MRI. The NPs showed high photothermal
conversion efficiency (47.9%) and ability to generate reactive oxygen species (=ROS) in the
presence of hydrogen peroxide. With respect to MRI, T1 contrast increased in proportion
to the concentration of manganese and an r1 value of 1.243 mM−1 s−1 was reported.
Similarly, Chen et al. reported on the assembly of CuS-MnS2 nanoflowers for MRI-guided
photothermal-photodynamic therapy [28].

2.2. Computed Tomography

In CT imaging, differential tissue thicknesses and X-ray attenuations are exploited
to generate three-dimensional and cross-sectional images [29]. High X-ray absorption as
a consequence of high atomic numbers has resulted in the application of bismuth (Bi)
and tungsten as CT contrast agents [30,31]. PEGylated-WS2-NPs, i.e., polyethylene glycol
(PEG)-coated tungsten disulfide NPs for CT-guided photothermal therapy (PTT) were
prepared by Wang and colleagues [32]. The CT-imaging ability of the NPs was tested in
4T1 tumor-bearing mice using phosphate-buffered saline (=PBS)-treated mice as a control
group. In conclusion, good photothermal stability and an effective use as CT contrast
agents were reported. Similarly, Wang et al. introduced manganese dioxide (MnO2-) coated
mesoporous polydopamine nanosponges (=MPDA NSs) embedded with WS2 nanodots
(=ND), i.e., MPDA-WS2@MnO2 for multimodal imaging guided thermo-radiotherapy of
cancer [33]. WS2 NDs and MPDA NSs enabled radio-sensitization and PTT in addition to
contrast for CT and multi-spectral optoacoustic tomography (=MSOT), respectively. The
MnO2 component provided MRI contrast and tumor hypoxia modulating properties. In
all three imaging modalities, the contrast provided by MPDA-WS2@MnO2-NPs increased
linearly with increasing concentration of the NPs. The authors reported a CT value of
35.3 HU L g−1 and a transverse relaxation value of 6.696 mM−1 S−1 at pH 6.5. Post
intratumoral (=i.t.) and intravenous (=i.v.) administrations. In vivo, an 8- and 2.5-fold
increase in signal intensity was observed for CT and MSOT imaging, respectively. Similar
results were also observed for MRI.

Nosrati et al. used bismuth sulfide (Bi2S3-) NPs for combination therapy including
chemotherapy and radiotherapy guided by CT imaging [34]. The Bi2S3-NPs were coated
with BSA to improve their stability followed by curcumin encapsulation and function-
alization with folic acid to yield Bi2S3@BSA-FA-CUR NPs. The NPs showed sustained
release of curcumin, radio-sensitization effects and a linear increase in CT contrast with
increasing Bi concentration. Similarly, Bi2S3@MSNs, i.e., bismuth sulfide NPs coated with
mesoporous silica, were synthesized to enable drug delivery in addition to NIR-responsive
PTT and CT imaging [35]. The presence of mesoporous pores in silica enabled high drug
loadings up to 99%, whereas the presence of Bi resulted in a high photothermal conversion
efficiency of 37%. Figure 2A shows the in vitro CT performance of Bi2S3@MSNs showing
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a linear increase with increasing Bi concentration [35]. As can be seen in the figure, the
slope of iobitridol (25.63 HU L g−1) is lower than that of Bi2S3@MSNs (32.83 HU L g−1).
In vivo, the authors evaluated the CT contrast to assess the active targeting potential of
RGD (targeting ligand containing arginine(R)-glycine(G)-aspartate(D) triad) conjugated
Bi2S3@MSNs. RGD–Bi2S3@MSNs show a good accumulation at the tumor site resulting
in an increased CT signal from 2–24 h post-i.v. injection as compared to Bi2S3@MSNs
(Figure 2B).

 
Figure 2. (A) In vitro CT performance of Bi2S3@MSNs in comparison with commercially available
iobitridol. Inset: Suspensions of Bi2S3@MSNs and iobitridol at different concentrations showing
CT contrast. (B) Representative CT images of UMR-106 tumor-bearing nude mice showing contrast
provided by RGD–Bi2S3@MSN and Bi2S3@MSN captured 2 and 24 h post-treatment. The red circle
highlights the tumor site. Reprinted with permission from Ref. [35]. Copyright © 2023 Wiley.

Wang et al. reported the synthesis of hydrophobic Cu3BiS3-NPs and their use for
targeted photodynamic/photothermal therapy and CT/MR dual modal imaging [36].
Modifications to the NPs included coating with DSPE-PEG/DSPE-PEG-NH2 (DSPE: 1,
2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly (ethylene glycol)) for hydrophilicity,
conjugation of photosensitizer chlorin e6 (=Ce6) and functionalization with folic acid for
targeting. The X-ray co-efficient value of Cu3BiS3-NPs was calculated as 17.7 HU mmol
Bi/L, whereas r1 relaxivity was found to be twice that of Gd-DTPA, which is a clinically used
T1-MRI contrast agent. In vivo, these translated into significant CT and MR contrast which
peaked at 4–6 h post-i.v. injection via the tail vein. For MRI, a 281.6% increase in signal
intensity was observed 6 h post-injection, whereas a quantitative CT value of 252.3 ± 25 HU
was observed. Combined, the NPs were able to successfully accumulate at the tumor site
and inhibit tumor growth in vivo [35]. In addition, Wang et al. discussed the use of rhenium
disulfide (ReS2-) NPs as gastrointestinal (=GI) tract and tumor imaging probes, due to
their excellent X-ray and NIR absorption properties [37]. With respect to GI tract imaging,
the ReS2-NPs showed a higher signal-to-noise ratio with increasing X-ray energy 5 min
post-oral administration in Kunming mice when compared to iohexol. Similar results were
also observed in 4T1 tumor-bearing mice, when ReS2-NPs were injected intratumorally,
whereby the HU value increased from 30–50 to 110–150 in the tumor region [38].
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2.3. Optical Imaging

When light is used to probe molecular and cellular interactions for visualization, it
is called optical imaging [39]. Depending on the tissue composition, when light travels
through it, photons may experience absorption, reflection or scattering. These interac-
tions can be analyzed in different types of optical imaging techniques to yield unique
spectral signatures [40]. For example, inelastic scattering of light is measured by Raman
spectroscopy, whereas absorption followed by emission of light can be in fluorescence [19].
Optical imaging offers advantages such as the ability to image at the microscopic level and
good spatial resolution but is limited by scattering of light in biological tissues. This is
often overcome using imaging probes in the NIR region as there is lower absorption and
scattering by soft tissue [40].

NPs exploited for optical imaging mostly include QDs, as their emission is often a
function of their size and can be effectively tuned. Changes in the size of nanoparticles also
leads to changes in their band gap which in turn influences their imaging properties. Optical
bandgap, especially of semiconductor materials is inversely proportional to nanoparticle size
distribution. Thus, size of QDs often plays an important role in imaging applications. The
ability of MxSy-NPs to absorb in the second biological window, i.e., NIR-II (1000–1700 nm),
thus enabling deep tissue penetration, better signal-to-noise ratio with reduced tissue
auto-fluorescence has led to their widespread application in optical imaging [41]. MxSy-
NPs studied for optical imaging include semiconductor metal-based QDs especially from
group II–VI elements of the periodic table of the elements such as cadmium sulfide (=CdS)
and zinc sulfide (=ZnS), respectively. Group I–VI semiconductor-based silver sulfide,
i.e., Ag2S-NPs are also being increasingly used in optical imaging due to properties like
absorption in the second NIR window, high signal-to-background noise ratio and good res-
olution [42]. Examples of MxSy-NPs used for different types of optical imaging techniques
are reported below.

Awasthi et al. prepared Ag2S QDs for fluorescence imaging due to their favorable
properties including high quantum yield, good photostability and biocompatibility [43].
To improve hydrophilicity and dispersion of the Ag2S QDs, they were encapsulated in a
PEGylated dendrimer to yield PEG-PATU-Ag2S QDs [43]. When excited with a laser at
785 nm, the appropriate QDs exhibited fluorescence at 1110 nm and intensity of fluorescence
improved when the QDs attained sizes greater than 25 nm. The authors also prepared
A549 cancer cells labeled with Ag2S QDs and intravenously injected them into BALB/c
mice to test in vivo tracking ability of the QDs. As can be seen from Figure 3, 2 min post-
administration, fluorescence signals were observed mainly from the liver which gradually
decreased over time. About 30 min following administration, fluorescence signals spread
throughout the body, thus showing the distribution of tumor cells in vivo. To probe the
ability of Ag2S QDs as a vascular imaging agent, PEG1000 was used for modification of the
QDs followed by i.v. injection into BALB/c mice. After a few seconds post-administration,
the main vascular system of the mouse was clearly visible using a real-time monitoring
system (Figure 3D).
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Figure 3. Representative images of NIR-II fluorescence imaging in BALB/c mice. (A) Full body
distribution and (B) zoomed in image showing fluorescence from the femoral artery post-i.v. injection
of Ag2S QDs. [Reprinted with permission from Ref. [43]. Copyright © 2023, Royal Society of
Chemistry]. (C) Higher fluorescence intensity observed from the Eppendorf tube containing the
same concentration of alloy QDs as compared to MQDs. (D) Cell number dependent increase
in fluorescence intensity observed in HeLa cells treated with alloy QDs as compared to MQDs.
(E) Higher fluorescence intensity observed in vivo in mice treated with alloy QDs. (F) Images of liver
captured 1 h post-treatment showed higher fluorescence in mice treated with alloy QDs. Reprinted
with permission from Ref. [44]. Adopted from BioMed Central 2022.

Recently, silver/silver sulfide Janus NPs (=Ag/Ag2S JNPs) for hydrogen peroxide
(=H2O2) triggered NIR-II fluorescence imaging were reported by Zhang et al. [45]. In
the presence of H2O2, the fluorescence of Ag/Ag2S JNPs will be “turned on”, whereas in
its absence a nearly quenching effect was observed. This mechanism is attributed to an
inhibited electron transfer between plasmonic Ag to semiconductor Ag2S in the JNP when
treated with H2O2 thus giving rise to electron deficient fluorescent Ag2S. Because of the
influence of H2O2 on plasmonic Ag, changes in morphology induced in the Ag/Ag2S JNPs
post-treatment by H2O2 was assessed. Ag/Ag2S JNPs of size ~15 nm showed a decrease in
size to ~10 nm which was in accordance with the mechanism wherein addition of H2O2 led
to oxidation and eventual etching of plasmonic Ag in the JNP [46]. The authors also studied
the increase in fluorescence intensity of Ag/Ag2S JNPs treated with H2O2 and observed
a 6-fold increase 24 h post-treatment. To confirm that fluorescence arises from the Ag2S
component, Ag and Ag2S NPs were incubated separately with MCF-7 cells. An “always
on” signal was observed in the cells in contrast to an “always off” signal solely with Ag
NPs. To determine the in vivo H2O2-triggered fluorescing ability of Ag/Ag2S JNP, they
were injected intravenously in an AILI mice model of injured liver. PBS- and only Ag2S NP-
treated groups were chosen as control groups for the study. Whereas the Ag2S-NP-treated
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group showed fluorescence that was “always on”, Ag/Ag2S JNP treated mice showed a
gradual switch from off to on fluorescence signals with progressing liver injury. Harish et al.
synthesized CdS QDs coated with the biopolymer chitosan to improve its stability and
biocompatibility [47]. To test the effect of the chitosan coating, the viability of coated and
bare CdS QDs were tested in human Jurkat and erythrocyte cell lines. A reduced cytotoxicity
of chitosan-coated CdS QDs was found, as compared to the same concentration of solely
CdS. Moreover, it was reported that coated QDs were readily taken up by cells as observed
by fluorescence imaging analysis. Biocompatibility and uptake of chitosan-coated CdS QDs
was attributed to reduced leaching of Cd2+ ions from the respective QDs leading otherwise
to cytotoxic effects. In the presence of chitosan, released Cd2+ ions form coordination
bonds with the amino groups of chitosan thus preventing contact with the cells. In another
study, Xu et al. generated two cadmium telluride/cadmium sulfide (=CdTe/CdS) core-
shell QDs emitting at 545 nm and 600 nm, respectively, to visualize distribution of two
chemotherapeutic drugs in a tumor [48]. Coating of CdS over the core resulted in improved
quantum efficiency, fluorescence lifetime, stability and biocompatibility of the QDs. The
5-Fluorouracil (=5-FU) and tamoxifen (=TAM) were encapsulated into CdTe/CdS QDs
emitting at 545 nm and 600 nm, respectively. To test the effect of the drugs on the tumor
resistant cell line MDA-MB-231, the authors conducted a set of experiments. In the first set,
the cells were incubated only with QDs-5-FU and in the second set, the cells were incubated
with QDs-TAM followed by QDs-5-FU. In the first experiment, green fluorescence of QDs-
5-FU was observed only on the cell membrane, whereas in the second experiment green
fluorescence was observed within the cell with orange-red fluorescence observed on the
cell membrane.

An approach to improve the quantum yield for fluorescence imaging results from
the accessibility of QDs in an alloyed core/shell structure containing ZnS in ref. [49]. In
this study, Shim et al. modified CIS, i.e., CuInS2 QDs, to form a ZnS-CIS alloyed core
surrounded by a ZnS shell affording ZCIS/ZnS. The authors attributed this improvement
to the suppression of defect states and electronic structure evolution which, in turn, in-
creased radiative channels. In a similar study, alloy type core/shell CdSeZnS/ZnS QDs
were synthesized by Kim and colleagues for bio-imaging applications [44]. The authors
compared the quantum yield of the CdSeZnS/ZnS QDs (=alloy QDs) against conventional
multilayer CdSe/CdS/ZnS QDs (=MQDs). For alloy QDs, a 1.5-fold higher quantum yield
than that of MQDs was reported which significantly improved both in vitro and in vivo
imaging (Figure 3C–F).

2.4. Photoacoustic Imaging

Photoacoustic imaging (=PAI) is a type of modified ultrasound imaging modality in
which imaging signals are generated through acoustic (ultrasonic) waves caused by the
photothermal effects of a PTT agent and can increase the spatial resolution and imaging
depth in vivo [50]. The broad absorption by MxSy-NPs in NIR-I and NIR-II resulting from
localized surface plasmon resonance has led to their applications as PTT agents and thus
also as PAI contrast [51].

Liang et al. prepared glutathione (=GSH)-capped CuS NDs for PTT and PAI via a “one-
pot” synthetic methodology [52]. Modification with GSH ensured good water dispersibility
and size restriction of the NDs (<10 nm). Under irradiation by a 980 nm laser light, the NDs
showed PA contrast three times greater than that of water with a minimal concentration
of 1 mM Cu. In vitro studies were followed by in vivo testing in 4T1 tumor-bearing mice.
Saline or GSH-CuS NDs were injected intratumorally as control or test, respectively, fol-
lowed by irradiation at 900 nm. In a control experiment, a very weak PA signal indicating
low intrinsic absorption by the tumor at 900 nm, was observed (Figure 4A). On the other
hand, a good PA signal was observed in mice treated with GSH-CuS NDs with higher con-
trast observed in the intratumorally injected mice as evidenced by the enhanced permeation
and retention (=EPR) effect and GSH coating on the surface of the NDs. Biomimetic CuS
nanoprobes coated with a melanoma cell membrane (HCuSNP@B16F10) for PAI were made
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accessible by Wu et al. [53]. They loaded HCuSNP@B16F10 with indocyanine green (=ICG)
and doxorubicin (=DOX) for PTT and chemotherapy studies. Cell membrane coating
was confirmed by Western blotting, and cell viability remained 70% after incubation with
150 μg mL−1 for 24 h. In vivo HCuSNP@B16F10 showed a significant PA signal up to 4 h
after i.v. injection. In another study, Ouyang and colleagues fabricated CuS nanoparticles
trapped in a dendrimer functionalized with PEGylated-RGD (=RGD-CuS DENPs) peptide
for PAI-guided PTT/gene therapy [54]. UV–Visible spectroscopy analysis showed good
absorption by RGD-CuS DENPs in the 1000–1100 nm range with the CuS core having a
diameter of 3.2 nm. The nanoparticles showed PAI contrast dependent on Cu concentration
wherein PA signal peaked at 12 h post-intravenous injection in vivo. Figure 4C,D represent
PAI obtained using FeS QDs fabricated by Yang et al. which shows a gradual increase in
PAI contrast in vivo post-treatment with the QDs.

Figure 4. (A) 4T1 tumor bearing mice used for in vivo PAI. Laser scan section has been marked
with a dotted circle. (B) Representative PA images taken before and after GSH-CuS NDs i.v. or i.t.
injection Reprinted with permission from Ref. [52]. Copyright © 2023, Royal Society of Chemistry.
(C) Representative images of PAI and (D) its quantitative estimation pre- and post- administration
of FeS QDs at different time points. Tumor area has been demarcated with a white circle in (B,C).
Reprinted with permission from Ref. [22]. Copyright © 2023, Elsevier.

In addition to X-ray absorption studies, strong NIR absorption has resulted in the ap-
plication of Bi2S3 NPs for PAI as well. In this respect, Zhang et al. synthesized hollow Bi2S3
nanospheres with urchin-like rods (=U-BSHM) for spatio-temporal controlled drug release
and PTT-PAI [55]. This was achieved by encapsulating the phase change material (=PCM)
1-tetradecanol and doxorubicin within the microspheres. Heat generated by U-BSHM-NPs
under irradiation using an 808 nm laser melted the PCM, which in turn led to the release
of DOX thus achieving controlled release. The authors reported a 65.37% release of DOX
when U-BSHM-NPs attained a temperature of 43 ◦C or higher under laser irradiation. With
respect to imaging, the NPs showed a concentration-dependent increase in the PA signal
intensity by 808 nm laser irradiation. A significant PA signal was also observed when
the NPs were irradiated with 700 and 900 nm lasers, respectively (Figure 4A). Zhao et al.
synthesized ultra-small Bi2S3-NPs using self-assembled single-stranded DNA as a template
and employed them imaging probe in myocardial infarction [56]. As a result, thereof, a
good PA signal was found when tested in vivo. Similarly, Cheng et al. synthesized Bi2S3
nanorods (=NR) for PTT, radiotherapy, and dual modal PA/CT imaging [11]. In vivo, a
significant PA signal post-i.v. injection of the NRs, which peaked 24 h post-treatment, was
observed. With respect to CT imaging, the NRs showed an enhanced contrast as com-
pared to the commercially available radiocontrast agent iopromide. The authors concluded

146



Molecules 2023, 28, 2553

that radiotherapy and PTT acted in synergism which inhibited tumor growth as well as
metastasis. AgBiS2-NDs coated with polyethyleneimine (=PEI) were developed by Lei and
colleagues for theranostic applications such as PTT and dual modal PA/CT imaging [57].
PEI-AgBiS2-NDs showed photothermal conversion efficiency of 35.2% which translated to
a good PAI signal in vitro. With respect to CT imaging, the authors reported a slope higher
than that of iobitridol which is a commercially available radiocontrast agent. The respective
in vitro imaging results were correlated with in vivo observations and maximum signal
intensity for CT/PA imaging was observed at 24 h post treatment.

MoS2 which has an extinction co-efficient higher in comparison to gold nanorods
(=AuNR) and a 7.8-fold higher NIR absorbance than that of graphene oxide is increasingly
being used as an NIR absorbing probe with implications in biomedicine [58]. In order
to improve the serum stability of MoS2, Shin and colleagues synthesized hyaluronate
(=HA) and MoS2 conjugates (=HA-MoS2) for PAI-guided PTT [59]. The size of MoS2
nanoparticles increased from 61.9 nm to 85.9 nm after conjugation with HA. DLS studies
revealed no significant changes in the mean hydrodynamic size of HA-MoS2 after 7 days in
comparison to MoS2 alone, indicative of no aggregate formation and, thus, good stability.
Liu et al. synthesized MoS2 nanosheets conjugated with the dye ICG [60]. The conjugation
led to a red shift in the absorption peak of MoS2 from 675 nm to 800 nm for MoS2-ICG.
As a result, a 1.35- and 1.55-fold increase in signal intensity and signal-to-noise ratio
were observed at 800 nm pulsed irradiation as compared to that of 675 nm, respectively.
The improved PA signal intensity and penetration depth is explained to reduced tissue
scattering and absorption at 800 nm. In another study, Au et al. developed nerve growth
factor (NGF) targeted AuNR coated with MoS2 nanosheets (=anti-NGF-MoS2-AuNR) for
PAI of osteoarthritis [61]. MoS2 coated AuNR resulted in a 4-fold increase in PAI signal
intensity and higher biocompaibility as compared to AuNR alone. Additionally, the
authors also reported stable PA intensity and morphology of MoS2 coated AuNR following
irradiation for 30 min. In vivo when anti-NGF-MoS2-AuNR were injected intravenously
into Balb/c mice, PA signal peaked at 6 h post-treatment in the synovium of osteoarthritic
knee. MoS2 nanosheets modified with CuS nanoparticles were developed by Zhang and
co-workers for PAI-guided chemo-PTT [62]. Colloidal stability and biocompatibility of the
nanocomposites were improved by attachment of PEG-thiol (=PEG-SH). CuS-MoS2-SH-
PEG showed photothermal conversion efficiency higher than that of MoS2 alone.

3. Applications of Metal Sulfide Nanoparticles in Photo- and Immuno-Therapy

3.1. Photothermal Therapy

Photothermal therapy (=PTT) is a non-invasive therapeutic strategy that uses photo-
absorbents in the NIR region to induce hyperthermia (40–45 ◦C) in the tumor site. The
NIR laser induces collateral thermal damage to the cancerous cells leading to cell death by
apoptosis or by altering gene expression in cancerous cells [63].

CuS-NPs are an emerging class of photothermal agents that are biocompatible, have
high extinction in the NIR range, are stable under laser irradiation and, are therefore
considered to be better suited than the so far used gold (Au-) NPs [64,65]. The NIR
absorption in CuS-NPs is due to d–d energy band transitions of Cu2+ ions and therefore
their absorption wavelength remains unaffected by the surrounding biological environment.
In one report, 980 nm NIR-light-driven CuS nanoplates were found to inhibit the growth
of prostate cancer cells both in vivo and in vitro [66]. Respective CuS nanoplates were
injected into the prostate tumor site under ultrasound guidance and PTT was performed.
Lu et al. reported a platform for dual cancer therapy (photothermal and chemotherapy)
based on PEGylated CuS@mSiO2 nanocomposites [67]. The mesoporous silica allowed
high payload capacity; however, this showed poor colloidal stability. Hence, polyethylene
glycol grafting was carried out to improve the colloidal stability and enhance the EPR effect
to deliver drugs to the target cells. Cheng et al. developed WS2 nanosheets as PTT agent for
bio-imaging and photothermal ablation of tumors [68]. The nanosheets were functionalized
with PEG to enhance physiological stability and biocompatibility. The 4T1 cells were
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incubated with 0.1 mg ml−1 WS2-PEG nanosheets for 6 h and irradiated by an 808 nm laser
of varying power densities. The nanosheets effectively induced thermal ablation at a low
dose (i.t., 2 mg kg−1) and a higher dose (i.v. injection, 20 mg kg−1) without causing any
mortality (Figure 5). On similar lines, PVP-functionalized MoSe2 nanosheets in a PNIPAM
hydrogel with both a dual photo- and thermo-responsive behavior was effective towards
HeLa cells [69]. Photo-thermal ablation of mammalian cells was also demonstrated by
Chou et al. by using chemically exfoliated MoS2-NPs at a very low concentration (<38 ppm)
to effectively destruct the cancerous cells [70].

Figure 5. Microphotographs of HeLa cells with CuS-NPs. (A) without laser, cells were viable and had
polygonal morphology. (B) with NIR laser irradiation at 24 W cm−2 for 5 min (purple arrows show
shrinking of cells; yellow arrows show loss of cell viability by calcein-negative staining; white arrows
show loss of cell membrane integrity by EthD-1 positive staining. (C) In vivo PTT in 4T1 tumor
bearing mice with saline (top row), WS2-PEG (middle row: i.t. low dose = 2 mg kg−1), WS2-PEG
(bottom row: i.t. high dose = 20 mg kg−1). The laser power density was 0.8 W cm−2. Reprinted with
permission from Refs. [64,68]. Copyright © 2023, Future Medicine and 2014, Wiley.

Qian et al. introduced PEGylated titanium disulfide (=TiS2) as PTT agent for in vivo
PAI-guided thermal ablation of cancer [71]. PEG was incorporated into the system to
make the nanoparticles stable in polar solvents. The PTT agent exhibited strong NIR
absorbance being able to destroy tumor cells. A multifunction theranostics platform, based
on WS2 QDs (3 nm), was synthesized to achieve simultaneous CT/PAI and synergistic
PTT treatment of tumors, wherein the location of the tumor could be precisely observed
and treated [72]. MRI-guided PTT was reported using iron sulfide nanoplates. Yang
and coworkers prepared PEG-functionalized FeS nanoplates (=FeS-PEG) that exhibited
high NIR absorption and superparamagnetism [73]. Highly effective in vivo PTT ablation
in mice tumor was achieved using 20 mg kg−1 of FeS-PEG followed by 808 nm laser
irradiation. MRI studies revealed accumulation of FeS-PEG NPs in the tumor cell and no
toxicity was observed even at a higher dose.

Though metal sulfide NPs can be effectively used for photothermal ablation, however,
poor photothermal conversion efficiency restricts their use for all practical applications.
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To overcome this limitation, a combination of metal/metal sulfide NPs was designed [74].
Yang et al. reported surface plasmon-enhanced PTT using an Ag/CuS nanocomposite
for effectively killing PC3 prostate cancer cells [75]. The nanocomposite was activated
by a 980 nm laser at 0.6 W cm−2 for 5 min and, hence, an enhancement of CuS PTT
efficacy was observed. This is attributed to the presence of surface plasmon resonance
(=SPR) of the Ag-NPs that led to significant enhancement in the electric field near the
surface, thereby increasing the rate of the transition process at the interfaces. Ding and
coworkers studied the influence of dual plasmonic Au-Cu9S5-NPs on the photothermal
transduction efficiency [76]. The nanocomposite exhibited localized SPR in both the visible
and NIR region and the molar extinction coefficient of the composite was found to be
50% higher at 1064 nm than the individual counterparts. The composites were used for PTT
on tumor-bearing mice at 100 ppm under 0.6 W cm−2 1064 nm laser irradiation. Similar
observations were reported by tuning localized SPR by applying Cu5FeS4-NPs to enhance
the photothermal conversion efficiency up to 50.5% using an 808 nm laser [77].

3.2. Photodynamic Therapy

Photodynamic therapy (=PDT) is a clinically approved minimally invasive therapeutic
modality in which a photosensitizer (=PS) is activated by a light of specific wavelength
(laser) to generate singlet oxygen species (1O2) that destroys abnormal cells [78]. When
the photosensitizer is excited, it transfers its energy to the molecular oxygen in tumor cells
through a triplet state. During the process, cytotoxic singlet oxygen and other secondary
molecules such as reactive oxygen species, super-oxides, etc., are formed via oxidation
of cellular macromolecules. This event leads to necrosis or apoptosis of tumor cells [79].
Nanoparticles can be used as carriers of PS due to (i) easy functionalization with target
molecules that increases biodistribution of PS, (ii) the higher surface area-to-volume ratio of
NPs increasing the carrying capacity of PS, (iii) protect degradation of light-sensitive PS and
enhance their circulation in bloodstream, and (iv) capability to incorporate other therapeutic
or diagnostic modalities to PDT in the same system. MxSy-NPs have an edge over other
NPs such as gold NPs for use in PDT, due to their strong absorption properties in the
NIR region ranging from 700–1100 nm, high extinction coefficients and high fluorescence
properties. Hence, the following sections will focus on MxSy-NPs that are widely applied
in PDT.

Jia et al. used MoS2 nanoplates for fluorescence imaging of ATP and PDT through
ATP-mediated controllable to release 1O2 under 660 nm laser irradiation [80]. Therefore,
Ce6-aptamer was loaded on the MoS2 nanoplates that especially responded to the ATPs
in lysosomes and 1O2 induced cell death through the lysosomal pathway. The studies
exhibit the release of a single-stranded aptamer from the MoS2 nanoplates and subsequent
imaging of intracellular ATP and generation of singlet oxygen.

Plasmonic Cu2−xS-NPs confirmed excellent surface plasmon absorption in the NIR
region which mainly originates from the free holes of the unoccupied highest energy
state of the valence bond [81]. This depends on the ratio of Cu:S and the crystal phase
of the nanoparticles itself. Examples of plasmonic Cu2−xS-NPs are Cu31S16 (monocyclic
phase), Cu9S5 (cubic phase), Cu7S4 (orthorhombic phase), Cu58S32 (triclinic phase), and
CuS (hexagonal phase or covellite). With decrease in the Cu:S ratio (Cu2−xS with x > 0),
the concentration of free carriers increases inducing LSPR absorbance in the NIR area.
Cu2−xS-NPs enhanced the ROS generation in B16 cells under NIR radiation (808 nm,
0.6 W cm−2 for 5 min) [82]. Generation of hydroxyl radicals were detected by 5,5-dimethyl-
1-pyrroline-N-oxide (=DMPO) spin-trapping adducts in electron spin resonance (=ESR)
spectroscopy. The ROS generation was dependent on the concentration of the NPs and the
laser power. From the ESR signal it can be concluded that the irradiation led to around
83% enhancement in •OH generation. In vivo, Cu(II) is reduced to Cu(I) by biomolecules
such as ascorbic acid or glutathione, which reacts with hydrogen peroxide to form •OH
species. Similar results were also obtained by other researchers [81,83–85].
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Cheng and coworkers reported on the use of Bi2S3 nanorods for NIR-activated
PDT [86]. The nanorods could be excited by a NIR laser to generate free holes in the
valence band and electrons in the conduction band, which formed hydroxyl and super-
oxide radicals upon reaction with water and oxygen. Further, when the nanorods were
associated with zinc protoporphyrin IX, a pronounced inhibitory effect of the tumor was
observed under NIR irradiation. Lin et al. synthesized Co9S8 NDs and modified their
surface with albumin to make them biocompatible [67]. Upon NIR irradiation, the NDs
showed a marked time-dependent production of 1O2 production with high photothermal
conversion efficiency of 64%.

3.3. PTT-PDT Combinatorial Therapy

Photothermal and photodynamic therapies have an edge over conventional therapies
including chemotherapy, surgery, and radiation due to high specificity, minimal invasion,
and precise spatio-temporal selectivity [87]. Furthermore, in PTT and PDT, no extra
targeting is required, however, tissue penetration of light is a concern. Heat conversion
efficiency and formation of hypoxic environments in PTT and PDT are other concerns.
PTT agents convert light energy into heat and eradicate tumors by hyperthermia, while
PDT agents produce toxic reactive oxygen species to kill cancer cells. However, PTT
generally requires high-power density lasers to produce enough heat and PDT requires
the effective uptake of photosensitizers by cancer cells to induce tumor hypoxia. In other
words, in PTT, self-protection of cancer cells induces heat shock response which weakens
the PTT efficacy and on the other hand, in PDT, tissue hypoxia limits the PDT efficacy.
Therefore, synergistic strategies by combining PTT and PDT in a single platform are
now becoming important to overcome the concerns and gain improvised results of the
therapies. Simultaneous hyperthermia and ROS are envisaged to cause cancer cell death
and elimination of malignant tumors by PTT-PDT combinatorial therapy. In such cases,
a single nanoplatform that can behave as both PTT and PDT agents are highly desirable.
Following section deals with metal sulfide nanomaterials that are visualized to be PTT as
well as PDT agents.

Song et al. designed bioconjugated MoS2 nanosheets for combinatorial PTT-PDT in
which bioconjugation was done with BSA to render biocompatibility to the nanosheets
(Figure 6) [88]. The bioconjugated nanosheets produced both localized hyperthermia and
1O2. A possible mechanism of the combinatorial effects can be explained by the following
route: Firstly, when BSA-MoS2 nanosheets are irradiated with an 808 nm laser at 0.8 W cm−2,
a rise in temperature (up to 48 ◦C in 4–5 min) takes place which then activates the dissolved
oxygen to generate ROS (in the order O2 → 1O2 → O2

•− → •HO2 → H2O2 → •OH).
Thus, BSA-MoS2 nanosheets trigger ROS generation and enhance the phototherapy. In
another study, following a similar mechanism, MoS2 nanosheets in hydrogel were used
as PTT and PDT agent along with chemotherapy [89]. Remarkable reduction in primary
4T1 breast tumors and distal lung metastatic nodules in vivo was observed. A mild pho-
tothermal heating was able to increase cell membrane permeability and cellular uptake
of various agents such as photodynamic agents or chemotherapeutic drugs [90]. Similar
results were obtained by Xu and his group wherein an IR-808 dye sensitized UCNP with
Ce60-grafted MoS2 nanosheets synergistically amplified the up-conversion efficiency and
triggered the photosensitizer to produce large amounts of ROS [91].
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Figure 6. (A) Representative fluorescence images of BSA-MoS2 treated tumor-bearing mice at different
time points. (B) In vitro PAT imaging for different concentrations of BSA-MoS2. (C) Representative
PAT images of BSA-MoS2 treated tumor-bearing mice at different time points with tumor area marked
with a white dotted line. (D) Representative infrared images showing thermal profile of tumor-bearing
mice treated with BSA-MoS2 or PBS (control group) and their corresponding (E) temperature profile
and (F) tumor volume. (G) Representative pictures of mice showing reduction in tumor size with
respective treatments. (H) MR images of mice treated with BSA-MoS2 before and post- treatment
on the 14th day and corresponding (I) changes in body weight. Reprinted with permission from
Ref. [88]. Copyright © 2023, Royal Society of Chemistry.

The combination of PDT and PTT was also demonstrated by Bharathiraja and cowork-
ers where MBA-MD-231 cells were incubated with CuS-Ce6 NPs and exposed to an 808 nm
laser light for 10 min at 2 W cm−2 [92]. MTT assay revealed synergistic cytotoxicity by the
combination therapy rather than individual therapies. Similar observations were made
by Wang’s group [63]. Heat generation, due to photothermal efficacy of Cu2−xS-NPs, was
monitored in B16 cells by heat shock protein 70 (Hsp70) expression. The cells exposed
to 100 s laser radiation (808 nm and 0.6 W cm−2) showed significantly enhanced Hsp70
which is caused not only due to thermal stress but also due to elevated ROS levels [82].
Under NIR light and in tumor acidic regions, leaking of Cu(I) ions from the NP occurs,
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which react with the surrounding O2 and H2O2 to form Cu(II) along with hydroxide and
hydroxyl radicals that contribute to enhanced ROS [93]. Biocompatible PEGylated iron
sulfide NPs (=FeS2@C-PEG) were found to oxidize water to form O2 under NIR exposure
which improved the therapeutic efficacy of the NPs [94]. Formation of Fe(II) degraded
the intracellular H2O2 to produce more ROS species that contributed to the combinatorial
PTT-PDT. Zinc protoporphyrin IX (=ZP)-linked Bi2S3 nanorods provide active sites for
binding heme oxygenase-1 (HO-1) that are overexpressed in solid tumors and suppressing
the cellular antioxidant defense capability. The nanorods, upon NIR radiation, generated
heat that facilitated an efficient electron–hole separation in ZP and Bi2S3 and produced
ROS species. Once cells are attacked by ROS, the redox homeostasis is disturbed and
HO-1 catalyzed the heme molecule to generate a series of antioxidants (biliverdin, carbon
monoxide, and ferrous iron), which are the most potent endogenous scavengers of ROS.
Here, ZP, as a potent HO-1 inhibitor, suppressed the HO-1 activity and strengthened the
PDT effect. Under 808 nm laser irradiation (0.75 W cm−2, 10 min), the nanorods exhibited
photothermal conversion efficiency of 33.64%. The nanorods could accumulate in the 4T1
tumor and inhibit the HO-1 activity and enhance NIR-irradiated oxidative injury [86].
Cobalt chalcogenides also possess intrinsic peroxidase-like activity, high photothermal
conversion efficiency and broad NIR absorption properties; however, it is challenging
to synthesize biocompatible cobalt sulfide due to co-existence of both strongly reducible
cobalt ions and oxidizable sulfide ions. Further, cobalt ions have strong affinity for oxygen
and, therefore, it is difficult to exclude impurities such as cobalt oxide or cobalt hydroxide
in the resultant NPs [95,96].

3.4. Combined Photo-Immunotherapy

Immunotherapy is a biological cancer treatment that makes use of substances from
living organisms to treat cancer and help the immune system to fight cancer. Specifically,
immunotherapy or immune activation involves production of cancer-fighting immune cells
to identify and destroy cancerous cells. Immunotherapy includes checkpoint inhibitors,
T-cell transfer, monoclonal antibodies, cancer vaccines and immune system modulators.
In contrast to conventional therapies such as chemotherapy, radiotherapy, or surgery, that
aim to destroy cancer cells along with healthy cells, immunotherapy aims to prevent the
healthy cells and restore antitumor activity of the immune system. Research on delivery
of immunotherapeutic agents by NPs showed minimization of adverse effects and maxi-
mization of the therapeutic index of immunotherapy [97]. Nanomaterial-based delivery
of immunotherapeutics and biologicals (e.g., nucleic acids, antibodies, etc.) improves
pharmacological properties of drugs such as solubility, and stability in physiological media.
Assorted molecular-binding sites in nanomaterials help in shielding active drugs and bio-
logics from degradation and macrophage clearance in blood after systemic administration.
In other words, nanomaterials enhance bioavailability and control unwanted targeting
which is significant in tumor management [98]. Further, the pharmacokinetic profile of
the drug and their interaction with cells can also be modulated and controlled by the
nanosystem [99]. Release of the drug or biologics can also be controlled and regulated by
nanomaterials to enhance efficacy and reduce systemic toxicity. However, it is important to
consider the structure and composition of NPs for active targeting of drugs or biologics and
their release. Above all, nanotechnology offers possibilities of combining immunotherapy
with chemo-, radio- or even photothermal and photodynamic therapies.

Several nanosystems ranging from carbon-, metal/metal oxide-, polymer- and lipid-
based NPs are reported for specific delivery of immunotherapeutics to precisely target and
control tumors [100,101]. However, very little literature is available on the use of metal
sulfide NPs for immunotherapy. The following section will focus on metal sulfide-based
NPs that are reported for immunotherapy along with other phototherapies.

Guo and his group designed a light-induced transformative NP platform based on
chitosan-coated hollow CuS-NPs that can assemble immunoadjuvants oligodeoxynu-
cleotides containing the cytosineguanine (CpG) motifs [102]. The platform combined
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photothermal ablation and immunotherapy in which, upon laser excitation at 900 nm,
the nanostructures broke and reassembled into polymer complexes which enhanced CpG
tumor retention and uptake by plasmacytoid dendritic cells. It generates heat to ablate the
tumor cells and releases the tumor antigens into the tumor sites, while the immunoadju-
vants enhance antitumor immunity by promoting antigen uptake. The PTT synergistically
acted with immunotherapy to enhance immune responses and made the tumor residues
and metastases susceptible to immune-mediated killing. Similar observations were made by
Chen et al. using core-shell CuS@PLGA-NPs in which the model antigen ovalbumin (OVA)
was loaded [103]. On one hand, poly D, L-lactic-co-glycolic acid (=PLGA) made the system
biocompatible and exhibit controlled biodegradation kinetics, and on the other hand, the
CuS-NPs display favorable PTT by killing 4T1 tumor cells in vitro. Release of OVA and its
further internalization into antigen-presenting cells (=APCs) induced the immune response.
The heat conversion by CuS-NPs under NIR radiation not only triggered rapid release of
OVA but also enhanced the cell membrane permeability that led to higher uptake of the
antigen by the cells. Yan et al. reported synergistic PTT and immunotherapy driven by Cas9
ribonucleoprotein-loaded CuS-NPs to enhance the therapeutic effect on melanoma [104].
The NIR light triggered thermoresponsive CuS-NPs provide a platform to modify Cas9
ribonucleoprotein targeting PTPN2 for immunotherapy. Depletion of PTPN2 was observed
after treatment with the targeted NPs which caused accumulation of infiltrating CD8 T
lymphocytes in tumor mice. Also, the expression levels of interferons and cytokines (IFN-γ
and TNF-α) was upregulated which sensitized the tumors to immunotherapy. Thus, tumor
ablation along with immunogenic cell death induced by PTT amplified the anti-tumor
efficacy. Similar integration of PTT and immunotherapy in a Cu9S5@mSiO2 nanoagent
was reported in a study by Zhou et al., in which the immune response of CpG effectively
inhibited tumor metastasis [105]. Intracellular uptake of CpG promoted infiltration of
cytotoxic T lymphocytes (=CTLs) in tumor tissue, which stimulated the production of
IL-12, TNF-α and IFN-γ. Xu and coworkers verified adoptive macrophage therapy through
CuS-NP regulation for antitumor effect in mice bearing B16F10 melanoma [106]. Within
this study, bone-marrow-derived macrophages (=BMDMs) were incubated with PEGy-
lated CuS-NP to promote cellular production of ROS through dynamin-related protein 1
(Drp1)-mediated mitochondrial fission. The high intracellular ROS level directs BMDMs
polarization toward M1 phenotype by classical IKK-dependent NF-κB activation. Moreover,
the CuS-NP-stimulated BMDMs downregulated PD-1 ligand expression and contributed
to the promoted ability of phagocytosis and digestion. I.t. transfer of CuS-NP-redirected
macrophages, triggered the local and systemic tumor-suppressive alterations, further en-
hancing the antitumor activity. On similar lines, MoS2 nanosheets were functionalized with
CpG and PEG to form nanoconjugates that upon NIR irradiation significantly enhanced in-
tracellular accumulation of CpG [107]. The accumulation of CpG stimulated the production
of proinflammatory cytokines and elevated immune response. The MoS2 nanoconjugates
also reduced proliferation of 4T1 cells when co-cultured with RAW264.7 (macrophage cells)
upon NIR irradiation for 10 min at 2 W cm−2. The increased uptake efficiency of CpG is
attributed to the membrane permeability induced by laser irradiation.

MoS2-NPs are able to induce low levels of the pro-inflammatory cytokines IL-1β, IL-6,
IL-8, and TNF-α in human bronchial cells (NL-20) and activate antioxidant/detoxification
defense mechanisms [108]. The low cytotoxicity of the MoS2-NPs reflects the ability of the
NPs to induce a favorable balance of cellular responses in vitro which can be extended to
in vivo in future.

It can be inferred that the combination of photothermal therapy and immunotherapy
can produce synergistic anti-tumor effects as well as reduce systemic toxicity [109]. Major
applications of MxSy-NPs in photothermal therapy are due to their ability to convert NIR
radiation into thermal energy which is subsequently used for ablation of cancer cells. How-
ever, it is important to achieve higher conversion efficiency so that the dose requirement is
reduced. Moreover, integration of photothermal therapy with immunotherapy is essential
to address cancer heterogeneity and adaptation.
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4. Conclusions

Although MxSy-NPs have been researched as theranostic nanoplatforms over a decade,
only a handful of reviews are highlighting recent developments and challenges in this
field [9,10,20]. Metal sulfide NPs, specifically, transition metal dichalcogenides, have an
array of desirable properties such as electronic band structure, tunable bandgap, lumines-
cence, and Raman scattering, which can be tuned as per the end applications. However,
because of the semiconductor behavior, they are intrinsically toxic which limits their use
in biomedical applications. To address the concern, additional modifications of the appro-
priate nanomaterials are required to enhance biocompatibility and make them capable for
their use as diagnostic tools or imbibe properties for applications such as drug delivery,
sensing, etc. Further, metal sulfide NPs do not form very stable suspensions in polar
solvents, for example, water, and therefore, their use in in vivo applications also remains a
concern. Hence, proper NP functionalization is, therefore, required to provide colloidal
stability to the respective NPs. Thus, selection of functional molecules (e.g., dyes, polymers,
organic molecules including acids, small molecules such as hydroxyl, thiols, etc.) are crucial
for facilitating interactions between the NPs and biological systems [110]. In many cases,
functionalization may involve modification of atoms of the NPs present in the basal plane,
kinks, edges or corners, which may change the electronic band structure of the NPs [111].
Voiry et al. reported that change in phase of sulfur- and selenium-based transition metal
dichalcogenides from metal to semiconductor takes place when the NPs will be covalently
functionalized with, for example, amides and methyl moieties, respectively [112]. Thus,
designing synthesis and functionalization strategies of metal sulfide NPs are very important
to meet the requirement of structural and chemical stability, dispersibility in physiological
medium, uniformity in size distribution, and biocompatibility. In addition to functionaliza-
tion, core–shell structures may also be developed to decrease leaching of toxic metals in
cellular environments. This is especially true in heavy metal quantum dots such as lead
sulfide (PbS), CdS, mercuric sulfide (HgS) offering excellent optical imaging properties but
are limited due to their cytotoxicity. In such cases, formation of a shell over the core can
impede direct contact of the heavy metals with cells and improve biocompatibility of the
appropriate metal sulfide.

Though multimodal platforms (therapeutic and imaging) have proved beneficial for
treatment of several diseases, overtreatment is emerging as a new concern. Minimizing
the use of probe material and therapeutic dose, while maintaining the effectiveness of
the platform, is crucial for patient’s compliance. Integration of various functions in a
nanosystem without changing individual properties can significantly synergize theranostic
effects. It is also important to design a multimodal system of varying chemistries that
would not only retain their individual functions, but also not interfere with the functions
of other materials, which eventually can enhance the effectiveness of every component.
Li et al. developed such a platform based on hydrophilic MnS@Bi2S3-PEG NPs which
was successfully used as contrast agents for MRI, CT and PA-trimodal imaging moiety
along with PTT and hyperthermia applying a single injection dose for tumor therapy.
Hyperthermia significantly enhanced the efficacy of radiation and provided a unique
platform to address the concern of overtreatment [113]. More such platforms would
definitely prove beneficial; however, their short- and long-term efficacies and toxicities
need to be evaluated.

Nanoparticle-based delivery of immunotherapeutics is significant in not only treat-
ing cancer but also developing immune defensive cells that can be used to identify and
eliminate tumor cells. Due to limited toxicity and side-effects, immunotherapy can be
used in conjunction with other interventions such as chemotherapy, radiation therapy, pho-
tothermia and hyperthermia. Several multifunctional nanomaterials have been explored as
photoimmunotherapeutic agents to enhance phototherapy as well as carrier of immune
adjuvants. Despite the progress, more research is required to understand the dynamic
immune response and the molecular mechanism of NPs-immune interaction for promoting
clinical translation of nano-immunotherapy. It is also important to consider the potential
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risk associated with overstimulation of the immune system that may lead to autoimmune
toxicities. A balance between efficacy and safety rather than a strong anti-tumor immune
response is required. Nevertheless, photoimmunotherapy has shown promising pre-clinical
responses on various tumor models and therefore, has a potential for clinical translation.

Though there are proven reports of the versatility of MxSy-NP-based nanophotother-
apeutic platforms, clinical translation is a long way to go. More detailed understanding
of degradations and metabolism of MxSy-NPs is required to validate their effectiveness
with respect to degradation products of MxSy-NPs, metal metabolism, biodistribution,
pharmacokinetic mechanism, fate, and elimination process. Nevertheless, advancements in
research will have an impact on future phototherapeutic abilities of MxSy-NPs.
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Abstract: With the increment of the aging population in recent years, neurodegenerative diseases
exert a major global disease burden, essentially as a result of the lack of treatments that stop the
disease progression. Alzheimer’s Disease (AD) is an example of a neurodegenerative disease that
affects millions of people globally, with no effective treatment. Natural compounds have emerged
as a viable therapy to fill a huge gap in AD management, and in recent years, mostly fueled by
the COVID-19 pandemic, RNA-based therapeutics have become a hot topic in the treatment of
several diseases. Treatments of AD face significant limitations due to the complex and interconnected
pathways that lead to their hallmarks and also due to the necessity to cross the blood–brain barrier.
Nanotechnology has contributed to surpassing this bottleneck in the treatment of AD by promoting
safe and enhanced drug delivery to the brain. In particular, exosome-like nanoparticles, a hybrid
delivery system combining exosomes and liposomes’ advantageous features, are demonstrating great
potential in the treatment of central nervous system diseases.

Keywords: neurodegenerative diseases; Alzheimer’s disease; natural compounds; RNA therapy;
blood-brain barrier; exosome-like liposomes

1. Introduction

Neurodegenerative diseases are a diversified group of conditions characterized by
progressive degeneration of the function of the central nervous system (CNS) or peripheral
nervous system, and the current therapeutic options do not provide a cure, only slowing
down the disease progression. Together, neurodegenerative diseases exert a major burden
in global healthcare systems, with dementia being a public health challenge in many
developed countries, as aging is a strong risk factor [1].

Dementia is one of the highest global health crises of this century, with Alzheimer’s
disease (AD) being the most common form of dementia. In the United States, an estimated
6.7 million individuals aged 65 and older are living with AD in 2023, and the number is
expected to reach 88 million by 2050 [2]. The estimated 2023 cost of caring for those with
this disease is $345 billion. Between 2000 and 2019, the number of deaths from AD increased
by 145%, while deaths from the number-one cause of death—heart disease—decreased by
7.3% [2].

AD is a progressive, irreversible neurodegenerative disease that leads to memory
impairment, impacts cognition, and can ultimately affects behavior, speech, visuospatial
orientation, and the motor system. This disease is characterized by two major pathological
hallmarks: Progressive accumulation of amyloid beta (Aβ) plaques and neurofibrillary tan-
gles (NFTs). Aβ damages neurons by interfering with neuron communication at synapses
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and NFTs block the transport of essential molecules for the normal function of neurons.
Consequently, these lead to other complications such as oxidative stress, inflammation, and
brain atrophy due to cell loss [2,3].

Natural compounds or extracts are a viable therapy to fill the huge gap in the treatment
of this disease since they can target several hallmarks. However, for improved efficacy
of these compounds, they can be administered by delivery systems. Moreover, mostly
instigated by the recent COVID-19 pandemic, RNA-based therapies have become a topic
of great interest to researchers and pharmaceutical companies. RNA therapies promise to
change the current conventional drugs that are not capable to target and treat all types of
diseases, and several clinical studies are ongoing for a variety of RNA-based therapeutics
against various incurable diseases. RNA therapy presents several advantages such as cost
effectiveness, manufacturing simplicity, and the ability to target previously inaccessible
pathways [4,5]. RNA therapies such as microRNAs (miRNAs), small interfering RNAs
(siRNAs), and messenger RNAs (mRNAs) seem to be some of the most promising molecules
for the treatment of AD [6]. For the effective delivery of RNA, this molecule has to overcome
several obstacles. Its hydrophilic, negatively charged properties make it difficult for the
RNA molecule to passively diffuse across the cell’s membrane, and so it has to undergo
endocytosis and escape from the endosome to reach the cytoplasm. Furthermore, this
molecule is highly susceptible to ribonucleases degradation and must have enhanced
accumulation at targeted tissues [4].

In addition to the complex mechanisms that lead to AD, the blood–brain barrier (BBB)
is known to be a particular reason for the lack of effective treatments for AD. The BBB is a
physiological barrier constituted by blood vessels that vascularize the CNS and possess
unique properties that allow precise control of the molecules allowed to enter the CNS [7].

Nanoparticles have been used to mitigate all of these hindrances in the delivery of
RNA molecules into the brain. These drug delivery systems effectively protect RNA from
degradation, enable the crossing of biological barriers, and allow a targeted accumulation
and release [8]. In recent years, nanoparticles such as dendrimers, polymeric nanoparticles
and gold nanoparticles, and carbon quantum dots have shown to be capable of crossing the
BBB effectively [8]. Along with these nanoparticles, exosomes and liposomes are delivery
systems with promising properties that allow them to cross the BBB. Exosomes are nano-
sized extracellular vesicles (EVs) released into surrounding body fluids by their parental
cells and carry cell-specific cargos of proteins, lipids, and genetic materials. These EVs
can be selectively uptaken by neighboring or distant cells far from their release. On the
other hand, liposomes are synthetic vesicles comprised of one or several concentric lipid
bilayers surrounding an aqueous lumen that can be created from cholesterol and natural
phospholipids or synthetic surfactants [9,10].

Exosome-like liposomes are a novel concept of nanoparticles that combine the advan-
tages of both the exosomes and liposomes, creating a unique delivery system with several
advantages such as the mimetic constituents of natural exosomes, high biocompatibility,
small size, easy production, efficient transport and delivery of therapeutical compounds
with low bioavailability (e.g., curcumin and RNA molecules), and the ability to load both
hydrophilic and hydrophobic drugs [11].

2. Neurodegenerative Diseases

Neurodegenerative diseases are a heterogeneous group of neurological disorders char-
acterized by cognitive, psychiatric, and motor deficits due to neuron loss [12]. In addition to
these common features, there are also no current treatments to stop the advancement of the
diseases. Some of the main reasons for the lack of effective treatment in neurodegenerative
diseases are the limitations imposed by the BBB and the complex pathways that lead to the
late diagnosis of the diseases [13].

Neurodegenerative diseases are characterized by (1) protein aggregation; (2) disrup-
tive proteostasis; (3) neuroinflammation; (4) oxidative stress; (5) synaptic failure; and
(6) neuronal death (Figure 1). The presence of protein aggregation is a key hallmark in a
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large variety of neurodegenerative disorders. These abnormally deposited proteins are
found in brain regions that, when damaged, lead to physical vulnerability [1,14]. Several
proteins are associated with neurodegenerative disorders:

Figure 1. Hallmarks of neurodegenerative diseases. The scheme illustrates the six hallmarks of these
disorders: Protein aggregation, disruptive proteostasis, neuroinflammation, oxidative stress, synaptic
failure, and neuronal death. Created in BioRender.com (accessed on 25 May 2023).

• Tau protein—microtubule-associated protein—encoded by the microtubule-associated
protein tau (MAPT) gene. Tau is substantially expressed in the cytoplasm of neurons
and plays an important role primarily in the stabilization and assembly of axonal
microtubules and also in a variety of physiological processes, which include axonal
transport, signal transmission between neurons, neurogenesis, myelination, motor
function, neuronal excitability, glucose metabolism, iron homeostasis, and DNA pro-
tection [15,16].

• Aβ—derives from the amyloid precursor protein (APP) and aggregates into amyloid
plaques with Aβ polypeptides 40 and 42 amino acids long [17].

• Prion—another protein present in neurodegenerative diseases is the prion protein (PrP)
encoded by the PRNP gene. In prion diseases, the prion protein misfolds, propagates,
and aggregates rapidly, being responsible for spreading neurodegeneration between
cells, and, consequently, brain regions [14].

• α-synuclein—this is a 140-amino-acid protein highly expressed in the brain, encoded
by the α-synuclein (SCNA) gene [12].

Under healthy conditions, there are protein degradation systems to maintain protein
homeostasis, with an important role in the clearance of toxic protein aggregates: The
autophagy lysosomal pathway and the ubiquitin-proteosome system. However, these
pathways lose activity in elderly individuals, contributing to the accumulation of toxic
protein aggregates [14]. Glial cells (microglia and astrocyte) substitute peripheral immune
cells’ function in the brain. Microglia play a crucial role in defense functions in the brain,
and these cells are activated in signs of pathogens or injury. In neurotoxic conditions with
several aggregated proteins, microglia activation is induced, interacting with astrocytes and
leading to inflammation [14,18]. Neurons are particularly susceptible to oxidative stress due
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to the high polyunsaturated fatty acid content in the membranes, high oxygen consumption,
and low antioxidant defenses in the brain, inducing increased oxidation of proteins, nucleic
acids, and lipids [1]. Synaptic failure has been described in various neurodegenerative
diseases. Synapses are the functional part of the connection between neurons and the key
physiological function of neurons. However, when pathogenic factors affect synapses, it
suppresses the brain from learning and leads to memory impairment. Currently, these
synaptic changes are the targets of many pharmacological interventions [19]. All these
factors result in neuronal cell death and, in some neurodegenerative disorders, can result
in brain volume loss [14].

Neurodegenerative diseases include Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), Huntington’s disease (HD), and AD, which will be the focus of this review [1].

The brain of PD patients is affected by the presence of intra-neuronal inclusion bodies—
Lewy bodies—and the accumulation of the protein α-synuclein, which spreads from
one brain region to another. PD is characterized by movement disorder, motor function
impairment, and other nonmotor symptoms, such as gastrointestinal issues and sleep
disturbances [1,20].

ALS is a devastating, progressive disease, and the cause of this condition is unknown.
This disease is characterized by a deficit in motor neurons in the spinal cord and the motor
cortex of the cerebrum. Patients witness progressive muscle weakness and atrophy and
respiratory failure due to the weakening of respiratory muscles, with a life expectancy of
15.8 months post-diagnosis [21,22].

HD is an inherited neurodegenerative disorder caused by a mutation in the Huntingtin
gene, an abnormal trinucleotide expansion, which is translated into a mutant protein. The
protein leads to the disruption of cellular molecular processes, which can involve both
loss- and gain-of-function mechanisms. A hallmark of this disease is the degeneration of
the striatum (caudate nucleus and putamen), with specific loss of efferent medium spiny
neurons and brain shrinkage. This disorder is characterized by movement disturbance,
cognitive decline, coordination loss, depression, obsessive–compulsive disorder, and other
psychiatric symptoms [23–25].

Alzheimer’s Disease

The pathological development of AD is complex and not yet fully understood [1]. At
the microscopic level, the progression of this disease is characterized by the accumulation of
two proteins: Aβ and Tau proteins, which aggregate into Aβ plaques and NFTs, respectively
(Figure 2A) [26].

The presence of amyloid plaques is a consequence of an abnormal accumulation and
deposition of Aβ, a product of the amyloid precursor protein (APP) [27]. APP is a trans-
membrane protein expressed in numerous human tissues, including the CNS, and can be
cleaved by different proteases in the non-amyloidogenic or amyloidogenic processing of
APP [28,29]. If the APP is cleaved by α-secretase, in the non-amyloidogenic pathway, it pre-
vents the formation of the Aβ and, instead, soluble APPα fragments are formed, which are
described to be non-cytotoxic [26]. The amyloidogenic pathway includes the combined ac-
tion of β- and γ- secretases, which generate Aβ peptides with different C-terminal residues
(Aβ40 and Aβ42) [15,27]. The deposition and accumulation of these Aβ polypeptides lead
to the formation of amyloid plaques in the brain, resulting in neuroinflammation and
synaptic dysfunction [30–32]. NFTs are a consequence of the deposition of the abnormally
phosphorylated Tau protein, leading to its aggregation [16]. The microtubule-binding
protein Tau, a cytoskeletal protein produced by alternative splicing of the MAPT gene,
has been identified as a key molecule in AD, but also in a series of neurodegenerative
diseases referred to as tauopathies, in contrast to Aβ accumulation, which is a characteristic
exclusive to AD [15,33,34]. Hyperphosphorylated Tau loses its functions in the synthesis
and stabilization of microtubules. These proteins accumulate in neurites and neuronal cell
bodies, where it develops into insoluble aggregates, NFTs. Tau can be secreted into the
extracellular space either in its naked form or packaged in exosomes [35–37].
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Figure 2. Alzheimer’s disease hallmarks. (A) Pathway that leads to the formation of amyloid plaques
and the mechanism responsible for the formation of neurofibrillary tangles. (B) Accumulation
of amyloid plaques and neurofibrillary tangles provoke disorders such as synaptic dysfunction,
neuroinflammation, oxidative stress, and higher activity of acetylcholinesterase. These result in
neurodegeneration. Created in BioRender.com (accessed on 20 April 2023).
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In addition the accumulation of these two proteins in the brain, there are other hall-
marks in AD, such as synaptic impairment neuroinflammation, oxidative stress, and higher
activity of acetylcholinesterase (AChE) (Figure 2B). Synaptic impairment is responsible
for the reduction in presynaptic vesicle release and the decrease in glutamatergic recep-
tors [33,38]. Additionally, microglia cells develop more susceptibility to stimulus and pro-
duce inflammatory cytokines and chemokines, leading to cytotoxic and pro-inflammatory
events. Consequently, this contributes to the deterioration of the BBB and the inability to
remove neurotoxic molecules such as Aβ plaques and NFTs from the CNS [39,40]. Damage
to the mitochondrial structure, integrity, and biogenesis lead to excessive reactive oxygen
species (ROS) production, causing damage to the cellular structure. The equilibrium of
distinct neurotransmitter systems, such as acetylcholine (Ach), is crucial for healthy brain
function [41,42]. In AD, alterations in the cholinergic system are often present, since there
is a loss of cholinergic neurons that leads to an extensive decline of ACh, and consequently
to a deficit of cholinergic transmission at the pre-synaptic level. This ACh decrease is due
to the higher activity of AChE, the enzyme responsible for its degradation [43]. All of
the mentioned microscopic hallmarks alter the brain at a macroscopic level, causing brain
shrinkage with cortical thinning and atrophy, leading to decreased brain weight [3,27].

Currently, the therapeutical options for these patients are still very limited [44,45].
The main classes of drugs available to treat AD are acetylcholinesterase inhibitors, which
include donepezil, rivastigmine, and galantamine. Although the equilibrium of different
neurotransmitters, such as acetylcholine, plays a key role in normal brain function, the
cholinergic system is not the only system affected by this pathology. Thus, cholinesterase
inhibitors only treat symptoms and do not prevent disease progression. Treatments directed
to other hallmarks, such as Aβ accumulation and Tau hyperphosphorylation, failed to pro-
vide effects [42,46]. Therefore, an innovative approach that can efficiently treat and control
each hallmark of this multifactorial disease is required for effective AD treatment [47].

3. Natural Compounds for AD Treatment

Natural drugs are gaining increased interest from both scientific academia and pharmaceu-
tical industries for the therapy of several diseases. In recent years, due to their multiple beneficial
properties, more than 100 natural products have been proposed as a promising approach for AD
therapy [48]. Many molecules, including lignans, flavonoids, tannins, polyphenols, triterpenes,
sterols, and alkaloids, can act via different pathways since they have anti-inflammatory, anti-
amyloidogenic, anticholinesterase, and anti-inflammatory properties and can reduce oxidative
stress [49]. It is reasonable to speculate that the progression of AD could be slowed down or
even prevented by natural products working on multiple pathological targets [50]. Table 1
presents an array of natural compounds or extracts that were researched for AD in the last
fifteen years found on PubMed and Web of Science.

Table 1. Natural compounds or extracts that can be used for AD therapy.

Natural Compound Role in AD References

Eugenol

Rats were fed aluminum, a neurotoxic metal that leads to oxidative brain
injury and enhanced lipid peroxidation, disruption of neurotrophic,
cholinergic, and serotonergic functions, and induce apoptosis with ultimate
neuronal and astrocyte damages. A neuroprotective role of eugenol against the
aluminum effects was verified through its antioxidant, antiapoptotic potential
and its neurotrophic properties.

[51]

Menthol Menthol inhalation by mice (1 week per month, for 6 months) prevented
cognitive impairment in the APP/PS1 mouse model of Alzheimer’s. [52]

Chrysin
Chrysin showed the ability to act as a membrane shield against early oxidative
events mediated by O2˙- and other ROS that contribute to neuronal death
triggered by AlCl3 exposure, showing chrysin’s neuroprotective action.

[53]
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Table 1. Cont.

Natural Compound Role in AD References

Rosmarinic acid Suppresses Aβ accumulation in mice. [54]

Ginkgo biloba
Ginkgo biloba improves microcirculation, inhibits the expression of
inflammatory factors, and reduces inflammatory damage to neurons, thereby
improving the spatial exploration memory of dementia model rats.

[55]

Resveratrol

Multiple studies demonstrated that resveratrol has neuroprotective,
anti-inflammatory, and antioxidant characteristics and the ability to minimize
Aβ peptide aggregation and toxicity in the hippocampus of Alzheimer’s
patients, stimulating neurogenesis and inhibiting hippocampal degeneration.
Furthermore, resveratrol’s antioxidant effect promotes neuronal development
by activating the silent information regulator-1, which can protect against the
detrimental effects of oxidative stress.

[56]

Huperzine A Huperzine A is natural, potent, highly specific reversible inhibitor of
acetylcholinesterase, with the ability to cross the BBB. [57]

Brahmi
The neuroprotective properties of Brahmi include the reduction of ROS and
neuroinflammation, the inhibition of the aggregation of Aβ and the
improvement of cognitive and learning behavior.

[58]

Uncaria tomentosa Inhibits plaques and tangles formation. [59]

Berberine
Berberine has antioxidant activity and promotes AChE and monoamine
oxidase inhibition. Berberine has been shown to improve memory, lower Aβ

and APP concentration, and diminish Aβ plaque accumulation.
[60]

Quercetin
Behavioral and biochemical tests confirm that quercetin promotes the
reduction in oxidative stress and increased cognition in zebrafish AD models
induced with aluminum chloride.

[61]

Betaine Betaine has been shown to decrease homocysteine levels and Aβ toxicity in
Caenorhabditis elegans AD model. [62]

Curcumin

Curcumin is known to be a potent antioxidant, anti-inflammatory and
anti-amyloidogenic compound, that plays a beneficial role in treating AD
through several mechanisms. Curcumin can promote a significant reduction of
Aβ oligomers and fibril formation.

[46]

Crocin

Crocin, the main constituent of Crocus sativus L., has a multifunctional role in
protecting brain cells, modulating aggregation of Aβ and Tau proteins,
attenuating cognitive and memory impairments, and improving
oxidative stress.

[63]

Withania somnifera

Withania somnifera extract can protect against Aβ peptide- and
acrolein-induced toxicity. Treatment with this extract significantly protected
against Aβ and acrolein, in various cell survival assays with the human
neuroblastoma cell line SK-N-SH, significantly reduced the generation of ROS
and was demonstrated to be a potent inhibitor of AChE activity.

[64]

Poncirus trifoliate The extract of Poncirus trifoliate is a naturally occurring AChE inhibitor. It
showed a 47.31% inhibitory effect on the activity of acetylcholine. [65]

Convolvulus pluricaulis Convolvulus pluricaulis prevented aluminum-induced neurotoxicity in rat
cerebral cortex. [66]

α-Cyperone
α-Cyperone binds and interacts with tubulin, being capable of destabilizing
microtubule polymerization. The effect of this interaction could result in
reduction of inflammation.

[67]
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Table 1. Cont.

Natural Compound Role in AD References

Andrographolide

Andrographolide has beneficial effects in the recovery of spatial memory and
learning performance, recovery of synaptic basal transmission, partial or
complete protection of certain synaptic proteins and shows a specific
neuroprotective effect, that includes the reduction of phosphorylated Tau and
Aβ aggregate maturation, in aged degus.

[68]

Apigenin

Apigenin has been shown to have anti-inflammatory and neuroprotective
properties in a number of cell and animal models. This compound is also able
to protect human induced pluripotent stem cell-derived AD neurons via
multiple pathways, by reducing the frequency of spontaneous Ca2+ signals
and significantly reducing caspase-3/7 mediated apoptosis.

[69]

Baicalein Baicalein has antioxidant and anti-inflammatory effects. [70]

Carvacrol

Carvacrol possesses anti-AChE, antioxidant, and neuroprotective properties.
This compound alleviated Aβ-induced deficits by reducing cellular
neurotoxicity and oxidative stress in the SH-SY5Y cell line, and by reducing
oxidative stress and memory impairment in a rat model of AD.

[71]

Decursin/Decursinol angelate Decursin and decursinol angelate increase cellular resistance to Aβ-induced
oxidative injury in PC12 cells. [72]

Genistein In vivo studies have shown that genistein improves brain function,
antagonizes the toxicity of Aβ and has neuroprotective effects. [73]

Wogonin Wogonin has various neuroprotective and neurotrophic activities, such as
inducing neurite outgrowth. [74]

Rutin Rutin is antioxidant, anti-inflammatory, and has the capacity of reducing Aβ

oligomer activities. [75]

Luteolin
Luteolin has the capacity to cross the BBB and can inhibit β- and γ-secretase to
decrease Aβ. It can also reduce neuroinflammation and attenuate the
phosphorylation of Tau.

[76]

Linalool
A linalool-treated mice model of AD showed improved learning and spatial
memory. This compound reverses the histopathological hallmarks of AD and
restores cognitive and emotional functions via an anti-inflammatory effect.

[77]

Asiatic acid

Pre-treatment with Asiatic Acid enhanced cell viability, attenuated
rotenone-induced ROS, mitochondrial membrane dysfunction and apoptosis
regulating AKT/GSK-3β signaling pathway, after aluminum maltolate
neurotoxicity induction in SH-SY5Y neuroblastoma cells.

[78]

Overcoming Limitations of Natural Compounds with Delivery Systems

In addition to the multiple beneficial properties of natural products, these display
several limitations such as low hydrophilicity, rapid metabolism and degradation, low
bioavailability, reduced targeting, susceptibility to physiological media, and poor perme-
ability through lipid bilayers. Consequently, in vivo, natural drugs require a high-dose
administration beyond a safe range, to result in an effective and safe bioavailability [48,79].
Nanotechnology represents a new method to overcome these challenges. Delivery systems
for natural compounds lead to the enhancement of pharmacological activity by improving
the stability of drugs in vivo, bioavailability, and controlled release, increasing the accu-
mulation of active ingredients in target sites, promoting the solubility of insoluble drugs,
and reducing the required doses to produce therapeutic effects [79]. Nanotechnology offers
multiple advantages in the delivery of natural products, since by this method, these drugs
can exert their therapeutic effect in the treatment of AD (Figure 3) [80].
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Figure 3. Potential problems of natural products in vivo and advantages of natural products delivered
by nanoparticles. Created in BioRender.com (accessed on 5 May 2023).

4. RNAs as a Promising Tool in the Treatment of AD

The small-molecule- and protein-based therapies that interact with a particular bi-
ologic molecule to obtain a pharmacological response to control a disease have been
successfully dealing with many diseases in past years [81]. However, this conventional
pharmacotherapy has several limitations. Protein-based medications primarily target
proteins to inhibit their activity, and only ~1.5% of the human genome encodes proteins.
Consequently, the range of disease targets of this drug is limited and unable to meet the
required demands [5,82]. Most protein-based drugs are too large to enter their target cells
and therefore are only effective when their target molecule is extracellular, demonstrating
difficult tissue penetration [82,83].

The study of RNA therapeutics started decades ago, leading to a long scientific journey.
However, just recently, this field of research has developed dramatically as a result of the
response to the COVID-19 pandemic, which revealed how RNA-based therapeutics could
lead to a new era of different and accessible new technology in combatting a wide range
of diseases [40,84]. In addition to the inherent instability of RNA, these molecules possess
particular features and versatility, with multiple advantages over protein and DNA-based
drugs. These characteristics include the inducement of protein coding, binding specificity to
target molecules, and inhibition of protein translation. Additionally, RNA has the capacity
to recognize a wide range of ligands, targeting almost any genetic component within the
cell that is out of reach for the most established drug models [81,84].

RNA can be modified in the base, backbone, and sugar, increasing target affinity and
preventing nuclease digestion [85]. These modifications make them completely different
from cellular RNAs transcribed from the genome [81]. Thus, unlike DNA-based therapeu-
tics, which must cross the cytoplasmic and nuclear membrane and can integrate the host
genome and cause a mutation, RNA therapeutics have no risk of chromosomal integration,
exhibiting a safer profile [5,86]. Another important advantage of RNA therapy is its long-
lasting effects when using, for example, siRNAs as a drug, benefiting patients who cannot
receive frequent treatments [87]. The fast production of RNA-based therapies is also a
distinct advantage, considering the increased knowledge that will provide faster and easier
design of RNA molecules when compared to the process to produce novel protein-based
drugs, which takes years. The vaccine’s rapid production and successful reduction of the
severity of the disease in infected people during the COVID-19 pandemic is evidence of
how quickly this type of therapy can be developed and implemented [86].
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A long scientific journey has led to prominent technological advances in the RNA field,
and several new types of RNA molecules have been discovered, leading to the development
of several studies designed to implement more effective treatments for diseases that still
remain without any cure [40]. RNA-based therapeutics can be classified into five different
categories: (1) mrna, which encodes for proteins; (2) siRNA, which are double-stranded
and primarily cause translational repression of their target protein; (3) mRNAs, which
are small RNAs that can either inhibit protein synthesis when they bind to an mRNA
target (miRNA mimics) or free up mRNA by binding to the miRNA that represses the
translation of that particular mRNA (miRNA inhibitors); (4) antisense oligonucleotides,
which are small (~15–25 nucleotides) single-stranded RNAs that can either promote or
repress target expression; and (5) aptamers, which are short single-stranded nucleic acids
that form secondary and tertiary structures that inhibit several types of target molecules,
including proteins [83,84,88].

The use of nucleic acid therapy has limitless potential to treat not only neurological
diseases but also a considerable range of disorders since preclinical studies in cellular and
animal models proved that mRNAs and short RNAs can be a new class of medicine [89].
Considering the unmet need for effective treatments for AD patients, it is crucial to evaluate
diverse therapeutic targets and strategies to cure this disease [44]. In recent years, Aβ and
Tau proteins had been the principal targets for researchers. Despite being well-documented
hallmarks of AD, treatments involving the regulation of these proteins, unfortunately, are
still an unsuccessful strategy [45,90]. In this review, we are going to focus on RNA therapies
such as siRNA, miRNA, and mRNA for the treatment of AD (Figure 4) and describe some
examples in Table 2.

Figure 4. Possible RNA-based therapeutic strategies for AD. (A) mRNA leads to protein expres-
sion and (B) siRNA, miRNA, and antisense oligonucleotide inhibit protein expression. Created in
BioRender.com (accessed on 20 April 2023).

• miRNA

miRNAs are small non-coding single-stranded RNAs approximately ~22 nucleotides
in length [91]. Endogenous miRNAs are essential in cell development and play a key role in
post-transcriptional gene regulation since they regulate the expression of multiple mRNAs
both by promoting mRNA degradation and blocking the translation of multiple target
mRNAs, inhibiting protein synthesis [84]. They can regulate mRNA translation by binding
to the 3′untranslated region, allowing the reduction in the amount of target protein, instead
of only inhibiting its activity [40,92]. In addition to gene expression regulation, miRNA

169



Molecules 2023, 28, 6015

can also act as signaling molecules for intercellular communication, revealing that it can
be packaged into exosomes to exert this function [93]. The miRNA therapeutic strategy
could be categorized into two types: miRNA mimics and miRNA inhibitors [5,82]. miRNA
mimics are synthetic RNA molecules that are designed to act as endogenous miRNA to
silence genes and can be applied when increased levels of mRNA are prevalent. In contrast,
miRNA inhibitors are synthetic ssRNA molecules and can interrupt the miRNA function
via sequence-specific binding to mature miRNA, without causing gene silencing. This
option is interesting when protein synthesis restoration is needed [82]. These particular
features allow miRNA to target multiple sites of various molecularly deregulated cascades
in disease conditions, similar to what occurs in AD [40,91]. miRNAs molecules have crucial
functions in the nervous system, such as neuronal differentiation, neurite outgrowth, and
synaptic plasticity, and are responsive to neuropathological processes, including oxidative
stress, neuroinflammation, and protein aggregation. This proves that miRNAs are key
molecules in AD, and the dysfunction of miRNAs in this neurological disease is being
recognized [45,91].

• siRNA

siRNAs are short, synthetic double-stranded RNA oligonucleotides (20–25 nt) that
take advantage of the RNA interference pathway to silence gene expression by targeting
their complementary mRNA [83,84]. siRNAs offer promising therapeutics for brain disease
treatment by directly blocking causative gene expression with high targeting specificity,
requiring low effective dosages, and benefiting from a relatively simple drug development
process [94]. Several siRNA-based therapeutics were already approved by the FDA for
other diseases, supporting their potential use for AD therapeutics [40].

• mRNA

mRNA is a type of single-stranded RNA involved in protein synthesis. The role
of mRNA is to carry protein information from the DNA in a cell’s nucleus to the cell’s
cytoplasm. Compared to other RNA therapies, mRNA can provide advantages such as
(1) safety, (2) effectiveness, particularly in slowly dividing or non-dividing cells such as
neural cells, and (3) better control of protein expression [40].

Table 2. miRNA, siRNA, and mRNA therapeutic applications in Alzheimer’s disease.

Role in AD References

Types of miRNA

miR-101 Significantly reduced the expression of a reporter under control of APP 3′-UTR in HeLa cells. [95]

miR-106b Overexpression of miR-106b inhibited Aβ1-42-induced tau phosphorylation at Tyr18 in
SH-SY5Y cells stably expressing Tau. [96]

miR-137 miR-137 inhibited increased expression levels of p-tau induced by Aβ1-42 in SH-SY5Y and
inhibited the hyperphosphorylation of Tau protein in a transgenic mouse model of AD. [97]

miR-219 In a Drosophila model that produces human Tau, reduction of miR-219 exacerbated Tau
toxicity, while overexpression of miR-219 partially annulled toxic effects. [98]

miR-17 miR-17 inhibits elevated miR-17 in adult AD (5xFAD) mice microglia improves
Aβ degradation. [99]

miR-20b-5p Treatment with miR-20b-5p reduced APP mRNA and protein levels in cultured human
neuronal cells. [100]

miR-29c Over-expression of miR-29c in SH-SY5Y, HEK-293T cell lines and miR-29c in transgenic mice
downregulated BACE1 protein levels. [101]

miR-298
miR-298 is a repressor of APP, BACE1, and the two primary forms of Aβ (Aβ40 and Aβ42) in
a primary human cell culture model. Thus, miR-298 significantly reduced levels of ~55 and 50
kDa forms of the Tau protein without significant alterations of total Tau or other forms.

[102]
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Table 2. Cont.

Role in AD References

miR-485-5p miR-485-5p overexpression facilitated the learning and memory capabilities of APP/PS1 mice
and promoted pericyte viability and prohibited pericyte apoptosis in this model. [103]

miR-9-5p miR-9-5p overexpression inhibited Aβ25-35-induced mitochondrial dysfunction, cell
apoptosis, and oxidative stress by regulating GSK-3β expression in HT22 cells. [104]

miR-132 miR-132 inhibited hippocampal iNOS expression and oxidative stress by inhibiting MAPK1
expression to improve the cognitive function of rats with AD. [105]

miR-153 Using miR-153 transgenic mouse model, was verified that miR-153 downregulated the
expression of APP and APLP2 protein in vivo. [106]

Targeted gene silencing by siRNA

Tau siRNA against MAPT can effectively suppress tau expression in vitro and in vivo without a
specific delivery agent. [107]

BACE1
Polymeric siRNA nanomedicine targeting BACE1 in APP/PS1 transgenic AD mouse model
can efficiently penetrate the BBB via glycemia-controlled glucose transporter-1–mediated
transport, ensuring that siRNAs decrease BACE1 expression.

[94]

Presenilin1 (PS1) Downregulation of PS1 and Aβ42 in IMR32 cells transfected with siRNA against PS1
was verified. [108]

APP Infusion of siRNAs that down-regulated mouse APP protein levels into the ventricular
system for 2 weeks down-regulated APP mRNA in mouse brain. [109]

Proteins encoded by mRNA

mRNA encoding
neprilysin

Neprilysin plays a major role in the clearance of Aβ in the brain. New mRNA therapeutic
strategy utilizing mRNA encoding the mouse neprilysin protein has been shown to decrease
Aβ deposition and prevent pathogenic changes in the brain.

[110]

Overcoming Limitations of RNA Therapies with Delivery Systems

In spite of being a hot research topic in the present day, the development of novel
RNA therapeutics has proven to be highly challenging in the past two decades. Some of
the major disadvantages that stop RNA from being a clinical success are its instability for
in vivo application since the human body has several intrinsic defense systems to protect
the cells against exogenous molecules, such as ribonucleases (RNases). RNA’s low targeted
tissue accumulation decreases its therapeutic efficacy, requiring high therapeutic RNA
doses that can induce toxicity [111]. Early degradation of naked RNAs is another hurdle
for their therapeutic efficiency since they tend to be promptly eliminated from the body via
renal or hepatic clearance, shortly after the systemic administration [82,111]. For reference,
the half-life of naked siRNA is approximately 15 min, and the half-life of naked mRNA
can vary between 2 and 25 min, depending on the presence of 5′ capping, the length of the
3′ poly-A tail, and the RNA secondary structure [112]. Finally, being a large and negatively
charged molecule, it is difficult to deliver into the cellular cytoplasm, where it exerts its
action. Even if cellular internalization of RNA occurs, there is also the risk that RNA cannot
escape the endosomal pathway, with only, for example, ~1–2% of siRNAs uptaken by the
cells escaping the endosome [81,82].

These obstacles have been considerably surpassed, thanks to the recent advancements
in research areas such as RNA biology and nanotechnology that allowed the development
of new materials and technologies for the delivery of RNA molecules [81,84]. These new
advances transformed RNA technology into a novel therapeutic too since RNA can now be
safely transported and delivered to the target thanks to delivery systems [82] (Figure 5).
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Figure 5. How RNA delivery systems can overcome the physiological obstacles faced by naked
RNAs. (a) RNA can be delivered across the BBB; (b) protection of RNAs from degradation by
ribonucleases (RNAses); (c) enhanced cellular internalization by controlled or specific pathways;
(d) intracellular endosomal degradation can be avoided by endosomal escape; (e) improved RNA-
mediated bioactivities; (f) enhanced accumulation of RNA in target tissue. Created in BioRender.com
(accessed on 20 April 2023).

RNA delivery is key for the treatment of diseases such as neurological disorders, as it
gives RNA the ability to target diseases that cannot be treated with other conventional drug
groups by encapsulating these molecules in delivery vectors. These RNA vectors have the
capacity to effectively protect this molecule from biodegradation, increase bioavailability,
solubility and permeation, surpass biological barriers, and promote targeted delivery and
release. Hence, RNA nanoencapsulation potentiates the treatment of diseases by silencing
genes or expressing therapeutic proteins [113,114].

5. Nanoparticles and the BBB

Delivery systems can overcome RNA’s limitations, becoming a successful therapy,
particularly for facilitating the crossing of the BBB, which is the main culprit for the shortage
of new and effective treatments for AD [115].

In this review, we will explain the BBB anatomic composition and characteristics, as
well as the BBB pathways into the CNS. Subsequently, we will discuss exosomes, liposomes,
and exosome-like liposomes as possible tools for RNA transport across the BBB.

From an anatomical point of view, the BBB is composed of different cell types such as
endothelial cells, pericytes, and astrocytes (Figure 6A) [116]. In between the endothelial
cells, there are tight junctions, which are surrounded by a thin basal membrane and
astrocytes vascular feet. These highly restrictive tight junctions are a key BBB feature
since they are responsible for the barrier properties and limit the transfer of almost all
drugs [116,117]. Pericytes cover 20% of the outer surface of endothelial cells and are
responsible for the regulation of the blood flow in the brain capillary through contraction
and relaxation. The astrocytes are glial cells that connect the brain capillary and neurons
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and also maintain BBB functions by providing nutrients to neurons and protecting the brain
from oxidative stress and metal toxicity [117]. Additionally, the basal membrane provides
structural support around the pericytes and endothelial cells [118].

Figure 6. Structural representation of the BBB anatomy (A) and possible pathways of entrance into
the central nervous system (B). Created in BioRender.com (accessed on 20 April 2023).

This specialized barrier acts as an interface with the capacity to regulate the entry of
plasma components, red blood cells, and leukocytes into the CNS and ensures the export
of potentially neurotoxic molecules from the brain to the blood [119,120]. This barrier
strictly controls the molecule movements between the blood and the brain, regulating the
homeostasis of the nervous system [119]. Moreover, more than 98% of all small-molecule
drugs and approximately 100% of biological drugs are incapable of crossing the BBB.
Additionally, water-soluble molecules in the blood are prevented from entering the CNS,
while lipid-soluble molecules are reduced by enzymes or efflux pumps [115,121].

The BBB possesses several permanently active transport mechanisms to ensure the
transport of nutrients into the CNS while excluding blood-borne molecules that could
be detrimental [122]. On one hand, these BBB properties are proof of its vital role in
maintaining the specialized microenvironment of the brain tissue. On the other hand, these
features make CNS access one of the most difficult of the body, limiting the development
of novel effective drugs to treat AD [119]. Even though the BBB is a strict barrier for the
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circulation of molecules between the blood and the CNS, there are a few pathways that
allow the delivery of essential molecules that maintain brain homeostasis (Figure 5B). These
include the transcellular pathway, the paracellular pathway, efflux pumps, carrier-mediated
transcytosis, receptor-mediated transcytosis, and adsorptive-mediated transcytosis [114].

In a healthy BBB, transcellular diffusion (Figure 6B1) consists of the diffusion of solute
particles through the endothelial cells. Particles transported through this route are small
lipophilic molecules that penetrate through the cells. On the other hand, paracellular
transport (Figure 5B is restricted by the tight junctions between the endothelial cells,
allowing only hydrophilic molecules to pass, with a molecular weight < 500 Da.

Efflux pumps (Figure 6B3) are a set of proteins responsible for limiting the accumulation of
various potentially toxic molecules, and eventually, for expelling these molecules from the brain.
These proteins are a limiting factor for the delivery of bioactive compounds to the brain.

Carrier-mediated transcytosis (Figure 6B4) consists of active transport with the support
of carrier proteins such as the glucose transporter isoform (GLUT-1) and the large amino
acid transporter (LAT), allowing entrance to glucose or amino acids. The transport of
these molecules occurs when they bind to the protein on the blood side of the BBB, and a
subsequent conformational change allows their transport into the brain [114,123].

Receptor-mediated transcytosis (Figure 6B5) is a specialized transport system by which
endogenous molecules can cross the BBB through receptors present on the cell surface.
This type of transport relies on the following mechanisms: Endocytosis, intracellular
vesicular trafficking, and exocytosis. Active components bind to their specific receptors
on the luminal side of the endothelial cells, and an intracellular vesicle is formed through
membrane invagination. The formed vesicles cross the cell to release the ligand at the
basolateral side via exocytosis. The most common receptors involved in this process are
the transferrin receptor (TfR), the insulin and insulin-like growth factor receptors, the low-
density lipoprotein receptor (LDLR), the low-density lipoprotein-receptor-related protein 1
and 2 (LRP1 and LRP2), the scavenger receptor class B type I (SR-B1), the leptin receptor,
the albumin receptor, and the lactoferrin receptor. Receptor-mediated transcytosis is one of
the most promising pathways for nanoparticle drug delivery through the BBB [114,122].

Adsorptive-mediated transcytosis (Figure 6B6) is another important BBB-crossing
pathway, without the involvement of specific plasma-membrane receptors. The basic
mechanism is responsible for the transport of charged particles by taking advantage of the
electrostatic interactions between the positively charged drug carriers and the negatively
charged luminal membrane of the brain endothelial cells. This transport has lower affinity
but higher capacity compared to receptor-mediated transcytosis [114,122,123].

There is a crucial need for an ideal and safe approach to effectively carry pharmaceutical
agents in a target-specific and sustained-release manner into the CNS, without disrupting the
BBB [122,123]. A promising approach is taking advantage of receptor-mediated transcytosis for
drug delivery to the brain with the help of ligand-functionalized nanoparticles. Nanoparticles
are gaining popularity as drug carriers for the treatment of neurological disorders, due to their
small size and unique physical properties [124]. By virtue of their biochemical composition,
lipidic nanoparticles provide biomimicking and bio-degradable platforms. As a result of their
lipophilicity and size, nanosized particles such as exosomes and liposomes are promising drug
delivery carriers to increase the penetration of the BBB [113,125].

5.1. Exosomes

Exosomes are a subset of EVs with a diameter ranging from 30 to 100 nm, and their
composition includes lipids, proteins, and nucleic acids [126,127]. Their lipid content
includes sphingomyelin, phosphatidylserine, cholesterol, and ceramide or derivatives.
Exosomes also carry non-specific proteins (e.g., cytoplasmic enzymes, cytosolic proteins,
heat shock proteins, and transferring proteins) and specific proteins that differ from one
exosome to another, depending on their origin. The genetic material of these vesicles in-
cludes microRNAs, mRNAs, long non-coding RNAs, and DNA fragments [126]. Exosomes
are also enriched in late endosome components such as CD63, CD9, and CD81 since they
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originate from the endocytic compartment of the producer cell in a process that generates
multi-vesicular endosomes (MVEs), which subsequently fuse with the plasma membrane
to release exosomes into the extracellular space.

Exosomes yield information that can reflect the phenotype of the parental cell since
these vesicles carry distinct RNA and protein cargoes that allow the identification of their
parental cells, as well as cell-specific or tissue-specific factors that can be used to determine
their site of origin [128,129]. Moreover, when exosomes are secreted, undesirable proteins
and other molecules are discarded, making these vesicles a compartment of cellular debris
for subsequent disposal [130].

Originally, exosomes were primarily described as being for the elimination of exces-
sive and unnecessary molecules from the cells. However, in the last decade, it has been
shown that they have other key functions in both physiological and pathological processes.
Regarding the physiological roles, exosomes play an important role in intercellular com-
munication since they are able to deliver a number of bioactive cargos to near or distant
target cells [126]. Moreover, exosomes display a role in tissue homeostasis and have anti-
inflammatory functions. An example of their function is neuronal communication via the
secretion of exosomes, which can contribute to a range of neurobiological functions, includ-
ing synaptic plasticity. In relation to pathological functions, they control the expansion and
progression of diseases, such as cancer and neurodegenerative diseases [130]. Exosomes are
involved in the complex mechanisms of secretion, spread, and degradation of the Aβ and
Tau proteins and are, especially, involved in Tau propagation between neuronal cells [131].

The unique properties of exosomes include their small size, durability, stability, potential
cell selectivity, low immunogenicity, and ideal biocompatibility. These properties make them
good candidates to be a therapeutic delivery system. Compared to traditional therapeutic drugs,
exosomes have a higher potential to pass through the BBB, which helps the drugs they might
carry to reach the CNS. Moreover, since exosomes can be isolated from all body fluids, they can
be candidates for analysis as part of a non-invasive liquid biopsy [129–131].

5.2. Liposomes

In the last two decades, lipid-based nanoparticles (LNPs), especially liposomes, have
been attractive nanometric delivery systems for being the most well-studied nonviral plat-
forms for the delivery of RNA molecules and achieving significant clinical success [113,132]
highlighted by the highly effective mRNA COVID-19 vaccines [132,133].

There are several types of LNPs such as liposomes, niosomes, transfersomes, na-
noemulsions, solid lipid nanoparticles (SLNs), lipid nanocapsules (LNCs), nanostructured
lipid carriers (NLCs), lipid-based micelles, core–shell lipid nanoparticles (CLNs), and hy-
brid lipid-polymeric nanoparticles [132,134]. LNPs range in size from 40 nm to 1000 nm
and are colloidal lipophilic systems constituted by four main components: A pH-sensitive
cationic lipid, a helper lipid, cholesterol, and a PEG-lipid. The cationic lipid is a synthetic
lipid, constituted by a hydrophilic head with a protonable tertiary amino group (pKa 6–6.7)
and a long hydrophobic tail. Cholesterol is incorporated into the LNPs formulation with
the goal of increasing their flexibility, whilst the helper phospholipid assists in the process
of endosomal escape and contributes to the stability of LNPs [135,136]. Finally, the insertion
of a short-chain PEG-lipid derivative (normally of 14 carbon atoms) is essential to maximize
the ex vivo stability and control the particle size before administration [137].

Due to their resemblance to biological and natural components, these nano systems
show tremendous promise as carriers for therapeutic applications. The main advantages of
LNPs over other nanoparticles are their low toxicity and biocompatibility, biodegradability,
safety, high mechanical and chemical versatility, and the capacity to protect the active
ingredient from degradation processes induced by external factors. Along with these
features, these lipid-based nanoparticles can incorporate the delivery of both hydrophobic
and hydrophilic molecules and most of their preparation methods can be easily scaled up.
Additionally, because of their lipophilicity, LNPs possess the ability to overcome difficult
physiological barriers, such as the BBB, even without surface modification [124,134].
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Among all the nano-based drug delivery systems, liposomes are the most biocompat-
ible and least toxic since they are composed of phospholipids and cholesterol, the main
components of cell membranes. Liposomes are an extremely versatile nanocarrier platform
that has the capacity to load multiple drugs, provide protection from degradation, have
controlled and targeted drug release, and enhance drug endocytosis into cells [11]. Ad-
ditionally, these nanoparticles are able to incorporate both hydrophilic and hydrophobic
therapeutic agents. The hydrophilic compounds may either be entrapped into the aque-
ous core of the liposomes or be located at the interface between the lipid bilayer and the
external water phase, while the hydrophobic compounds are generally entrapped in the
hydrophobic core of their lipid bilayers. The positively charged lipids in the liposome’s
constitution allow the electrostatic interaction with negatively charged nucleic acids, such
as DNA and RNA, in gene delivery applications [138].

There is evidence that lipid-based nanoplatforms will play a key role in the development of
RNA neuro-therapies, with liposomes being one of the main lipidic platforms for RNA delivery
to the CNS [113]. In order to enhance drug delivery into the CNS, the liposome surface can
be modified by the inclusion of biologically active ligands, such as peptides, polysaccharides,
antibodies, or aptamers, which specifically bind to receptors expressed on the surface of the
brain endothelial cells, facilitating their binding and transport across the BBB. The addition of
polyethylene glycol (PEG) offers superficial protection for the liposomes by avoiding binding
with plasma proteins, and hence, preventing their opsonization and subsequent clearance.
PEGylation of liposomes prolongs their circulation time in the body and also plays a crucial role
in brain drug delivery, allowing liposomes to cross the BBB [138].

5.3. Exosome-like Liposomes as a Novel Strategy

Scientists have explored various nanomaterials for targeted delivery through the BBB with
significant efficacy, such as dendrimers, polymeric nanoparticles, gold nanoparticles, carbon
quantum dots, and exosome-like liposomes [8,139]. First, in this review, we will summarize the
exosome-like liposomes’ competition and then focus only on this delivery system.

• Dendrimers: Dendrimers are highly branched, characterized by defined molecular
weights and specific encapsulation properties. This type of delivery system is com-
posed of symmetrical polymeric macromolecules with a large number of reactive
surface groups, with three distinctive architectural components: An interior core, an
interior layer consisting of repeating units radially attached to the inner core, and
functional end groups on the outside layer. Because of these unique features, den-
drimers can cross-impair the BBB and target astrocytes and microglia after systemic
administration in animal models [139].

• Polymeric nanoparticles: Polymeric nanoparticles can be produced from synthetic or
natural polymers. However, to be applied in brain drug delivery, these nanoparticles
need to be biodegradable and biocompatible. PBCA, PLA, and PLGA nanoparticles
are nanoparticles able to cross the BBB. These nanocarriers possess controlled drug
release, targeting efficiency, and can avoid phagocytosis by the reticuloendothelial
system, thus improving the concentration of drugs in the brain [140].

• Gold nanoparticles: Nanoparticles (mostly < 10 nm in size) composed of a gold core
and with covalently or non-covalently attached surface ligands. Multiple in vivo stud-
ies on rodents have shown that low amounts of this delivery system were able to cross
the BBB. However, greater amounts of the administered dose were found in the liver
and in the blood [8]. Additionally, Sela et al. proved that gold nanoparticles could pen-
etrate the BBB of rats without the use of an external field or surface modification and
were found to be distributed uniformly in both the hypothalamus and hippocampus
indicating there is no selective binding in these regions of the brain [141].

• Carbon quantum dots: This delivery system retains a polymeric core structure and
various functional groups on the surface, facilitating their conjugation with drug
molecules for specific delivery. This is a carrier with several efficient features for
BBB crossing such as excellent biocompatibility and low toxicity due to the lack of
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metal elements, small size, and photoluminescence, which can be utilized to track the
penetration of CDs through the BBB [117].

In addition to the fact that these nanoparticles are promising in overcoming the
BBB, exosome-like liposomes are also delivery systems with unique properties to achieve
this goal. Exosomes and liposomes are promising nanocarriers with unique properties.
However, these delivery systems have some limitations. For instance, liposomal targeting
efficiency is limited, and they can induce immunogenicity [11], whilst efficient and reliable
isolation and purification are needed for the clinical application of exosomes. It is also
crucial to identify appropriate strategies to increase loading capacity and specificity to use
exosomes as a nanocarrier [10,142]. When comparing the advantages and disadvantages of
exosomes and liposomes, it becomes evident that the two systems are complementary, since
the advantages of the one system mitigate the disadvantages of the other, and vice-versa
(Figure 7). Therefore, the development of a system that incorporates the desirable features
of the two carriers into one hybrid delivery system, led to an innovative carrier for drug
delivery applications, the exosome-like liposome (Figure 7) [11,143]. These novel exosome-
like liposomes are formulated with a lipid composition that mimics that of exosomes, which
impart them with some of the desirable characteristics of exosomes, such as enhanced
passive targeting, biocompatibility and RES evasion, and the ability to cross biological
barriers, whilst allowing much higher encapsulation efficiencies and larger-scale production
in good manufacturing practice that the use of exosomes themselves does not allow.

Thus, particle size plays a major role in drug delivery efficacy, including in the therapeutic
effect achieved. The endothelial cells’ slit width is 200 to 500 nm. Consequently, for the long-term
circulation of these nanoparticles, they need to have a size that does not exceed 200 nm, leading
to better brain drug delivery across the BBB. Moreover, the fact that exosome-like liposomes are
coated with this suitable hydrophilic polymer leads to advantages such as escaping phagocytosis,
avoiding opsonization, and further increasing the blood circulation time, since the hydrophobic
nature of the nanoparticle containing the drug is shielded. These unique characteristics drive
researchers to believe that this type of carrier can have a key impact in crossing the BBB, helping
in the therapy of neurodegenerative diseases such as AD [123].

Additionally, exosome-like liposomes were highly efficient at encapsulating curcumin,
with encapsulation efficiencies ranging between 85 and 94%, and were effective at deliver-
ing curcumin into neuronal cells to promote a superior neuroprotective effect after oxidative
insult compared to free curcumin at the same concentrations. Thus, these delivery systems
have shown to be highly biocompatible, without significantly affecting cell viability or
causing hemolysis. Finally, the exosome-like liposomes have been shown to be internalized
by zebrafish embryos and accumulate in lipid-rich zones, such as the brain and yolk sac,
also in stages where the BBB is already formed [144]. In Table 3, we demonstrate other
crucial examples of applications of exosome-like liposomes in vivo and in vitro.

Table 3. Examples of applications of exosome-like liposomes.

Exosome-like Liposomes Applications References

Exosome mimetics-mediated gene-activated matrix encapsulating the plasmid of vascular endothelial growth
factor (VEGF) was able to sustainably deliver VEGF gene and significantly enhance the vascularized
osteogenesis in vivo.

[145]

PSMA-exosome mimetics showed increased cellular internalization in PSMA-positive PC cell lines (LNCaP and
C4-2B) and higher tumor targeting was observed in solid C4-2B tumors, following intravenous administration,
confirming their targeting ability in vivo.

[146]

Exosome mimetics are reported for bone targeting involving the introduction of hydroxyapatite-binding
moieties through bioorthogonal functionalization. Bone-binding ability of the engineered exosome mimetics is
verified with hydroxyapatite-coated scaffolds and an ex vivo bone-binding assay.

[147]

Administration of mesenchymal stem cells-exosome mimetics in conjunction with an injectable chitosan
hydrogel into mouse nonhealing calvarial defects demonstrated robust bone regeneration. [148]
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Table 3. Cont.

Exosome-like Liposomes Applications References

Bone marrow mesenchymal stem cells were sequentially extruded to generate exosome-mimetic to encapsulate
doxorubicin to treat osteosarcoma. The results showed that demonstrated significantly more potent tumor
inhibition activity and fewer side effects than free doxorubicin.

[149]

In vitro, chemotherapeutic drug-loaded exosome-mimetics induced TNF-R-stimulated endothelial cell death in
a dose-dependent manner. In vivo, experiments in mice showed that the chemotherapeutic drug-loaded
exosome-mimetics traffic to tumor tissue and reduce tumor growth without the adverse effects observed with
equipotent free drug.

[150]

Multifunctional exosomes-mimetics decorated with angiopep-2 (Ang-EM) incorporating Docetaxel, for
enhancing glioblastoma drug delivery by manipulating protein corona, Ang-EM showed enhanced BBB
penetration ability and targeting ability to the gioblastoma. Ang-EM-mediated delivery increased the
concentration of docetaxel in the tumor area.

[151]

A designed lung-targeting liposomal nanovesicle carrying miR-29a-3p that mimics the exosomes, significantly
down-regulated collagen I secretion by lung fibroblasts in vivo, thus alleviating the establishment of a
pro-metastatic environment for circulating lung tumor cells.

[152]

Figure 7. Exosome-like liposomes combine advantages of liposomes and exosomes, with the capacity
to be loaded with different types of molecules due to their constitution. Created in BioRender.com
(accessed on 20 April 2023).
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6. Conclusions

AD is a neurodegenerative disease that has a tremendous impact on people’s quality
of life, all around an aging world. This burden is further impacted by the lack of therapies,
due to the complex mechanisms that lead to the disease onset and also due to limitations
that the BBB imposes on the entrance and maintenance of therapeutic molecules in the CNS.

However, the emergence of RNA as an especially versatile tool for the treatment of
several diseases has opened multiple new possibilities for the development of effective
treatments for AD.

The accelerated growth of RNA therapies requires the development of efficient delivery
systems to transport a selectively deliver the RNA molecules into their target cells or tissues,
due to the low bioavailability of these molecules.

Nanoparticles have provided new and safer avenues for the delivery of natural com-
pounds and RNA. In this field, novel exosome-like liposomes are positioning themselves
as a prime solution for the vehiculation of therapeutical compounds to the CNS, due to the
combination of the favorable characteristics of exosomes with those of liposomes, which
entitle scalable production in good manufacturing practices, which is currently unfeasible
for the exosomes themselves.

7. Patents

The authors are co-inventors in a patent application (EXOSOME-MIMETIC LIPO-
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Abstract: Raman nanoparticle probes are a potent class of optical labels for the interrogation of
pathological and physiological processes in cells, bioassays, and tissues. Herein, we review the recent
advancements in fluorescent and Raman imaging using oligodeoxyribonucleotide (ODN)-based
nanoparticles and nanostructures, which show promise as effective tools for live-cell analysis. These
nanodevices can be used to investigate a vast number of biological processes occurring at various lev-
els, starting from those involving organelles, cells, tissues, and whole living organisms. ODN-based
fluorescent and Raman probes have contributed to the achievement of significant advancements
in the comprehension of the role played by specific analytes in pathological processes and have
inaugurated new possibilities for diagnosing health conditions. The technological implications that
have emerged from the studies herein described could open new avenues for innovative diagnostics
aimed at identifying socially relevant diseases like cancer through the utilization of intracellular
markers and/or guide surgical procedures based on fluorescent or Raman imaging. Particularly
complex probe structures have been developed within the past five years, creating a versatile toolbox
for live-cell analysis, with each tool possessing its own strengths and limitations for specific studies.
Analyzing the literature reports in the field, we predict that the development of ODN-based fluores-
cent and Raman probes will continue in the near future, disclosing novel ideas on their application in
therapeutic and diagnostic strategies.

Keywords: oligodeoxyribonucleotides; fluorescence probes; Raman probes; bio-imaging

1. Introduction

One of the most effective strategies aimed at understanding the continuous functioning
of cells and related physiological processes consists of the comprehensive visualization of
basic events or mechanisms occurring within cells [1–3] and living organisms [4]. To moni-
tor biomolecules and their biological roles in a cell, fluorescent and—more recently—Raman
spectroscopy signals are commonly employed [5–9]. Nanoparticle probes utilizing Raman
properties are associated with unique spectral signatures endowed with narrow peaks
that are ideal for the simultaneous detection of multiple targets. Raman emission is much
weaker than that associated with fluorescence, but significant signal enhancements can be
obtained by adsorbing Raman-active probes onto metal surfaces or nanoparticles [10,11].
In view to gain a deeper understanding and expand the range of monitored events, im-
proved fluorescent and Raman probes with specific designs are required in order to study
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precise interactions or decrease the limit of detection (LOD). To achieve high specificity in
both fluorescent and Raman probes, oligodeoxyribonucleotides (ODNs)—short strands of
nucleic acid molecules that have been implemented in numerous medical and scientific
applications—can be utilized [12–19]. Specially designed ODNs have the ability to identify
a diverse range of biomedically-relevant targets, such as sequence-specific recognition of
nucleic acids within living cells, proteins, small organic molecules, or even metals [20–23].
Precise identification of specific molecular targets for reliable fluorescent or Raman on-and-
off readings and observations is heavily reliant on the design of ODN probes. Excellent
reviews have previously covered various ODN probes whose intensity of readouts is reg-
ulated in a sequence-specific manner [24–26]. However, several unsolved issues remain
therein about the need for: (i) different types of fluorescent emitting entities (fluorophores
or quantum dots) in an efficacious probe; (ii) a more complex design of noble metal surface
for fluorescent quenching or efficient hot spots for sequence-specific Raman (SERS) effects;
and (iii) probes requiring the formation of more complex designs for imaging or detecting
targets at even lower limits. Limitations of the SERS method include: (i) the need for an
intimate contact between the analyte and the enhancing surface; (ii) substrates degrade over
time, reducing the SERS signal; (iii) limited selectivity of the substrate for a given analyte;
(iv) Substrate reusability is limited; (v) problems with uniformity and reproducibility of the
SERS signal within the substrate.

In order to develop next-generation fluorescent and Raman probes for bio-imaging
and sensing, a new concept for ODN-based probes must be established, which could
also address the problems mentioned above. Hence, this review focuses on the recent
advancements of SERS and fluorescence-imaging probes covering the period between
1 January 2018 and 31 December 2022. We particularly focused our attention on the re-
ported original designs of nanoparticle-based ODN probes (including both gold and gold-
free nanoprobes), as well as aspects of DNA nanotechnology which are winning approaches
for efficient fluorescent and Raman bio-imaging.

2. Nanoparticle-Based ODN Conjugates for Fluorescent Bio-Imaging

The utilization of nanoparticle-based ODN conjugates has become a powerful tech-
nique in fluorescent bio-imaging. These conjugates are frequently used to deliver oligonu-
cleotides to particular cells or tissues in various bio-imaging applications [1]. In view to
create nanoparticle-based ODN conjugates, various strategies can be employed, including
hybridization and covalent conjugation. Once functionalized, the conjugates are used to
deliver fluorescent dyes or other imaging agents to specific cells or tissues, allowing for
highly localized imaging thanks to the high specificity of the oligonucleotides for their
target molecules. This specificity is beneficial in studying biomolecule dynamics in living
cells and for imaging specific cells or tissues in vivo. Using nanoparticle-based ODN con-
jugates is an effective method for fluorescent bio-imaging, which provides localized and
highly specific imaging capabilities. Researchers are actively exploring the use of gold and
gold-free nanoparticles as carriers for these conjugates, opening up new possibilities for the
development of cancer diagnostics and therapies [27–32]. The following are some selected
reports on gold-based and gold-free nanoparticle-based ODN conjugates that successfully
bound to specific receptors on cells, allowing the nanoparticles to be taken up by the cells
and deliver fluorescent dyes or other imaging agents, resulting in highly specific imaging
of the cancer cells.

2.1. Gold ODN-Conjugated Nanoparticles for Fluorescent Bio-Imaging

Gold nanoparticles (AuNPs) have been widely used in bio-imaging applications due
to their high biocompatibility, strong absorption and scattering properties, and easy func-
tionalization with oligonucleotides. AuNPs can be functionalized with oligonucleotides
through various methods, such as hybridization or covalent conjugation. The densely
arranged ODN shell, also known as spherical nucleic acid probes (SNAPs) [33,34], boasts
several advantages over traditional nucleic acid chains. Once functionalized, the AuNPs
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can be targeted to specific receptors on cells, allowing for the selective uptake of the parti-
cles and subsequent delivery of imaging agents to specific cells or tissues. Overall, gold
nanoparticles conjugated with oligonucleotides offer a powerful approach for fluorescent
bio-imaging, providing high specificity and localized imaging of specific cells or tissues,
and have potential applications in cancer diagnostics and therapies. Recently, Gao et al. [35]
reported a concept of tumor-cell detection that bypasses genotypic and phenotypic fea-
tures of different tumor types. Combining spherical nucleic acids with molecular beacons
(SNAB technology) enabled the detection of tumor cells, distinguishing them from normal
cells by examining the telomerase activity. The molecular beacon consisting of a long
telomerase primer for the specific recognition of the telomerase catalytic core [36,37] and a
short fluorophore-modified DNA strand were pre-hybridized before immobilizing onto
AuNPs surface via the Au-thiol linkage. In the presence of the telomerase, the primer was
effectively recognized by its catalytic core, which led to the formation of a more thermo-
dynamically stable DNA hairpin structure. The fluorophore-labeled strand, subsequently
displaced into the solution, restored its strong fluorescence for detection. The proposed
SNAB probe can be used in multiple platforms, including single-cell imaging and solution-
based assays, as well as in vivo solid tumor imaging, making it a versatile tool. The authors
believe the SNAB technology will have a great impact on cancer diagnosis, therapeutic
response assessment, and image-guided surgery. Au-based SNAPs, which use AuNPs as
cores and densely-modified nucleic acid chains secured via an Au-S bond, have been used
for diagnostic and therapeutic applications in the case of various diseases [38–40]. Unfortu-
nately, the presence of biothiols in living cells can dislocate the nucleic acid chains from the
AuNPs surface and strongly reduce their theranostic performance. Li and Tang et al. [41]
reported a strategy to overcome this impediment by designing a selenol terminal functional-
ized molecular beacon building up an Au-Se bond-based SNAP (SNAP-Se) for bio-imaging.
The performed experiments showed the successful creation and usage of SNAP-Se, and its
ability to prevent false-positive signals while imaging biomarkers in living cells.

In another approach, Liu and co-workers [42] reported the application of SNAPs to
overcome the production of non-specific responses in healthy tissues. The authors de-
signed a DNA nanosphere system to specifically sense cancer biomarker flap endonuclease
1 (FEN1) and spatiotemporally modulate drug release. The gold-based nanostar-conjugated
FEN1 substrate acted as a spherical nucleic acid and produced a fluorescent signal when
stimulated by FEN1 for diagnosis. Subsequently, the nanoflare prompted a controlled re-
lease of drugs at desired sites by using external NIR light. This DNA nanosphere exhibited
good sensitivity, stability, and specificity toward FEN1 assay and can be used as a precision
theranostic agent for targeted and controlled drug delivery. The proposed approach pro-
vides a reliable way to image FEN1 both in vitro and in vivo and serves as an efficacious
tool for precision medicine. Successful use of fluorescent SNAPs, which use poly-adenine
(polyA) tails on AuNPs to detect mRNA within cells, was reported by Wang et al. [43]. By
adjusting the loading density of DNA on the gold nanoparticle interface, the sensitivity
of the probes could be easily adjusted. AuNPs with polyA-tailed recognition sequences
were hybridized into fluorescent “reporter” strands, creating fluorescence-quenched SNAP
probes. When exposed to the target gene, the “reporter” strands were released from the
SNAP through strand displacement, and fluorescence was recovered. With a 20 bases-long
polyA tail, the detection limit of the probes was 0.31 nM, which is approximately 55 times
lower than that observed for thiolated probes without any surface density regulations.
These probes can be used for quantitative intracellular mRNA detection and imaging within
2 h, indicating their potential application in rapid and sensitive intracellular target imaging.

Li and Xu et al. [44] proposed a smart DNAzyme nanodevice allowing for control of
its activity in living cells and in situ simultaneous visualization of metal ions (Zn2+ and
Pb2+). The proposed nanodevice was composed of 18 nm AuNPs decorated with acid-
switchable DNA (SW-DNA) and DNAzyme precursors (DPs), which can precisely respond
to pH changes in the 4.5–7.0 range. Before being transported into cells, the three-strand
hybridization of DPs kept the DNAzymes inactive. Once the nanodevice entered living
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cells, the SW-DNA changed its topology from linear to triplex in the acidic intracellular
compartments (lysosomes, pH~4.5–5.0). Consequently, the strands hybridized with SW-
DNA were liberated and reacted with DPs to form the active DNAzyme, which allowed
for the multi-imaging of intracellular metal ions. This platform has the potential to be used
as a promising method for realizing different acid-switchable nanotools for visual analysis
of multiple biological targets in living cells.

2.2. Hybrid Gold-Inorganic ODN-Conjugated Nanoparticles for Fluorescent Bio-Imaging

Along with AuNPs, hybrid materials like gold-coated silica, gold-coated iron oxide,
and gold-coated mesoporous silica nanoparticles were also successfully used as platforms
for fluorescent bio-imaging. Kuang et al. [45] reported a conceptually new method for sensi-
tive and reliable detecting and measuring of microRNA (miRNA) using a complex made of
a zirconium metal-organic framework (ZrMOF) and gold clusters functionalized with two
fluorescent dyes: Quasar and Cyanine5.5. This complex was able to detect the intracellular
miRNA target by measuring changes in fluorescence properties. When the miRNA-21,
which is overexpressed in cancer cells, was present, the fluorescence of Cyanine5.5 de-
creased while the fluorescence of Quasar increased. This change in the fluorescence ratio
allowed for the detection of miRNA-21 in the range of 0.006 to 67.988 amol/ngRNA with a
LOD of 4.51 zmol/ngRNA in living cells. The proposed approach offers new opportunities
for the quantification of miRNAs for concomitant diagnoses and treatments of early-stage
cancers [46,47]. Ma et al. [48] have recently reported a new nucleic acid multicolor fluo-
rescent probe using silica-coated symmetric gold nanostars (S-AuNSs@SiO2) for highly
sensitive, in situ real-time imaging of P53 mRNA, Bax mRNA, and cytochrome c (Cyt
c) during T-2 toxin-induced apoptosis. The probe design included first the attachment
of carboxyl group-modified nucleic acid chains to the surface of S-AuNSs@SiO2 using
an amide-forming reaction. The complementary chains of the targeted mRNA and the
aptamer of targeted Cyt c were then modified with different fluorophores and successfully
hybridized on the S-AuNSs@SiO2 surface. In the presence of the targets, the fluorescent
chains selectively bound to the targets, resulting in revived fluorescence. The probes based
on S-AuNSs exhibited excellent performance due to the presence of 20 symmetric “hot
spots”. Additionally, the amide-bonded probe showed exceptional anti-interference capabil-
ity against biological agents such as nucleases and biothiols. During real-time fluorescence
imaging of T-2 toxin-induced apoptosis, sequential fluorescence signals of P53 mRNA, Bax
mRNA, and Cyt c were observed. The reported S-AuNSs@SiO2 probe not only provides a
new tool for monitoring apoptosis pathway cascades in real time but is also of potential
utility for disease diagnosis and pharmaceutical medicine.

2.3. Gold-Free ODN-Conjugated Nanoparticles

Aiming at an early diagnosis and consequent treatment of cancer, telomerase ac-
tivity detection, and in situ imaging are essential steps to be accomplished. Ma and
Huang et al. [49] proposed a new quantum dot-based nano-beacon (QD-BHQ2) for sen-
sitive and visible detection of telomerase activity both in vitro and in living cells. The
CdTe:Zn2+ QDs were functionalized with a hairpin BHQ2-DNA, and the fluorescence sig-
nals were subsequently restored via the hybridization of the hairpin DNA with products of
the telomerase reaction. This was achieved by incubating the telomerase primer (TS primer),
the deoxynucleotide triphosphates, and the telomerase extract. This simple method for
detecting the telomerase activity possessed a linear range from 10 to 600 HeLa cells and a
detection limit of 1 cell. The tested QD-BHQ2 presented several advantages, such as good
biocompatibility, photo-stability, and specificity properties, and is envisaged to function
as a powerful platform for nucleic acid detection and cell imaging. The QD strategy was
also investigated by Zheng and Wang et al. [50], who have developed multifunctional
carboxymethyl cellulose (CMC)-based nanohydrogels using near-infrared DNA-templated
CdTeSe quantum dots (DNA-CdTeSe QDs) as building blocks. These nanocarriers can
address the challenges of precise treatment and serious side effects in cancer theranostics
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by actively targeting tumors, tracking fluorescence, releasing drugs in a controlled manner,
and regulating genes. The nanohydrogels were formed by crosslinking single-stranded
DNA containing miRNA of complementary sequences and cysteine with antinucleolin
aptamer DNA (AS1411)-modified CMC and DNA-CdTeSe QD-modified CMC chains. The
hydrogels, which successfully incorporated doxorubicin (DOX) as a model anticancer drug,
showed an average diameter of 150 nm, allowing them to be used for tumor targeting
and for DOX releasing by activating both glutathione (GSH) and miRNA in the tumor
microenvironment. The CdTeSe QDs trapped in the nanohydrogels acted as fluorophores
for bio-imaging during the diagnosis and treatment process. This multifunctional delivery
system provided a promising nanosystem for tumor imaging and precise therapy, effec-
tively reducing side effects and improving treatment in the clinical therapy of tumors.
Zhao et al. [51] investigated a convenient method for detecting cellular miRNA in living
cells using a fluorescent amplification strategy. The approach was based on catalytic hair-
pin assembly (CHA), which indirectly attaches through covalent bonding to Fe3O4@C
nanoparticles via short single-stranded DNA. This strategy integrates the highly quench-
ing efficiency of Fe3O4@C nanoparticles with low background, non-enzyme target-active
releasing for signal amplification, and a ssDNA-assisted fluorescent group-fueled chain
releasing from Fe3O4@C nanoparticles with increased fluorescence response. The platform
is not only highly sensitive, with a 0.450–190 pM concentration range, but also significantly
specific, detecting miRNA-20a with the ability to distinguish a single mismatched base.
Remarkably, the CHA-Fe3O4@C strategy was also successfully used for imaging visualiza-
tion of miRNA-20a in living cells. Huo and Ding et al. [52] introduced a new probe design
strategy called nano-amplicon comparator (NAC) and demonstrated its applicability for
intracellular miRNA imaging. The NAC design combined the robustness of spherical
nucleic acids, the sensitivity given by the CHA, and the consistency due to upconversion
nanoparticles (UNP). NaYF4:Er/Gd/Yb@NaGdF4 luminescent core-shell nanoparticles
with a size of 26 nm were selected as UNP and functionalized with specifically designed
CHA sequences. The NAC probe responded to the target miRNA and generated a complex
of UNP-hairpin DNA/fluorophore as a quantitative image for UNP-to-organic-fluorophore
luminescent resonance energy transfer (LRET) imaging against a native UNP emission
reference channel. By applying this strategy to miR-21, it was possible to monitor miRNA
expression levels across different cell lines and under diverse external stimuli. Wang and
Wei et al. [53] introduced a moderate biomineralization strategy to synthesize Y-shaped
DNA@Cu3(PO4)2 (Y-DNA@CuP) hybrid nanoflowers as DNA-inorganic hybrid nanoma-
terials for cell uptake. Y-DNA with a loop structure was utilized as a biomineralization
template and also served as the recognition unit for the thymidine kinase 1 (TK1) mRNA.
The Y-DNA probe was capable of detecting TK1 mRNA target sequences linearly in a range
of concentrations from 2 to 150 nM with a low limit of detection, i.e., 0.56 nM. Interestingly,
the presence of Y-DNA reduced the size of Cu3(PO4)2 particles, making them suitable
for use as gene nanocarriers within cells. It was shown that once inside the cells, the
Y-DNA@CuP nanoflowers dissolved, releasing the cargo of Y-shaped DNA. Therefore,
the intracellular TK1 mRNA hybridized with the loop region of the Y-DNA probe, which
caused the dissociation of the Cy3-labeled loop strand and turned on the red fluorescence
signal. Thus, the real-time imaging of intracellular TK1 mRNA enabled the assessment
of tumor cells before and after therapeutic treatments, including the administration of
β-estradiol and tamoxifen. In the line of gold-free approaches in bio-imaging, Xu and
Tian et al. [54] reported a conceptually new strategy that used an AND logic gated-DNA
nanodevice based on a nucleic acid probe and polymer-modified MnO2 nanosheets to detect
glutathione (GSH) and miRNA-21 signals in a tumor-responsive manner. This nanodevice
can release significantly amplified fluorescence and magnetic resonance (MR) signals when
it detects high levels of miRNA and GSH in tumor cells. While the fluorescence signal
results were quenched, the MR signal remained at the background level in the case of the
low levels of miRNA and what the GSH had in normal cells, which reduced false-positive
signals by more than 50%. The nanodevice proved capable of effectively killing tumor cells
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under the guidance of miRNA profiling and MR imaging, and it is also endowed with
glucose oxidase-like and catalase-like activities. The presented system was an innovative
tumor-responsive theranostic DNA nanodevice that provided new insights into the design
of smart theranostic strategies finalized to potentially relieve conditions like hypoxia and
starvation in tumors.

3. Self-Assembled ODN-Nanostructure Conjugates for Fluorescent Bio-Imaging

The successful intracellular transportation of nucleic acids is crucial for innumerable
biological processes, and from a theranostic perspective, it enables sensitive detection and
gene control. Hence, DNA nanotechnology provides an excellent solution for accurately
assembling nucleic acids, which makes it a valuable tool in the development of effective
nucleic acid carriers for intracellular delivery. Wu and Jiang et al. [55] developed a new
technique to efficiently deliver nucleic acids using a four-arm DNA nanostructure called a
protein-scaffolded DNA tetrad. This chimeric structure was realized using streptavidin and
four biotinylated hairpin DNA probes. The DNA tetrads were easy to prepare and allowed
for precise control of the probe structure. These DNA nanosystems were found to be highly
efficient in delivering DNA probes into cells and allowed their DNA cargoes to escape
lysosome entrapment once internalized. In order to detect miRNA with high sensitivity
and spatial resolution, the crosslinking hybridization chain reaction (cHCR) technique was
employed, generating crosslinked hydrogel networks that specifically targeted miRNA.
This was the first report of HCR amplification realized on nanostructures. The cHCR was
designed using fluorescence resonance energy transfer (FRET) technology, which provided
improved precision and allowed for dual-emission ratiometric imaging to avoid false
signals. The DNA tetrad-based cHCR was found to be highly effective in ultrasensitive
and accurate miRNA imaging in living cells, providing a potential tool for quantitative
measurement of intracellular miRNA. This new technique was revealed to be a powerful
strategy for nucleic acid delivery and low-level biomarker discovery. A similar strategy was
utilized by the same authors [56] to develop a novel protein scaffold called recombinant
fusion streptavidin, which combines DNA nanotetrads for highly efficient delivery of
nucleic acids and imaging of telomerase activity in living cells using cHCR. The recombinant
streptavidin protein, fused with multiple nuclear localization and nuclear export signals
(NLS and NES, respectively), was obtained through Escherichia coli expression. The resulting
NLS-carrying protein was easily connected with four biotinylated DNA probes, forming a
well-defined DNA tetrad nanostructure through high-affinity non-covalent interactions.
Similar to the previously mentioned nanosystems realized by the same group, these DNA
nanotetrads were also effective in delivering nucleic acids within cells, which occurred
through a caveolar-mediated endocytosis pathway, enabling them to avoid degradation in
lysosomes. Additionally, the nanotetrads allowed for efficient cHCR assembly in response
to telomerase, leading to highly sensitive detection and imaging of telomerase with a
detection limit as low as 90 HeLa cells/mL both in vitro and in cellulo. The brightness of the
fluorescence obtained during live-cell imaging was found to be dynamically correlated to
both the telomerase activity and the inhibitor concentrations. Overall, this strategy provided
a highly efficient method for delivering nucleic acids and imaging biomarkers in living cells.
Kjems et al. [57] also took advantage of DNA nanotechnology and presented a nanoscaffold
(~16 kDa) made entirely of nucleic acid building blocks, which was successfully tested by
in vitro and in vivo experiments. The nanoscaffold was flexible and could be customized
by attaching various biomolecules to its four modules and proved to be able to target liver
cells with high efficiency. This nanosystem was self-assembled with chemically conjugated
functionalities and offered complete control of stoichiometry and site specificity. The ODN-
based nanoscaffold represented a flexible technology for theranostics because of its easy
customization, small size, and high in sero and thermal stability. Its unique properties
allowed for the possibility of rapid on-site combination of imaging agents or drugs based on
larger libraries of functionalized oligonucleotide modules. Guo et al. [58] presented a new
approach for examining transcriptomics and genomics in a spatial context. The proposed
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method makes use of fluorescence in situ hybridization (FISH) to detect each nucleic acid
molecule as a fluorescent dot within the cell and employs cycles of hybridization, imaging,
and photobleaching to identify the nucleic acids based on their unique color sequences
(Figure 1). The authors demonstrated the effectiveness of this technique by accurately
quantifying transcripts or genomic loci in single cells with either two fluorophores and
16 C-FISH cycles or three fluorophores and nine C-FISH cycles without any error correction.
These findings suggest that the developed C-FISH method has the potential to accurately
profile tens of thousands of different transcripts or genomic loci in individual cells within
their natural environment.

 

Figure 1. Figure taken from Xiao et al. 2020 [58]: C-FISH is a useful strategy for genomics analysis
and spatial transcriptomics a. (A) Each C-FISH cycle includes 3 most important steps, consisting of
probe hybridization, fluorescence imaging, and photobleaching. Excited fluorophores are symbolized
by green and red sun-like symbols, while photobleached fluorophores are represented with black
solid dots. (B) Each nucleic acid molecule can be visualized by a microscope as a fluorescent spot in
each cycle of the analysis. (C) The various nucleic acid identities can be determined by the different
corresponding color sequences, with their locations remaining throughout all the analysis cycles.

An interesting approach was presented by Yang and Xu et al. [59], who described a
self-assembled DNA/RNA-based nanocarrier called nucleic acid nanosphere (NS), which
used four specific oligonucleotides (denominated THp, H1, H2, H3) to detect miRNAs
inside living cells. The NS system was stable, compatible with living cells, and responsive
to RNase H, which allowed the sensing components to be delivered on demand. When the
target miRNA was present, the structure used a process called a catalytic hairpin assembly
and hybridization chain reaction to create a strong fluorescent signal. The researchers
used miRNA 155 as an example and successfully detected it both in vitro and in tumor
cells, demonstrating the potential of their NS nanosystems for miRNA detection in tumor
screening strategies.

Taking advantage of the precision of DNA self-assembled nanostructures, Tian et al. [60]
proposed the use of DNA nanotechnology in aid of the non-invasive imaging of brain tumors
by developing a near-infrared II (NIR-II) emitting nanofluorophore able to cross the brain-
blood barrier (BBB). The researchers synthesized a DNA block copolymer, PS-b-DNA, using
a solid-phase “click” reaction and found that its self-assembled structure has exceptional
cluster effects, particularly in BBB crossing. For the first time, PS-b-DNA was used as
an amphiphilic matrix to create the NIR-II nanofluorophore, which was then applied in
in vivo bio-imaging. The DNA-based nanofluorophore resulted in a 3.8-fold increase in the
NIR-II fluorescence signal for glioblastoma imaging compared to its PEG-based counterpart.
This increase in imaging resolution can greatly benefit the diagnosis and treatment of
brain tumors.
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The complexity of biological samples typically under analysis requires fluorescence
probes for nucleic acid detection, both highly specific and sensitive, due to the very low
concentrations of nucleic acids present in the samples. In this context, Tian et al. [61]
investigated an innovative type of gold-free SNAPs, which used fluorescent π-conjugated
polymers (FCPs) as a light-harvesting antenna to improve the performance of nucleic
acid detection. Specifically, DNA-grafted FCPs were created and self-assembled into FCP-
SNAP structures, with the size and light-harvesting capabilities of the SNAPs adjustable
by suitably changing the hydrophobicity character of the copolymer. Larger FCP-SNAPs
were revealed to be more efficient at signal amplification, resulting in up to 37-fold signal
amplification and a detection limit of 1.7 pM in miRNA detection when the FCP-SNAP was
optimized. The FCP-SNAP was then used for amplified in situ nucleic acid detection and
imaging at the single-cell level.

4. ODN-Nanostructure Conjugates for Raman Bio-Imaging

The field of Raman imaging has recently gained a significant amount of attention,
primarily due to two reasons. Firstly, the label-free Raman techniques have proven to be
effective, and secondly, the distinctive characteristics of nanoparticles have made them ideal
contrast agents and Raman reporters for detecting proteins and nucleic acid targets [62,63].
In addition, both the resonance Raman effect and SERS can greatly enhance the signal
of the probe, making it detectable. A reliable SERS-based imaging or sensing method
requires a sturdy SERS substrate that offers significant extinction cross-sections to improve
SERS performance while also possessing strong chemical stability and biocompatibility
for biomedical use. To detect SERS signals from Raman active molecules, different types
of nanomaterials have been developed, such as gold nanoparticles, gold nanowires, gold
nanostars, hollow gold nanoshells, and other types of nanoparticles [64,65].

Li et al. [66] proposed a new type of SERS nanosensor to measure the activity of
endonuclease in both living cells and in vitro. The sensor was based on alloyed Au/Ag
nanoparticles (Au/AgNPs) that were optimized for their plasmonic properties, chemical
stability, and low toxicity. Aiming at detecting the endonuclease activity, the authors
attached single-stranded DNA (ssDNA) molecules to the Au/AgNPs, with one type of
ssDNA carrying a 3-(4-(phenylethynyl)benzylthio)propanoic acid (PEB, Figure 2a) moiety
able to respond to endonuclease activity releasing from the particle surface, and another
type of ssDNA carrying 4-thiol phenylacetylene (TPA, Figure 2b) as an internal standard.

When the endonuclease was present, it provoked the cleavage of the ssDNA, which
led to a decrease in the SERS signal at 2215 cm−1 from PEB, while the SERS signal at
1983 cm−1 from TPA remained unchanged. By measuring the ratio of the two signals, with
a detection limit of 0.056 U/mL, the activity of the endonuclease could be quantitatively
determined. The nanosensor was found to be biocompatible and usable in living cells,
which was successfully accomplished by testing the endonuclease activity both inside and
outside of living cells.
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(a) 3-(4-(phenylethynyl)benzylthio) propanoic acid (PEB) (b) 4-thiol phenylacetylene (TPA) 

 
(c) (5-aminobenzo [a]phenoxazin-9-ylidene)-diethylazanium;chloride (Nile Blue A) 

 
(d)Asp-Glu-Val-Asp (DEVD) 

Figure 2. The endonuclease activity-responsive molecule PEB (a) and the internal standard TPA
(b) anchored to the ssDNA molecules attached to Au/AgNPs by Li et al. [66] The Nile Blue A dye
(c) used by Bi, Cao, et al. in SERS probes for caspase-3 detection [67]. The DEVD caspase-3 specific
substrate (d).

Bearing in mind that the conventional methods for analyzing biomarkers related to
cell differentiation require a large number of cells or cell lysates, resulting in the loss of
cell sources and making real-time monitoring very difficult, Cao et al. [68] devoted their
efforts to developing an ultrasensitive SERS method for detecting and imaging miR-144-
3p in the osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs)
using a gold nanocage (GNC)-hairpin DNA1 (hpDNA1)-hpDNA2-GNC assembly. The
SERS strategy was designed using the finite-difference time-domain method to enhance
electromagnetic intensities, and the hpDNA-conjugated GNC probes were prepared in
order to recognize the target miRNA and distinguish it from the other nucleic acids. The
method showed excellent sensitivity and selectivity characteristics toward miR-144-3p
with a limit of detection of 13.6 aM and a broad range from 100 aM to 100 pM in cell
lysates. The designed nanoprobes were not cytotoxic and were observed to only respond in
BMSCs that underwent osteogenic differentiation, as well as in living undifferentiated bone
marrow-derived mesenchymal stem/stromal cells, but not in osteoblasts. The accuracy
of SERS was confirmed by a quantitative real-time polymerase chain reaction experiment.
The proposed nanoprobes were capable of long-term tracking of the dynamic expression of
miR-144-3p (up to 3 weeks) in differentiating BMSCs, demonstrating the potential of SERS
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in stem cell identification, differentiation, and isolation of specific cell types, as well as in
biomedical diagnosis.

Accurate detection, imaging, and monitoring of intracellular caspase-3 levels are
crucial for comprehending cell apoptosis and studying the progression of caspase-3-related
cervical cancer. Bi and Cao et al. [67] developed a convenient SERS probe to detect caspase-3
during cervical cancer cell apoptosis. The probe consisted of gold nanoboxes modified with
Nile Blue A (Figure 2c) as a Raman reporter and a caspase-3-specified peptide as a molecular
cross-linker. When caspase-3 was present, the substrate peptide was cleaved, causing the
Au nanoboxes-NBA-peptide to assemble into aggregates, resulting in a significant SERS
signal enhancement. Finite-difference time-domain simulation showed that hot spots were
mainly located in the nanogaps of the aggregated Au nanoboxes, proving the rationality of
this signal amplification method. The SERS probes were highly reproducible and selective
toward caspase-3, with a detection limit of 0.127 fM and a dynamic range from 1 fM
to 1 nM. The probes showed no cytotoxicity within the explored concentration range.
HeLa cells treated with doxorubicin to induce long-term apoptosis were monitored using
SERS. The activity of caspase-3 increased with the prolongation of apoptosis time, and
the SERS results were consistent with those of the western blotting assay. This kind
of probe was envisaged to have significant potential for detecting enzymatic activities
in cell physiological processes. Guo et al. [69] proposed a self-assembled tetrahedron
probe for the simultaneous detection of telomerase and epithelial cell-adhesion molecule
(EpCAM) in living cells using SERS. The probe was composed of a nucleic acid aptamer
and encoded internal reference nanoparticles. When the target was present, the AuNPs,
which were modified with corresponding tags, dissociated and resulted in decreased SERS
signals. The ratio of Raman intensity at specific frequencies compared to the internal
reference was used to quantify the levels of telomerase and EpCAM, which contributed
to eliminating the background noise. The linear relationship between the ratio and the
levels of TE and EpCAM was good and consistent with Raman confocal imaging. The
LOD for TE and EpCAM was 7.6 × 10−16 IU and 0.53 pg/mL, respectively. The probe was
also confirmed to be versatile and specific in the different cell lines. This study provided a
highly sensitive and reliable approach for the in situ detection of biomarkers and a useful
approach for SERS-based tetrahedron-based early diagnosis of cancer. The non-enzymatic
isothermal amplification technique is a useful method for detecting miRNAs, but its limited
sensitivity, slow speed, and low efficiency have hindered its practical use. To overcome
these limitations, Bi and co-workers [70] reported a new method called DNA tetrahedron-
mediated branched catalytic hairpin assembly (DTM-bCHA). This method involved the
dynamic creation of hyperbranched DNA structures using DNA tetrahedrons and HDNA
probes. Compared to traditional methods, the reaction time was 11.1 times faster due to
an increased collision probability among the involved reactants. Additionally, the method
allowed for ultrasensitive detection and in situ imaging of microRNA-21 in different
living cell models by assembling Raman reporter DTNB-functionalized gold nanoparticles
with hyperbranched DNAs. Furthermore, this method allowed for the construction of a
series of two-input molecular logic gates, including INHIBIT, AND, OR, and NOR gates,
in response to miRNA-21 and miRNA-155, which enabled the simultaneous analysis of
multiple biomarkers. Overall, the DTM-bCHA-based isothermal amplification strategy
disclosed new scenarios in complex DNA nanostructure development that can be applied
to clinical diagnosis and bioanalysis.

Liu et al. [71] suggested a core-satellite (CS) nanostructure designed using miRNA-
triggered catalytic hairpin assembly (CHA). The CS nanostructure was made up of plas-
monic Au nanodumbbells as the core and AuNPs as the satellites. This plasmonic CS
nanostructure was associated with an enhanced electromagnetic field compared to that
of Au NPs-Au nanorods CS and that possessed by AuNPs alone. By using an “off-to-on”
SERS strategy, the CS nanostructure allowed the detection of miRNA targets in a wide
linear range (10−19–10−9 M) with a LOD as low as 0.85 aM in vitro. Furthermore, the same
CS nanostructure could accurately and sensitively detect miRNAs in different cell lines
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with varying levels of miRNA expression. This proposed SERS platform was effective in
improving the sensitivity of SERS by engineering metallic nanoparticle aggregates with
strong electromagnetic fields, and potential applications in the precise and quantitative
detection of significant intracellular molecules were proposed for this nanosystem.

Urinary exosomal miRNAs were proposed as biomarkers for early-stage diagnosis
and prognosis prediction of prostate cancer (PC) due to their characteristics of inherent
stability, non-invasiveness, and representation of cell status. However, accurately detecting
these miRNAs in urine is challenging because of their low abundance and high sequence
homology with other RNAs. To address this issue, Sim and co-workers [72] developed
a new sensing platform using SERS to detect urinary exosomal miRNAs. This platform
was based on a three-dimensional (3D) hierarchical plasmonic nano-architecture, which
created multiple plasmonic hot spots by self-assembling head-flocked gold nanopillars and
target-complementary DNA probes-conjugated gold nanoparticles in the presence of the
miRNA target. This 3D SERS biosensor achieved a detection limit of ~10 aM for miR-10a
and miR-21, which corresponds to an over 1000-fold higher sensitivity with respect to
previously reported miRNA sensors, without requiring any labeling or pre-treatment steps.
Clinical validation was also performed using urinary samples, which showed that the 3D
SERS sensor could accurately discriminate PC-affected patients from healthy individuals
with a diagnostic accuracy of 0.93 based on the differential expression level of the urinary
exosomal miRNAs. Overall, this SERS sensor based on 3D hierarchical nano-architectures
proved to be a fast, accurate, and easy strategy applicable for measuring miRNA expression
and could aid in the diagnosis of various diseases.

Zeng et al. [73] developed a novel readout technique for biomedical analysis called
‘Click’ SERS. This technique, based on Raman scattered light splices from nanoparticle
assemblies, made use of triple bond-containing reporters to create a single, narrow emission
(1–2 nm). The resulting output was dynamic and could be controlled by splicing together
SERS-active nanoparticles in a way similar to click chemistry. Unlike conventional readout
protocols, which rely on a single code related to a single target, the ‘Click’ SERS method
was based on the number of combinatorial emissions and, thus, results were very intuitive,
predictable, and uniquely identifiable. With this technique, 10 different biomarkers were
detected simultaneously in a single scan, and accurate cellular imaging was achieved with
double exposure. By using the ‘Click’ SERS method, it was demonstrated that multiple
single-band Raman scattering could be used as an authentic optical analysis method in
biomedicine. Although detecting biomolecules homogeneously has been important in
clinical assays, it is challenging to achieve their precise in situ imaging. Additionally,
problems such as nonspecific adsorption between probes and biomolecules and low sen-
sitivity remain still widely unsolved. Another ‘Click’ SERS strategy was developed by
Shen et al. [74] to overcome these challenges and consequently enable highly selective
homogeneous detection of biomolecules through simultaneously enhancing dual SERS
emissions. The above-cited detection of caspase-3 is an example of how this strategy can be
used for the highly selective detection of biomolecular targets and their precise intracellular
imaging during cell apoptosis. The strategy of Shen et al. involved modifying polyA-DNA
and the Asp-Glu-Val-Asp (DEVD)-containing peptide sequence into alkyne and nitrile-
coded Au nanoparticles (NPs). In general, during cell apoptosis, caspase-3 is generated,
leading to the cleavage of the tetra-peptide sequence DEVD (Figure 2d) and removing the
negatively charged protective moiety from the peptide on Au NPs. This process allows
two different triple bond-labeled AuNPs to be connected through DNA hybridization to
form a SERS ‘hotspot’, which leads to triple-bond Raman signals that are simultaneously
enlarged. The SERS intensity is positively related to the concentration of caspase-3, which
possesses a wide linear range (from 0.1 ng/mL to 10 μg/mL) and a low detection limit
(7.18 × 10−2 ng/mL). This ‘Click’ SERS strategy was proposed for the precise imaging of
the caspase-3 enzyme and could provide a logical judgment that can be mutually confirmed
on the basis of two spliced SERS emissions, thanks mainly to their relative intensity.
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Famously, SERS became a popular technique in biological applications due to its
high sensitivity and ability to penetrate deep tissues. Typically, SERS nanoprobes with
fluorophore attachments have Raman signals within the 1400–1700 cm−1 range. Conscious
of the noteworthy advantages offered by the technique, Tang et al. [75] proposed a new
series of SERS nanoprobes that were anchored to alkyne moieties in the biologically Raman-
silent region via Au-C bond formation. To achieve target-specific recognition, two nucleic
acid aptamers (namely MUC1 and AS1411) and two control oligonucleotides (T-con and
C-con) carrying the same alkyne moiety were also attached to the Au surface. Both
aptamer-bearing SERS nanoprobes successfully targeted MCF-7 cancer cells and were able
to cross-check the target cells, potentially overcoming false-positive issues. The LOD was
as low as five cancer cells, indicating a great potential for detecting circulating tumor cells.
Subsequently, in vivo studies revealed that both SERS nanoprobes were successful in tumor
targeting in living mice after tail intravenous injection, with a distinct signal (≈2205 cm−1)
observed in the Raman-silent region for the first time.

SERS probes using ODNs were also used in the research on the SARS-CoV-2 virus,
the causative agent of Coronavirus Disease 19 (COVID-19) [76–80], whose evolution has
resulted in the emergence of various mutations that affect the virus’ characteristics, such
as its ability to spread and its antigenicity, which may be in response to changes in the
human immune system. These mutations could potentially affect the effectiveness of
treatments and diagnostic tests. Gartia and Pan et al. [81] developed a set of DNA probes
(antisense oligonucleotides or ASOs) that can target a specific segment of the SARS-CoV-2
nucleocapsid phosphoprotein (or simply N protein) gene with high binding efficiency. This
segment is known to not mutate among known variants. The complementary ASOs were
shown to remain effective even in the presence of a hypothetical single-point mutation
at the target RNA site, and their effectiveness was only slightly diminished in the case of
hypothetical double or triple-point mutations. Interestingly, the mechanism of interaction
between the ASOs and SARS-CoV-2 RNA has been explored in silico, using machine
learning techniques, and experimentally by SERS. The study demonstrated that the N
gene-targeting ASOs could efficiently detect all current SARS-CoV-2 variants regardless of
their mutations, with high sensitivity and specificity up to a concentration of 63 copies/mL
of SARS-CoV-2 RNA.

Theranostics is a clever combination of therapy and diagnosis, but traditional tools
have had serious drawbacks, such as side effects and poor selectivity and sensitivity. To
address these issues, Liu, Zheng, and Tian [82] developed a new multifunctional thera-
nostic platform called CuPc@HG@BN, composed of hexagonal boron nitride nanosheets,
conjugated DNA oligonucleotides, and copper (II) phthalocyanine. The CuPc molecule
played a dual role in photodynamic therapy and in situ monitoring and imaging of miR-21
through SERS. By designing miRNA circle amplification and using the high SERS effects of
copper (II) phthalocyanine on hexagonal boron nitride nanosheets, a miRNA-21 responsive
concentration as low as 0.7 fM was achieved in live cells. In vitro and in vivo data showed
that the integrated platform significantly enhanced photodynamic therapy efficiency with
minimized damage to healthy tissues. The developed probe was successfully applied for
early monitoring and guiding cancer therapy, which led to malignancy elimination.

It is highly desirable to create new nanomaterials with strong and distinctive Raman
vibrations in the biological Raman-silent region (1800–2800 cm−1) for Raman hyperspectral
detection and imaging in living cells and organisms. To this aim, Jin et al. [83] tested
polymeric nanoparticles as Raman active nanomaterials (denominated Raman beads) us-
able for bio-imaging purposes. The monomeric units of these Raman beads contained
alkyne, azide, cyanide, and carbon-deuterate, which provoked intense Raman signals
without any need for incorporating metals such as Au or Ag as Raman enhancers. The
above-mentioned researchers developed a library of Raman beads with distinct Raman
frequencies by substituting the endcaps of the monomers. These Raman beads were used
for frequency multiplexing and demonstrated 5-color stimulated Raman scattering imaging
of mixed nanoparticles. Targetable Raman beads were successfully used as probes for
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cancer targeting and Raman spectroscopic detection, including multi-color stimulated
Raman scattering imaging in living tumor cells and tissues with high specificity by further
surface functionalization with targeting moieties such as ODN aptamers and targeting
peptides. In vivo studies showed that Raman beads anchored onto targeting moieties were
successfully employed to target tumors in animal models, and Raman spectral detection
of the tumor was accomplished only through spontaneous Raman signal at the biologi-
cal Raman-silent region. This did not involve any signal enhancement due to the high
density observed for the Raman reporters present in the Raman beads. Super-multiplex
barcoding of Raman beads could be promptly achieved through further copolymerization
of these monomers.

5. ODN-Nanostructure Conjugates for Dual Fluorescence–Raman Bio-Imaging
and Detection

From the above discussion, it appears clear that detecting and imaging specific bi-
ological targets, including miRNAs, is of crucial importance for analyzing cancer cells.
Establishing accurate and sensitive analytical assays for realizing it in single living cells
remains challenging, especially due to the complex intracellular environment and the
similarity of miRNA sequences with respect to RNA tracts of no anticancer relevance. To
address these issues, Ye et al. [84] designed a dual-signal twinkling probe (DSTP) with a
triplex-stem structure. This probe employed a fluorescence-SERS signal reciprocal switch to
monitor the spatiotemporal dynamics of the intracellular uptake of the probe. The absolute
value coupling of reciprocal signals was employed to achieve the real-time detection of
miRNA targets using the SERS signals of the probe. This device effectively reduced back-
ground effects and showed favorable characteristics of sensitivity and reproducibility. The
DSTP also demonstrated very high specificity and reversibility in the quantitative detection
of intracellular miRNA. miRNA-203 was successfully monitored in MCF-7 cells, which was
consistent with the results obtained in cell lysates as well as in vitro. This new dual-signal
twinkling and dual-spectrum switch method was envisaged to be useful for detecting and
imaging different types of biomolecular targets in living cells.

Even though simultaneous imaging, diagnosis, and therapy can be an effective strategy
for cancer treatment, there are several challenges that must be overcome apart from those
mentioned above, including a typically complex probe design and poor efficiency in anti-
cancer drug release, as well as the well-known issue of multidrug resistance. Ye et al. [85]
introduced a new one-two-three system that aimed at addressing these challenges and
enhanced the imaging and detection performance of miRNA-21, providing an efficacious
chemogene therapy. The term ‘one-two-three’ referred to the one type of miRNA-21-
triggered endogenous substance accelerated cyclic reaction, two modes of signal switch,
and three functions, including enhanced detection, imaging, and comprehensive treatment.
The system consisted of dual-mode DNA robot nanoprobes that were assembled using two
types of HDNAs and three-way branch DNAs that were modified on AuNPs, with doxoru-
bicin being intercalated into GC base pairs of the DNA duplex moiety. Within the system,
an intracellular cyclic reaction, accelerated by ATP, was triggered by miRNA-21, which led
to SERS and fluorescence signals alternated with DNA structure switches. This nanosystem
enabled precise SERS detection of miRNA and fluorescence imaging which facilitated
on-demand release of two types of anticancer drugs, doxorubicin and anti-miRNA-21. The
same system was endowed with several notable merits, such as the usage of ATP as an
endogenous substance able to promote DNA structure switching and consequently acceler-
ate the cyclic reaction. Additionally, the dual-mode signal switch is a more accurate and
reliable treatment, providing more abundant information when compared to a single-mode
treatment strategy. Overall, this nanosystem enabled not only the detection and imaging of
intracellular miRNA targets but also an efficacious comprehensive therapy. In vivo studies
were also conducted, and the results of these investigations confirmed the potential of the
same system for the diagnosis and therapy of cancer.
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Ye et al. [86] designed and constructed two smart binary star ratio probes (abbre-
viated as BSR) that connected in the presence of miRNA, leading to reciprocal changes
in dual signals in living cells. This multifunctional probe integrated SERS imaging and
fluorescence and provided enzyme-free numerator signal amplification for dual-signal
quantitative analysis and dual-mode imaging of miRNA targets. Compared to single-mode
ratio imaging methods, using fluorescence-SERS complementary ratio imaging enabled
more accurate imaging contrast for direct visualization of signal changes in living cells,
providing multiscale information about the dynamic behavior of miRNA and of the probe.
Additionally, by using an enzyme-free numerator signal amplification and SERS reverse
signal ratio response, the authors achieved amplified signals and reduced black values for
the quantification of miRNA. Usefully, the BSR probes demonstrated good stability in cells
and successfully traced and quantified miR-203 from MCF-7 cancer cells. Therefore, the
reported BSR probe was presented as a potential tool for reliable monitoring of biomolecule
dynamics in living cells.

Zhang et al. [87] developed a smart nanodevice that integrates Au@Cu2−xS@polydopamine
nanoparticles (ACSPs) and fuel DNA-conjugated tetrahedral DNA nanostructures (fTDNs)
to achieve both antitumor therapy and in situ monitoring of miRNAs in cancer cells. The
ACSP nanoprobe was used as a high-efficiency detection substrate and offered excellent SERS
enhancement and high fluorescence (FL) quenching performance, which made it particularly
useful for the analysis. The SERS-FL dual-spectrum biosensor led to an ultralow background
signal and excellent sensitivity characteristics, with detection limits of 0.11 pM and 4.95 aM by
FL and SERS, respectively, by using the ACSPs and fTDN-assisted DNA walking nanomachines
as the strategy for DNA amplification. A dual-signal ratio strategy was employed for rapid
FL imaging and precise SERS quantitative detection of miRNA in cancer cells, leading to
improved diagnostic accuracy. Additionally, the nanodevices worked as all-in-one nanoagents
in multimodal collaborative tumor therapy due to their high reactive oxygen species generation
ability and excellent photothermal conversion efficiency. Both in vivo and in vitro experiments
showed that the ACSPs were safe and endowed with strong anticancer activity, suggesting that
these nanodevices have the potential for theranostic applications.

The measurement of telomerase activity in its natural location is crucial for identifying
cancer. In this frame, a new type of nanosensor able to function in two ways, i.e., by
fluorescence and SERS, was suggested by Zhang, Yang, Qu et al. [88], which proved to be
useful for monitoring the activity of the telomerase enzyme. The nanosensor was created
using AuNPs that were Cy5-functionalized as dual-functional nanoprobes. The telomerase
substrate primer was lengthened by telomerase, forming the telomere repeats, and the
hairpin DNA loop was opened upon hybridization. This caused a shift in the distance
between the signaling molecule Cy5 and Au NPs, resulting in a decrease in the SERS signal
and a recovery of the fluorescence one. Both the fluorescence and SERS intensities were
related to the telomerase activity and could be used for sensing. In this approach, using
fluorescence combined with Raman imaging, changes in human cell telomerase activity
could be analyzed in real-time, allowing for the detection of anti-cancer drugs.

Ma et al. [89] proposed the detection of Ca2+ in a sensitive and selective manner by a
dual-mode nanoprobe that was able to switch between “turn on” fluorescence and “turn
off” SERS. This nanoprobe made use of gold nanostars and DNAzyme as the recognition
element, where the former was utilized to quench fluorescence and enhance Raman signals.
When a Ca2+-specific DNAzyme was formed between the substrate chain modified with
Cy5 dye and the enzyme chain on the surface of AuNSs, the fluorescence signal was
quenched while the detected SERS signal was strong. Upon the cleavage of the Cy5-labeled
substrate chain with Ca2+, a decreased SERS signal alongside a recovered fluorescence
signal was observed. This technique was successfully used to monitor Ca2+ in the process
of T-2 toxin-induced apoptosis. This report was particularly interesting as it reported
an original example of DNAzyme used with simultaneous fluorescence-SERS imaging
to detect Ca2+ in cells. Moreover, this nanoprobe combined the benefits of SERS and
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fluorescence and could be applied to various cell lines, with clear benefits in a better
comprehension of the role of Ca2+ in cellular pathways.

Due to a particular theranostic interest in the detection and visualization of miRNA
and in the reported sensitivity limits depending on the strategy used, we have summarized
the main investigated literature reports cited in this review and presented the corresponding
results in Table 1.

Table 1. Comparison of the analytical performances (LOD) of some of the main fluorescent and/or
Raman methods reported in this work.

Detected miRNA Technique Strategy LOD Ref.

miR-21 SERS Boron nitride nanosheets-conjugated DNA
oligonucleotide-copper(II) phthalocyanine. 0.7 fM [82]

miR-21 SERS DNA tetrahedron-mediated branched catalytic
hairpin assembly reaction on AuNPs. 0.33 fM [70]

miR-21 SERS Two types of hairpin DNA-three-way branch
DNA on AuNP. 3.26 fM [85]

miR-21 SERS DNA hairpins on plasmonic
copper-sulfide-polydopamine AuNP. 4.95 aM [87]

miR-21 Fluorescence DNA hairpins on plasmonic
copper-sulfide-polydopamine AuNP. 0.11 pM [87]

miR-21 Fluorescence Protein scaffolded DNA tetrad. 6 pM [55]

miR-21 Fluorescence Spherical nucleic acids with fluorescent
π-conjugated polymer. 1.7 pM [61]

miR-21 Fluorescence Fluorescent nucleic acid probe and
polymer-modified MnO2 nanosheets. 30 pM [54]

miR-21 Fluorescence
Zirconium metal–organic frameworks @ gold

architecture functionalized with
fluorophore-labeled DNA.

4.51 zmol/ngRNA [45]

miR-21
miR-10a SERS Gold nanopillar with self-assembling DNA

probe-conjugated AuNP. ~10 aM [72]

miR-21-D Fluorescence Hairpin-conjugated core-shell
NaYF4:Er/Gd/Yb@NaGdF4 nanoparticles. 1.02 nM [52]

miR-20a Fluorescence Hairpin-conjugated Fe3O4@C nanoparticles. 0.491 pM [51]

miR-155 Fluorescence Self-assembled nucleic acid nanosphere. 0.031 fM [59]

miR-144-3p SERS Gold nanocage functionalized with
DNA hairpins. 13.6 aM [68]

miR-203 Fluorescence-SERS DNA hairpins on AuNP. ≤0.13 nM * [86]

miR-203 SERS Triple helix structures immobilized on AuNP’. 0.63 pM [84]

miR-1246 SERS Core-satellite nanostructure: DNA-modified gold
nanodumbells and DNA-modified AuNPs. 0.85 aM [71]

* 0.13 nM of miR-203 detected in MCF-10A cells.

6. Conclusions and Perspectives

In summary, here we discussed the recent advancements in ODN-based nanoparticles
and nanostructures for fluorescent and Raman imaging, which show promise as effective
tools for live-cell analysis. These structures have the ability to provide insight into pro-
cesses occurring at various levels, including those had in organelles, cells, tissues, and
whole organisms. This has led to significant progress in understanding the role of certain
analytes in diseases and has opened up new possibilities for diagnosing illnesses. The
technological implications of these studies could lead to the development of innovative
diagnostic tools that can identify diseases like cancer based on intracellular markers or

200



Molecules 2023, 28, 3561

guide surgical procedures using fluorescent or Raman imaging, or both. The field has
focused on developing more complex probe structures, especially over the past five years,
creating a versatile toolbox for live-cell analysis, with each tool possessing its own strengths
and limitations for specific studies.

Due to the importance of safety, efficiency, and control in biomedical applications,
it would be ideal for the design and synthesis of bio-imaging systems to be as simple as
possible. However, some of the currently reviewed systems are overly complicated. In
addition, it is crucial for the probes to be reproducible and easily scalable, but their synthetic
procedures can often be delicate and tedious. It is also important to study the behavior of
both fluorescent and Raman probes in the human body, including biodistribution, potential
degradation, clearance, and biocompatibility in vivo, to ensure their efficiency.

Complex bio-imaging systems can be used as theranostics to diagnose and monitor
therapeutic processes. However, caution should be taken to separate imaging and therapy
to prevent unnecessary damage to normal tissues. It is also important to investigate
the cytotoxicity of fluorescence and Raman probes to make them practical for use in
clinical applications. With efforts to scale up preparation, probes with unique properties
may hold new opportunities in personalized medicine for individual patients. Overall,
based on our review of the recently reported systems, we are confident that ODN self-
assembled nanostructures, including those based on nucleopeptides [90–92], and mixed
ODN-functionalized inorganic nanoparticle bio-imaging systems have the potential to
provide an advanced platform for personalized therapy and clinical translation.
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Abstract: Treatment of drug-resistant forms of cancer requires consideration of their hallmark features,
such as abnormal cell death mechanisms or mutations in drug-responding molecular pathways. Ma-
lignant cells differ from their normal counterparts in numerous aspects, including copper metabolism.
Intracellular copper levels are elevated in various cancer types, and this phenomenon could be
employed for the development of novel oncotherapeutic approaches. Copper maintains the cell
oxidation levels, regulates the protein activity and metabolism, and is involved in inflammation.
Various copper-based compounds, such as nanoparticles or metal-based organic complexes, show
specific activity against cancer cells according to preclinical studies. Herein, we summarize the major
principles of copper metabolism in cancer cells and its potential in cancer theranostics.

Keywords: copper; organic complexes; nanoparticles; tumor theranostics

1. Introduction

Copper is a transition metal that plays several important roles crucial for maintenance
of cell homeostasis, regulation of cell growth and proliferation, and iron metabolism [1].
Various roles of copper are explained by its ability to act as either a recipient or a donor
of electrons depending on the oxidation state: Cu1+ (cuprous ion) and Cu2+ (cupric ion).
The oxidation state also affects the copper interaction with organic compounds. Thus, Cu1+

preferentially binds to the thiol group in cysteine or the thioether group in methionine, while
Cu2+ exhibits a high affinity for the secondary carboxyl group in aspartic/glutamic acid or
the imidazole nitrogen group in histidine. As a result, copper ions readily form complexes
with biomolecules containing these amino acid residues. Copper atoms are involved in a
functioning of a wide spectrum of proteins, such as copper/zinc superoxide dismutase
(Cu/Zn SOD or SOD1) [2], cytochrome c oxidase (COX) [3], lysyl oxidase (LOX) [4],
mitogen-activated protein kinase MEK1 [5], and cAMP-degrading phosphodiesterase
PDE3B [6]. In these proteins, copper ions participate in diverse biochemical reactions
(especially redox reactions) of donating or accepting of electrons and maintain specific
protein structures by coordinating with the abovementioned groups.
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Despite its important physiological role, free copper ions are able to damage DNA
and protein molecules via generation of reactive oxygen species (ROS) and interaction with
cysteine and methionine residues [7]. That is why each cell and whole organisms have
distinct mechanisms for the regulation of copper absorbance, distribution, accumulation,
and excretion. With the development and propagation of copper-based pharmaceuticals, it
is crucial to consider these metabolic and regulatory pathways to improve biocompatibility
and efficacy of such compounds. For now, only a small number of studies dedicated to the
design of novel copper-containing compounds consider underlying molecular mechanisms
of intracellular copper regulation. The present work aims to provide a holistic view
of the problem to help researchers boost their work and realize rational approaches in
drug development.

2. Copper Intake, Distribution, and Efflux in Normal and Tumor Cells

The major proteins involved in copper maintenance include: CTR1 (copper transport
protein), which is responsible for copper intake either from the intestine or blood; metal-
lochaperones and metallothioneins, including ceruloplasmin, which are responsible for
metal sequestration, distribution in organisms, and transport to various proteins; ATP7A
and ATP7B (ATP-ase copper transporter alpha) responsible for copper excretion via mem-
brane efflux or Golgi apparatus [8]. All these proteins have cysteine- or methionine-rich
domains responsible for the binding. A precise description of proteins involved in cop-
per homeostasis and a comparison of copper metabolism in normal and cancer cells are
given below.

As it has previously been mentioned, copper intracellular metabolism is precisely
regulated by specific protein machinery, which prevents the generation of free copper
ions in the cytoplasm or extracellular space and ion-mediated toxicity (Figure 1). CTR1
is a major protein responsible for copper uptake in eukaryotes. CTR1 transporter acts
as a pump that facilitates copper import without ATP consumption [9]. The rate of the
copper intracellular transport depends on the copper concentration, the presence of other
ions (Fe3+, Zn2+, Ag+) and organic compounds (e.g., ascorbate), cell type, and pH. The
structure of homotrimeric CTR1 protein contains methionine gates for selective bypass
of monovalent copper ions exclusively. However, isoelectric silver ions can compete
with copper decreasing its intracellular content [10]. As only monovalent copper can be
transported by the CTR1 protein, bivalent copper should first be restored to the monovalent
state. This process is facilitated by the reductase proteins, such as STEAP, which are also
reported to be overexpressed in several types of cancers and involved in tumorigenesis [11].

Figure 1. Proteins of copper metabolism. The arrows show how copper is metabolized. In general,
CTR1 is responsible for copper intake; numerous metallothioneins and chaperones store the metal
and deliver it to the active sites of functional proteins. The black font indicates the role of a protein in
normal cells, and the red font indicates the protein function in cancer.
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After crossing the plasma membrane, copper ions are readily sequestrated by the
numerous intracellular metallothioneins, metallochaperones, albumins, glutathione, and
ceruloplasmin [12]. Some of these proteins can store the metal for further use, while
others serve for intracellular transportation of copper. For example, metallochaperones
transfer copper to the active centers of the certain proteins or buffer the metal for further
use. Copper chaperon for superoxide dismutase (CCS) delivers copper to superoxide
dismutase (SOD1) enzyme, which converts superoxide radical into hydrogen peroxide and
oxygen [13,14]. COX17 is another metallochaperone responsible for copper transportation
to COX, an important protein involved in oxidative phosphorylation [15].

Atox-1 is a transport protein that delivers copper to ATP7A and ATP7B, which are
responsible for copper release into the blood or bile, respectively [16]. Additionally, ATOX1
can migrate to the cell nucleus and act as a transcription factor facilitating cell growth,
proliferation, and migration. Another common localization of ATOX1 is in proximity to the
plasma membrane, where copper can be transferred to the membrane-associated proteins,
such as lysyl oxidase, which is involved in cell migration [16].

3. Copper Regulation in Cancer

Many proteins required for copper metabolism are known to be overexpressed or
malfunctioned in cancer cell metabolism. The most known example is participation of
these proteins in chemotherapeutic response to conventional drug cisplatin. There is
much evidence about CTR1 involvement in the transportation of cisplatin [17,18]. Meta-
analysis of gene expression in various cancer types revealed that the reduced expression
of the CTR1 gene is associated with the development of cisplatin resistance [19]. The
knockout of CTR1 and DMT1 (divalent metal transporter 1) in human H1299 non-small
cell lung cancer cells leads to pronounced cisplatin resistance. Moreover, the CTR1 loss
decreases expression of COMMD1, XIAP, and NF-κB, which have a distinct influence on
the intracellular homeostasis and signaling [20]. Several works of various research groups
also proved a hypothesis about involvement of CTR1 and ATOX1 in cisplatin transport
and sequestration [21–23]. However, another study on HEK-293T cells provided evidence
about the modest participation of copper-binding proteins (i.e., CTR1, CTR2, ATOX1, and
CCS) in cisplatin uptake and distribution [24].

At the same time, a connection between high ATOX1 expression level and survival rate
in primary tumor biopsies has been found. Analysis of transcription profiling of 1904 breast
cancer patients on METABRIC data set suggests that overexpression of Atox1 may serve
as a marker for breast cancer prognosis [25] but only in the hormone receptor-positive
tumors. Considering copper involvement in the functioning of the LOX protein [26] which
is responsible for cell migration, ATOX1 may facilitate the function of LOX enhancing tumor
ability for metastasis [27]. Moreover, Atox1 is also involved in transcription regulation of
several genes, as was mentioned earlier. First, upon copper binding ATOX1 can migrate to
the cell nucleus and bind the cis element of the cyclin D1 promoter, thus stimulating cell
growth and proliferation [21]. Furthermore, a more complex interplay between ATOX1
and p53 has been found [28]. Authors observed increased copper amounts in cell nuclei
for HCT116 p53+/+ cells compared to p53−/− cells. These facts suggest that Atox1 may
play a significant role in cell signaling and regulation of gene expression which should be
determined in future studies.

Cytochrome c oxidase copper chaperone (COX17) is also involved in cancer. Inhibit-
ing COX17 in acute leukemia cells results in decreased adenosylhomocysteinase activity
leading to disruption of DNA methylation and changes in cell epigenetics [29]. The link
between COX17 and cisplatin distribution to mitochondria has been found [30]. The in-
volvement of copper-binding proteins in cisplatin uptake and distribution is probably
connected to the similarities in binding affinity of platinum and copper ions. Moreover,
glutathione (GSH) seems to attenuate this effect. It was found that 90% of cisplatin bound
to GSH is readily transferred to COX17 [31]. This suggests probable involvement of thiol-
containing molecules and not only proteins in intracellular cisplatin distribution. It would
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be interesting to investigate the effects of combining treatment with cisplatin and thiols
or cisplatin-thiol complexes or nanostructures. COX17 was also studied as a prognostic
marker for prediction of tamoxifen resistance in breast cancer patients [32]. The authors
reported that this protein could be employed as a predictive marker for tumor recurrence
and metastasis. These features are also observed for COX5B which is a subunit of COX
itself [33]. This correlates with the prognostic value of ATOX1 which was found to possess
similar properties in the breast cancer. Another COX nuclear-encoded subunit, COX4, is
also shown to be a valuable prognostic and therapeutic marker for medullary thyroid cancer
treatment [34]. The role of the COX protein in cancer development and progression as well
as its influence on altered signaling and metabolic pathways needs to be further explored.

CCS, a protein involved in copper delivery to SOD1, is also involved in tumorigenesis.
SOD1 could serve as a prognostic marker which contributes to worsened prognosis and
higher risk of gastric [35] and prostate [36] cancer. Another study indicates SOD1 involve-
ment in cell proliferation and metastasis in non-small cell lung cancer [37]. At the same time,
knockdown of CCS leads to decreased cell proliferation and migration of MDA-MB-231
cells but does not affect the MCF-7 cell line [38]. In addition, the MAPK/ERK pathway
was inhibited upon loss of CCS activity in MDA-MB-231 cells which also correlated to the
increased ROS formation. Inhibition of CCS and Atox1 with specifically designed small
molecules is a promising treatment strategy with reduced side effects [39]. The expression
of CCS was found to be decreased in human hepatocellular carcinoma (HCC) which is
distinct from breast cancer [40]. Despite a statistical significance not being achieved, the
study concluded that a low expression level of CCS is a negative prognostic marker for
HCC patients. Presumably, copper trafficking in various tissues could be different, as well
as the involvement of copper-binding proteins in cancer development, progression, and
metastasis. This provides a foundation for further investigation on a wide panel of cancer
cell lines.

Copper efflux proteins, ATP7A and ATP7B, are also involved in cancer progression.
ATP7A correlates with a poor survival rate and is overexpressed in several tumor types,
such as breast, lung, prostate, ovarian, and colon cancer [41]. Another study shows that
ATP7A is associated with cisplatin resistance in ovarian cancer and influence effectiveness
of treatment with tetrathiomolybdate, which inhibits ATP7A activity [42]. Decreased
sequestration of platinum leads to its accumulation in the cell nucleus with subsequent
DNA damage. Moreover, the application of tetrathiomolybdate can also result in Ctr1 high
expression increasing cisplatin uptake that may be used as a solution for treatment of drug
resistance tumors [43]. Another study suggests a greater impact from inhibiting ATP7B
compared to ATP7A [44]. A detailed analysis of the ATP7A and ATP7B roles in ovarian
cancer are discussed in the review [45]. A study in the breast cancer model reveals the
opposite effects of ATP7A and ATP7B in contribution to the cisplatin resistance [46]. ATP7A
seems to be more involved in this process, whereas the analysis of ATP7B did not reach
statistical significance. To summarize, the above-mentioned ATP7A and ATP7B influence
the cisplatin efflux leading to decreased effectiveness of this drug; however, the precise role
of each protein should be determined for distinct types of cancer.

Copper takes an active part in the proangiogenic pathways via several mechanisms.
First, copper stimulates endothelial cells proliferation and migration. Next, copper is in-
volved in the expression of certain proangiogenic factors (for example, vascular endothelial
growth factor VEGF) [47], particularly as a response to hypoxia-inducible factor (HIF-1)
signaling [48]. When elevated, copper becomes toxic and may induce side effects leading
to genetic disorders (e.g., Wilson’s disease) and various types of oncological diseases. How-
ever, the exact molecular mechanisms underlying the connection between excessive copper
levels and malignant cells are still unknown. It can only be hypothesized, particularly
in the early stages, after considering the role copper plays in tumor angiogenesis. Malig-
nant tissues have higher Cu accumulation levels, thus increasing the expression of human
copper transporter (hCTR1). hCTR1 regulates the activation of cell-signaling pathways in
embryogenesis, which leads to the development and progression of cancers [49].
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The above-mentioned impact of copper ions and copper-binding proteins on cell
growth, migration, and metabolism suggests that cancer cells require high copper levels
to facilitate cell survival and disease progression. Indeed, tumor tissues are enriched
with copper suggesting that this metal is one of the diagnostic tools for various onco-
logical disorders [50]. Moreover, copper or copper-binding proteins are essential for the
function of important signaling pathways, such as BRAF [51], NF-kB [52], MAPK [53],
and EGFR/Src/VEGF [54]. Hence, the significant role of copper in cancer appearance
and progression is starting to emerge in front of researchers. The accumulated data un-
cover the possibility to improve the efficiency of diagnostic approaches and increase
treatment efficacy.

4. Therapeutic Effects of Copper-Based Compounds and Nanocarriers

The disparity in tumor cell and normal cell responses to copper have paved the way for
copper complexes to evolve as anticancer agents. Copper-based compounds nowadays are
receiving attention due to their target-specific therapeutic properties. Copper compounds
influence the activities of several crucial cell organelles, such as the mitochondria and
endoplasmic reticulum, leading to the loss of their functions and eventually resulting in
cell death (Figure 2).

Figure 2. The main effect of copper nanoformulations on cell metabolism. The major impact of
copper on cell metabolism is a result of ROS generation and DNA damage. Proteasome, endoplasmic
reticulum, and mitochondria also suffer from copper excess.

Nowadays, the increasing number of metal-based compounds and nanoparticles are
being investigated due to their promising potential in theranostics, and various iron, zinc,
copper-based and other agents are under development and testing for these purposes. For
example, superparamagnetic iron oxide nanoparticles (SPIONs) are being actively used as
a contrast agent for MRI procedures and in therapy. Currently, there are several running
translational studies which explore SPIONs’ toxicity and biomedical applications, and
ferumoxytol was FDA-approved for clinics [55]. Copper is also attracting the attention
of researchers as a possible component for nanocompounds for theranostics and drug
delivery. For example, copper is used in PET scanning as a radiotracer agent in cancer
diagnostics, and 64CuCl2 has successfully passed clinical studies demonstrating its diag-
nostic potential [56]. Several studies successfully implemented copper for efficient bone
regeneration [57] and anti-inflammatory therapy [58]. Copper-based nanoparticles also
found their place in chemodynamic [59] and photothermal therapy [60].

The radiotracer biodistribution has shown that the liver has the highest uptake, fol-
lowed by the intestine and pancreas, with urinary excretion being insignificant. It is the
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first biodistribution and radiation dosimetry trial with healthy volunteers. The estimated
absorbance and effective doses were higher than the ones from another report with partic-
ipants suffering from prostate cancer. The measurement methodology and assumptions
used in dose calculation as well as the difference between the biodistribution in cancer
patients and healthy volunteers are the main reasons for that disparity [61]. An interesting
combination of SPIONs and Cu (II) ions were used as a cell labeling MRI/PET agent.
Contrast agents showed good cellular uptake and cell-labeling ability [62]. Furthermore,
gold nanoparticles alloyed with copper-64 demonstrate higher sensitivity and stability
compared to non-modified gold nanoparticles [63]. Thus, copper presence could improve
the effectiveness of the iron or gold nanoparticles, which opened new opportunities for
further research in the field of cancer imaging. However, the major limitation and risk
factor for wide implication of copper is toxicity of copper ions for cells [64].

Extrinsic and mitochondrial pathways of apoptosis are important in the control of
tumor development and could be exploited for therapy [65]. The anticancer properties
of Schiff base copper (II) complexes are well-studied and known in the scientific commu-
nity. For instance, [Cu(sal-5-met-L-glu)(H2O)].H2O, [Cu(ethanol)2(imidazole)4][Cu2(sal-D,
L-glu)2(imidazole)2] and [Cu(sal-D,L-glu)(2-methylimidazole)] complexes activate the in-
trinsic pathway, while [Cu2(sal-D, L-glu)2(isoquinoline)2]·2C2H5OH initiates the extrinsic
pathway in human HT-29 colon carcinoma cells, respectively. All these complexes also
induce a cytotoxic effect on the HT-20 cell line, and as a result, prove that they might
become potential anticancer agents [66]. Structural formulas of the complexes can be
found in recent publications [67–69]. Another study shows that accumulation of copper
ions inside the cells leads to oxidative stress and apoptosis [70]. Moreover, the usage of
2,2′-dithiodipyridine strongly enhances this effect which is bound to its ability to transport
copper through the plasma membrane.

Topoisomerases play an essential role in DNA replication and are relevant in cancer
research as a target for novel therapies. There are currently several drugs approved by the
FDA targeting topoisomerases (e.g., irinotecan, etoposide, etc.). Thiosemicarbazones are a
group of complexes proved to have anticancer activity. “Triapine” (thiosemicarbazone) has
been successfully tested for uterine cervix and vaginal cancers in clinical trials phase I and II
and is presently under clinical trials phase III [71]. Thiosemicarbazones copper (II) complex
[Cu(PyCT4BrPh)Cl] was investigated and demonstrated a cytotoxic effect on a leukemia
cell line (THP-1) and human breast cancer cell line (MCF-7). It had stronger topoisomerase
inhibitor activity and generally more impact on these cell lines than its analogue without
copper, which proves how transition metals can increase the effectiveness of the known
compound [72].

Copper complexes are shown to influence the endoplasmic reticulum leading to
immunogenic cell death in breast cancer stem cells [73–75]. In a recent study, cuprous
oxide nanoparticles affect calcium transport leading to its accumulation in intracellular
space resulting in oxidative stress, activation of caspases, and apoptosis. Copper complexes
are also able to inhibit proteasome function [76]. Other structures allow G-quadruplex
telomeric DNA reduction [77]. These effects lead to disturbances in cell cycle, activation of
apoptotic pathways, and cancer cell death. One article reports copper complexes are able to
accumulate inside mitochondria leading to cytotoxicity by damaging mtDNA [78]. A great
variety of induced effects allows copper compounds to be used for various applications in
a precisely determined manner of action.

5. Copper Nanoparticles for Cancer Imaging and Drug Delivery

Due to the recent developments in imaging technologies and biology, molecular imag-
ing provides not only the possibility to visualize the tumor, but also to assess the expression
and activity of specific molecules (e.g., protein kinases, enzymes, proteases, etc.) and
various processes (including metastasis, tumor cell apoptotic death, angiogenesis, etc.)
involved in cancer progression, response to therapy, and recurrence [79]. Furthermore,
molecular imaging based on CuS NPs enables repetitive assessment of particles biodis-
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tribution and biokinetic properties employing positron emission tomography (PET) and
photoacoustic imaging (PAI) [80,81].

Photoacoustic (PA) imaging, developed rapidly in the recent decade, represents a
noninvasive biomedical imaging method which can be employed for visualization of
deeply located tissues tumors, analysis of vasculature [82], or evaluation of neoangio-
genesis [83]. Upon the in vivo absorbance of a short-pulse laser by various molecules
(e.g., water, melanin, RNA, DNA, hemoglobin, cytochromes, lipids, etc.) ultrasonic signals
are generated via the mechanism of photothermal conversion [84–86]. Up-to-date gold
nanostructures (GNPs) were widely applied as contrast agents for photoacoustic imag-
ing [87]. However, GNPs were reported to have several limitations as contrast agents,
including dependence of optical properties on shape, geometry, and size of particles as well
as their susceptibility to tumor microenvironmental factors. On the contrary, compared
to the maximum absorption between 560 and 840 nm of GNPs, the absorption of copper
nanoparticles could be tuned to peak at wavelengths greater than 900 nm, thus providing
the improved sensitivity in the NIR region (i.e., stronger PA signal, higher signal-to-noise
ratio, greater field-of-view) [88]. Indeed, in the study by Zhou [89] et al., it was shown
that polyethylene glycol (PEG)-coated copper(II) sulfide nanoparticles (PEG-CuS NPs)
(peak absorption of 1064 nm) could be successfully employed both as a contrast agent for
in vivo imaging of 4T1 breast tumor vasculature and as a mediator for photothermolysis
of cancer cells. However, due to the intrinsic dipole–dipole interactions among Cu-based
particles, synthesis of size-tunable, biocompatible, and colloidally stable suspension of
particles remains a challenge. To overcome this problem Ding [90] et al. proposed the
aqueous synthesis of PEGylated copper sulfide particles with controllable size between
3 and 7 nm. Subsequent preclinical studies demonstrated that particles, particularly of
less than 5 nm, had a higher tumor-imaging potential. Another approach could be based
on application of tumor microenvironment-sensitive nanoparticles as was proposed in
the work of Wang et al. [91]. The authors developed iron-copper co-doped polyaniline
nanoparticles (Fe-Cu@PANI) which upon glutathione (GSH) redox reaction could shift in
the absorption spectrum from the visible to the NIR. The etching of Fe-Cu@PANI resulted
both in photoacoustic imaging of tumors and efficient photothermal therapy. In recent re-
search by Bindra [92] et al., the authors synthesized a self-assembled nanosystem (SCP-CS)
which consisted of a semiconducting polymer (SCP) and encapsulated ultrasmall CuS (CS)
nanoparticles. This nanosystem demonstrated not only an improved PA-imaging ability
but also significant tumor growth inhibition due to the enhanced production of ROS.

In PET apart from traditionally employed positron emitters [64Cu]-based NPs were
also shown as an efficient radiotracer for tumor diagnostics [93,94]. Thus, Zhou [94] et al. in
the U87 human glioblastoma xenograft model demonstrated that a novel class of chelator-
free [64Cu]CuS nanoparticles (NPs) (PEG-[64Cu]CuS NPs) could effectively target the
tumor cells providing a potential for image-guided PTA therapy. In a more recent study,
more complex indium- and copper-based metal-phenolic nanoparticles (MPNs) (labeled
with 111In and 64Cu) were proposed for in vivo multimodal PET/SPECT/CT imaging [95].

Among other applications of Cu-based NPs is their use as a chemotherapeutic drug de-
livery system. Recently, Zhang [96] et al. proposed hybrid hollow mesoporous organosilica
nanoparticles (HMONs) that consisted of ultrasmall photothermal CuS particles and disul-
firam (DSF). Upon near-infrared (NIR) irradiation, released Cu2+ ions from nanoparticles
converted the nontoxic DSF into a highly cytotoxic diethyldithiocarbamate (DTC)-copper
complex that inhibited tumor growth. In another study, thermo-responsive copper sulfide
(CuS) was employed to deliver CRISPR-Cas9 ribonucleoprotein (RNP) and doxorubicin for
tumor combination therapy consisting of chemotherapy, gene therapy, and photothermal
therapy [97].

6. Clinical Application of Copper-Based Nanoparticles in Oncology

Although some breakthroughs have been made in the treatment of malignant tu-
mors [98,99], therapies, such as chemotherapy and radiotherapy, have become the most
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commonly used clinical treatments for tumors. However, the recurrence rate, drug resis-
tance, quality of life, and other issues of cancer patients are still a global challenge [100]. In
recent years, nanomaterials can effectively deliver drugs to specific targets, protect blood
circulation drugs from endogenous enzymes, extend the half-life of drugs, and have shown
great potential in tumor treatment [101,102].

Breast cancer (BC) is the second most common female cancer in the world, second
only to lung cancer [99]. Studies have shown that copper-based nanomaterials have broad
application prospects in the treatment of BC. For example, Ahamed et al. [103] found that
copper ferrite (CuFe2O4) nanoparticles (NPs) added to the culture of human breast cancer
MCF-7 cells can cause intracellular oxidation stress response, exerting anti-cancer effects,
specifically manifested in the production of ROS and the consumption of glutathione (GSH)
(Figure 3). Furthermore, Rajagopal et al. [104] found that copper nanoparticles (Wt-CuNPs)
have obvious cytotoxic effects on MCF-7 cells. The specific mechanism is mainly due to the
release of copper ions from the nanoparticles and the binding of copper ions to tumor cell
DNA, causing DNA damage and the resulting apoptotic cell death.

Figure 3. Copper ferrite NP-induced oxidative stress in MCF-7. Cells were exposed to copper
ferrite NPs at the dosages of 0, 5, 25, and 100 g/mL for 24 h. At the end of exposure, ROS and
GSH levels were determined, as described in materials and methods. (A) Percentage change in
ROS level. (B) Fluorescence microscopy image of ROS generation. (C) GSH level. Data represented
are mean ± SD of three identical experiments made in three replicates. * Significant difference as
compared to control (p < 0.05).

Copper-based nanomaterials have also achieved good results in the treatment of
esophageal cancer. Wang et al. [105] covered the silica coating on the Cu9S5 nanoparticles to
form Cu9S5@MS core-shell nanostructures and added Cu9S5@MS core-shell nanostructures
to human esophageal squamous carcinoma Eca109 and TE8 cells. After co-cultivation and
treatment with NIR, it was found that Cu9S5@MS + NIR performs active anticancer activity
against the EC109 and TE8 cancer cell lines by cell cycle arrest (Figure 4).

Furthermore, Xu et al. [106] optimized the concentration of disulfiram and Cu2+ ion
for inhibiting esophageal cancer cells and loaded them in hyaluronic acid (HA)/polyethy-
leneimine (PEI) nanoparticles with specific scales to obtain NP-HPDCu2+ nanoparticles to
improve the effectiveness and targeting of the drug. In vitro experiments proved that NP-
HPDCu2+ nanomaterials can significantly promote the occurrence of Eca109 cell apoptosis
and inhibit the migration and invasion of Eca109 (Figure 5). At the same time, the nude
mouse tumor model proves that NP-HPDCu2+ nanomaterials can reduce the tumor volume
and keep the weight of nude mice stable. The results of tumor tissue immunohistochem-
istry, immunofluorescence staining, and western blotting also showed that NP-HPDCu2+
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nanomaterials can promote apoptosis and inhibit proliferation of esophageal squamous
cell carcinoma.

Figure 4. Portrayal of the Cu9S5@MS nanoparticles synthesis and application as a dual functional
treatment stage for esophageal squamous carcinoma treatment.

Figure 5. (A) Western blot of CD44 expressed on the Het-1A, L929, Eca109, and TE1 (mean ± SD,
n = 3); (B) Fluorescence images of Het-1A, L929, Eca109, and TE1 stained with FITC-labeled NP-
HPDCu2+ (FITC-NP, green color), PI (apoptosis marker, red color) and DAPI (nucleus marker, blue
color); (C) mechanism diagram of targeted killing tumor cells by NP-HPDCu2+ nanoparticle.
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Lung cancer is the malignant tumor with the highest mortality rate in the world,
and non-small cell lung cancer is the most common pathological type in clinic [107,108].
Some researchers have found that copper-based nanomaterials have shown great potential
in the treatment of NSCLC. Naatz et al. [109] constructed a new type of nanomaterial,
Fe-doped CuO nanomaterial, which can use doped Fe to control the dissolution kinetics
of copper-based nanomaterials. Using mouse lung squamous cell KLN-205 to construct a
tumor-bearing nude mouse model by regulating the release of Cu2+, the local long-term
drug concentration can be maintained, and the occurrence of drug resistance can be reduced.
Additionally, these particles can also trigger a systemic anti-cancer immune response,
promote the generation of ROS, and increase the rate of tumor cell death, which shows that
CuO nanomaterials also have broad prospects for anti-cancer applications (Figure 6). In
addition, Kalaiarasi et al. [110] reported that in A549 cells, the anti-cancer effect of CuO
copper-based nanomaterials is related to the inhibition of histone deacetylase (HDACs)
expression. Specifically, CuO copper-based nanomaterials have a strong inhibitory effect on
different types of HDACs, can down-regulate the expression of oncogenes and up-regulate
the expression of tumor suppressor genes, and induce apoptosis of cancer cells by activating
the caspase cascade pathway to exert anti-cancer effects.

 

Figure 6. Copper homeostasis and regulatory mechanisms, including extra- and intracellular dissolu-
tion of pure and Fe-doped CuO NPs.

In recent years, with the continuous in-depth research of nanomaterials compared with
traditional antitumor treatments, nanomaterials have been used in more and more clinical
anticancer applications, showing great development potential [111]. For example, in our
previous research, we found that some nanoparticles, such as superparamagnetic iron oxide
nanoparticles (SPIONs), high-Z gold nanoparticles following intratumoral injection can
provide a high local concentration of the agent, reduction of the particle clearance (i.e., renal
or hepatic clearance) that increases the bioavailability of nanoparticles and has the effect of
radiosensitizer in cancer radiotherapy, which can be used for long-term local anti-tumor
therapy [112,113]. As an ideal anti-tumor drug candidate, copper-based nanomaterials
have the following advantages: (i) compared with other metals, copper is cheap and rich
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in content [114], (ii) copper can induce reactive oxygen species (ROS)-mediated oxida-
tive stress and promote tumor cell apoptosis [115–117], (iii) it has good biocompatibility,
biodegradability, antibacterial properties, and selective cytotoxicity to cancer cells [118],
and (iv) copper-based nanomaterials have less toxic effects on normal cells, fewer side
effects, and are safer and more reliable [119]. Thus, copper-based nanomaterials have
attracted more and more attention and have become the current research hotspot. At
the same time, the emergence of copper-based nanomaterials has brought dawn to the
treatment of various tumors [120].

However, copper-based nanomaterials also have limitations. For example, the produc-
tion process of copper-based nanomaterials uses physical and chemical methods that are
harmful to the environment and the human body [121]. Additionally, the instability and
susceptibility to oxidation of copper-based nanomaterials under physiological conditions
may also hinder its anti-tumor effect and reliability [122]. Furthermore, the biological safety
of copper-based nanomaterials still requires further cell and molecular studies to avoid any
impact on health, since Fahmy et al. [123] found that copper/copper oxide nanoparticles
showed cytotoxicity to normal human lung WI-38 cells, resulting in the production of
reactive oxygen species and DNA damage and inhibiting the growth and proliferation
of WI-38 cells. The stability of copper nanoparticles is also one of the major concerns as
copper tends to aggregate to the proteins, specifically cysteine and methionine residues.
One work also found a dependency between stability and pH value [124]. However, using
green synthesis, the authors successfully designed NPs which are mostly stable at various
pH levels.

In short, copper-based nanomaterials are currently ideal anti-tumor drug candidates.
With the continuous development of nanomaterials research, it will help provide better
cancer treatment strategies in the future.

7. The Combination of Nanoparticles with Other Treatment Modalities

Based on the biological effects of copper and the physical and chemical properties of
copper nanoparticles, their applications in the biomedical field mainly include externally
triggered nanotherapies (photothermal therapy), drug delivery, antimicrobial applications,
tissue regeneration, bioimaging, and bioeffects/biosafety. Therefore, it is reasonable to
be expected that the construction of Cu-based biomaterials will have a unique integrated
diagnosis and treatment function in clinical medicine. However, due to the complexity
of tumors, such as the specific microenvironment and tumor metastasis, it is difficult to
eradicate tumors completely through monotherapy alone. Therefore, the development of
unique treatment modalities with multiple synergistic therapeutic performance has high
prospects for improving therapeutic efficacy. Therefore, rational design of optimal drug
combinations is important to achieve optimal synergistic therapeutic effects. Based on this,
several unique multifunctional nanosystems involving copper have been constructed to
jointly generate multiple nanotherapeutics [125].

Copper chalcogenides (Cu2−xE, E:S, Se, Te, 0 ≤ x ≤ 1) have been widely explored
in photon-triggered disease therapy, such as photoacoustic imaging and photothermal
hyperthermia. With stoichiometric ratios (Cu2−xS), deficient cuprous sulfide exhibits
stoichiometric-dependent localized surface plasmon resonance (LSPR) absorption in the
near-infrared range and photothermal conversion [126]. The integration of magnetic Fe3O4
nanoparticles exerted a magnetic targeting function to enhance tumor accumulation. Im-
portantly, the photonic response of these Fe3O4@CuS composite nanoparticles in the second
NIR biological window (1064 nm) achieves higher tissue penetration ability compared to
the laser activation of the first NIR biological window. Thus, a higher tumor suppression
rate was achieved with no further recurrence (808 nm). In addition to the photothermal
conversion efficiency (25.7%) of hydrophilic plate-like Cu9S5 nanocrystals at 980 nm [127],
the CuS superstructure was exemplified to respond to external 980 nm laser activation for
photothermal conversion and subsequent cancer ablation [128]. The cysteine-coated CuS
nanoparticles were also irradiated with a 980 nm laser with a high photothermal conversion

216



Molecules 2022, 27, 7066

efficiency of 38.0%, efficiently inhibiting tumor growth [129]. Furthermore, encapsulation
of CuS nanoparticles into zeolite imidazole framework 8 (ZIF-8) resulted in NIR-induced
dissociation of ZIF-8 to release loaded chemotherapeutics, aiming to achieve synergistic
photothermal ablation and NIR-triggered chemotherapy [130]. Doping iron (Fe3+) can tune
the vacancies of Cu2−xSe nanoparticles to control NIR absorption, which also enables these
semiconductors to have MR-imaging properties [131].

To improve the photothermal conversion efficiency, Cu2−xS and Ag2S were integrated
into one system by producing Cu-Ag2S/PVP nanoparticles with a high photothermal
conversion efficiency of 58.2% under 808 nm laser irradiation, which is much higher than
that of Cu2−xS/PVP nanoparticles (27.1%) [132]. The rational integration of plasmonic
Au nanoparticles and plasmonic Cu2−xS semiconductors into one matrix can enhance the
photothermal properties of Au or Cu2−xS components. The coupled LSPR properties of
Au and Cu2−xS can be maximized by designing Au@Cu2−xS core/shell nanoparticles to
enhance the PTT efficacy. Ji et al. synthesized Au@CuS nanoparticles and performed the
following cation exchange between Cu+ and CdS shells, resulting in Au@Cu2−xS nanos-
tructures [133], which can be formed as nanoparticles or nanorods. The corresponding
photothermal conversion efficiencies are calculated to be 59% at 808 nm and 43% at 1064
nm, which rapidly increases the ambient temperature of the Au@Cu2−xS nanorod aqueous
solution. In particular, the design of core/shell Au@Cu2−xS is more favorable compared
to the simple mixture of Au nanorods and Cu2−xS nanoparticles for photothermal con-
version. This core/shell design with improved photothermal performance also induced
more HeLa cell death compared to the same concentration of Cu2−xS. The Au-Cu9S5 plas-
monic hybrid nanosystem was established, which enhanced the LSPR of Cu9S5 through
the coupling effect of LSPR based on the collective vibration of electrons and holes [134].
This Au-Cu9S5 hybrid nanosystem exhibits an absorption cross-section enhancement of
1.3 × 108 m−1 cm−1 and a high photothermal conduction efficiency of 37% for photother-
mal ablation of tumor tissue. According to the plasmonic coupling effect between core
and shell, spherical Au@Cu2−xS, Au@Cu2−xS, and rod-shaped Au@Cu2-xS superparticles
were synthesized for photothermal ablation of tumors (4T1 tumor model). It has X-ray-
computed, tomography-imaging capabilities because of the presence of Au composition
with a large atomic number and an X-ray attenuation coefficient (5.16 cm−2 kg−1) [135].

Photothermal therapy exposes materials with the photothermal conversion ability to
near-infrared light. These materials can convert the absorbed light energy into thermal
energy to kill tumors, showing excellent local tumor treatment effects, but they are less
effective for metastatic tumors. The combination of photothermal therapy and radiotherapy
in tumor treatment can achieve a synergistic effect. Thus, Zhou et al. [89] synthesized PEG-
[64Cu]CuS NPs based on a single radioactive copper sulfide nanoparticle. The study
demonstrated that inhibition of tumor growth was significantly high when both methods,
radiotherapy and hyperthermia, were employed.

Photothermal therapy (PTT) mainly uses photothermal materials accumulated at the
tumor site, which can convert the absorbed light energy into heat energy (above 45 ◦C) un-
der near-infrared irradiation. Combining tumor photothermal therapy and immunotherapy
could further improve the therapeutic potency of PTT [136]. Another approach could be
based on the combination of PTT with chemotherapy. Thus, Wu et al. [137] demonstrated
that encapsulation of CuS nanoparticles into the zeolite imidazole framework 8 (ZIF-8)
resulted in NIR-induced dissociation of ZIF-8 to release loaded chemotherapeutics, which
in turn provided synergistic photothermal ablation and NIR-triggered chemotherapy.

The tumor microenvironment is usually characterized by low pH [138], altered redox
states [139], hypoxia [140], and expression of particular enzymes that could be employed
for the development of stimuli-responsive nanoparticles. Based on the fact that the hy-
drogen sulfide (H2S)-producing enzyme of cystathionine-β-synthase (CBS) is upregulated
in colon cancer, H2S concentrations in tumors reach approximately 0.3 to 3.4 mmol·L−1.
Therefore, using this overexpressed endogenous H2S to convert cuprous oxide (Cu2O) to
copper sulfide in situ can activate PA imaging and photothermal tumor ablation [141]. It is
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exemplified that the use of S-adenosyl-1-methionine (SAM) as an allosteric CBS activator
accelerates the in situ reaction between H2S and Cu2O, resulting in significantly enhanced
PA-imaging signal and photothermal effect. In contrast, the use of aminooxyacetic acid
(AOAA) as a CBS inhibitor reduced the production of H2S and subsequently the conversion
of Cu2O to copper sulfide, showing no significant PA signal and negligible temperature
change in tumors. However, the photothermal conversion efficiency after high-dose cop-
per sulfide conversion is low, and the ideal photon therapy effect cannot be obtained.
To address this critical issue, based on the LSPR-coupling effect between noble metals
and plasmonic semiconductors, Tao et al. constructed Au@Cu2O plasmonic hybrids to
enhance in situ H2S-triggered post-conversion photothermal performance [142]. Similar
to the conversion of Cu2O to Cu9S8, tumor-accumulated Au@Cu2O nanoparticles were
also converted into Au@Cu9S8 nanoagents to achieve PA-enhanced contrast agents and
photothermal tumor ablation by increasing tumor temperature. The LSPR-coupling effect
induces nearly 2.1-fold stronger NIR absorption and 1.2-fold higher photothermal conver-
sion efficiency, enabling the utilization of low nanoparticle doses with desirable therapeutic
properties. These two paradigms provide another strategy for realizing photothermal
hyperthermia involving copper-based nanoagents by in situ generation of copper-based
nanoagents with unique photothermal properties. Cheng Y. et al. [143] took advantage of
the ordered large-pore structure and easily chemically modified the property of DLMSNs,
the copper sulfide (CuS) nanoparticles with high photothermal conversion efficiency. A
homogenous cancer cell membrane was coated on the surfaces of these DLMSNs, followed
by conjugation with the anti-PD-1 peptide. The thus-obtained AM@DLMSN@CuS/R848
was applied to holistically treat metastatic TNBC in vitro and in vivo. The data showed
that AM@DLMSN@CuS/R848 had a high TNBC-targeting ability and induced efficient
photothermal ablation on primary TNBC tumors under 980 nm laser irradiation. Tumor
antigens thus generated and increasingly released R848 by response to the photothermal
effect, combined with AUNP-12 detached from AM@DLMSN@CuS/R848 in the weakly
acidic tumor microenvironment and synergistically exerted an anti-tumor effect, thus
preventing TNBC recurrence and metastasis.

Table 1 summarizes the above information presenting major classes of therapeutics
and some examples for detail consideration. The unique features of copper allow to create
a wide spectrum of various nanostructures with great diversity of their applications.

Table 1. Copper-based compounds and nanoparticles with various applications and mechanisms
of action.

Copper-Based Compound Mechanism of Action

Diagnostic
tool

64-CuCl2 [64]
Contrast agent in PET/MRI scanningCombination of SPIONs and Cu(II) [62]

Gold-copper alloyed NPs [63]

Therapeutic
agent

Schiff base copper (II) complexes [66] Activation of extrinsic or intrinsic
apoptotic pathways

Copper-based nanoparticles [96,103] Copper ions release, oxidative stress,
DNA damage

Thiosemicarbazones copper (II)
complex [72] Topoisomerase inhibition

Polypyridyl-Schiff-base copper
complex [74]

Targets endoplasmic reticulum leading
to immunogenic cell death

G-quadruplex-targeting copper
complex [77]

Rapid reduction of telomeres in
cancer cells

Ferrocenyl terpyridine copper
complexes [78]

Targets mitochondria, causes
mtDNA damage
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Table 1. Cont.

Copper-Based Compound Mechanism of Action

Combined
approach

Copper chalcogenides [126] Photothermal ablation and
NIR-triggered chemotherapyAlloyed CuAg or CuAu NPs [132,133]

PEG-[64Cu]CuS NPs [94]
Combined radiotherapy and

hyperthermia against metastatic
tumor cells

Copper-doped iron NPs [109,131] Magnetic guidance and copper release
with subsequent oxidative stress

8. Conclusions

Copper is an essential trace element in cell metabolism with distinct features. Participa-
tion of copper in oxidation–reduction reactions has an important impact on cell metabolism,
survival, and growth. Free copper ions could exert a cytotoxic effect; however, most of the
copper is bound to the enzymes, metallochaperones, and metallothioneins. These proteins,
despite their direct function, could influence functionality of other proteins affecting cell sig-
naling and gene expression, interfering in the anti-cancer chemotherapies. Recent studies
demonstrate that copper-based nanocarriers due to their unique physio-chemical properties
could be efficiently employed for tumor theranostics as a monotherapeutic approach or in
combination with other treatment modalities. Constant development and modification of
existing systems have great potential in clinic. Some limitations, which include ROS gener-
ation and free ion emergence, should be considered. However, an understanding of the
underlying molecular regulation of copper intracellular distribution and metabolism will
help to improve the current development of copper-based therapeutics and nanostructures
for further efficient clinical application.
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Properties of Diaqua [N-salicylidene–(S)–(+)–glutamato] copper (II) Monohydrate. Z. Nat. B 1991, 46, 1323–1327. [CrossRef]

70. Zhang, J.; Duan, D.; Xu, J.; Fang, J. Redox-Dependent Copper Carrier Promotes Cellular Copper Uptake and Oxidative Stress-
Mediated Apoptosis of Cancer Cells. ACS Appl. Mater. Interfaces 2018, 10, 33010–33021. [CrossRef]

71. Kunos, C.A.; Andrews, S.J.; Moore, K.N.; Chon, H.S.; Ivy, S.P. Randomized Phase II Trial of Triapine-Cisplatin-Radiotherapy for
Locally Advanced Stage Uterine Cervix or Vaginal Cancers. Front. Oncol. 2019, 9, 1067. [CrossRef] [PubMed]

72. Vutey, V.; Castelli, S.; D’Annessa, I.; Samia, L.B.; Souza-Fagundes, E.M.; Beraldo, H.; Desideria, A. Human topoisomerase IB is a
target of a thiosemicarbazone copper(II) complex. Arch. Biochem. Biophys. 2016, 606, 34–40. [CrossRef]

73. Kaur, P.; Johnson, A.; Northcote-Smith, J.; Lu, C.; Suntharalingam, K. Immunogenic Cell Death of Breast Cancer Stem Cells
Induced by an Endoplasmic Reticulum-Targeting Copper(II) Complex. Chembiochem 2020, 21, 3618–3624. [CrossRef]

74. Tardito, S.; Isella, C.; Medico, E.; Marchio, L.; Bevilacqua, E.; Hatzoglou, M.; Bussolati, O.; Franchi-Gazzola, R. The thioxotriazole
copper(II) complex A0 induces endoplasmic reticulum stress and paraptotic death in human cancer cells. J. Biol. Chem. 2009,
284, 24306–24319. [CrossRef] [PubMed]

75. Passeri, G.; Northcote-Smith, J.; Suntharalingam, K. Delivery of an immunogenic cell death-inducing copper complex to cancer
stem cells using polymeric nanoparticles. RSC Adv. 2022, 12, 5290–5299. [CrossRef] [PubMed]

76. Li, D.D.; Yague, E.; Wang, L.Y.; Dai, L.L.; Yang, Z.B.; Zhi, S.; Zhang, N.; Zhao, X.-M.; Hu, Y.-H. Novel Copper Complexes That
Inhibit the Proteasome and Trig-ger Apoptosis in Triple-Negative Breast Cancer Cells. ACS Med. Chem. Lett. 2019, 10, 1328–1335.
[CrossRef] [PubMed]

77. Yu, Z.; Fenk, K.D.; Huang, D.; Sen, S.; Cowan, J.A. Rapid Telomere Reduction in Cancer Cells Induced by G-Quadruplex-Targeting
Copper Complexes. J. Med. Chem. 2019, 62, 5040–5048. [CrossRef] [PubMed]

78. Deka, B.; Sarkar, T.; Banerjee, S.; Kumar, A.; Mukherjee, S.; Deka, S.; Saikia, K.K.; Hussain, A. Novel mitochondria targeted
copper(ii) complexes of ferrocenyl terpyridine and anticancer active 8-hydroxyquinolines showing remarkable cytotoxicity, DNA
and protein binding affinity. Dalton Trans. 2017, 46, 396–409. [CrossRef]

79. Weissleder, R. Molecular imaging in cancer. Science 2006, 312, 1168–1171. [CrossRef]
80. Louie, A. Multimodality imaging probes: Design and challenges. Chem. Rev. 2010, 110, 3146–3195. [CrossRef]
81. Ku, G.; Chen, J.; Vittal, J.J. Copper sulfide nanoparticles as a new class of photoacoustic contrast agent for deep tissue imaging at

1064 nm. ACS Nano. 2012, 6, 7489–7496. [CrossRef] [PubMed]
82. Zhang, H.F.; Maslov, K.; Stoica, G.; Wang, L.V. Functional photoacoustic microscopy for high-resolution and noninvasive in vivo

imaging. Nat. Biotechnol. 2006, 24, 848–851. [CrossRef] [PubMed]
83. Siphanto, R.; Thumma, K.K.; Kolkman, R.G.M.; van Leeuwen, T.G.; de Mul, F.F.M.; van Neck, J.W.; van Adrichem, L.N.A.;

Steenbergen, W. Serial noninvasive photoacoustic imaging of neovascularization in tumor angiogenesis. Opt. Express 2005,
13, 89–95. [CrossRef] [PubMed]

84. Yao, J.; Wang, L.V. Photoacoustic tomography: Fundamentals, advances and prospects. Contrast Media Mol. Imaging 2011,
6, 332–345. [CrossRef]

222



Molecules 2022, 27, 7066

85. Zha, Z.; Deng, Z.; Li, Y.; Li, C.; Wang, J.; Wang, S.; Quc, E.; Dai, Z. Biocompatible polypyrrole nanoparticles as a novel organic
photoacoustic contrast agent for deep tissue imaging. Nanoscale 2013, 5, 4462–4467. [CrossRef] [PubMed]

86. Bao, B.; Yang, Z.; Liu, Y.; Xu, Y.; Gu, B.; Chen, J.; Su, P.; Tong, L.; Wang, L. Two-photon semiconducting polymer nanoparticles as a
new platform for imaging of intracellular pH variation. Biosens. Bioelectron. 2019, 126, 129–135. [CrossRef] [PubMed]

87. Manohar, S.; Ungureanu, C.; van Leeuwen, T.G. Gold nanorods as molecular contrast agents in photoacoustic imaging: The
promises and the caveats. Contrast Media Mol. Imaging 2011, 6, 389–400. [CrossRef]

88. Cherukula, K.; Manickavasagam Lekshmi, K.; Uthaman, S.; Cho, K.; Cho, C.S.; Park, I.K. Multifunctional inorganic nanoparticles:
Recent progress in thermal therapy and imaging. Nanomaterials 2016, 6, 76. [CrossRef]

89. Zhou, M.; Ku, G.; Pageon, L.; Li, C. Theranostic probe for simultaneous in vivo photoacoustic imaging and confined photother-
molysis by pulsed laser at 1064 nm in 4T1 breast cancer model. Nanoscale 2014, 6, 15228–15235. [CrossRef]

90. Ding, K.; Zeng, J.; Jing, L.; Qiao, R.; Liu, C.; Jiao, M.; Libc, Z.; Gao, M. Aqueous synthesis of PEGylated copper sulfide nanoparticles
for photoacoustic imaging of tumors. Nanoscale 2015, 7, 11075–11081. [CrossRef]

91. Wang, S.; Zhang, L.; Zhao, J.; He, M.; Huang, Y.; Zhao, S. A tumor microenvironment–induced absorption red-shifted polymer
nanoparticle for simultaneously activated photoacoustic imaging and photothermal therapy. Sci. Adv. 2021, 7, eabe3588.
[CrossRef] [PubMed]

92. Bindra, A.K.; Wang, D.; Zheng, Z.; Jana, D.; Zhou, W.; Yan, S.; Wuac, H.; Zheng, Y.; Zhao, Y. Self-assembled semiconducting
polymer based hybrid nanoagents for synergistic tumor treatment. Biomaterials 2021, 279, 121188. [CrossRef] [PubMed]

93. Phelps, M.E. Positron emission tomography provides molecular imaging of biological processes. PNAS 2000, 97, 9226–9233.
[CrossRef]

94. Zhou, M.; Zhang, R.; Huang, M.; Lu, W.; Song, S.; Melancon, M.P.; Tian, M.; Liang, D.; Li, C. A chelator-free multifunctional
[64Cu] CuS nanoparticle platform for simultaneous micro-PET/CT imaging and photothermal ablation therapy. J. Am. Chem. Soc.
2010, 132, 15351–15358. [CrossRef] [PubMed]

95. Suárez-García, S.; Esposito, T.V.; Neufeld-Peters, J.; Bergamo, M.; Yang, H.; Saatchi, K.; Schaffer, P.; Häfeli, U.O.; Ruiz-Molina, D.;
Rodríguez-Rodríguez, C. Hybrid Metal–Phenol Nanoparticles with Polydopamine-like Coating for PET/SPECT/CT Imaging.
ACS Appl. Mater. Interfaces 2021, 13, 10705–10718. [CrossRef]

96. Zhang, H.; Song, F.; Dong, C.; Yu, L.; Chang, C.; Chen, Y. Co-delivery of nanoparticle and molecular drug by hollow mesoporous
organosilica for tumor-activated and photothermal-augmented chemotherapy of breast cancer. J. Nanobiotechnology 2021, 19, 290.
[CrossRef]

97. Chen, C.; Ma, Y.; Du, S.; Wu, Y.; Shen, P.; Yan, T.; Li, X.; Song, Y.; Zha, Z.; Han, X. Controlled CRISPR-Cas9 Ribonucleoprotein
Delivery for Sensitized Photothermal Therapy. Small 2021, 17, 2101155. [CrossRef]

98. Druzhkova, I.N.; Shirmanova, M.V.; Kuznetsova, D.S.; Lukina, M.M.; Zagaynova, E.V. Modern Approaches to Testing Drug
Sensitivity of Patients’ Tumors (Review). Sovrem Tekhnologii Med. 2021, 12, 91–102. [CrossRef]

99. Ganesan, K.; Wang, Y.; Gao, F.; Liu, Q.; Zhang, C.; Li, P.; Zhang, L.; Chen, J. Targeting Engineered Nanoparticles for Breast Cancer
Therapy. Pharmaceutics 2021, 13, 1829. [CrossRef]

100. Es-Haghi, A.; Taghavizadeh, Y.M.; Sharifalhoseini, M.; Baghani, M.; Yousefi, E.; Rahdar, A.; Baino, F. Application of Response
Sur-face Methodology for Optimizing the Therapeutic Activity of ZnO Nanoparticles Biosynthesized from Aspergillus niger.
Biomimetics 2021, 6, 34. [CrossRef]

101. Sanaei, M.J.; Pourbagheri-Sigaroodi, A.; Kaveh, V.; Sheikholeslami, S.A.; Salari, S.; Bashash, D. The application of nano-medicine to
overcome the challenges related to immune checkpoint blockades in cancer immunotherapy: Recent advances and opportunities.
Crit. Rev. Oncol. Hematol. 2021, 157, 103160. [CrossRef] [PubMed]

102. Park, W.; Heo, Y.J.; Han, D.K. New opportunities for nanoparticles in cancer immunotherapy. Biomater. Res. 2018, 22, 24.
[CrossRef] [PubMed]

103. Ahamed, M.; Akhtar, M.J.; Alhadlaq, H.A.; Alshamsan, A. Copper ferrite nanoparticle-induced cytotoxicity and oxidative stress
in human breast cancer MCF-7 cells. Colloids Surf. B. Biointerfaces 2016, 142, 46–54. [CrossRef]

104. Rajagopal, G.; Nivetha, A.; Sundar, M.; Panneerselvam, T.; Murugesan, S.; Parasuraman, P.; Kumar, S.; Ilangoa, S.; Kunjiappanh,
S. Mixed phytochemicals medi-ated synthesis of copper nanoparticles for anticancer and larvicidal applications. Heliyon 2021,
7, e7360. [CrossRef] [PubMed]

105. Wang, S.; Liu, J.; Qiu, S.; Yu, J. Facile fabrication of Cu9-S5 loaded core-shell nanoparticles for near infrared radiation medi-
ated tumor therapeutic strategy in human esophageal squamous carcinoma cells nursing care of esophageal cancer pa-tients.
J. Photochem. Photobiol. B. 2019, 199, 111583. [CrossRef] [PubMed]

106. Xu, R.; Zhang, K.; Liang, J.; Gao, F.; Li, J.; Guan, F. Hyaluronic acid/polyethyleneimine nanoparticles loaded with copper ion and
disulfiram for esophageal cancer. Carbohydr. Polym. 2021, 261, 117846. [CrossRef]

107. Imyanitov, E.N.; Iyevleva, A.G.; Levchenko, E.V. Molecular testing and targeted therapy for non-small cell lung cancer: Cur-rent
status and perspectives. Crit. Rev. Oncol. Hematol. 2021, 157, 103194. [CrossRef]

108. Herbst, R.S.; Morgensztern, D.; Boshoff, C. The biology and management of non-small cell lung cancer. Nature 2018, 553, 446–454.
[CrossRef]

109. Naatz, H.; Manshian, B.B.; Rios, L.C.; Tsikourkitoudi, V.; Deligiannakis, Y.; Birkenstock, J.; Pokhrel, S.; Mädler, L. Model-Based
Nanoengineered Pharmacokinetics of Iron-Doped Copper Oxide for Nanomedical Applications. Angew. Chem. Int. Ed. Engl. 2020,
59, 1828–1836. [CrossRef]

223



Molecules 2022, 27, 7066

110. Kalaiarasi, A.; Sankar, R.; Anusha, C.; Saravanan, K.; Aarthy, K.; Karthic, S.; Ravikumar, V. Copper oxide nanoparticles induce
anticancer activity in A549 lung cancer cells by inhibition of histone deacetylase. Biotechnol. Lett. 2018, 40, 249–256. [CrossRef]

111. Giri, R.K.; Chaki, S.; Khimani, A.J.; Vaidya, Y.H.; Thakor, P.; Thakkar, A.B.; Pandya, S.J.; Deshpande, M.P. Biocompatible CuInS2
Nanoparticles as Poten-tial Antimicrobial, Antioxidant, and Cytotoxic Agents. ACS Omega 2021, 6, 26533–26544. [CrossRef]
[PubMed]

112. Li, W.B.; Stangl, S.; Klapproth, A.; Shevtsov, M.; Hernandez, A.; Kimm, M.A.; Schuemann, J.; Qiu, R.; Michalke, B.; Bernal,
M.A.; et al. Application of High-Z Gold Nanoparticles in Targeted Cancer Radiotherapy-Pharmacokinetic Modeling, Monte Carlo
Simulation and Radiobiological Effect Model-ing. Cancers 2021, 13, 5370. [CrossRef] [PubMed]

113. Klapproth, A.P.; Shevtsov, M.; Stangl, S.; Li, W.B.; Multhoff, G. A New Pharmacokinetic Model Describing the Biodistribution of
Intravenously and Intratumorally Administered Superparamagnetic Iron Oxide Nanoparticles (SPIONs) in a GL261 Xenograft
Glioblastoma Model. Int. J. Nanomed. 2020, 15, 4677–4689. [CrossRef] [PubMed]

114. Wang, L.; Hu, C.; Shao, L. The antimicrobial activity of nanoparticles: Present situation and prospects for the future. Int. J.
Nanomed. 2017, 12, 1227–1249. [CrossRef] [PubMed]

115. Zheng, R.; Cheng, Y.; Qi, F.; Wu, Y.; Han, X.; Yan, J.; Zhang, H. Biodegradable Copper-Based Nanoparticles Augmented
Chemody-namic Therapy through Deep Penetration and Suppressing Antioxidant Activity in Tumors. Adv. Healthc. Mater. 2021,
10, e2100412. [CrossRef]

116. Koh, J.Y.; Lee, S.J. Metallothionein-3 as a multifunctional player in the control of cellular processes and diseases. Mol. Brain 2020,
13, 116. [CrossRef]

117. Lelievre, P.; Sancey, L.; Coll, J.L.; Deniaud, A.; Busser, B. The Multifaceted Roles of Copper in Cancer: A Trace Metal Element with
Dysregulated Metabolism, but Also a Target or a Bullet for Therapy. Cancers 2020, 12, 3594. [CrossRef]

118. Camats, M.; Pla, D.; Gomez, M. Copper nanocatalysts applied in coupling reactions: A mechanistic insight. Nanoscale 2021,
13, 18817–18838. [CrossRef]

119. Mehdizadeh, T.; Zamani, A.; Abtahi, F.S. Preparation of Cu nanoparticles fixed on cellulosic walnut shell material and in-
vestigation of its antibacterial, antioxidant and anticancer effects. Heliyon 2020, 6, e3528. [CrossRef]

120. Naikoo, G.; Al-Mashali, F.; Arshad, F.; Al-Maashani, N.; Hassan, I.U.; Al-Baraami, Z.; Faruck, L.H.; Qurashi, A.; Ahmed, W.;
Asiri, A.M. An Overview of Copper Nanoparti-cles: Synthesis, Characterisation and Anticancer Activity. Curr. Pharm. Des. 2021,
27, 4416–4432. [CrossRef]

121. Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.; Hossain, K.; Banik, S.; Hosokawa, T.; Saito, T.; Kurasaki, M. A systematic review
on silver nanoparti-cles-induced cytotoxicity: Physicochemical properties and perspectives. J. Adv. Res. 2018, 9, 1–16. [CrossRef]
[PubMed]

122. Da, S.D.; De Luca, A.; Squitti, R.; Rongioletti, M.; Rossi, L.; Machado, C.; Cerchiaro, G. Copper in tumors and the use of
copper-based compounds in cancer treatment. J. Inorg. Biochem. 2022, 226, 111634. [CrossRef]

123. Fahmy, H.M.; Ebrahim, N.M.; Gaber, M.H. In-vitro evaluation of copper/copper oxide nanoparticles cytotoxicity and geno-toxicity
in normal and cancer lung cell lines. J. Trace. Elem. Med. Biol. 2020, 60, 126481. [CrossRef] [PubMed]

124. Prasad, P.R.; Kanchi, S.; Naidoo, E.B. In-vitro evaluation of copper nanoparticles cytotoxicity on prostate cancer cell lines and their
antioxidant, sensing and catalytic activity: One-pot green approach. J. Photochem. Photobiol. B Biol. 2016, 161, 375–382. [CrossRef]
[PubMed]

125. Dong, C.; Feng, W.; Xu, W.; Yu, L.; Xiang, H.; Chen, Y.; Zhou, J. The Coppery Age: Copper (Cu)-Involved Nanotheranostics. Adv.
Sci. 2020, 21, 2001549. [CrossRef]

126. Li, W.; Zamani, R.; Rivera Gil, P.; Pelaz, B.; Ibáñez, M.; Cadavid, D.; Shavel, A.; Alvarez-Puebla, R.A.; Parak, W.J.; Arbiol, J.; et al.
CuTe Nanocrystals: Shape and Size Control, Plasmonic Properties, and Use as SERS Probes and Photothermal Agents. J. Am.
Chem. Soc. 2013, 135, 7098–7101. [CrossRef] [PubMed]

127. Tian, Q.; Jiang, F.; Zou, R.; Liu, Q.; Chen, Z.; Zhu, M.; Yang, S.; Wang, J.; Wang, J.; Hu, J. Hydrophilic Cu9S5 Nanocrystals: A
Photothermal Agent with a 25.7% Heat Conversion Effi-ciency for Photothermal Ablation of Cancer Cells in Vivo. ACS Nano.
2011, 5, 9761–9771. [CrossRef]

128. Tian, Q.; Tang, M.; Sun, Y.; Zou, R.J.; Chen, Z.G.; Zhu, M.F.; Yang, S.P.; Wang, J.L.; Wang, J.H.; Hu, J.Q. Hydrophilic Flower-Like
CuS Superstructures as an Efficient 980 nm Laser-Driven Photother-mal Agent for Ablation of Cancer Cells. Adv. Mater. 2011,
23, 3542–3547. [CrossRef]

129. Liu, X.; Li, B.; Fu, F.; Xu, K.; Zou, R.; Wang, Q.; Zhang, B.; Chena, Z.; Hu, J. Facile synthesis of biocompatible cysteine-coated CuS
nanoparticles with high photothermal conver-sion efficiency for cancer therapy. Dalton Trans. 2014, 43, 11709–11715. [CrossRef]

130. Wang, Z.; Tang, X.; Wang, X.; Yang, D.; Yang, C.; Lou, Y.; Chen, J.; He, N. Near-infrared light-induced dissociation of zeolitic
imidazole framework-8 (ZIF-8) with encapsulated CuS nanoparticles and their application as a therapeutic nanoplatform. Chem.
Comm. 2016, 52, 12210–12213. [CrossRef]

131. Zhang, S.; Huang, Q.; Zhang, L.; Zhang, H.; Han, Y.; Sun, Q.; Cheng, Z.; Qin, H.; Doub, S.; Li, Z. Vacancy engineering of Cu2−xSe
nanoparticles with tunable LSPR and magnetism for dual-modal imaging guided photothermal therapy of cancer. Nanoscale 2018,
10, 3130–3143. [CrossRef] [PubMed]

132. Dong, L.; Ji, G.; Liu, Y.; Xu, X.; Lei, P.; Du, K.; Song, S.; Feng, J.; Zhang, H. Multifunctional Cu–Ag2S nanoparticles with high
photothermal conversion efficiency for photoa-coustic imaging-guided photothermal therapy in vivo. Nanoscale 2018, 10, 825–831.
[CrossRef] [PubMed]

224



Molecules 2022, 27, 7066

133. Ji, M.; Xu, M.; Zhang, W.; Yang, Z.; Huang, L.; Liu, J.; Zhang, Y.; Gu, L.; Yu, Y.; Hao, W.; et al. alStructurally Well-Defined
Au@Cu2−xS Core–Shell Nanocrystals for Improved Cancer Treatment Based on Enhanced Photothermal Efficiency. Adv. Mater.
2016, 28, 3094–3101. [CrossRef] [PubMed]

134. Ding, X.; Liow, C.H.; Zhang, M.; Huang, R.; Li, C.; Shen, H.; Liu, M.; Zou, Y.; Gao, N.; Zhang, Z.; et al. Surface Plasmon
Resonance Enhanced Light Absorption and Photothermal Therapy in the Second Near-Infrared Window. J. Am. Chem. Soc. 2014,
136, 15684–15693. [CrossRef]

135. Zhu, H.; Wang, Y.; Chen, C.; Ma, M.; Zeng, J.; Li, S.; Xia, Y.; Gao, M. Monodisperse Dual Plasmonic Au@Cu2–xE (E= S, Se)
Core@Shell Supraparticles: Aqueous Fab-rication, Multimodal Imaging, and Tumor Therapy at in Vivo Level. ACS Nano. 2017,
11, 8273–8281. [CrossRef]

136. Chen, W.; Qin, M.; Chen, X.; Wang, Q.; Zhang, Z.; Sun, X. Combining photothermal therapy and immunotherapy against
melanoma by polydopamine-coated Al2O3nanoparticles. Theranostics 2018, 8, 2229–2241. [CrossRef]

137. Wu, Z.-C.; Li, W.-P.; Luo, C.-H.; Su, C.H.; Yeh, C.S. Rattle-Type Fe3O4@CuS Developed to Conduct Magnetically Guided
Photoinduced Hyper-thermia at First and Second NIR Biological Windows. Adv. Funct. Mater. 2015, 25, 6527–6537. [CrossRef]

138. Webb, B.A.; Chimenti, M.; Jacobson, M.P.; Barber, D.L. Dysregulated pH: A perfect storm for cancer progression. Nat. Rev. Cancer
2011, 11, 671–677. [CrossRef]

139. Estrela, J.M.; Ortega, A.; Obrador, E. Glutathione in Cancer Biology and Therapy. Crit. Rev. Clin. Lab. Sci. 2006, 43, 143–181.
[CrossRef]

140. Harris, A.L. Hypoxia—a key regulatory factor in tumour growth. Nat. Rev. Cancer 2002, 2, 38–47. [CrossRef]
141. An, L.; Wang, X.; Rui, X.; Lin, J.; Yang, H.; Tian, Q.; Tao, C.; Yang, S. The In Situ Sulfidation of Cu2O by Endogenous H2S for

Colon Cancer Theranostics. Angew. Chem. Int. Ed 2018, 57, 15782–15786. [CrossRef] [PubMed]
142. Tao, C.; An, L.; Lin, J.; Tian, Q.; Yang, S. Surface Plasmon Resonance–Enhanced Photoacoustic Imaging and Photothermal Therapy

of Endog-enous H2S-Triggered Au@Cu2O. Small 2019, 15, 1903473. [CrossRef] [PubMed]
143. Cheng, Y.; Chen, Q.; Guo, Z.; Li, M.; Yang, X.; Wan, G.; Chen, H.; Zhang, Q.; Wang, Y. An Intelligent Biomimetic Nanoplatform for

Holistic Treatment of Metastatic Tri-ple-Negative Breast Cancer via Photothermal Ablation and Immune Remodeling. ACS Nano.
2020, 14, 15161–15181. [CrossRef] [PubMed]

225



Citation: Chen, S.; Liang, M.; Wu, C.;

Zhang, X.; Wang, Y.; Zhao, M. Poly-α,

β-D, L-Aspartyl-Arg-Gly-Asp-Ser-Based

Urokinase Nanoparticles for

Thrombolysis Therapy. Molecules 2023,

28, 2578. https://doi.org/10.3390/

molecules28062578

Academic Editors: Sudeshna

Chandra and Heinrich Lang

Received: 15 February 2023

Revised: 7 March 2023

Accepted: 8 March 2023

Published: 12 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Poly-α, β-D, L-Aspartyl-Arg-Gly-Asp-Ser-Based Urokinase
Nanoparticles for Thrombolysis Therapy

Shuangling Chen, Meng Liang, Chengli Wu, Xiaoyi Zhang, Yuji Wang * and Ming Zhao *

School of Pharmaceutical Sciences, Capital Medical University, Beijing 100069, China
* Correspondence: wangyuji@ccmu.edu.cn (Y.W.); mingzhao@bjmu.edu.cn (M.Z.)

Abstract: The most concerning adverse effects of thrombolytic agents are major bleeding and in-
tracranial hemorrhage due to their short half-life, low fibrin specificity, and high dosage. To alleviate
bleeding side effects during thrombolytic therapy which would bring about the risk of aggravation,
we try to find a novel biodegradable delivery nanosystem to carry drugs to target the thrombus,
reduce the dosage of the drug, and system side effects. A novel urokinase/poly-α, β-D, L-aspartyl-
Arg-Gly-Asp-Ser complex (UK/PD-RGDS) was synthesized and simply prepared. Its thrombolytic
potency was assayed by the bubble-rising method and in vitro thrombolytic activity by the throm-
bus clot lysis assay separately. The in vivo thrombolytic activity and bleeding complication were
evaluated by a rat model of carotid arteriovenous bypass thrombolysis. The thrombolytic potency
(1288.19 ± 155.20 U/mg) of the UK/PD-RGDS complex nano-globule (18–130 nm) was 1.3 times that
of commercial UK (966.77 ± 148.08 U/mg). In vivo, the UK/PD-RGDS complex (2000 IU/kg) could
reduce the dose of UK by 90% while achieving the equivalent thrombolysis effect as the free UK
(20,000 IU/kg). Additionally, the UK/PD-RGDS complex decreased the tail bleeding time compared
with UK. The organ distribution of the FITC-UK/PD-RGDS complex was explored in the rat model.
The UK/PD-RGDS complex could provide a promising platform to enhance thrombolytic efficacy
significantly and reduce the major bleeding degree.

Keywords: urokinase; thrombolytic; targeted; nano delivery system; RGDS

1. Introduction

Thrombotic diseases seriously endanger the health and life of patients. It is believed
that the best way to improve the survival rate and reduce the mortality rate of patients is
immediate, early detection, and effective thrombolytic therapy [1]. In recent years a variety
of technical methods have emerged, including drug thrombolytic therapy, interventional
thrombolytic therapy, and interventional thrombolysis. However, thrombolytic therapy is
still an important, irreplaceable, and fundamental measure for the treatment of thromboem-
bolism [2]. Thrombolytic agents in clinical use are Plasminogen activators (PAs) to treat
thromboembolism, including streptokinase (SK), urokinase (UK), alteplase (RT-PA), tissue
plasminogen activator (tPA) and tenepase (TNK-TPA), etc. UK is an effective thrombolytic
drug that has a low price and is widely used in primary hospitals [3]. However, due to
the short half-life (2–20 min) [4], PAs need more doses to be administered. More doses of
PAs could cause more serious system hemorrhage because the low thrombus-specificity
of Pas activates both fibrin-bound and circulating plasminogen creating a serious risk of
hemorrhage. These factors could cause a side effect risk of harmful bleeding complications
and lead to the aggravation of the disease. Bleeding complications of Pas bring difficulties
and risks to the clinical application of Pas including r-tPA with fibrin specificity [5,6]. On
the whole, decreasing the bleeding complications of PAs could be very significant and is
urgently needed for the clinical application of PAs.

Targeted delivery systems of PAs could target PAs to the site of the thrombus and at
the same time reduce the dose of PAs. So, the systematic generation of broad matrix-specific
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fibrinolytic enzymes associated with bleeding complications could decrease and targeted
delivery systems of PAs could be a better way to avoid or resolve dose-induced side ef-
fects [4]. Many targeted delivery systems have been performed to target PAs to the site of
the thrombus, release PAs and perform effective thrombolytic treatment. Targeted delivery
systems were generally prepared by directly bonding the thrombus-targeted ligands to
PAs or the surface of drug carriers, such as liposomes [7,8], magnetic targeting delivery
systems [9,10], microbubbles [11–13], polymer nanoparticles [2,9,14–16] and new inorganic-
organic hybrid nanoparticles for deeper or continuous release in recent years [9,10]. The
polymers in local delivery systems of PAs include PLGA Polymers, polyglutamic acid
peptide dendrimer, chitosan derivatives, PEG, etc. [9,16–18]. These thrombus-targeted
ligands include fibrin-specific anti-fibrin antibodies [19,20], vMF factor-specific alkaline
gelatin [21], p-selectin-specific fucoidan [2,4], activated platelets-specific RGD sequence pep-
tide, etc. [8,9,12,13,16]. Then, by wrapping or bonding PAs, these targeted delivery systems
were constructed into thrombolytic targeting delivery systems. In addition, thrombin-
sensitive peptides and pH-sensitive phenyl imine bonds also were used to develop PAs
delivery systems and could be ruptured at the thrombus of the stroke to perform targeted
thrombolytic therapy [3,4,18,21].

RGD sequence peptides exist in the α-chain of the fibrinogen and could specifically
recognize Glycoprotein (GP) IIb/IIIa receptor on the activated platelet membrane. RGD
sequence peptides have drawn much attention from researchers in the diagnosis of thrombo-
sis and targeted thrombolytic therapy [22]. The cyclic RGD (cRGD) functionalized liposome
has been used to carry urokinase to target thrombus in vivo thrombolysis study [8]. How-
ever, intravascular liposomes are limited due to stability problems. The major challenges in
the development of liposomal PAs-targeting delivery systems are cost and still ineffective
treatment [7,8]. In other research, it was shown that thrombolytic therapy by targeted mi-
crobubbles containing RGD sequence peptides under ultrasound could destroy the fibrillary
network structure of the thrombus [13] and enhance the dissolution of the thrombus, while
targeted nano-bubbles have a higher thrombolytic rate and penetrate deeper into thrombus
than targeted micron bubbles [12]. Additionally, polymer nanoparticles are relatively stable
carriers. Targeted nanoparticles, such as mesoporous carbon nanomaterials [10], poly(lactic-
co-glycolic acid) magnetic nanoparticles [6], and chitosan nanoparticles [16]. Furthermore,
non-bonding complex PAs-targeting delivery systems, such as the PAs complex [23,24],
were used to target thrombus.

In our previous work, based on the specificity of RGD sequence peptides on activated
platelets, multiple RGDS molecules have been bonded to the highly biodegradable poly-α,
β-D, L-aspartic acid (PD) [25–27]. PD-RGDS with a high grafting rate of 46% was prepared
to have a specific affinity for activating platelets [26]. In this study, we based on the
interaction between proteins and constructed a UK/PD-RGDS complex delivery system
(Scheme 1). We characterized the UK/PD-RGDS complex delivery system by Zeta Sizer
and TEM. The thrombolytic potency of the UK/PD-RGDS complex was measured by
the bubble-rising method. The in vivo thrombolytic activity, the bleeding complications,
and organ distribution of UK/PD-RGDS were evaluated to investigate the thrombolysis
efficacy and the side effects via male Wistar rats. Our study provided a foundation for the
development of novel delivery systems for thrombolytic therapy.
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Scheme 1. The formation of the UK/PD-RGDS complex.

2. Results

2.1. Preparation of UK/PD-RGDS Nanosystem

PD-RGDS was synthesized by the condensation reaction of PD and HCl·Arg(Tos)-Gly-
Asp(OBzl)-Ser(Bzl)-OBzl and the removal of protective groups at low temperatures. Its
structure was characterized by 1H NMR spectra, IR, and amino acid analysis. Its purity
was determined by HPLC (7 mg/mL, Ultrahydrogel 120 columns, 7.8 × 30, 35) with a
refractive index detector, eluted with 0.1 N NaNO3 with a flow rate of 0.5 mL/min. The
retention time of PD-RGDS was 11.5 min. The results of the amino acid analysis gave
Asp:Arg:Gly:Ser = 3.2:1.0:1.2:1.2. It showed that 46 aspartic acids among 100 aspartic acid
units were connected to RGDS.

The UK/PD-RGDS complex was simply prepared by mixing UK and PD-RGDS at 4 ◦C
for 1 h. UK/PD-RGDS complexes with 1:5, 1:3, and 1:1 (w/w) in 10 mM PBS buffer (pH 7.4)
were obtained to explore the effect of the complexation ratio on the system of the UK/PD-
RGDS complex. These UK/PD-RGDS complexes were opalescent, uniform, and stable.
Their z-average sizes, the size distribution of particles, and Zeta potential were measured
and shown in Table 1. On the whole, the z-average sizes of all UK/PD-RGDS complexes
(270–277 nm) were smaller than that of PD-RGDS (278 ± 3.772 nm). Their size distribution
was narrow after the complexation of UK and PD-RGDS. The smaller sizes and narrow size
distribution of the UK/PD-RGDS complexes implied that UK and PD-RGDS have a close
interaction. Besides, the zeta potential of the UK/PD-RGDS complex (−15.2 ± 0.830 mV)
was between that of the UK (−8.80 ± 0.285 mV) and PD-RGDS (−17.1 ± 0.993 mV) and
closer to the zeta potential of PD-RGDS. The zeta potential suggested that both PD-RGDS
and UK exposed on the surface of UK/PD-RGDS complexes and the ratio of PD-RGDS
exposed on the surface should be more than UK.

Table 1. Z-average sizes, size distribution, and Zeta potential of UK/PD-RGDS complexes with
different ratios.

Samples Z-Average Size (nm) PDI Zeta Potential (mv)

PD-RGDS 278.2 ± 3.772 0.23 ± 0.010 −17.1 ± 0.993
UK 140.0 ± 0.7500 0.49 ± 0.040 −8.80 ± 0.285

UK/PD-RGDS (1:5 w/w) 270.2 ± 11.60 0.24 ± 0.029 −15.4 ± 1.10
UK/PD-RGDS (1:3 w/w) 277.0 ± 8.330 0.23 ± 0.018 −15.3 ± 0.540
UK/PD-RGDS (1:1 w/w) 272.0 ± 4.66 0.24 ± 0.013 −15.2 ± 0.830

228



Molecules 2023, 28, 2578

The z-average size, size distribution, and Zeta potential of UK/PD-RGDS complexes
in proportions of UK/PD-RGDS (1:5, 1:3, 1:1 w/w) were measured for 48 h to explore the
different component ratios on the stability of complexes as shown in Figure 1A–C. The
z-average sizes therein showed that the UK/PD-RGDS complex (1:1 w/w) (272.0 ± 4.66 nm)
has a smaller range of variation over 48 h compared to the other two UK/PD-RGDS com-
plexes ratio. So is the distribution and Zeta potential. Thus, we think that the UK/PD-RGDS
complex (1:1 w/w) was the most stable according to the z-average size, size distribution,
and Zeta potential. Transmission electron microscopy (TEM) revealed that the UK/PD-
RGDS complex (1:1 w/w) appeared in the solid near circular spheres (18–131 nm) with a
narrow size distribution, as shown in Figure 1D. Then, the complex of UK and PD-RGDS
(1:1 w/w) was selected for the following experiments.

 

Figure 1. Physical characterization of the UK/PD-RGDS complex. (A) Effect of complexation ratio
on z-average sizes of UK/PD-RGDS complexes in consecutive 48 h. (B) Effect of complexation ratio
on Zeta potentials of UK/PD-RGDS complexes in consecutive 48 h. (C) Effect of complexation ratio
on the size distribution of UK/PD-RGDS complexes in consecutive 48 h. (D) TEM image of the
UK/PD-RGDS complex (1:1 w/w). (E) The size distribution of the UK/PD-RGDS complex (1:1) was
measured by dynamic light scattering method. (F) The size distribution of the PD-RGDS measured
by dynamic light scattering method.
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2.2. Thrombolytic Potency of UK/PD-RGDS Complex

The bubble-rising method was adopted to determine the thrombolytic potency of
UK after complexation according to the Pharmacopoeia of the People’s Republic of China
(2015).

The fibrin clot formed under the action of thrombin and the time of the small bub-
bles rising to half the volume of the reaction system from the bottom of the fibrin clot
is related to the concentration of UK in Figure 2A. The logarithm of urokinase concen-
tration showed a linear relationship with the logarithm of reaction time during the con-
centration of 3.53–14.12 U/mL (y = −0.2184x + 2.8094, r2 = 0.9930). The thrombolytic
potency results showed that the thrombolytic potency of the UK/PD-RGDS complex was
1288.19 ± 155.20 U/mg. Its thrombolytic potency increased and was 1.33 times of UK
(966.77 ± 148.08 U/mg) at the same dose, which could not be explained.

Figure 2. Bioassays of thrombolytic potency. (A) The thrombolytic potency was evaluated by the
Bubble-rising method. (B) The thrombolytic potency was evaluated by the Agarose-fibrin plate
method (n = 3). 1. 800 U/mL UK standard; 2. 600 U/mL UK standard; 3. 400 U/mL UK standard; 4.
200 U/mL UK standard; 5. UK/PD-RGDS complex; 6. The UK.

To further confirm the increasing thrombolytic potency of the UK/PD-RGDS complex,
it was evaluated again by the Agarose-fibrin plate method. In the Agarose-fibrin plate
method, agarose was used as a support and a fibrin plate was formed under the action
of thrombin. Fibrin was decomposed by urokinase to generate a transparent circle at a
certain temperature in Figure 2B. The reaction temperature was optimized by comparing at
room temperature for 18 h, room temperature for 24 h, 37 ◦C for 3 h, and 37 ◦C for 24 h.
The size of the transparent circle obtained at room temperature for 24 h is moderate, not
easy to overlap and the error is small. Thus, room temperature for 24 h was selected in the
following tests.

The areas of the transparent circles showed a linear relationship with the logarithm
of UK concentration during the concentration of 200–800 U/mL (y = 175.07x − 270.4,
r2 = 0.9971). The thrombolytic potency of UK/PD-RGDS was 1290.80 ± 85.78 U/mg and
1.28 times of UK (1005.48 ± 66.68 U/mg) by the Agarose-fibrin plate method. Due to the
thrombolytic potency results by two methods, the thrombolytic potency of UK after loading
on the nanosystem of PD-RGDS increased and was consistent with each other.

Thus, the increasing thrombolytic potency of the UK/PD-RGDS complex was con-
firmed.
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2.3. In Vivo Thrombolytic Activity of UK/PD-RGDS Complex

The in vivo thrombolytic activity of the UK/PD-RGDS complex by injection admin-
istration was evaluated in a rat model of carotid arteriovenous bypass thrombolysis
(Figure 3A) [28]. The thrombus was prepared first (Figure 3B) and put into the carotid
arteriovenous bypass by assembling. Via operation, the in vivo rat model of carotid arteri-
ovenous bypass thrombolysis was established. After UK or the UK/PD-RGDS complex
was injected, the blood began to circulate via carotid arteriovenous bypass. The weight of
the thrombus in the bypass would decrease under the thrombolytic action of UK or the
UK/PD-RGDS complex. Then the reduction in the thrombus weights after 60 min was
used to evaluate the thrombolytic activity. In the evaluation, the rats were divided into
three groups. NS (3 mL/kg) was used as the blank control group. The commercial UK
(20,000 IU/kg) at a clinical dose (20,000 IU/Kg) was used as the positive control and the
UK/PD-RGDS complex (2000 IU/kg) was used as the test group.

Figure 3. The assay on in vivo thrombolytic activity. (A) The in vivo rat model of carotid arteri-
ovenous bypass thrombolysis. (B) The thrombus was prepared first. (C,D) In vivo thrombolytic
activity of commercial UK and UK/PD-RGDS complex at high dose of 20,000 U/kg (C), and at dose
of 2000 U/kg (D) (n = 6). Notes: * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 3C showed the in vivo thrombolytic activity results of both the positive control
and our sample. Initially, we used a dosage of 20,000 IU/Kg (the clinical dose of UK) in the
in vivo assay to compare the thrombosis activity between our sample (the UK/PD-RGDS
complex at 1:1 ratio) and the commercial UK. However, the result showed that both of
positive control (UK) and our sample (UK/PD-RGDS complex) are active and have similar
in vivo thrombolytic potency (Figure 3C). We thought that both UK and our sample may
reach their maximal thrombolytic activity at 20,000 IU/kg. To assess whether our sample
is more potent than commercial UK, we lowered the dose of our sample to 2000 IU/kg
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and evaluated them in a second in vivo assay. Compared with the NS group, there was no
significant difference in thrombus weight reduction in the UK (2000 IU/kg) group (p > 0.05).
The results showed that a low dose of our sample was as effective as high doses, whereas
a low dose of UK was inactive (Figure 3D). Therefore, we claimed that the thrombolytic
activity of the UK/PD-RGDS complex was enhanced compared to UK.

2.4. Tail Bleeding Time of UK/PD-RGDS Complex

In the evaluation of the tail bleeding time of the UK/PD-RGDS complex, the rats were
divided into three groups. The tail bleeding time of rats before administration was used as
a blank control group. The UK group (20,000 IU/kg) was used as a reference control. The
UK/PD-RGDS complex (2000 IU/kg) group was used as the test group. The tail bleeding
time results (Figure 4) showed that the tail bleeding time of the UK/PD-RGDS complex
group (428 ± 137 s) was significantly lower than in the UK group (692 ± 141 s) (p < 0.05,
n = 5). The UK/PD-RGDS complex could reduce the side effect of bleeding.

Figure 4. Tail bleeding times of with UK/PD-RGDS complexes (n = 5) * p < 0.05; ** p < 0.01.

2.5. In Vitro Thrombus Clot Lysis Assay

Thrombus clots were first prepared from rat arterial blood (65.0–75.0 mg). Thrombus
clots were divided into three groups, the NS group, the group of (100 IU/mL UK), and the
group of the UK/PD-RGDS complex (100 IU/mL) at 37 ◦C for 3 h. The reduced weights of
thrombus clots present the lysis activity to thrombus clots of these compounds. Figure 5
showed the in vitro “thrombolytic activity” results of UK and the UK/PD-RGDS complex
at a lower dose (n = 9). Not surprisingly, both groups showed similar potency in this
assay, since they contained the same dose of functional agent UK. Our results indicated
that PD-RGDS did not directly enhance the activity of UK by forming nanoparticles with
UK. The UK/PD-RGDS complex is designed to improve the pharmacokinetic profile of
commercial UK by increasing its stability and delivering it to the thrombus.
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Figure 5. The thrombus clot lysis activity of UK/PD-RGDS complex (n = 9). * p < 0.05.

2.6. Organ Distribution Study

FITC-UK (F/P = 4.73) was performed in the organ distribution study. In the organ
distribution study, the rats were divided into three groups. The NS group was used as a
blank control. FITC-UK (8000 U/kg) was used as a reference control. FITC-UK/PD-RGDS
complex (8000 U/kg) was used as the test group. Results in Figure 6 showed that FITC-UK
in both FITC-UK or FITC-UK/PD-RGDS complex was mainly distributed in the liver and
blood, while ratios of FITC-UK were very low in the spleen and lungs. The FITC-UK ratio
of the FITC-UK/PD-RGDS complex group in the thrombus was significantly improved
(p < 0.05, n = 5) compared with the FITC-UK group and was 2.3 times than the FITC-UK
group. It can be seen that FITC-UK in the complex group was significantly accumulated at
the site of the thrombus compared with the FITC-UK group, which suggested the thrombus
targeting effect of the FITC-UK/PD-RGDS complex. It was because the RGDS in the
FITC-UK/PD-RGDS complex highly binds to the activated platelet membrane GPIIb/IIIa
in thrombus [26]. The ratio of the FITC-UK/PD-RGDS complex in the blood was also
significantly increased (p < 0.01, n = 5) and 1.6 times of FITC-UK.

Figure 6. The assay on organ distribution. (A) The model of organ distribution study. (B) Organ
distribution of FITC-UK/PD-RGDS complex and FITC-UK in vivo (n = 5). * p < 0.01.

233



Molecules 2023, 28, 2578

3. Discussion

Thrombolytic therapy is still the most basic treatment method and the fundamental
measure to treat thrombosis. Plasminogen activator is currently an effective thrombolytic
drug in clinical practice. Plasminogen activators (PAs) systematically activate plasminogen
to become plasmin, then the produced plasmins degrade fibrinogen and fibrin in the clots,
and decompose the thrombus. When excessive plasmins are produced, bleeding of different
degrees occurs. Because PAs was a group of proteases and would be degraded quickly in
the blood, PAs have short half-life periods (2–20 min). To achieve the effect of thrombolytic
therapy, large doses of drugs were used to reach the high blood concentration for treatment,
which increases the risks of bleeding side effects and non-specific toxicity. Reducing
bleeding side effects could improve the safety of the medication and reduce pressure for
doctors and the risk of bleeding for patients, which was urgent and meaningful.

A targeted delivery system could target thrombolytic drugs to the thrombus site and
release thrombolytic drugs for effective thrombolysis. So, targeted delivery systems could
reduce the dose to achieve the treatment effect of thrombolytic therapy. Meanwhile, a
targeted delivery system will also reduce the bleeding side effects caused by the increasing
dose of PAs, and is the best way to avoid or solve the side effects caused by the dose [1].

The RGDS sequence peptide exists at 572–575 on the alpha chain of fibrinogen. It
can specifically recognize the glycoprotein (GP) IIb/IIIa receptor on activated platelet
membranes, which has been widely studied for the diagnosis of thrombosis and targeted
thrombolytic therapy in recent years. RGDS can competitively bind activated platelets,
thus preventing the fibrin bridging, and has the effect of inhibiting platelet aggregation.
Here, PD-RGDS was a safe and biodegradable polyamino acid carrier; the main chain is
biodegradable poly-α, β-D, L-aspartic acid, and the side chain consists of amino-group of
poly-α, β-D, L-aspartic acid bonded with the carboxyl group of RGDS. So PD-RGDS also
could specifically recognize the glycoprotein (GP) IIb/IIIa receptor on the activated platelet
membrane. Moreover, in this study, the PD-RGDS carried plenty of RGDS motifs (grafting
ratio 46%). The Effect of PD-RGDS on GPIIb/IIIa expression results also confirmed that
PD-RGDS (10−5 M) could reduce to one-thousandth of the concentration of RGDS while
achieving the equivalent binding to the GPIIb/IIIa receptors on the platelet surface as
RGDS (2.5 × 10−2 M) [26]. Because plenty of RGDS motifs are endowed with high specific
binding to activated platelets, PD-RGDS could target thrombus better. In addition, the
transmission electron microscopy results showed that PD-RGDS existed as nanoparticles of
60–108 nm which was more beneficial to construct a nano-sized drug delivery system than
a micron-sized carrier.

The preparation method of the UK/PD-RGDS complex was simple, green, and has
a short mixing time, which better protected the activity of UK than the UK conjugation
delivery system. The z-coverage sizes and zeta potentials results implied that the UK/PD-
RGDS complex could exist stably for 3 days. Moreover, in UK/PD-RGDS complexes UK
and PD-RGDS had a close interaction because the UK/PD-RGDS complex has smaller
sizes and narrow size distribution than UK and PD-RGDS. The zeta potential results
showed both UK and PD-RGDS are exposed on the surface of the UK/PD-RGDS complex.
We think the complexation and closer binding of UK and PD-RGDS could cause the
changing of UK and PD-RGDS conformation and be in favor of the increase in UK potency.
This may be the reason for the increasing thrombolytic potency of the UK/PD-RGDS
complex. In addition, the transmission electron microscopy results showed that UK/PD-
RGDS existed as nanoparticles of 18–131 nm. Fibrin clots highly inhibit the penetration of
particles of 1 μm or larger into fibrin clots [29], which has allowed the nanosized system to
accelerate thrombolytic therapy without causing microbubbles and holes. The nanosized
UK/PD-RGDS was more beneficial to penetrate the thrombus for thrombolysis than the
micron-sized carrier.

Platelets are the main targets of thrombus [7]. RGD sequence peptides could specifi-
cally bind to activated platelets by targeting GPIIb/IIIa on the surface of platelets [30,31].
PD-RGDS containing 46% RGDS has specifically adhered to activated platelets [26]. Then
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PD-RGDS containing these RGDS motifs loaded UK specifically to the thrombus site and
then UK was concentrated to dissolve the local thrombus. Therefore, less dose of the
UK/PD-RGDS complex (2000 IU/kg) could show significant thrombolytic activity as the
free urokinase at the dose of 20,000 IU/kg in a rat model of carotid arteriovenous bypass
thrombolysis. It could be explained by the increasing thrombolytic potency, high ratio
targeting factors, and nano-sized particles. Firstly, the thrombolytic potency of the UK/PD-
RGDS complex increased compared with the UK by the Bubble-rising method. That is to
say, the structure of the UK/PD-RGDS complex could help to increase the thrombolytic
potency of the UK and cause the stronger thrombolytic activity of the UK/PD-RGDS com-
plex group in vivo to a certain extent. Moreover, the grafting rate of RGDS in PD-RGDS
is very high and reaches up to 46%. The high grafting rate of RGDS in PD-RGDS could
help UK better to concentrate on the thrombus and increase the thrombolytic activity. After
complexation with PD-RGDS, UK at the dose of 2000 IU/kg had significant thrombolytic
activity. However, the in vivo UK group (2000 IU/kg) has no significant thrombolytic
activity compared with the NS group. It suggested that the thrombolytic activity of the
UK/PD-RGDS complex group (2000 IU/kg) was 10 times of the UK group. In addition,
the nanoscale UK/PD-RGDS complex system could be beneficial to dissolve thrombus. It
showed that polymer conjugation by grafting with targeted motifs is a good method as the
drug carrier when we construct a targeted nano-delivery system.

The tail bleeding time results indicate that the UK/PD-RGDS complex could reduce the
side effect of bleeding. Meanwhile, the UK/PD-RGDS complex could improve thrombolytic
activity. Therefore, this study achieved the purpose of our expected research design. The
tail bleeding times after NS administration was significantly higher than that before NS
administration (p < 0.05, n = 5) (Figure 4), indicating that the tail bleeding time of the blank
control group was increased. It was perhaps caused by heparin (140 U/kg) added to the
carotid arteriovenous bypass of rats.

The interaction between UK and PDRGDS could not be analyzed because the determi-
nation of protein interactions by isothermal calorimetric titration requires the unavailable
UK sample with a single molecular weight; our UK is a mixture of high molecular weight
UK (Mw 54,000) and low molecular weight UK (Mw 33,000).

4. Materials and Methods

4.1. Materials

All amino acids were purchased from Sichuan Sangao Biochemical Co., Ltd. (Chengdu,
China). Urokinase for injection (100,000 units) was purchased from Peking University
Gaoke Huatai Pharmaceutical. Bovine fibrinogen Standard (Lot 140607-201841), Bovine
thrombin Standard (Lot 140605-201526), Bovine fibrinogen Standard (Lot 140606-201826),
bovine fibrinogen Standard (Lot 140606-201826), Bovine fibrinogen standard (Lot 140606-
201826), Bovine fibrinogen standard (Lot 140606-201826), Bovine fibrinogen standard (Lot
140606-201826) and Urokinase standard (Batch No. 140604-201224) were purchased from
China National Institute for Food and Drug. Bovine thrombin(SLBV3604) and Fluorescent
isothiocyanate yellow (FITC)were purchased from Sigma Company (Shanghai, China).
Agarose (Batch No. 424G056) was acquired from Beijing Solebo Technology Co., Ltd.
(Beijing, China). Barbiturate-sodium chloride buffer (pH 7.8, DZ331) was purchased from
Xi’an Hutt Biological Company (Xian, China). Trimethylol aminomethane buffer (pH 9.0)
was purchased from Beijing Regen Biotechnology Co., Ltd. (Beijing, China). Other reagents
were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

4.2. Preparation of Poly-α, β-D, L-Aspartyl-Arg-Gly-Asp-Ser (PD-RGDS)

The preparation of poly-α, β-D, L-aspartyl-Arg-Gly-Asp-Ser was carried out according
to the method in the literature [26]. In short, 82.8 mg of PD was dissolved in 1 mL of
anhydrous DMF, then 97 mg of HoBt and 360 mg of HCl·EDC were added to an ice
bath. After 0.5 h, HCl·Arg(Tos)-Gly-Asp(OBzl)-Ser(Bzl)-OBzl was added and the pH value
was adjusted to 9. After 24 h, the reaction solution was dried, extracted by ether, and
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washed separately with 5% KHSO4, and water three times. The solid was dried at 37 ◦C
under reduced pressure for 48 h and provided 197 mg of the yellowish powder. The
yellowish powder was dissolved and mixed in 8 mL of CF3CO2H:CF3SO3H (3:1) at 0 ◦C for
75–90 min. Then it was triturated with 150 mL of ether and the residue was mixed with
water and dissolved until the pH value was adjusted to 7. After centrifugation for 30 min,
the supernatant was dialyzed for 3 days with ultrapure water and lyophilized to provide
197 mg (72%) of the title compound as a white powder.

4.3. Preparation of UK/PD-RGDS Complex

An amount of 8 mg of PD-RGDS and 8 mg of UK were mixed in 3 mL of pH 7.4 PBS
buffer (10 mM) and stirred at 4 ◦C for 1 h to prepare the solution of 6.667 IU/mL UK/PD-
RGDS complex.

4.4. Morphology of UK/PD-RGDS Complex

The sizes and Zeta potentials of samples (2.67 mg/mL)in pH 7.4 PBS buffer (10 mM)
were determined in the automatic measurement mode on Malvern’s Zeta Sizer (Nano-
ZS90). The sizes and morphology of UK/PD-RGDS complex particles were observed by
transmission electron microscopy (JEM-2100, Japan). The solutions of the UK/PD-RGDS
complex (103, 102, 10−2, 10−5, 10−7, 10−9 nM) were prepared and dropped onto a formvar-
coated copper grid as TEM samples. Then a drop of ethanol was added. The copper grid
is first placed in the air to dry completely. The samples were observed by transmission
electron microscopy (JSM-6360 LV, JEOL, Tokyo, Japan) with an electron beam acceleration
voltage of 120 kV. All samples were prepared in three copies.

4.5. Bioassays of UK/PD-RGDS Nanosystem
4.5.1. Bubble-Rising Method

The test of the Bubble-rising method was performed according to Pharmacopoeia of the
People’s Republic of China, Part II (2015 Edition); 6.67 mg/mL bovine fibrinogen standard
in barbiturate-sodium chloride buffer (pH 7.8), 6.0 bp/mL bovine thrombin standard in
barbiturate-sodium chloride buffer (pH 7.8), and 1 casein unit/mL bovine plasminogen in
Tris (Hydroxymethyl) aminomethane buffer solution (pH 9.0) was prepared first. Bovine
thrombin and bovine plasminogen were mixed with equal volume and the mixed solution
was obtained. A 60 units/mL standard solution of urokinase in a barbiturate-sodium
chloride buffer (pH 7.8) was also prepared.

The UK/PD-RGDS complex prepared by method 2.2 was quantitatively diluted with
barbiturate-sodium chloride buffer (pH 7.8) to the concentration of 60 units/mL UK.
The sample of UK control was also prepared according to method 2.2; 0.3 mL of bovine
fibrinogen was added to each tube and put at 37 ± 0.5 ◦C in a water bath. Then 0.9 mL,
0.8 mL, 0.7 mL, and 0.6 mL barbiturate-sodium chloride buffer (pH 7.8) were added,
respectively; 0.1 mL, 0.2 mL, 0.3 mL, and 0.4 mL of UK standard solution were added
successively. After that 0.4 mL of the mixed solution was added, and each tube fully
oscillated until the reaction system was full of bubbles and the bubbles stay in the system.
The reaction system usually condenses in 30~40 s. The end of timing was recorded when
the small bubbles rose to half the volume of the reaction system in the clot. All the samples
were carried out in triplicate. The potency of the UK samples and UK/PD-RGDS complex
samples were measured and determined by converting measurements to the thrombolytic
potency through a standard curve between the logarithm of time versus the logarithm of
the concentration of urokinase.

4.5.2. Agarose-Fibrin Plate Method

A concentration of 8 mg/mL bovine fibrinogen standard, 1 mg/mL bovine thrombin
standard, and 8 mg/mL agarose standard in 10 mM PBS buffer (pH 7.4) were prepared
separately. Then 8 mg/mL agarose was heated in a microwave oven until boiled. After the
agarose was completely dissolved, the agarose was placed in a hot water bath at 52 ◦C for
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later use; 800 U/mL, 600 U/mL, 400 U/mL, and 200 U/mL UK standard in 10 mM PBS
buffer solution (pH 7.4) were prepared separately. UK samples and UK/PD-RGDS samples
were diluted to an appropriate concentration with 10 mM PBS buffer (pH 7.4). Three Petri
dishes (9 cm in diameter) were taken and numbered; 18 mL of agarose solution was added
to a small beaker. Then 1 mL of bovine thrombin and 1 mL of bovine fibrinogen were
added to the beaker. They were shaken thoroughly and quickly poured into a disposable
Petri dish. A homemade punch was used and the mixtures stayed at room temperature for
1 h. After the agarose was completely solidified, the liquid in the well was drained; 5 μL of
800 U/mL, 600 U/mL, 400 U/mL, and 200 U/mL UK standard was added separately into
the holes. After the mixture has been placed at room temperature for 24 h, transparent rings
on the agarose-fibrin plate were observed. The potency of UK samples and UK/PD-RGDS
complex samples were measured and determined by converting measurements to the
thrombolytic potency through a standard curve between concentrations of UK versus the
area of the transparent rings.

4.6. In Vitro Thrombus Clot Lysis Assay

The in vitro thrombus, clot lysis assay was carried out according to the procedure
reported earlier [28]. Male Wistar rats (220 g ± 10 g) were anesthetized with pentobarbital
sodium (20%, 7 mL·kg−1, i.p.). The right carotid artery was isolated and the whole blood
was collected in centrifuge tubes. The whole blood was injected into a flexible rubber hose
(D 1.7 cm) containing a helix (L 15 mm; D 1.0 mm). After 40 min the thrombus with helix
was carefully removed and suspended in the tri-distilled water for 1 h at room temperature.
The surface water was removed using filter paper and the thrombus was weighed precisely.
Then they were immersed into 8 mL NS, UK (100 IU/mL), or UK/PD-RGDS complex
(100 IU/mL), respectively, at 37 ◦C at 70 rpm in a shaker for 3 h. The thrombi were removed
and the surface water was gently removed by filter paper. The reduced weight of the
thrombus was used to compare the degree of thrombus clot lysis.

4.7. In Vivo Thrombolytic Activity

Male Wistar rats (210–250 g) were anesthetized with pentobarbital sodium (20%,
7 mL·kg−1, i.p.). The right common carotid artery and the left vein were operated on and
isolated. The whole blood was collected from the right common carotid artery and used to
prepare the thrombus clots for 40 min. The surface blood of the thrombus with helix was
removed using filter paper and the thrombus was weighed precisely. The thrombus was
put into a polyethylene tube as an external circulation pipeline between the right common
carotid artery and the left vein. These pipelines were filled with heparin sodium (50 IU/mL
NS solution). One end was inserted into the left internal jugular vein and after the heparin
sodium (200 U/kg) was injected the other end was inserted into the right carotid artery. NS
(3 mL/kg), UK (20,000 IU/kg), or UK/PD-RGDS complex (2000 IU/kg) were injected near
the venous end. After the blood was circulated for 60 min, the thrombus was taken out and
weighed after the surface blood was absorbed. The reduced weight of the thrombus was
used to represent their thrombolytic activity in vivo.

4.8. Determination of the Tail Bleeding Time

The tail bleeding time was assayed as described previously with a few small modifi-
cations [32]. The operating method was referred to in 4.7. The difference is that the dose
of heparin sodium (200 U/kg) was adjusted to 140 U/kg and only used to fill the tube
instead of intravenous injection. Bleeding times were measured at 40 min before and after
the thrombolytic treatment. The rat tail was cut off at 1 mm near the tail tip and placed in
25 mL of normal saline at 37 ◦C. The occurrence of uniform and continuous bloodlines was
taken as the beginning of timing. The complete cessation of bleeding was recorded as the
bleeding time. If the bleeding does not stop at 1800 s, it is classified as 1800 s.
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4.9. Organ Distribution Study

Firstly, UK was labeled by FITC as in previous articles [33]; 10 mg of urokinase was
dissolved in 1 mL of 10 mmol/L PBS (pH 7.1); 2.6 mg of fluorescence isothiocyanate yellow
(FITC) was dissolved in 100 μL of 0.5 mol/L carbonate buffer (pH 9.5). FITC was dropped
into urokinase and stirred in a shading environment at room temperature for 4 h. Then
the mixture was centrifuged at 2500 r/min for 25 min. The supernatant was dialyzed in
10 mmol/L PBS buffer (pH 8.0) for 2–4 h. After dialyzation, FITC-UK was purified by
Sephadex G50 column and eluted with 10 mmol/L PBS buffer (pH 7.1). The fluorescence of
FITC-UK was measured by F-2500 Fluorescence Spectrophotometer. FITC-UK was diluted
appropriately until its OD280 was close to 1.0. Its OD value was read at 495 nm and 280 nm.
F/P value was calculated according to the following formula: F/P = 2.87 × OD495/(OD280
− 0.35 × OD495).

In vivo organ distribution was evaluated as in previous articles [34]. Male Wistar rats
(250–300 g) were anesthetized with pentobarbital sodium (20%, 7 mL·kg−1, i.p.). After
the right common carotid artery was separated, filter paper (1.3cm wide) soaked in 25%
FeCl3 saturated solution and a small piece of Para membrane (1.7 cm wide) was put under
the artery for 15 min to induce the formation of carotid artery thrombosis. After blood
reperfusion for one hour, NS solution (0.3 mL/kg), FITC-UK/PD-RGDS complex solution
(8000 U/kg), or FITC-UK solution (8000 U/kg) were injected via the femoral vein. The
rats were sacrificed 1-h post-administration. The liver, spleen, kidneys, lungs, heart, and
thrombus clots are separated and taken out. About 1 g of each tissue was added into 3 mL
homogenizing buffer (0.32 M sucrose, 100 mM HEPES, pH 7.4), and homogenized in a glass
homogenizer. After homogenization, the liquid was centrifuged (4000 rpm for 15 min) to
obtain the supernatant samples of each tissue. The supernatant powder samples of each
tissue were obtained by freeze-drying. The appropriate amount of supernatant powder
samples of each tissue was dissolved in an appropriate solution (1% Triton X-100, 100 mM
NaCl, 0.1% SDS, 0.5% Na-Deoxycholate) and cultured at 4 degrees for 30 min to obtain the
final test samples of organs.

Standard solutions of 20, 10, 5, 2.5, 1, 0.5, 0.25, and 0.1 mg/L FITC-UK were prepared
with 10 mM PBS buffer solution (pH 7.4). The fluorescence intensity was measured at the
excitation wavelength (493.0 nm) and emission wavelength (524.0 nm). The concentration
of FITC-UK in each tissue was determined by converting measurements to concentrations
through a standard curve between the fluorescence intensity versus the concentration of
the UK.

The described assessments were approved by the Ethics Committee of Capital Medical
University. The committee assures the welfare of the animals was maintained under the
requirements of the Animal Welfare Act and according to the guideline for the care and use
of laboratory animals.

5. Conclusions

RGD sequence peptides could have specific affinities to activate platelets in the blood
clot. In the present study that the UK/PD-RGDS complex delivery system was constructed
by PD-RGDS containing multiple RGDS based on the hypothesis of increasing the throm-
bolytic activity and decreasing the bleeding complications. Results showed that in vivo,
the UK/PD-RGDS complex group greatly improved the thrombolytic activity compared
with the UK group and significantly reduced the bleeding at the same time. Nanoscale
agents could help to penetrate the thrombus much deeper and loosen the fibrin network in
the thrombus [12]. The UK/PD-RGDS complex nanosphere (270–277 nm) could penetrate
the thrombus deeper and have better thrombolytic efficiency. Secondly, the thrombolysis
efficiency of UK/PD-RGDS complex carrying RGDS peptides was higher [15]. The cRGD
liposomes could significantly reduce the dose of urokinase by 75% [8]. The UK/PD-RGDS
complex could decrease the dose of urokinase by 90%, which may be because of the high
grafting rate of PD-RGDS (46%). An assay of thrombolytic potency showed that complex-
ation of UK and PD-RGDS improved the thrombolytic potency of UK. The results of the
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organ distribution study revealed that the FITC-UK/PD-RGDS complex group has more
FITC-UK levels in thrombus than the UK group. The in vitro thrombolytic activity of the
UK/PD-RGDS complex group was reserved. The UK/PD-RGDS complex improved the
thrombolytic effect of thrombolytic agents and could decrease the dose of UK by 90%. Thus,
the UK/PD-RGDS complex is a promisingly safe and effective targeting delivery method
for the UK.

The UK/PD-RGDS complex as the target material could be feasible to carry UK and
carry out the thrombolytic therapy because it reduced the side effects of bleeding and the
risk of bleeding complications.
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Abstract: Organic and inorganic nanoparticles (NPs) have attracted significant attention due to their
unique physico-chemical properties, which have paved the way for their application in numerous
fields including diagnostics and therapy. Recently, hybrid nanomaterials consisting of organic
nanocompartments (e.g., liposomes, micelles, poly (lactic-co-glycolic acid) NPs, dendrimers, or
chitosan NPs) encapsulating inorganic NPs (quantum dots, or NPs made of gold, silver, silica, or
magnetic materials) have been researched for usage in vivo as drug-delivery or theranostic agents.
These classes of hybrid multi-particulate systems can enable or facilitate the use of inorganic NPs in
biomedical applications. Notably, integration of inorganic NPs within organic nanocompartments
results in improved NP stability, enhanced bioavailability, and reduced systemic toxicity. Moreover,
these hybrid nanomaterials allow synergistic interactions between organic and inorganic NPs, leading
to further improvements in therapeutic efficacy. Furthermore, these platforms can also serve as
multifunctional agents capable of advanced bioimaging and targeted delivery of therapeutic agents,
with great potential for clinical applications. By considering these advancements in the field of
nanomedicine, this review aims to provide an overview of recent developments in the use of hybrid
nanoparticulate systems that consist of organic nanocompartments encapsulating inorganic NPs for
applications in drug delivery, bioimaging, and theranostics.

Keywords: organic nanoparticles; inorganic nanoparticles; encapsulation; hybrid nanoparticles; drug
delivery; bioimaging

1. Introduction

Nanoparticles (NPs) are submicroscopic particles with dimensions typically ranging
between 1 and 100 nanometers (nm) in diameter. The unique physico-chemical properties of
NPs, including their small size, large surface-to-volume ratio, and unique optical behaviour,
make them a suitable candidate system for usage in the field of nanomedicine, especially
in drug delivery and bioimaging applications. Examples of commonly employed NPs in
nanomedicine include organic particulate systems, such as liposomes, micelles, dendrimers,
poly (lactic-co-glycolic acid) (PLGA), and chitosan NPs, as well as inorganic NPs such as
quantum dots (QDs) and NPs made of gold (AuNPs), silver (AgNPs), silica (SNPs), or
magnetic materials (MNPs).

NP-based drug-delivery systems (DDSs) are designed for delivering a drug (or a
combination of drugs) to a specific region within the body, in order to primarily cause
damage to target cells whilst reducing side-effects due to systemic drug distribution in off-
target regions. For example, it has been demonstrated that drug-encapsulating liposomes
can enhance targeting and treatment efficiency compared with the free form of the drug [1].
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Notably, DDSs have been successful in treating cancer, as well as a wide range of other
diseases and conditions. For example, they have shown potential for improving treatment
of infectious diseases [2], respiratory diseases [3], hypertension [4], diabetes [5], and for
targeting the brain vasculature to enable drug transport across the blood–brain barrier [6].

Building upon the achievements of liposomal products, it has become increasingly
apparent that NPs hold potential for overcoming widely recognized challenges such as
those associated with the delivery of poorly water-soluble drugs, the transport of drugs
across tight epithelial barriers, the intracellular delivery of large molecules, and the co-
delivery of two or more drugs [7]. The range of applications has also extended beyond drug
delivery to include detection of proteins, tissue engineering, tumour diagnosis, purification
of molecules/cells, and biomedical imaging [8]. In recent years, the use of different types of
NPs in nanomedicine has increased significantly, largely due to their ability to lower toxicity
and improve bioavailability of therapeutic payloads, as well as for their applicability as
contrast agents in biomedical imaging.

Although organic and inorganic NPs individually are cornerstones of nanomedicine,
these nanoparticulate systems can also be used in combination to achieve multifunctional
features. These can be obtained via encapsulation or surface modification of the NPs,
resulting in hybrid (organic–inorganic) nanoplatforms with enhanced diagnostic and/or
therapeutic performance. Significant efforts have been dedicated to the development of
hybrid nanoplatforms with a core–shell architecture where inorganic NPs are encapsulated
within the aqueous core of organic nanocompartments, or where inorganic NPs are sta-
bilised by an outer layer of organic compounds. These hybrid nanoplatforms have been
evaluated for different applications [9–11], since the combination of organic/inorganic NPs
is thought to elicit synergistic effects and to also improve the effectiveness and safety of
inorganic NPs.

Inorganic NPs have characteristics of large surface area and high reactivity, which can
lead to agglomeration or degradation [12]. Moreover, they generally exhibit poor solubility
in biological fluids, which can potentially trigger an immune response. In this context,
the protection of inorganic NPs using an organic ‘shield’ can provide a physical barrier
that prevents direct contact of inorganic NPs with biological structures, thereby reducing
unwanted toxic effects. The presence of an organic shell or coating also improves the
solubility, stability, and biocompatibility of inorganic NPs, while promoting or enabling
targeted delivery and cellular uptake. Additionally, surface functionalization of inorganic
NPs can allow application in targeted delivery and controlled release. Overall, the presence
of an organic compartment (i.e., shell or coating) can allow and extend the use of inorganic
NPs in drug delivery and biomedical imaging. As a result, hybrid organic/inorganic
nanoplatforms have attracted significant attention in recent years and have been extensively
studied in the literature. This is evident from Figure 1, which shows the number of
published research articles specifically focusing on the use of such nanoparticulate systems
in the fields of drug delivery and bioimaging.

This review presents a comprehensive overview of recent developments in this field
of research, with a particular focus on nanoparticulate systems for enhanced therapeu-
tic efficacy and real-time biomedical imaging. Specifically, this review covers the use of
hybrid platforms (such as core–shell structures) that employ a variety of organic nanocom-
partments (such as liposomes, micelles, PLGA and chitosan NPs, and dendrimers) that
encapsulate inorganic NPs (such as AuNPs, AgNPs, QDs, SNPs, and MNPs). These
nanoscale systems represent promising nanodevices for drug delivery and bioimaging
applications within the field of nanomedicine.
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Figure 1. The number of research articles indexed in the Web of Science Core Collection (in Sci-
ence Citation Index Expanded) was determined through a search using the following keywords:
(a) “nanoparticle AND drug delivery” OR “nanoparticle AND imaging”, and (b) combinations of
“hybrid”, “organic”, “inorganic”, and “nanoparticle” AND “drug delivery” OR “imaging” in the title
or abstract.

2. Organic Nanoparticles/Nanocompartments

Organic NPs (or nanocompartments) are nanoparticulate systems composed of organic
materials or compounds, and have been researched and utilised for a plethora of biomedical
applications as drug nanocarriers or imaging probes. A schematic overview of organic NPs
that are commonly employed in the field of nanomedicine is given in Figure 2.

Figure 2. Organic nanoparticles that are commonly utilised in the field of nanomedicine. The nanopar-
ticles can be modified by incorporating hydrophilic/hydrophobic drugs, PEG, targeting ligands or
imaging agents for improved performance or added functionalities across different application areas.
The different generations of the dendrimer are shown in different colours. PEG: polyethylene glycol;
PLGA: poly (lactic-co-glycolic acid); G: generation number.

Liposomes are composed of natural or synthetic lipids (typically phospholipids), and
consist of lipid bilayers encapsulating aqueous compartments. They have characteristics of
high biocompatibility and biodegradability, low toxicity, and the ability to encapsulate both
hydrophobic and hydrophilic molecules [13,14]. Together, those features make liposomes
highly attractive as nanocarriers for drug-delivery applications. Liposomes can be synthe-
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sized in different sizes, ranging between 50 and 1000 nm, using different techniques such
as thin-film hydration, reverse-phase evaporation, lipid extrusion, or microfluidics [14,15].

The size of NPs has great importance in drug-delivery applications as it determines
their circulation half-life and drug encapsulation efficiency, and also influences their ability
to extravasate across the tumour vasculature (i.e., through the so-called enhanced perme-
ability and retention (EPR) effect) as well as their recognition by macrophages [16]. It has
been reported that liposomes with size greater than 100 nm can be easily identified by
macrophages, leading to accumulation in organs containing the mononuclear phagocyte
system, such as the liver and spleen. NPs smaller than 10 nm can be rapidly cleared by
the renal excretion system, considering that the size of the average renal filtration pore
is of around 10 nm. NPs can also be subject to rapid clearance due to opsonization by
serum proteins, whereby liposomes become recognizable by the immune system and can
be digested by macrophages of the reticuloendothelial system (RES) [17], especially in
the liver and spleen, resulting in lowered therapeutic efficacy overall. To overcome this
challenge, a hydrophilic polymer, polyethylene glycol (PEG), has been widely employed to
coat the surface of NPs to improve their stability and circulation time [18]. The steric barrier
provided by PEG mitigates the extent of opsonization and recognition by macrophages,
thus resulting in increased accumulation at the intended site of treatment and reduced
side-effects [19].

Liposomes are generally utilised as drug-delivery vehicles, mainly due to the versatil-
ity offered by their architecture that makes them suitable for incorporation of both lipophilic
and hydrophilic pharmaceutical actives within their lipid bilayer and aqueous core, re-
spectively. Liposomal products are able to deliver drugs to a specific site within the body
while minimizing the negative side-effects of systemic exposure, since the pharmaceutical
agent is confined by the liposome membrane and therefore healthy tissues are not directly
exposed to it. Moreover, the liposome surface can be functionalized with targeting ligands,
antibodies, peptides, and/or imaging moieties for application in diagnostics, therapy, or
the concurrent combination of these (often referred to as ‘theranostics’).

Micelles consist of closed monolayered structures typically formed by the aggregation
of amphiphilic compounds into stable ordered units, by self-assembly above a critical
micelle concentration (CMC) [20]. The structure of micelles is characterized by a fatty acid
core with a polar surface, or by a polar core with fatty acids on the surface which is referred
to as an ‘inverted micelle’ configuration [21]. Preparation methods of micelles include
solvent evaporation [22], dialysis [23], and direct dissolution [24]. The size of micelles
typically ranges between 10 and 100 nm, and various shapes can be synthesized depending
on the specific application of interest [20]. Polymeric micelles are a type of micelle formed by
amphiphilic block copolymers (composed of hydrophobic and hydrophilic blocks), and are
typically characterized by a larger volume, lower CMC, and greater stability. The structure
of micelles makes them suitable for encapsulation of hydrophobic bioactive compounds
within their core, while the outer hydrophilic layer provides stability and protection from
recognition by RES. Thus, micelles are a suitable candidate system for improving solubility,
stability, and bioavailability of hydrophobic payloads. The surface of micelles can also
be functionalized using targeting moieties such as antibodies or peptides, providing the
ability to bind to specific receptors on target cells. In this context, micelles can be employed
in a number of biomedical applications including drug delivery, extraction of proteins, and
bioimaging [25,26].

Poly (lactic-co-glycolic acid) (PLGA) is a widely used polymer in the field of nanomedicine,
especially due to its remarkable biodegradability and biocompatibility. It is composed of
two monomeric units of lactic acid and glycolic acid, which can be readily metabolized
with minimal toxicity [27]. The structure of PLGA can be designed by adjusting the relative
amount and/or the molecular weight of these monomers, facilitating the tailored synthesis
of NPs towards specific applications. The synthesis of PLGA NPs can be performed
by nanoprecipitation or emulsification–evaporation techniques [28]. Depending on the
application and the desired encapsulation performance, single (oil-in-water) or double
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(water-in-oil-in-water) emulsion templating techniques can be utilised [27]. The size of
PLGA NPs can vary between 10 and 1000 nm [29], and it can be regulated by controlling
experimental conditions such as stirring rate and temperature [30]. PLGA NPs are suitable
for encapsulating hydrophilic and/or hydrophobic molecules, while the surface can be
modified with various moieties for reduced toxicity, enhanced stability, targeted delivery, or
theranostic functionalities. PLGA NPs are especially considered for sustained drug release,
since their controllable properties enable the design of desirable drug-release profiles,
overall making them ideal nanocarriers for treatments demanding long-term therapy with
reduced dosing frequency.

Dendrimers are characterized by a well-defined tree-like structure with a central core
and multiple layers of branch units on the outer shell. Branches originate from the central
core and their number and branching architecture can be designed based on the target
application. The architecture of dendrimers allows precise control over their size and shape,
as well as the functionalization of their surface. The most commonly employed techniques
for the synthesis of dendrimers are divergent and convergent methods [31]. The size of
dendrimers typically ranges between 1 and 15 nm; however, high-generation dendrimers
can have larger sizes [32]. Dendrimers have a high loading capacity for pharmaceutical
agents and can provide sustained drug-release profiles. They can be functionalized with
imaging probes or contrast agents, making them suitable for diagnostic imaging. Moreover,
they can be employed in a number of other applications such as gene delivery, tissue
engineering, and catalysis. Polyamidoamine (PAMAM) dendrimers represent one of the
most utilised families of dendrimers due to their unique physico-chemical properties, such
as high water solubility, biocompatibility, and precise structural control, overall making
them suitable for therapeutic and diagnostic applications [33].

Chitosan is a deacetylated form of chitin, which is derived from crustacean shells or the
cell walls of fungi. It is a widely used, FDA-approved, biodegradable, biocompatible poly-
mer and is often utilised as a nanocarrier material in drug-delivery applications. Various
methods have been proposed for the synthesis of chitosan NPs, such as microemulsification,
emulsification–solvent diffusion, emulsion-based solvent evaporation, and ionotropic gela-
tion [34]. Beyond application in drug delivery, these NPs have demonstrated potential for
application in tissue engineering and as antimicrobial or antioxidant agents. As for other
nanoparticulate systems, the surface of chitosan NPs can also be modified for targeting
or imaging purposes. Moreover, chitosan NPs are known for their mucoadhesive and
sustained drug-release properties, making them an ideal candidate system for mucosal
drug-delivery applications [34].

3. Inorganic Nanoparticles

Inorganic NPs are nanoscale particulate systems composed of inorganic materials such
as metals or semiconductors. They have unique optical properties due to their small size
and high surface-to-volume ratio, which make them valuable tools for application in drug
delivery, biomedical imaging, and theranostics [35]. Examples of inorganic NPs utilised in
the field of nanomedicine are shown in Figure 3.

Figure 3. Examples of inorganic nanoparticles that are commonly employed in nanomedicine, which
include: gold, silver, magnetic, and silica NPs, and quantum dots.

Gold NPs (AuNPs) and silver NPs (AgNPs) have attracted significant attention in
industry, and in technological development more broadly, especially due to their remark-
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able optical properties. Notably, these NPs can display surface plasmon resonance (SPR)
behaviour, which occurs when light excites electrons at the interface between the conduc-
tor and insulator components of the material [36]. The optical properties of these NPs
are mainly shape- and size-dependent, and accordingly, the SPR also depends on the
composition, shape, and size of the NPs [37,38]. When light is absorbed on the surface
of metal NPs, electrons undergo a collective oscillation, which generates local heat that
can be utilised in biomedical applications. In principle, when plasmonic NPs, such as
gold or silver, are encapsulated inside an outer layer, they can cause this layer to phase
transition when they are subjected to light irradiation as they can convert optical energy
into local heat energy [39]. It is important to note that this phenomenon also enables
photothermal therapy (PTT), which refers to the utilization of light energy to kill cancer
cells [40]. Various physico-chemical methods for the synthesis of AuNPs and AgNPs have
been reported in the literature, including laser ablation, chemical reduction, and green
synthesis [41]. The size and shape of the NPs are highly dependent on the production
technique employed. AuNPs and AgNPs are also attractive for drug-delivery applications,
as they can be designed to function as controlled drug-release systems. This feature of
NPs relies on the photothermal effect (PTE), which induces the release of encapsulated
payloads through an outer layer surrounding the NP, due to a phase change in the layer
caused by localized temperature increases, as described above. In addition, among metallic
NPs, AgNPs are widely used in healthcare products and in the food industry due to their
remarkable antibacterial properties.

Quantum dots (QDs) are semiconductor nanomaterials composed of groups II-VI, III-V,
or IV-VI elements [42]. Synthesis methods of QDs are classified into two main categories:
top-down and bottom-up approaches. In top-down approaches, a semiconductor is thinned
down to form QDs, while in bottom-up approaches, a self-assembly process is performed
to create QDs [43]. These NPs have a small size of around 10 nm and possess unique
optical and electronic properties arising from quantum confinement effects. Their tuneable
emission wavelength makes them ideal agents for various applications in bioimaging,
detection, and tracking. Notably, QDs have an absorption wavelength higher than 650 nm in
the near-infrared (NIR) region, which is advantageous in biomedical imaging applications
as it presents minimal tissue absorption [44]. In drug-delivery applications, the surface
of QDs can be functionalized with phospholipids or amphiphilic polymers to create a
hydrophilic protective shell. This can improve the stability and biocompatibility of QDs in
biological fluids, enabling their utilization in biomedical applications, e.g., for improving
treatment efficacy. It can also provide steric stabilization, reduce non-specific interactions,
and enhance circulation time within the body. Overall, QDs are particularly attractive
for improving imaging contrast, detection sensitivity of biological targets, targeted drug
delivery, and theranostics.

Silica NPs (SNPs) are composed primarily of silicon dioxide (SiO2) and their size
typically ranges between a few nm to a few hundred nm. Commonly employed techniques
for the synthesis of SNPs include the microemulsion method and the Stöber process. The
structure of SNPs can be adapted to achieve various architectural shapes including spheres,
rods, or tubes [45]. They have characteristics of high stability and biocompatibility, making
them suitable nanomaterials for a range of biomedical applications. The surface of SNPs can
be functionalized with specific molecules allowing targeted delivery, controlled release, or
contrast enhancement in bioimaging. The porous structure of SNPs also enables high drug-
loading capacity and efficient delivery of pharmaceutical agents. SNPs can be engineered to
incorporate fluorescent dyes, QDs, or other imaging agents. This property allows them to
be utilised as imaging probes for fluorescence imaging, magnetic resonance imaging (MRI),
or computed tomography (CT). For this reason, SNPs can serve as effective platforms in
biosensing applications, including for the detection of biomarkers or for ‘tracking’ biological
processes dynamically [46].

Magnetic NPs (MNPs) refer to particles in the nanoscale that possess magnetic proper-
ties. These particles are typically composed of a magnetic core material (e.g., iron oxide),
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coated with a functional shell [47]. The core of MNPs is responsible for their magnetic
behaviour. Iron oxide magnetic NPs (IONPs) are commonly used as MNPs due to their
high magnetization and biocompatibility. Their small size (up to a few hundred nm)
provides benefits such as large surface-area-to-volume ratio, improved colloidal stability,
and enhanced magnetic response. Among various methods for the synthesis of MNPs,
the sol–gel method, coprecipitation, microemulsification, and thermal decomposition are
commonly employed [48]. MNPs can be surface-modified with biocompatible coatings
to enhance stability and biocompatibility; this makes them suitable for various biological
and biomedical applications. They are commonly employed in MRI as contrast agents to
enhance imaging resolution and sensitivity. Interestingly, MNPs can also be employed to
enable magnetic hyperthermia, which is a therapeutic approach where NPs generate heat
in response to an alternating magnetic field, leading to localized tumour ablation [49]. They
can also be employed in targeted DDSs, biosensing, and magnetic cell separation. Thanks
to the magnetic properties of these NPs, they can be controlled using external magnetic
fields to localize in specific regions of the body, i.e., for targeted drug delivery or imaging.

4. Properties of Nanoparticles with Encapsulation

As discussed earlier, efficient delivery and ‘shielding’ of inorganic NPs through encap-
sulation can significantly enhance their performance in a range of biomedical applications.
The advantages that the encapsulation process introduces include improved stability and
biocompatibility, as well as controlled drug release and targeted drug-delivery capabilities.
This can typically be achieved by encapsulating the NPs within a shell or modifying the
surface of the NPs, as shown in Figure 4. Additionally, other types of hybrid NPs have been
investigated in the literature, including hybrid nanogels or Janus particles [50]. Examples of
methods for the encapsulation of inorganic NPs include the polymerization of the organic
NPs around inorganic NPs, and the encapsulation via adsorption of oppositely charged
particles onto inorganic NPs [35].

Figure 4. The design of organic–inorganic hybrid platforms can have various architectures, including
those based on core–shell structures and surface modifications.

Typically, a polymeric nanocompartment or layer is created around the NPs, which
can be achieved by heterogeneous polymerization techniques or through nanoprecipi-
tation [51–53]. On the other hand, the surface modification method involves attaching
organic molecules to the surface of the NPs, enhancing their functionality without creating
an outer shell structure. Depending on the desired application, the surface chemistry of
NPs can be tailored by selecting appropriate molecules to meet specific requirements.

The efficiency of a given encapsulation method depends on various physico-chemical
properties of the NPs, including their size, surface chemistry, surface charge, and solu-
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bility, as well as the desired characteristics of the hybrid nanoplatform, such as stability,
biocompatibility, and controlled release and/or targeted delivery capabilities.

5. Biomedical Applications of Hybrid Nanoparticles

Hybrid NPs have been utilised as powerful tools in biomedical applications, especially
for targeted drug delivery, bioimaging, and theranostics. Concerning applications in drug
delivery, hybrid NPs—like other nanomedicines—can deliver drugs by active or passive
targeting. Active targeting typically involves some modification on the particle surface, e.g.,
using charged lipids, antibodies, or attachment of ligands that enable the NP to bind to the
receptors of the target cells and to cross biological membranes more effectively (Figure 5c).
Active targeting therefore reduces undesired side-effects of drugs, while providing high
therapeutic efficacy by allowing high dosing at the diseased site [54].

 
Figure 5. The illustration shows various approaches in nanoparticle-based drug delivery: (a) con-
trolled delivery, (b) active targeting, and (c) passive targeting. NP: nanoparticle.

Passive targeting is the accumulation of NPs at pathological sites due to the EPR
effect, whereby the increased vascular permeability enables enhanced extravasation of NPs
and drugs (Figure 5b). Notably, the size of intercellular gaps in the vascular endothelium
of these pathological regions increases by about 1 μm after exposure to inflammatory
mediators. This helps NPs, for example, at tumour sites much more effectively than in
physiological tissues [55]. The delivery of the payload to cells occurs via the interaction
between the NP and the cell membrane, which can occur through different mechanisms.
NPs can indirectly enter the cytoplasm by endocytosis, resulting in the delivery of the
payload. An alternative process is fusion, whereby NP layers merge with the cell membrane,
resulting in direct delivery of the payload. Another mechanism of interaction between NPs
and cell membranes is lipid exchange, which involves the exchange of bilayer materials
between the NP layers and the cell membrane. It is important to note that these interactions
can trigger the immune system. Therefore, it is crucial to develop the surface chemistry of
NPs in such a way to make them unrecognizable by the RES [17].

Controlled drug delivery, on the other hand, refers to the regulation of the release of
a payload from a nanocarrier system (Figure 5c). These systems are designed to initiate
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drug release in response to an exogenous or endogenous trigger such as pH, temperature,
or light. Sustained drug-delivery systems on the other hand provide prolonged release
of a drug over a certain period of time. In DDSs designed for sustained release, the drug
is typically encapsulated within the NP or a matrix system, and drug release occurs via
diffusion [56].

Another important biomedical application of NPs is in biomedical imaging, i.e., as
contrast agents. This approach has the potential to provide more accurate information
about a given disease condition compared with traditional clinical imaging. Owing to the
aforementioned targeting capabilities and the small size of NPs, nanoparticulate contrast
agents can be directed to the targeted area, thus enabling accurate detection and imag-
ing of a biological target tissue. This approach can be applied in fluorescence imaging,
magnetic resonance imaging (MRI), computerized tomography (CT), ultrasound (US), and
multimodal imaging [57].

Fluorescence imaging often involves the use of fluorophores or fluorescent dye
molecules attached to NPs. These compounds can absorb light at specific wavelengths
and emit light at longer wavelengths, when excited by an appropriate light source. Flu-
orophores can be targeted to specific cell types or cell structures for various purposes
including protein analysis, gene detection, diagnostics, and real-time monitoring [58]. Flu-
orescence imaging can provide vital information, especially when NIR light is utilised,
due to improved tissue penetration of light and reduced autofluorescence, allowing for
enhanced imaging sensitivity. Fluorescence imaging can be implemented by conjugating
fluorescent dyes with NPs or by encapsulating fluorescent agents within NPs.

MRI is one of the most commonly applied methods for disease diagnosis and monitor-
ing in the clinic for various medical conditions. The fundamental principle of MRI is based
on the movement of protons within a strong magnetic field. This provides high-resolution
images of internal body structures in multiple planes. Commonly employed contrast
agents in MRI include gadolinium-based NPs and superparamagnetic materials, due to
their remarkable magnetic properties [59]. These contrast agents help enhance the visibility
of targeted areas, improving the accuracy of the diagnostic process.

US imaging is also one of the most commonly employed methods for medical imaging,
due to its simplicity of usage, safety, and real-time imaging capabilities. In this approach,
sound waves (with a frequency >20 kHz) are generated by an extracorporeal transducer
positioned in contact with the body. As these waves penetrate tissues, they encounter
biological structures with different acoustical properties. These differences in properties
between structures (i.e., mainly in density and compressibility) result in reflections of the
ultrasound wave, which are captured by a probe and are then converted into images [60].
Different types of contrast agents are used in US imaging in order to enhance the acousti-
cal properties mismatch between the vasculature and surrounding tissues; these include
gas-filled (e.g., microbubbles with a core of a heavy gas, like perfluorocarbon), solid-based
(e.g., silica NPs), and liquid-based (e.g., perfluorooctyl bromide) particles. Some of these
NP systems present a core–shell design configuration. It is important to note that the afore-
mentioned imaging approaches primarily focus on providing single imaging modalities;
however, advancements have allowed the development of multifunctional NPs serving as
imaging agents with multimodal imaging capabilities. These NPs can incorporate single
(e.g., silicon naphthalocyanine) [61] or multiple imaging agents, enabling the simultaneous
use of distinct imaging modalities [62]. This approach allows complementary information
to be captured from different imaging techniques, thereby also improving accuracy and
reliability of diagnosis.

Another significant area of application is photoablation therapy, which can be classi-
fied into two main modalities: photodynamic therapy (PDT) and photothermal therapy
(PTT) [40,63] (Figure 6). PDT involves the use of (initially) non-toxic compounds called
photosensitizers, which are exposed to light at a specific wavelength (e.g., in the NIR) re-
sulting in the formation of toxic compounds. These toxic products can react with hydroxyl
ions or water, and in turn form reactive oxygen species (ROS) that can cause cell death.
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This approach is mainly employed in the context of anticancer therapy, as the production
of ROS can induce suppression of tumour growth. In PTT, the targeted area is irradiated
using a light source at a specific wavelength similar to PDT. This light energy is converted
into heat energy by specific materials, such as AuNPs or AgNPs, resulting in hyperthermia
and cell death. PDT and PTT are examples of common therapeutic approaches utilising
hybrid platforms.

Figure 6. Illustration depicting the application of photothermal therapy and photodynamic therapy.
NIR: near-infrared; ROS: reactive oxygen species.

5.1. Liposomes-Based Hybrid Platforms

Liposomes are one of the most commonly used nanocarriers for integration into hybrid
platforms in nanomedicine. These platforms combine the unique advantages of liposomes
and inorganic NPs, offering multi-functional features. Examples of studies that focused on
hybrid platforms consisting of liposomes as the organic nanocompartment and inorganic
NPs as the core are given in Table 1.

Table 1. Liposome-based hybrid platforms for biomedical applications.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

Liposomes AuNPs Dox Controlled
release/PTT

HeLa and U14
cell line/mice

The platform showed
excellent anticancer effects,

with up to 78.28% inhibition
rate of tumour cells.

[40]

Liposomes AuNPs Dox Controlled
release/PTT A549 cell line

NIR irradiation resulted in
>80% drug release within

1 min.
[64]

Liposomes AuNPs
Fish oil protein

(tagged with
AuNPs)

Sustained release
and targeted

delivery

HIG-82 cell
line/Osteoarthritic

rat model

The first study to report on
the anti-osteoarthritic

activity of fish oil protein
and AuNP encapsulating

liposomes.

[65]

Liposomes
(conjugated with

apo E)
AuNPs

miRNA inhibitors
(integrated with

AuNPs)
Targeted delivery U87 cell

line/mice

Greater accumulation in
brain tumour tissue

compared to controls.
[66]

Liposomes
(cationic) AuNPs Carboplatin Chemo-radiation

therapy
HCT116 cell

line/mice

Combination of carboplatin
and the hybrid platform

was found to be remarkably
more efficient in terms of
radiosensitization effect.

[67]
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Table 1. Cont.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

Liposomes Hollow AuNPs
Perfluorocarbon
and Dox (stearic
acid conjugated)

US-guided
fluorescence

imaging/PTT

MCF-7, 4T1 and
HEK293 cell

line/mice

Tumour accumulation of the
platform was observed by

in vivo fluorescence
imaging and the antitumour

effect was verified.

[68]

Liposomes Au Nanorods Ganoderic acid A

PTT,
chemotherapy,
antibacterial

therapy

E. coli and S.
aureus/MCF-7
cell line/mice

NIR irradiation exhibited
broad-spectrum

antibacterial effects against
drug-resistant E. coli and S.
aureus. Strong anticancer

activity was observed
against MCF-7 cells.

[69]

Liposomes Au Nanorods
Ruthenium (II)

polypyridyl
complexes

Targeted
release/PTT

SGC-7901 cell
line/mice

NIR irradiation in
combination with the

nanoplatform could alter
the morphology of cells

in vitro and could inhibit
tumour growth significantly.

[70]

Liposomes AuNPs-aptamers Morin pH-sensitive
targeted release

SGC-7901 cell
line/mouse

The platform exhibited
tumour targeting properties

and could inhibit tumour
growth.

[71]

Liposomes Solid AuNPs or
hollow AuNPs Dox Targeted

release/PTT
HDF and MCF-7

cell line/mice

Hollow AuNPs presented
eight-fold anticancer

efficacy compared with
solid AuNPs.

[72]

Liposomes (with
FA)

AuNPs and
graphene QDs Dox

Targeted re-
lease/bioimaging/

PTT/PDT

4T1 and MCF-7
cell line/mice

The platform exhibited
in vivo tumour diagnosis

capabilities through
imaging along with

successful PDT.

[73]

Liposomes (folate
modified)

Au nanorods and
MNPs Dox

Magnetic and
photothermal

responsive
targeted delivery

5637 and A549
cell line

The hybrid nanoplatform
was synthesized using

microfluidics-based
production; 95% of the drug

was released after 3 h.

[74]

Liposomes (with
reduced graphene

oxide sheets)
Carbon QDs Dox Stimuli-sensitive

delivery/PTT
MD-MB-231 cell

line/mice

Monitoring drug release
was accomplished using the

emission intensity of the
theranostic platform.

[75]

Liposomes

CdSe QDs
(modified with
oleic acid) and

SPIONs (Fe3O4)

-
Targeted deliv-

ery/fluorescence
imaging

HepG2 cell line

Magnetic fluorescent
liposomes could be drifted
by an external magnet that

could further be
characterized using a

fluorescence microscope.

[76]

Liposomes (with
RGD peptide) QDs L-arginine

Fluorescence
imaging-guided

PTT
4T1 cell line/mice

The theranostic platform
demonstrated the

generation of NO, which
was toxic to tumour cells

in vitro. The accumulation
of liposomes in the tumour

tissue could be tracked
in vivo.

[77]

Liposomes Graphene QDs - US-triggered
release HCT116 cell line

Controlled delivery of QDs
(as biomarkers) could be
achieved by employing

low-frequency US.

[78]
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Table 1. Cont.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

Liposomes
(cationic) CMNPs - Magneto-PTT U87 cell line

The study revealed efficient
intracellular uptake of the

nanoplatform and exhibited
superior hyperthermia

effects.

[79]

Liposomes MNPs
Tenofovir
disoproxil
fumarate

Multimodal imag-
ing/targeted

release

HIV-infected
microglia cell line

The platform demonstrated
the capability for

brain-targeted delivery with
assistance of image
guidance in vitro.

[62]

Liposomes (ICG
loaded and FA

modified)

Mesoporous
SNPs (with
gadolinium)

Dox
PDT/PTT/NIR

fluores-
cence/MRI/PAI

4T1 cell line/mice

The multifunctional
theranostic platform

demonstrated capability for
multimodal imaging,

enabled effective
diagnostics, and presented

Dox release upon NIR
irradiation.

[80]

Liposomes (as
lipid coating)

Mesoporous
SNPs Berberine Brain-targeted

drug delivery
In vitro

assay/mice

The hybrid nanoplatform
achieved sustained release
of berberine and inhibition

of acetylcholine esterase,
potentially contributing to

the treatment of
Alzheimer’s disease.

[81]

Liposomes AgNPs - Drug release
analysis

Dialysis bag
method

Greater AgNP release was
observed at pH 5.5, which

corresponds to the pH
found in mature endosomes

of tumour cells.

[82]

Liposomes AgNPs - Evaluation of
cytotoxicity THP1 cell line

The nanoplatform was
found to increase reactive

oxygen species-independent
induction of apoptosis,

suggesting that the
encapsulation could

potentially reduce the
concentration of AgNP

required to exert a biological
effect.

[83]

NPs: nanoparticles; AuNPs: gold nanoparticles; Dox: doxorubicin; PTT: photothermal therapy; NIR: near-infrared;
RT: radiotherapy; QDs: quantum dots; PDT: photodynamic therapy; MNPs: magnetic nanoparticles; US: ultra-
sound; CMNPs: citric acid-coated iron oxide magnetic nanoparticles; SNPs: silica nanoparticles; MRI: magnetic
resonance imaging; PAI: photoacoustic imaging; AgNPs: silver nanoparticles; SPIONs: superparamagnetic iron
oxide nanoparticles; NO: nitric oxide; FA: folic acid; ICG: indocyanine green.

Xing et al. demonstrated the implementation of PTT by employing a liposomal sys-
tem encapsulating doxorubicin (Dox), i.e., a chemotherapeutic compound and AuNPs as
inorganic NPs [40]. When the hybrid platform was irradiated by NIR light, the liposome
layers became permeable to both Dox and AuNPs, allowing the release of both payloads. It
was reported that this platform resulted in effective tumour suppression with a cell growth
inhibition rate of up to 78.28%. In a similar study, Koga et al. utilised AuNPs to achieve
controlled drug release via PTE. Their results showed that the hybrid system was capable of
releasing >80% of the drug in less than 1 min upon NIR irradiation [64]. Another approach,
investigated by Lv et al., employed thermosensitive liposomes encapsulating Au nanorods,
MNPs, and Dox for targeted delivery assisted by PTE [74]. This platform showed super-
paramagnetic properties and enabled controlled release, with approximately 95% of the
drug released after 3 h of irradiation using a 980 nm laser beam. This approach was found
to be highly effective in treating bladder tumour cells. Among many studies investigating
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liposome–AuNP hybrid platforms as DDSs, Li et al. demonstrated that incorporating
hollow AuNPs in liposomes resulted in greater efficacy both in terms of the hyperthermia
achieved within the targeted tissue and the drug (Dox) release profile, compared with
liposomes loaded with solid AuNPs [72]. It is worth mentioning that, in addition to em-
ploying chemotherapeutic agents (such as Dox) as encapsulated payloads in liposomes
for targeted and controlled drug-delivery applications, various other types of molecules
have also been encapsulated in nanocompartments, including miRNA inhibitors [66] and
fish oil protein [65]. Grafals-Ruiz et al. proposed a liposomal system for the treatment of
glioblastoma (GBM), one of the most common types of brain tumours [66]. The system
comprised liposomes encapsulating AuNPs functionalized with oligonucleotide miRNA
inhibitors. In addition, the liposomes were conjugated to either apolipoprotein E (ApoE) or
rabies virus glycoprotein. The hybrid nanoplatform was investigated in GBM syngeneic
mice by intravenous administration. Results showed that the expression of miRNA-92b
was effectively inhibited. Furthermore, compared with controls, liposomes conjugated
with ApoE accumulated to a greater extent at the tumour tissue, suggesting improved
targeted delivery.

Liposomal platforms have also been employed for enhanced bioimaging applications.
A hybrid nanoplatform consisting of liposomes encapsulating AuNPs, perfluorocarbon,
and Dox has been utilised for image-guided PTT [68], with positive outcomes in terms of
both bioimaging and drug delivery. Another study conducted by Prasad et al. synthesized
liposomes encapsulating AuNPs along with emissive graphene QDs for application in
in vivo bioimaging and NIR-mediated cancer therapy [73]. The liposomes also encapsu-
lated Dox as a chemotherapeutic drug, and their surface was functionalized with folic acid
(FA) as a targeting ligand. The developed theranostic system demonstrated capability for
in vivo bioimaging of tumour tissue using NIR light (wavelength of 750 nm). Moreover, it
offered PDT and chemotherapeutic performance. Notably, NIR light exposure resulted in
the generation of ROS, resulting in tumour reduction.

In a similar theranostic approach by Li et al., perfluorocarbon was encapsulated in
liposomes by film dispersion, with the aim of developing US contrast agents that are more
effective at penetrating into a target tissue than conventional, micrometer-sized contrast
agents [68]. This hybrid system also encapsulated Dox along with hollow AuNPs, to
achieve PTT upon exposure to NIR light (wavelength of 808 nm). In vivo fluorescence
imaging demonstrated the accumulation of NPs at the targeted area in a 4T1 tumour
model. NIR illumination also resulted in localized hyperthermia leading to significant
Dox release. The nanoplatform was also found effective at performing US image-guided
PTT and chemotherapy. Charest et al. developed a liposomal formulation of AuNPs
with carboplatin and evaluated its radiosensitizing potential [67]. The study found that
simultaneous administration of low doses of carboplatin and AuNPs through encapsulation
in liposomal nanocarriers resulted in effective radiosensitization.

The investigation of liposomal encapsulation of QDs, MNPs, and SNPs was also
conducted for enhanced therapeutic efficacy. Chen et al. examined liposomes encapsulating
both CdSe QDs modified with oleic acid and superparamagnetic iron oxide NPs (SPIONs),
for the treatment of hepatocellular carcinoma [76]. This strategy led to the synthesis of
magnetic fluorescent liposomes with multifunctional properties. The platform could label
and image cancer cells with high biocompatibility, suggesting that it has the potential for
improved targeted drug delivery. A study by Sun et al. demonstrated the capabilities
of liposomes encapsulating MSNs, for triple-modal image-guided cancer therapy as a
theranostic drug-delivery platform [80]. In this research, gadolinium-doped MSNs were
encapsulated in liposomes along with Dox. Liposomes were coated with FA to prevent the
leakage of Dox and for achieving targeted delivery. The nanoplatform was also conjugated
with indocyanine green (ICG) to enable triple-modal imaging through NIR irradiation.
Results demonstrated that ICG enabled PTT and PDT, while allowing NIR fluorescence
imaging and photoacoustic imaging (PAI). The addition of gadolinium also enabled MRI
capabilities. In vitro and in vivo studies showed improved antitumour effects with good
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imaging contrast, suggesting that this theranostic platform is a candidate for image-guided
phototherapy. Overall, the system was successful at providing triple-modal imaging in a
single platform, capable of NIR fluorescence imaging, PAI, and MRI.

5.2. Micelle-Based Hybrid Platforms

Micelles are widely used as organic NPs in biomedical applications, acting as nanocom-
partments through the creation of shells or coatings, as well as for encapsulating inorganic
NPs. Some example biomedical applications of such micelle-based hybrid platforms are
given in Table 2.

Table 2. Micelle-based hybrid platforms for biomedical applications.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

Micelles (oleic
acid and

tetraethylene
glycol)

AuNPs and
IONPs Dexa Drug

delivery/bioimaging Dialysis bag

The micellar system was
capable of encapsulating

Dexa, AuNPs, IONPs, and
demonstrated its potential
for the delivery of multiple

types of therapeutic and
diagnostic agents.

[84]

Micelles
(polylacticacid
stereocomplex)

AuNPs (tethered
in the shell) Dox PTT/chemotherapy HepG2 cell

line/mice

The nanoplatform was able
to provide accelerated drug
release via PTE, and showed

improved efficacy in
tumour reduction.

[85]

Micelles (PHEA-
LA-PEG-FA)

Au core (with
silica)/QDs shell Dox Drug deliv-

ery/PTT/bioimaging MCF7 cell line
The platform was utilised as
a theranostic device capable

of real-time imaging.
[86]

Micelles QDs and/or
SPIONs

Single stranded
DNA (p53) or

avidin

Biomolecular
detection/tracking -

The hybrid platform
successfully performed

rapid, sensitive, and specific
separation and detection of
DNA and/or protein from a

small sample volume.

[87]

Micelles CuInS2/ZnS QDs - Intracellular
temperature sensing

HeLa and PC3
cell line (mice)

The nanoplatform was
efficient in microscale

temperature
sensing/hyperthermia

monitoring through NIR
emission with no
cytotoxic effect.

[88]

Micelles CdSe/ZnS QDs - Evaluation of
toxicity/biosensing HepG2 cell line

CdSe/ZnS QDs coated with
micelles showed minimal
toxicity, suggesting that

thicker protective polymer
layers reduced cytotoxicity

and were suitable for
bioimaging applications.

[89]

Micelles SPIONs Dox pH-sensitive
delivery/bioimaging

HepG2 cell
line/mice

The platform successfully
achieved drug release and

could be imaged
through MRI.

[90]

NPs: nanoparticles; AuNPs: gold nanoparticles; Dox: doxorubicin; QDs: quantum dots; IONPs: iron ox-
ide nanoparticles; Dexa: dexamethasone; PTE: photothermal effect; PTT: photothermal therapy; PHEA: α,β-
poly(N-hydroxyethyl)-DL-aspartamide; FA: folic acid; SPIONs: superparamagnetic iron oxide nanoparticles;
MRI: magnetic resonance imaging; PEG: polyethylene glycol; LA: lipoic acid.

Volsi et al. studied the design of a theranostic micellar nanoplatform for targeted cancer
therapy [86]. The polymeric micellar structure consisted of α,β-poly(N-hydroxyethyl)-DL-
aspartamide functionalized with lipoic acid (LA), PEG as a hydrophilic moiety, and FA
as a targeting moiety which was able to self-assemble in aqueous solution. The platform
also encapsulated Dox and Au core–shell QD NPs. Experiments showed that the nanocom-
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partment was stable and efficient at targeting/delivering Dox to MCF7 cells, as well as
capable of exploiting heat generation by PTE of QD-Au NPs. It was suggested that this
theranostic hybrid system has potential for cancer treatment considering its enhanced
drug-delivery behaviour and imaging capabilities, which can assist in diagnostics and
therapy monitoring purposes.

Micellar nanocompartments were also examined by Li et al. for pH-sensitive de-
livery and MRI imaging [90]. Researchers synthesized poly(ethylene glycol)-b-poly(β-
benzyl L-aspartate) and aminolyzed it with N,N-diisopropylamino ethylamine and N,N-
dibutalamino ethylamine at different molar ratios, for the development of an amphiphilic
block copolymer capable of encapsulating SPIONs and Dox. The system was designed
to encapsulate its payloads, i.e., drugs or contrast agents, under neutral pH conditions,
providing stability and preventing premature release of payloads during circulation or
storage. The nanoplatform was also designed to provide triggered release in weak acidic en-
vironments, typically found in certain pathological conditions. Experiments demonstrated
effective uptake by HepG2 cells and successful release of Dox at low pH conditions, demon-
strating the nanoplatform’s potential for therapeutic purposes. In addition, fluorescence
and MRI studies revealed that the weak positive charge of the hybrid system contributed to
longer blood circulation in vivo. The system thus exhibited successful pH-sensitive tumour
targeting with efficient and non-invasive MRI visibility, allowing improved non-invasive
image-guided therapy. Furthermore, it had a minimal side-effects profile, while displaying
impressive anticancer outcomes. Further studies focusing on the applicability of micel-
lar nanocompartments for enhanced tracking and biomolecular detection have been also
carried out by encapsulating QDs and SPIONs [87].

5.3. PLGA-Based Hybrid Platforms

PLGA-based hybrid systems have recently emerged as promising platforms, especially
for drug delivery and bioimaging applications. Table 3 shows selected publications covering
PLGA-based hybrid platforms utilised in biomedical applications.

Table 3. PLGA-based hybrid platforms for biomedical applications.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

PLGA Hollow Au
nanoshell

Anti-PD-1
peptide

Sustained
release/PTT

4T1 and CT26 cell
line/mice

Efficient PD-1 blocking was
achieved through sustained

release (for 40 days) of
anti-PD-1 peptide by NIR

irradiation.

[91]

PLGA Graphene QDs Dox
pH-responsive

deliv-
ery/bioimaging

HeLa cell line

Drug release was observed
in a mild acidic

environment in vitro. The
platform showed its

potential for bioimaging
applications.

[92]

PLGA CdSe/ZnS QDs Chlorophyllin
copper complex PDT NIH-3T3 cell line

The nanoplatform could
generate ROS when excited

at 365 nm.
[63]

PLGA (with PEG
and Wy5a
aptamer)

SPIONs Docetaxel Controlled drug
delivery/MRI

PC-3 cell
line/mice

In vitro investigations
demonstrated

high-sensitivity MRI
detection and enhanced
cytotoxic effects. In vivo
studies showed that NPs

exhibited superior
antitumour efficacy while

causing minimal
systemic toxicity.

[93]
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Table 3. Cont.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

PLGA (with
PEG-FA) SPIONs Dox

US/MRI/focused
US-triggered
drug delivery

4T1 cell line/mice

The nanoplatform exhibited
enhanced tumour targeting,
effective US/MRI contrast,
and focused US-triggered

drug release.

[94]

PLGA SNPs (conjugated
with Cy7.5) Docetaxel Chemo-radiation

therapy Mice

Tracking and sustained
drug release from spacers

(made of PLGA and loaded
with SNPs) were achieved,

demonstrating the
combined therapeutic

efficacy of chemo-radiation
therapy.

[95]

PLGA AgNPs IFNγ Cancer therapy HeLa and MCF-7
cell line

The nanoplatform induced
apoptosis through the

delivery of AgNPs
and IFNγ.

[96]

NPs: nanoparticles; PLGA: poly (lactic-co-glycolic acid); Dox: doxorubicin; PTT: photothermal therapy; PDT:
photodynamic therapy; QDs: quantum dots; FA: folic acid; PEG: polyethylene glycol; SPIONs: superparamagnetic
iron oxide nanoparticles; IFNγ: recombinant interferon gamma; SNPs: silica nanoparticles; AgNPs: silver
nanoparticles; US: ultrasound; MRI: magnetic resonance imaging; ROS: reactive oxygen species.

Luo et al. utilised PLGA NPs for the encapsulation of anti-PD-1 peptide and hollow
Au nanoshells for improved immunotherapy achieved by PD-1 blocking combined with
PTT [91]. This hybrid system demonstrated long-term activation of the immune system
over 40 days, which could also be accelerated using NIR laser illumination. It was also
revealed that multiple irradiations using NIR laser illumination enhanced the antitumour
effect, resulting in the inhibition of primary tumours as well as distant tumours. The
therapy was also capable of enhancing immune cell activation.

In another study conducted by Galliani et al., PLGA-based hybrid platforms were
designed to implement PDT for enhanced cancer therapy [63]. Chlorophyllin–copper
complex and CdSe/ZnS core–shell QDs were encapsulated successfully in the PLGA
nanocompartments. Irradiation at 365 nm by UV resulted in the generation of ROS due to
fluorescence resonance energy transfer between QDs and chlorophyllin. It was indicated
by the authors that this platform has potential for PDT as it could generate ROS upon
irradiation; however, further analysis is required to assess the underlying mechanisms and
optimize the formulation.

As reported by Jin et al., a PLGA-based nanoplatform was designed for multimodal
imaging and US-triggered drug delivery. SPIONs and Dox were successfully encapsulated
in PLGA-based nanocompartments conjugated with PEG and FA [94]. In vitro experiments
demonstrated the potential for US and MRI contrast imaging, as well as increased targeting
ability due to FA conjugation. Focused US was utilised as a remote-control technique to
trigger Dox release and induce cell membrane permeabilization. These findings highlighted
the promising application potential of this system as a tool for US- and MRI-guided drug
delivery in anticancer therapy.

Kumar et al. aimed to develop implantable nanoplatforms composed of PLGA-based
nanocompartments encapsulating docetaxel and Cy7.5 (fluorophore) conjugated with
SNPs [95]. In vivo studies demonstrated efficient sustained drug release near tissues. The
docetaxel-loaded spacers exhibited suppression of tumour growth compared with the
control over 16 days, demonstrating improved therapeutic efficacy. It is important to note
that this system was also suitable for contrast imaging due to its fluorescent moiety (Cy7.5),
with potential for use in disease monitoring.
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5.4. Dendrimer-Based Hybrid Platforms

Table 4 represents a selection of recently published articles focusing on the utilization
of dendrimer-based hybrid platforms in biomedical applications.

Table 4. Dendrimer-based hybrid platforms developed for use in biomedical applications.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

Dendrimers
(PAMAM)

Carbon QDs
(conjugated
with RGDS

peptide)

- Targeted deliv-
ery/bioimaging

MDA-MB-231
cell line (for

TNBC)

Green synthesis of
carbon QDs was

successfully performed.
The nanoplatform

showed potential as a
theranostic tool for

TNBC, with the
capability of detecting

and monitoring the
presence of Cu (II) ions.

[97]

Dendrimers
(conjugated

with PEG and
Herceptin)

AuNPs Gadolinium Targeted deliv-
ery/bioimaging

HER-2
overexpressing

cell lines

Successful in vitro
internalization was
achieved with no
cytotoxicity. The

nanoplatform worked as
a nanoimaging agent as
well as a nanocarrier for

targeted delivery of
cytotoxic drugs.

[98]

Dendrimers
(PAMAM)

Mesoporous
SNPs Curcumin

Fluorescence
imaging/pH-

responsive
drug delivery

HeLa cell line

The study demonstrated
the first-time use of

PAMAM dendrimers as
pH-sensitive capping
and self-fluorescent

agents.

[99]

Dendrimer–
stabilized Au
nanoflowers

Ultrasmall
IONPs -

MRI/CT/PAI-
guided

combination of
PTT and RT

4T1 cell
line/subcutaneous
tumour model

The multifunctional
theranostic platform
presented enhanced

photothermal conversion
efficiency and

compatibility with
multiple imaging

modalities.

[100]

NPs: nanoparticles; AuNPs: gold nanoparticles; QDs: quantum dots; SNPs: silica nanoparticles; IONPs: iron oxide
nanoparticles; Dox: doxorubicin; MRI: magnetic resonance imaging; CT: computed tomography; PAI: photoacous-
tic imaging; PTT: photothermal therapy; RT: radiotherapy; PAMAM: polyamidoamine; TNBC: triple-negative
breast cancer; PEG: polyethylene glycol.

In a study by Ghosh et al., a dendrimer-based hybrid platform was utilised for targeted
gene delivery for the treatment of triple-negative breast cancer (TNBC) [97]. The authors
successfully synthesized carbon QDs conjugated with PAMAM dendrimers of different
generations. RGDS peptides were further conjugated to the nanoplatform to be able to
target the αvβ3 integrin, which is known to be overexpressed in TNBC. Among different
conjugates, QD–PAMAM conjugate 3 showed superior capabilities for gene complexation
and protection against enzymatic digestion. Furthermore, it exhibited efficient detection of
Cu (II) ions, with a fluorescence quenching efficiency of 93%. It is important to note that
TNBC often has higher levels of Cu (II) ions, which offers potential for the detection of the
metastatic phase of TNBC.

In another approach, a pH-sensitive and self-fluorescent nanoplatform was developed
using mesoporous SNPs and PAMAM dendrimers [99]. It was found that the inclusion
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of PAMAM dendrimers provided improved encapsulation efficiency and additional eli-
gible reaction sites for modifications. In addition, the structure of PAMAM dendrimers
affected the drug-release performance and prevented burst release. The fluorescence be-
haviour of this hybrid system offers the capability for potential biological tracking and
bio-detection. Importantly, PAMAM dendrimers served as both pH-sensitive capping
agents and self-fluorescent agents, possessing multiple functions in a single platform. This
research demonstrated the versatility of dendrimer-based systems for developing multi-
functional and biocompatible drug-delivery platforms for biomedical imaging, diagnosis,
and simultaneous therapy.

Dendrimer-based nanocompartments have also been utilised for the application in
multimodal image-guided cancer therapy [100]. A theranostic nanoplatform was devel-
oped, comprising generation 5 poly(amidoamine) dendrimer-stabilized AuNPs embedded
with ultrasmall IONPs, capable of MR/CT/PAI-guided PTT and radiotherapy (RT). This
multifunctional nanoplatform induced significant cell death under laser irradiation. In vivo
experiments demonstrated accumulation within the tumour tissue along with MRI, CT,
and PAI imaging enhancement capabilities. These findings suggest that this nanoplatform
has the potential for image-guided cancer therapy, leading to improved diagnosis and
treatment while minimizing side-effects.

5.5. Chitosan-Based Hybrid Platforms

Chitosan has also been used as a constitutive material for hybrid platforms in biomedi-
cal applications. Examples of recently published studies focusing on chitosan-based hybrid
platforms are given in Table 5.

Table 5. Chitosan-based hybrid platforms developed for usage in biomedical applications.

Organic NPs Inorganic NPs Payload Application
Target

Condition
Highlights Ref.

Chitosan/tripolyphosphate
nanogels

Cysteine-
functionalized

AuNPs
Dox

CT imag-
ing/targeted

delivery

OSCC cell
line/mice

The hybrid nanogel exhibited
high drug-loading capacity
(87%) and controlled drug

release at acidic pH. AuNPs
enabled the monitoring of

drug delivery and
accumulation in tumours.

[101]

Thermosensitive hydrogel
with chitosan

Multiwalled
carbon

nanotubes

Dox and
rhodamine

B

Sustained drug
deliv-

ery/fluorescence
imaging

BEL-7402 cell
line/mice

Dual drug delivery could be
successfully monitored using

fluorescence imaging.
[102]

Chitosan SPION Dox Drug deliv-
ery/bioimaging

C6 glioma cell
line

The nanoplatform could be
used as an MRI contrast agent
as well as a theranostic tool for

glioblastoma.

[103]

Chitosan/alginate Fe3O4 Lutein Magnetic
targeting delivery

MDA-MB-231
and MCF-7 cell

line

The platform showed
enhanced cytotoxicity upon
exposure to a magnetic field.

[104]

Magnetic chitosan
Aptamer-
modified

graphene QDs
Dox Photothermal

chemotherapy
Hepatoma cell
line H22/mice

There was no evidence of
substantial biological toxicity

or adverse effects in either
in vivo or in vitro

experiments.

[105]

Chitosan Mesoporous
SNP

Dox and in-
docyanine

green
Chemotherapy/PDT HepG2 cell line

The platform could
successfully target and kill

cells via chemotherapy
combined with PDT.

[106]

NPs: nanoparticles; AuNPs: gold nanoparticles; Dox: doxorubicin; CT: computed tomography; SPIONs: super-
paramagnetic iron oxide nanoparticles; MRI: magnetic resonance imaging; QDs: quantum dots; SNPs: silica
nanoparticles; PDT: photodynamic therapy.

258



Molecules 2023, 28, 5694

Liu et al. developed a theranostic platform by incorporating cysteine functionalized
AuNPs into chitosan/tripolyphosphate NPs (modified with polyacrylic acid), aiming for
improved cellular uptake, high loading capacity, controlled release, and efficient bioimag-
ing [101]. This hybrid platform was also loaded with Dox as the chemotherapeutic agent.
In vitro experiments showed sustained drug release for up to 48 h under acidic condi-
tions; however, drug release was accelerated at higher pH values. The hybrid platform
also showed greater cellular uptake compared to free Dox. In vivo studies revealed that
the drug accumulation could be tracked, which was confirmed by CT scans. Notably,
significant inhibition of tumour growth compared with free Dox was observed in vivo.
These findings demonstrated the potential of this hybrid platform as a theranostic tool for
tumour treatment.

A study by Gholami et al. explored chitosan-based hybrid platforms loaded with
SPIONs and Dox for treating glioblastoma [103]. Drug-release tests demonstrated a rapid
release of Dox at pH 5.5, which resembles the pH of the tumour microenvironment, in-
dicating pH-dependent drug-release capability. In addition, the cellular internalization
of this hybrid platform was confirmed through fluorescence microscopy. Overall, the
study demonstrated the potential of this formulation for both diagnosis and treatment
of glioblastoma.

Chen et al. investigated a nanoplatform comprising aptamer-modified graphene QDs
and magnetic chitosan for the treatment of hepatocellular carcinoma [105]. It was designed
to utilise an aptamer for active targeting and graphene QDs for PTT. In vitro experiments
demonstrated the internalization of this hybrid platform in cancer cells and subsequent
NIR-triggered drug release. Additionally, the platform showed low cytotoxicity profiles
and enhanced accumulation at the tumour site in vivo, which was further validated by
imaging. Overall, this system has potential for combined photothermal chemotherapy in
cancer treatment.

6. Conclusions

This review provides a description and analysis of recent findings in drug delivery
and bioimaging applications using hybrid nanoplatforms composed of organic NPs en-
capsulating inorganic NPs. Findings from these recent investigations suggest that the
development of hybrid nanoplatforms holds great potential for targeted cancer therapy
and imaging applications. Previous studies have focused on various types of nanocom-
partments functionalized with different agents for specific biomedical applications. Hybrid
nanoplatforms have demonstrated enhanced biocompatibility, stability, efficient drug deliv-
ery, improved bioimaging performance, and applicability in different treatment approaches
such as PTT, PDT, and US-based. These unique characteristics of hybrid nanoplatforms
have enabled successful tumour targeting along with remarkable anticancer outcomes
with low side-effect profiles. This demonstrates the potential of hybrid nanoplatforms in
improving diagnosis, monitoring, and treatment, allowing new avenues of opportunity for
the development of novel therapeutic modalities.

On the other hand, there is a clear need for the development of effective formulation
processes for these hybrid nanostructures. Ongoing challenges relate to (i) the design
and optimization of suitable nanostructures, (ii) the controllable production of NPs with
desired properties including shape, size, drug loading efficiency, and well-defined drug
release or imaging performance, and (iii) scale-up of manufacturing processes for large-
scale production. Addressing these challenges requires close collaboration across multiple
disciplines, including nanotechnology, chemistry, engineering, and pharmaceutics. In
addition, the transition from laboratory-scale research to practical applications in humans
requires extensive research to optimize nanostructure formulations, elucidate the underly-
ing mechanisms of action, identify suitable administration routes, and further assess the
extent of performance improvement compared with more conventional drug delivery and
imaging approaches.
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Abstract: Asymmetric-flow field-flow fractionation (AF4) is a gentle, flexible, and powerful separation
technique that is widely utilized for fractionating nanometer-sized analytes, which extend to many
emerging nanocarriers for drug delivery, including lipid-, virus-, and polymer-based nanoparticles.
To ascertain quality attributes and suitability of these nanostructures as drug delivery systems,
including particle size distributions, shape, morphology, composition, and stability, it is imperative
that comprehensive analytical tools be used to characterize the native properties of these nanoparticles.
The capacity for AF4 to be readily coupled to multiple online detectors (MD-AF4) or non-destructively
fractionated and analyzed offline make this technique broadly compatible with a multitude of
characterization strategies, which can provide insight on size, mass, shape, dispersity, and many other
critical quality attributes. This review will critically investigate MD-AF4 reports for characterizing
nanoparticles in drug delivery, especially those reported in the last 10–15 years that characterize
multiple attributes simultaneously downstream from fractionation.

Keywords: nanoparticle drug delivery systems; asymmetrical flow field-flow fractionation; light
scattering detection; multi-attribute characterization

1. Introduction

The application of nanotechnology for medical purposes has defined nanomedicine.
Nowadays, nanomedicines such as nanoparticles (NPs) for drug and gene delivery have
become an emerging field of medicine. Nanomedicines have significant potential to im-
prove human health for prevention and treatment of diseases. Nanoparticles for drug
delivery are revolutionizing the nanomedicine field, especially most recently, as several
approved COVID-19 vaccines use nanoparticles to carry messenger RNA [1,2]. Addition-
ally, nanoparticle-based vaccines and therapeutics in preclinical or clinical studies play
an increasingly significant role against the COVID-19 pandemic [3]. The growing interest
in applying NPs for drug delivery can be attributed to the appealing features such as
improved stability and biocompatibility, enhanced permeability, and retention effect, as
well as precise targeting [4–6].

Numerous NPs for drug delivery have been developed recently, including lipid-
based NPs [7–9], polymer-based NPs [10–12], virus-like NPs [13,14], extracellular vesicles
(EVs) [15,16], and inorganic NPs [17,18]. The chemical composition, stability, particle
size distribution, nanoparticle shape, and morphology, as well as drug encapsulation and
distribution, are critical parameters to characterize for nanoparticles [19]. In addition,
regulatory agencies, including the U.S. Food and Drug Administration (FDA) and the
European Medical Agency (EMA), have published multiple regulatory guidance documents
to define the quality expectation for premarket submission [19–21]. Therefore, thorough
understanding and characterization of nanoparticle drug delivery systems are critical for
the identification of the critical quality attributes (CQAs) and successful development
of nanomedicines.

Molecules 2023, 28, 4169. https://doi.org/10.3390/molecules28104169 https://www.mdpi.com/journal/molecules265



Molecules 2023, 28, 4169

To advance the development of the nanoparticles in drug delivery applications, gentle
analytical techniques with full preservation of their native properties are in urgent demand.
Field flow fractionation (FFF) is uniquely suited for the analysis of delicate nanoparticles
because of the use of an external force field for gentle separation. FFF, which was invented
and patented in 1966 by J. Calvin Giddings, applies an external field to an open channel
to achieve separations [22]. The open channel design is highly conducive for separating
fragile species with a wide particle size range, and offers the flexibility in carrier liquid
selection [23]. Compared to commonly used size exclusion chromatography (SEC), the
fundamental difference is the absence of a stationary phase in the FFF channel, which
significantly reduces the system backpressure and shear force. This feature makes FFF
noticeably gentler than SEC. The absence of a stationary phase as in liquid chromatography
(LC) makes FFF a “soft” fractionation technique with minimal shear or mechanical stress
towards analytes [24]. Another feature of FFF is the applicability for particles across a wide
size range (1 nm to 10 μm) [23].

FFF is a group of distinctive techniques that use different types of separation fields
perpendicular to the open channel. Thermal FFF (ThFFF) utilizes temperature difference
across the channel to create the thermal gradient necessary to induce the separation [25,26].
Sedimentation FFF (SdFFF) uses sedimentation induced by gravity or a centrifugal force
to separate particles [27,28]. Magnetic FFF (MgFFF) separates analytes according to their
difference in magnetic properties [29]. Electrical FFF (ElFFF) introduces a transverse
electrical current to create an electric field [30]. Electrical asymmetrical flow (EAF4) was
developed afterwards as a variation of ElFFF to combine the electric field with the crossflow
field [31]. Flow FFF (FlFFF) applies a crossflow field to facilitate separation and is the most
versatile sub-technique of FFF. FlFFF has various formats, namely symmetric flow FFF (SF4),
asymmetric flow FFF (AF4), or hollow fiber flow FFF (HF5), which differ in the geometrical
channel shape and the way the crossflow is applied [32–34]. Table 1 summarizes the main
FFF sub-techniques, the corresponding separation field, and the critical physicochemical
properties of analyzed samples as the basis of separation.

Table 1. Summary of FFF sub-techniques.

Sub-Techniques of FFF External Field Physicochemical Property

Thermal FFF (ThFFF) Thermal gradient Soret coefficient
Sedimentation FFF (SeFFF) Gravity/Centrifugal force Effective mass (density)

Electrical FFF (ElFFF) Electric field Electrophoretic mobility
Magnetic FFF (MgFFF) Magnetic field Magnetic properties

Flow FFF (FlFFF) Cross flow Diffusion coefficient

Among these FFF sub-techniques, AF4 is the most commonly used because of its
broad separation range, great versatility, and wide commercial availability, indicated by
the dominance in scientific publications. The principle of AF4 has been reviewed previ-
ously [23,24,32,35,36]. In an AF4 setup, separation of analytes of different hydrodynamic
sizes is achieved by an applied crossflow perpendicular to the separation channel, which is
built from two blocks, one of which contains a semi-permeable membrane supported by a
porous frit. The main separation zone is defined either with a spacer of defined thickness or
can be built into the top block and influences the parabolic flow profile within the channel
perpendicular to the crossflow. The semi-permeable membrane retains the analytes, while
allowing the mobile phase to traverse. Then, the particles migrate along the parabolic
laminar flow of liquid carrier and a dynamic equilibrium is established, where smaller
particles (with a higher diffusion coefficient) equilibrate toward the middle of the AF4 chan-
nel (with higher velocity) and elute earlier than larger particles, as illustrated in Figure 1.
Based on the sample relaxation prior to separation, two types of channels are currently
available in the market for AF4 technology: focusing and hydrodynamic relaxation [37].
In the conventional AF4 channel, the sample is relaxed close to the membrane during the
focusing step (Figure 1A), while the frit inlet channel or dispersion inlet channel uses hy-
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drodynamic relaxation where no focusing is needed [38] (Figure 1B). The separation in AF4
can theoretically benefit from “focusing”, which reduces band broadening and improves
resolution and efficiency. However, the focusing step might cause sample loss in some
cases due to the adsorption on the membrane or aggregation of the sample, while sample
loss on the membrane is typically negligible once the elution mode starts [39]. Therefore,
frit-inlet FFF can be a preferred approach for particles that suffer from sample aggregation
or undesirable membrane interaction. For example, the colloidal particle stability and
particle size alterations were noted during the focusing step using a conventional AF4
channel, which could be circumvented by using a frit-inlet channel [40].

Figure 1. Representative diagram of relaxation and elution process in AF4: (A) focusing relaxation
in conventional AF4; (B) hydrodynamic relaxation in frit inlet or dispersion AF4; (C) elution in
the channel, showing the sample migration along with the parabolic flow, where smaller species
travel faster than larger species; (D) following AF4 separation, the multi-detector system that is
coupled with AF4 enables online characterization towards size-resolved fractions (Purple: population
of particles with smaller size, green: population of particles with larger size); (E) critical quality
attributes of the nanoparticle drug delivery systems and corresponding analytical techniques; multi-
attribute characterization can also be achieved by the multi-detector AF4 (MD-AF4) system. MALS,
multi-angle light scattering; DLS, dynamic light scattering; UV, ultraviolet; RI, refractive index; FLD,
fluorescence detector; LC, liquid chromatography; NTA, nanoparticle tracking analysis; Cryo-EM,
cryogenic electron microscopy.

The critical quality attributes of nanoparticle drug delivery systems are usually de-
termined through individual detection techniques (Figure 1E). As an elution technique,
AF4 can be coupled to multiple detectors to enable multi-attribute characterization of the
size-resolved fractions. Multi-angle light scattering (MALS) is capable of determining molar
mass and root-mean-square radius or radius of gyration (Rg). The range of Rg measured
by MALS is ~10 nm to 500 nm, and even up to 1000 nm assuming shape-specific models
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and sufficient angular coverage [41]. In addition, particle concentration can be derived
from the scattered intensity from MALS, and the lower limit for particle concentration is
107 particles per milliliter for MALS analysis, below which it could result in noisy MALS
peaks due to particle fluctuation [42]. Dynamic light scattering enables the measurement of
Stokes radius or hydrodynamic radius (Rh). Rh can be measured accurately using batch
DLS from 0.2 to 1000–5000 nm depending on the instrument. However, the upper limit of
online DLS coupling with FFF depends on the flow rate and detection angle, and assuming
a flow rate of 0.5 mL/min and appropriate configuration, Rh can be determined accurately
from 0.5 nm to ~300 nm [41]. With both online MALS and DLS, particle structure and
morphology can be evaluated by the shape factor, which is the ratio of the Rg and Rh [43].
Ultraviolet (UV) and refractive index (RI) detectors, as well as fluorescence detectors (FLD),
serve as concentration detectors depending on the analyte properties. The combination of
dual-concentration detectors with MALS further expands the analysis. For example, UV
and RI detector together with MALS enables the determination of molar mass for each com-
ponent and the composition ratio of the complex nanoparticle drug delivery systems. This
approach has been applied to analyze drug-loaded liposomes [44] and virus-like particles
with nucleic acids [45]. Additionally, nanoparticle tracking analysis (NTA) and cryogenic
electron microscopy (cryo-EM) are often used offline with AF4 for complementary particle
quantitation and structure/morphology visualization.

Applications of FFF in environmental matrices [46], food macromolecules [47], phar-
maceutics and biopharmaceutics [48], and nanomedicines [24,49] were reviewed previously.
This article briefly revisits different FFF sub-techniques and the basic principles, and the
following sections will focus on discussion of the recent applications of FFF, especially
AF4 in the characterization of nanoparticles used in the drug delivery. Challenges and
opportunities of FFF will also be outlined in this review.

2. Applications of FFF in Nanoparticle Drug Delivery Systems

One of the main challenges in developing nanoparticle drug delivery systems is
particle characterization. Analytical scientists always need to consider the tradeoff between
the level of details that the sample can be characterized with and the complexity of the
analytical tools. For example, batch DLS offers a very quick and simple way to characterize
particle size but lacks resolution and sensitivity to dispersity. On the other hand, cryo-
EM provides an unprecedented level of detail but at a cost of much lower throughput
and a limited sampling amount for statistical significance. Recently, FFF has gained
increasing popularity for various nanoparticles owing to its separation capability towards
a wide particle size range. FFF, especially AF4, has found plentiful use in the fields of
nanomedicines and nanomaterials [32,49]. Coupling AF4 with flow-detectors, such as light
scattering detectors (MALS, DLS) and concentration detectors (UV, RI, FLD), allows both
in-depth understanding of structural information and quantitative measurement of the size-
based distributions. To reveal the complexity, nanoparticles are separated by AF4 followed
by online or offline detectors. For example, nanoparticle samples can be separated using
AF4 and sent into a set of flow-through detectors for simultaneous online characterization
or collected into fractions for offline characterization. Coupling with online detections
has apparent advantages, as it does not cause agglomeration or breakage, nor alter NPs
structure during the characterization. Among the online flow detectors used in combination
with AF4, MALS and DLS are the most popular choices because they are size-based
techniques that couple easily with a size-based separation [50]. In addition, spectroscopy
detection (UV/FLD) is informative beyond quantitation, revealing information such as size-
dependent plasmon shift and the location of labelled species [51,52]. Lastly, a combination
of online and offline approaches can be used in parallel to provide orthogonal measurement.

This section is intended to provide a detailed overview of the recent applications using
FFF, especially AF4, in the most common nanoparticle drug delivery systems. Our goal is to
provide insights in the nanoparticle characterization when the FFF technique is combined
with various detectors. Most importantly, the application sections highlight the use of
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multi-detector AF4 (MD-AF4) towards the multiple attribute characterization, including
size distribution, shape or morphology, stability, drug encapsulation, and drug release.
While the emphasis is mostly on AF4, which is the most widely used FFF technique, it is
noteworthy to mention alternative FFF techniques, such as frit-inlet AF4 or HF5, for the
characterization of different nanoparticles. Table 2 summarizes the FFF applications in
different types of drug delivery nanoparticles discussed in this review, including the FFF
technique, additional characterization techniques, and critical results.

Table 2. Example of FFF applications in drug delivery nanoparticles.

Nanoparticles FFF Technique and Applications Key Results Ref

Lipid-based nanoparticles

AF4 with offline NTA and LC-MS for doxorubicin
liposome formulations

Particle size distribution of the liposome and
drug-to-lipid ratios were analyzed and

compared across different
doxorubicin formulations.

[53]

AF4-MALS-DLS for peptide-liposome interaction

Selectivity of the peptide, quantity of the bound
peptide, and size distribution and morphology

of liposomes were revealed for understanding of
structure-activity relationship.

[54]

AF4-MALS-Gamma ray detector for liposome
loaded with high energy alpha emitter (212Bi)

Liposome particle size and stability of
encapsulation in the serum were studied. [55]

AF4-MALS for drug transfer assay to quantify
retention of lipophilic model compounds

Transfer kinetics of lipophilic model compounds
from donor liposomes to acceptor liposomes
were elucidated at different lipid mass ratios,

and with different vesicle morphology
and lamellarity.

[56]

AF4-MALS-RI for stability evaluation of liposomes
against the intestinal bile salts in oral

delivery application

Different mechanisms of entrapped calcein
leakages were revealed. [57]

AF4-MALS-DLS-dRI-UV for liposome-plasma
protein interaction (from albumin HDL and LDL

Liposomes were separated from albumin, and
HDL, LHL, and the size were determined. The
effect of the biolayer composition on liposome

stability was also observed.

[58]

AF4 with frit-inlet channel coupled with MALS to
analyze LNP for RNA delivery

Frit-inlet channel enabled size and physical
stability of LNP-RNA with great reliability

and recovery.
[43]

Polymer-based nanoparticles

AF4-DLS-UV-FLD for enrofloxacin in
PLGA nanoparticles

Comprehensive analysis of nanoparticle
concentration (via UV), drug concentration (via
FLD), and particle size distribution (via DLS).

Unentrapped drug was easily removed
via crossflow.

[59]

AF4-MALS for protein-conjugated polysaccharides

Complementary analysis by SEC-MALS and
AF4-MALS revealed heterogeneity in

conformation and aggregation of the conjugates
from molar mass and size determination.

[60]

AF4-RI-FLD-DLS for polymer micelles
in vitro stability

AF4 enabled the separation of polymer micelles
from plasma protein and can be used to study

the in vitro instability of
drug-loaded nanoparticles.

[61]

AF4-MALS-DLS for PEG-PDLLA polymersomes
Insights in size and shape of polymersomes via
combination of MALS and DLS, and whether

they are empty or loaded.
[62]

AF4-RI for PAMAM dendrimers

Separate impurities (i.e., missing arm) and
aggregates from PAMAM main populations and

monitor interactions of PAMAM dendrimers
with BSA.

[63]

AF4-MALS-RI-UV for PEI-Mal dendrimers
Characterization of crossflow pathway enabled

quantification of free, unencapsulated dye in
addition to molar mass distributions.

[64]
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Table 2. Cont.

Nanoparticles FFF Technique and Applications Key Results Ref

Viral vectors and
Virus-like Nanoparticles

AF4-MALS-DLS-UV-FLD-RI for VLPs derived
from human polyoma JC virus

Comprehensive analysis of VLP molar mass and
radius (via MALS), hydrodynamic radius (via

DLS), concentration (via RI), sample composition
and concentration (via UV), and improved small

molecule limit of detection (via FLD).

[49]

AF4-MALS-UV & ElFFF-MALS-UV of
bacteriophage-like VLPs

Complementary analysis by ElFFF and AF4
obtained size and electrophoretic mobility of

three VLPs.
[65]

Extracellular vesicles

AF4-UV-MALS for characterization of EVs from
urine and comparison with ultrafiltration

combined with SEC method

AF4-UV-MALS was demonstrated to be a
straightforward and reproducible method for

determining size, amount, and purity of isolated
urinary EVs.

[66]

AF4-UV-MALS combined with batch DLS and
NTA for size separation, characterization and

quantification of exosomes

Fractionation quality of exosomes was
significantly influenced by crossflow conditions
and channel thickness where focusing time has

less impact. AF4-UV-MALS and DLS both
showed the presence of two particle

subpopulations. Compared to DLS and
AF4-MALS, NTA overestimated the size and

number density for the larger
exosome population.

[67]

AF4-UV-DLS with EM imaging for identification of
subsets of EVs

Two exosome subpopulations and one
non-membrane NPs exomere were discovered

and identified
[68]

AF4 and nanoflow-LC-ESI-MS/MS for size
dependent lipidomic analysis of urinary exosomes

AF4 enabled the fractionation of exosomes with
different sizes that originated from different

types of cells. Degree of lipid increase was more
significant in the smaller fractions, indicating

that AF4 is capable of screening of urinary
exosomes in cancer patients.

[69]

Offline coupling of AF4 and CE for separation
of EVs

EVs could be resolved from free proteins and
high-density lipoproteins by AF4 and further
separated from the low-density lipoproteins

co-eluted in AF4 by offline CE.

[70]

Orthogonal approach of ultracentrifugation and
HF5-MALS-UV-FLD for purification and mapping

of EV subtypes

Size, abundance, and DNA/protein content of
the large and small EVs were characterized by
HF5-MALS-UV-FLD as the second dimension,

showing potential in sorting particles with
different sizes and contents.

[71]

EAF4 hyphenated with MALS and NTA for fast
and purification-free characterization of NPs

EAF4 provided online sample purification and
simultaneous access to size and Zeta-potential;
high resolution size and number concentration

was achieved by hyphenation of EAF4 with
MALS and NTA.

[72]

Inorganic nanoparticles

AF4-MALS-DLS-ICPMS for quantitative
characterization of GNPs

Mixtures of three GNPs were separated by AF4
and then each fraction was quantified by ICPMS.

Both geometric diameters and hydrodynamic
diameters were determined online by MALS

and DLS.

[73]

AF4 for characterization of elution behavior of
non-spherical GNPs

Elution behavior of the GNPs with three
different morphologies was studied by AF4 and
particle size was compared with DLS and TEM.

[74]

AF4-MALS-UV-RI for characterization and
stability evaluation of drug-loaded metal-organic

framework (MOF) NPs

Empty and drug-loaded nanoMOFs were
studied in terms of particle size distribution and
stability. Detection of aggregate formation and

monitoring of nanoMOF morphological changes
indicates their interaction with the

drug molecules.

[75]
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2.1. Lipid-Based Nanoparticles

Liposomes are small artificial vesicles of spherical shape that are comprised of one
or more concentric bilayers encapsulating an aqueous core. Due to their amphiphilicity,
biocompatibility, and appropriate particle size, liposomes have been widely used in the past
40 years as membrane modeling, drug delivery vehicles, and nanoreactor vessels [76–78].
The first liposomal drug formulation ever approved by the FDA in 1995 was PEGylated
liposome-encapsulated doxorubicin (Doxil®) to treat Kaposi’s sarcoma [79]. Nowadays, a
large variety of liposomal-formulated drugs are approved by the FDA for clinical use [80].
Critical quality attributes of liposomal drug products include particle size distribution,
charge, and payload amount. For instance, it has been shown that while smaller liposomes
can decrease recognition by the complement system and innate immunity, thus enhancing
the bioavailability, larger liposomes can increase drug payload [81,82].

These critical quality attributes of liposomes can be characterized using FFF as a
separation technique followed by either online or offline detectors like discussed earlier.
For example, Ansar et al., used AF4 for size-based fractionation of doxorubicin liposomal
formulations, followed by offline NTA for particle sizing of the collected fractions, and
online LC-MS for lipid and payload quantification [53]. Interestingly, this study concluded
that the formulated liposomes had a narrow size distribution without any significant
variation in D10, D50, and D90 values, and the drug to lipid ratios remained constant as a
function of particle size, indicating that the drug loading to the liposomal particles is size
independent. These findings are summarized in Figure 2, where the amount of DOX drug
stays constant relative to the nanoparticle size.

Figure 2. The mass ratio of DOX and total lipids as a function of the number averaged hydrodynamic
diameter of DLF-1. Reprinted from Ref. [53] with permission from Elsevier.

Lavicoli and coworkers used AF4 coupled with MALS/DLS to study the peptide-
liposome interaction [54]. They were able to characterize, in a single analysis, the selectivity
of the peptides, the amount of peptides bonded to each liposome, and the induced change
in the size distribution and morphology of the liposomes. By adding MALS and DLS
downstream of the separation, AF4 provided information on particle shape and morphol-
ogy by measuring their shape factor, which allowed them to identify subtle differences in
complexes between positively charged F-AmP peptides with both the negatively charged
POs (palmitoyloleoylphosphatidylcholine) and DL-AUVs (dilaurylphosphatidylcholine-
anionic unilamellar vesicles). Huclier-Markai et al., used AF4 with MALS and a gamma ray
detector to monitor the liposome size together with the incorporation of the high energy
alpha emitter (212Bi) [55]. Considering 212Bi’s short half-life, it can only be delivered using
labelled carrier particles (most notably, liposomes) that would rapidly accumulate in the tar-
get tumor. Animal studies suggested that the in vivo biologic period for the alpha-emitter
is around 14 h, during which the metal must stay encapsulated. The AF4-gamma ray
analysis has proven that more than 85% of radionuclides were retained in liposomes after
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incubating for 24 h at 37 ◦C in human serum. These results confirm that liposomes with a
diameter of 100 nm represent a good vesicle to transport radionuclides for applications in
targeted alpha therapy.

AF4 conditions have been investigated to study their influence on liposome fraction-
ation. For instance, Hupfeld et al., studied the effect of ionic strength and osmolality
of the carrier fluid in AF4 [76]. It was discovered that the liposomes eluted at different
times when the ionic strength in the carrier fluid was changed. This was explained by
osmotic stress-induced changes in vesicle size. The osmotic stress-induced size change
in the liposome was found to be size dependent. Larger liposomes appeared to shrink or
swell when exposed to hyper- or hypo-osmotic media, respectively. Smaller liposomes tend
to shrink but not to swell under the same conditions. This study confirms the necessity
to adjust the ionic strength of the carrier fluid to reduce inter-liposomal repulsion and
interaction between liposomes and the FFF channel accumulation wall. Additionally, the
osmotic pressure of the carrier liquid should be adjusted to match the pressure inside of
liposomes using non-ionic additives. Kuntsche et al., evaluated the effect of fractionation
conditions (flow profiles, injection volume, buffer composition) on the liposome and pay-
load recovery [83]. The importance of osmolality match between liposome inner solution
and carrier fluid was also confirmed. However, hydrophobic drug recovery had a strong
dependence on its octanol-water partition coefficient. Because the sample is highly diluted
during the fractionation, an alteration in the sample composition has to be studied and
taken into consideration.

These newly discovered effects of AF4 elution conditions on sample composition have
been utilized in developing drug release assays in several research studies [56–58]. Hinna
et al., demonstrated that AF4 could be used for the drug transfer assay to quantify the
retention of lipophilic compounds within liposomal carriers in the presence of lipophilic bio-
logical sinks [56]. The approach was extended for stability assessment of liposomes against
the intestinal bile salts in applications for oral drug delivery, and it was found that the addi-
tion of taurocholate to egg-PC liposomes led to the formation of mixed-micelles and leakage
of the calcein drug encapsulated inside liposomes [57]. Additionally, Holzschuh et al., in-
troduced a novel approach to measure liposome-plasma protein interactions based on size
by employing AF4 coupling with online detectors that enabled a simultaneous analysis of
the sample (e.g., size determination). The authors obtained a good separation profile for
liposomes and three main acceptor domains (albumin, HDL, and LDL) [58]. This study
confirmed that rigid liposomes and PEGylated fluid liposomes showed higher stability
in human plasma when compared to non-PEGylated fluid liposomes. This means that
the bilayer composition of a liposomal formulation plays a significant role in stability and
drug release in biological media. Hence, separation of the plasma-liposome sample by AF4
seems to be a potential alternative to already established methods.

Lipid nanoparticles (LNPs) are typically spherical nanoparticles with a solid lipid
core that act as a novel pharmaceutical drug delivery system [84,85]. LNPs were first
approved as a drug delivery vehicle in 2018 for the drug Onpattro to treat polyneuropathy
in patients with hereditary transthyretin-mediated amyloidosis [86]. It became more
widely known in late 2020 because some COVID-19 vaccines, notably mRNA-1273 [87]
and BNT162b [88], used PEGylated-lipid nanoparticles for mRNA delivery [89]. Similar
to liposomal drug formulations, determination of payload content relative to LNP size
can be important to understand the efficacy and safety. AF4 has been successfully used
for the separation and characterization of lipid-based drug delivery systems; however,
electrostatically interacting LNP complexes with the relatively labile lipid-monolayer
coating are more prone to destabilization during the focusing step in the conventional
AF4 channel [90].

Non-focusing AF4 channels (frit-inlet or dispersion channel) can circumvent the in-
stability of the LNPs during conventional AF4 separation. In a recent study, Mildner et al.,
demonstrated AF4 with the frit-inlet channel was well-suited for the analysis of lipid-based
nanoparticles for RNA delivery with satisfactory reproducibility and sample recovery [39].
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Downstream characterization by multi-detectors would benefit from the high sample re-
covery from AF4 separation, which makes AF4 become compliant with ISO/TS 21362:2018
(nanotechnologies-analysis of nano-objects, using asymmetrical-flow and centrifugal field-
flow fractionation), resulting in better alignment with orthogonal techniques. As shown in
Figure 3, particle concentration from MALS following the AF4 separation agrees well with
batch NTA characterization. Nevertheless, AF4-MALS provides data across a wider radius
distribution compared to batch characterization techniques.

 
Figure 3. Number-based particle size distribution obtained by NTA and AF4-MALS. Total
particle/mL concentration and radius are reported in the table in the graph. Reprinted from Ref. [39]
with permission from Elsevier.

It has been shown that the in vivo potency and tissue-penetration ability of LNPs
are related to particle size [91]. Researchers from Merck & CO. enabled the online de-
termination of the size-dependent RNA content in LNPs, which was validated through
RNA quantitation using a reserved-phase liquid chromatography (RPLC) assay performed
on individual size fractions [92]. This study involved an optimized MD-AF4 analysis
with a patented UV scattering correction approach, which eliminates overestimation of
UV absorption at 260 nm caused by the scattering of LNPs. Figure 4A demonstrates the
significant contribution of UV scattering to the apparent absorption of 260 nm light for
unloaded LNPs with no chromophore. Interestingly, after UV scattering was removed
using the correction algorithm, the calculated RNA weight percentages for four different
LNP formulations were found to be in excellent agreement with the data obtained by offline
RPLC analysis of collected AF4 fractions. Figure 4B demonstrated the distribution of RNA
content for one LNP formulation (LNP-2) using both online and offline approaches. The
authors envisioned the potential for this application in QC environment to evaluate the
total RNA content in LNPs within a specified size range, which is one of the critical quality
attributes for RNA-LNP products.

Figure 4. (A) UV chromatogram of empty LNP-2E (blue) and RNA-filled LNP-2F (red) showing
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the significant UV signal from LNP-2E due to the scattering phenomenon in the UV detector. (B) Size-
dependent RNA distribution in LNPs. Average of duplicate fractionation and offline RPLC analyses
(yellow) vs. data from online analysis (blue for RNA-LNP and green for empty LNP). Reprinted from
Ref. [92] with permission from Elsevier.

2.2. Polymer-Based Nanoparticles

Polymer-based nanoparticles for drug delivery have many advantages because of
their versatility, customizability, and broad variety of structure-function relationships [93].
These structures can include nanoparticle capsules, micelles, polymersomes, dendrimers,
and many other polymer nanoparticle complexes, which can be tuned to achieve tailored
functions, such as targeted delivery, improved solubility, or desired biodegradability. Deliv-
ery mechanisms can vary from direct conjugation of the drug to polymer (either covalently
or ionically), physical adsorption to the carrier, or encapsulation [94]. The consequence of
this versatility is that detailed characterization can be quite challenging because polymers
are generally heterogeneous, which impacts their physiochemical properties, and their
behavior in solution may vary from the solid state. Additionally, structure modification
may inadvertently impact loading capacity, release rate, or efficacy [95]. This only further
highlights the need for robust, reliable, and comprehensive characterization.

Polylactic-co-glycolic acid (PLGA) has been approved by the FDA for drug formula-
tions and various therapeutic devices. PLGA NPs are biodegradable, biocompatible, and
readily tunable by composition or by molar mass [96,97]. PLGA NPs can entrap drugs
for drug delivery, and the particle size and shape can influence the drug loading. Shakiba
et al., explored AF4 coupled with UV, FLD, and DLS to measure the release profiles for
enrofloxacin entrapped in PLGA nanoparticles [59]. The AF4 methodology in comparison
with the dialysis approach is provided in Figure 5. The combination of UV (for nanoparticle
concentration), FLD (for drug concentration), and DLS (for size distributions) with AF4
provided comprehensive characterization, which was more streamlined and convenient
than the traditional dialysis approach. Polysaccharides are another class of biodegradable
polymers that are explored in drug delivery, which can load drugs by either covalent
binding or entrapment [98–100]. The significant particle size distribution (25–150 nm radius
or higher) and potential high molar mass (1–10 MDa) present analytical challenges during
traditional SEC separation due to shear degradation [101,102]. Deng et al. explored AF4-
MALS for the characterization of ultra-high molecular weight polysaccharides, highlighting
the advantages of AF4 as a “soft” separation to ensure the integrity of the complex [60].

Figure 5. A scheme showing the convenience of AF4 for separating the unentrapped drug from
the entrapped drug for determining drug loading. The free drug is removed via semi-permeable
membrane via crossflow, while the entrapped drug elutes and is quantified. Reprinted from Ref. [59]
with permission from Elsevier.
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Polymer micelles are self-assembled colloids by amphiphilic polymers based on ther-
modynamic favorability at critical micellar concentrations, thus in aqueous media would
present a hydrophobic core and an external hydrophilic shell. Challenges in the charac-
terization of polymeric micelles are remarkable, as their stability is directly correlated to
concentration, and the micelles may disassemble upon dilution (whether in the blood-
stream or in analytical methods). Environmental factors like pH, temperature, and micelle
composition can also affect their shape and morphology, leading to varying delivery
efficiency [103,104]. Ideal fractionation methods should provide the distinct capability
of separating intact micelles from disassembled micelles, unimers, and unencapsulated
nanomedicine. However, traditional size separation methods like SEC have several limita-
tions, such as micelles’ disassembly on the column, interacting with or adsorbing to the
stationary phase, and likely not eluting out from the column [12]. In this case, AF4 is very
well suited for micelle fractionation. For example, Liu et al., employed AF4 to investigate
the in vitro stability of micelles in human plasma using both empty micelles and those
loaded with tetra(hydroxyphenyl)chlorin (mTHPC) [61]. They explored both covalently
crosslinked and non-crosslinked micelles based on amphiphilic block copolymers with
poly(ε-caprolactone), poly(1,2-dithiolane-carbonate), and/or poly(ethylene glycol). Mi-
celles were prepared with and without mTHPC, and release was studied by incubating
loaded micelles and taking samples at various time points and running AF4 coupled to RI,
FLD, and DLS referenced against empty micelles. Size distributions, achieved with inline
DLS, helped to elucidate stability, and the results indicated covalently crosslinked micelles
had much better stability than non-crosslinked micelles. A representative hydrodynamic
radius distribution is provided in Figure 6.

Figure 6. Hydrodynamic radius from in-line DLS after AF4 fractionation comparing micelle size
distributions at different incubation periods. Reprinted from Ref. [61] with permission from Elsevier.

Polymersomes are self-assembled hollow nanostructures that are analogous to li-
posomes and capable of forming spherical or non-spherical shapes [105]. Compared to
micelles, polymersomes are in the form of a bilayer with a solvent core for drug encapsu-
lation (i.e., aqueous core for water-based assemblies). For aqueous systems, amphiphilic
block copolymers generally form micelles when the hydrophilic polymer fraction is greater
than 50%, and form polymersomes when the hydrophilic polymer fraction is between 25
and 45%. Because of the many unique shapes and structures that polymersomes can take,
including rod-like assemblies, spheroids, discocyte, and stomatocyte structures, character-
izing their size and morphology can be quite challenging [105].

It has been demonstrated that the relationship between Rg and Rh can provide insight
on the conformation of macromolecules. The ratio of Rg/Rh defines the shape factor
(ρ = Rg/Rh), which can be plotted as a Burchard-Stockmayer plot [106,107]. As a result, the
ratio of Rg/Rh approaches ρ = 1 for a theoretical hollow sphere with a thin shell, or ρ = 0.77
for a solid sphere. Wauters et al., explored polymersomes made of amphiphilic block
copolymers based on polyethylene glycol and poly(D,L-lactide) (PEG-PDLLA), which were
polymerized with various polymer chain lengths and block ratios to achieve spherical and
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cylindrical assemblies [62]. By analyzing the Burchard-Stockmayer plots from online MALS
and DLS data, they were able to not only determine the size of the empty polymersomes, but
also provide insights for the shape: whether the polymersomes were spherical or cylindrical.
They also investigated polymersomes loaded with BSA or DiD (a far-red fluorescent small
molecule) and used the shape factor derived from the Burchard-Stockmayer plot to evaluate
if the polymersome was empty or filled. As plotted in Figure 7, BSA-loaded polymersomes
showed a reduction of the Rg values, yielding an average ρ of 0.77 ± 0.09, indicating the
presence of BSA inside polymersomes [62].

Figure 7. Ratio of Rg and Rh for spherical BSA-loaded polymersomes extruded using a 100 nm filter.
The red line represents the mean value of these ratios. Reprinted from Ref. [62] with permission from
American Chemical Society.

Dendrimers are branched polymers with a defined structure, typically hyperbranched
polymers emanating from a central core [108]. Dendrimers are capable of forming scaf-
folds and cavities that lead to advanced complexes, allowing further functionalization
to improve critical quality attributes like biocompatibility. Examples of dendrimers in-
clude polyamidoamine (PAMAM), polypropyleneimine (PPI), and several other amine-
or ether-derivatives [109]. When characterizing dendrimers, it is critical to separate den-
drimers from the impurities, including dendrimer defects with missing arms, entangled
or aggregated dendrimers, and other suboptimal structures. Lee et al., explored the struc-
tural changes of PAMAM with AF4, including generational dispersity (inter-molecularly
coupled dendrimers), skeletal dispersity (missing arms and molecular loops), and other
structural defects that occur during synthesis [63]. Various analytical techniques have been
tested for characterization of dendrimers, such as SEC, infrared spectroscopy, capillary
electrophoresis (CE), nuclear magnetic resonance (NMR), and mass spectrometry, while
their performance tends to be worse as the size of the dendrimer increases. However, AF4
was able to separate PAMAM dendrimers with optimized conditions (flow rate, pH, and
salt concentration), including separation of four different dendrimer structures with a wide
range of molecular weights of 14 to 467 kDa [63].

One of the more creative studies for evaluating the drug encapsulation comes from
the work of Boye and coworkers, who installed a UV detector on the crossflow pathway
of the AF4 to measure the free drug [64]. In this case, they studied hyperbranched PEI
with a maltose shell (PEI-Mal) dendrimers complexed with a dye, Rose Bengal (RB). Tra-
ditionally, multiple detectors are installed downstream of the channel outlet, while the
authors included a UV detector on the crossflow outlet. This innovative setup allows for
measuring the concentration of small molecules that traverse the membrane and exit via
what is normally the crossflow waste pathway, as illustrated in Figure 8. The authors
investigated parameters like membrane material and molecular weight cutoff with pure
RB and RB-PEI-Mal complex, and the free RB was quantified using a calibration curve
established by the UV detector at the crossflow pathway. This work demonstrated the
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power of AF4 in fractionation and purification of a mixture of nanoparticles and small drug
molecules, as well as free drug quantification by exploiting the semi-permeable membrane.

Figure 8. Conceptual diagram of executing free, small analyte detection via crossflow pathway
detectors (right) and complex fractionation and subsequent detection (left). The molar ratio of
RB:PEI-Mal in the complex was achieved by separation of free dye from complex. Reprinted from
Ref. [64] with permission from Elsevier.

2.3. Viral Vectors and Virus-like Nanoparticles

The biotechnology sector has been investing in viral vectors for gene therapy for many
years now [110,111]. As of 2023, more than 3600 gene therapy clinical trial studies are ongo-
ing or have been approved, and more than 70% of them are based on viral vectors [112,113].
Despite all this progress, commercial-scale production remains challenging, and the final
viral particles that contain drug substances are not well characterized. As aforementioned,
AF4 separation with downstream flow-through detectors (MALS, DLS, UV) is a very
promising methodology for viral vector analysis. For example, Cirkowitz et al., have uti-
lized AF4 to guide the development of the scalable process to produce virus-like particles
(VLP) derived from the human polyoma JC virus, and then conducted scattering detector-
based analytical characterization [45]. Figure 9 shows a fractogram that demonstrates the
necessity of size-based separation because VLP expression in the insect cells produced not
only desired VLPs (17,000 kDa), but also VP1 aggregates with a lower molecular mass
(2500 kDa). Therefore, the use of AF4-MALS as an analytical tool enabled the development
of a scalable process for the production, purification, and packaging of the VLPs based on
the human polyoma JC virus.

Figure 9. AF4 fractogram of the VLP with the radius and molar mass distributions of the two
different size populations measured by MALS and RI signal. Reprinted from Ref. [45] with permission
from Elsevier.

Additionally, a combination of various modes of FFF can be used to better under-
stand the complicated nanoparticle samples. A research group from the University of
Utah in collaboration with Pfizer used AF4 in combination with ElFFF to obtain size and
electrophoretic mobility of three bacteriophage-like VLPs: a blank Q beta bacteriophage,
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which is denoted as VLP, and two conjugated particles with different peptides [65]. The
comparison of electrical and asymmetric flow modes of FFF revealed that separation of
samples with similar size but different electrical properties can be achieved to a small
extent. ElFFF showed consistent shoulder peaks in fractograms, indicating the presence
of particle population with different surface charge properties. Additionally, this allows
for the quantification of surface charge properties of polydisperse samples with multiple
species present in the mixture.

2.4. Extracellular Vesicles

In addition to VLPs, cell-secreted nanoparticles, extracellular vesicles, also attracted
increasing interest in the field of target drug delivery [114], and the remarkable advance
in the development of EV-based drug delivery systems has been witnessed in the last
decades [115–117]. EV is a cluster of heterogeneous lipid bilayer-delimited nanoparticles
of different sizes, cargos, and surface markers, including exosomes, microvesicles, and
apoptotic bodies. Exosomes are a subtype of EVs and are typically 30–100 nm in diam-
eter, which is the smallest population in EVs compared to microvesicles (50–1000 nm in
diameter) and apoptotic bodies (100 nm to several micrometers in diameter) [118]. EVs
enable intercellular communication by serving as delivery vehicles for a wide range of
endogenous cargo molecules, like proteins and nucleic acids. For instance, Zhang et al.,
transfected HEK293T cells with si-RNA (small interfering RNA) and incubated the isolated
exosomes with gastric cancer cell lines. They demonstrated that exosome-delivered si-RNA
could reverse chemoresistance to cisplatin in gastric cancer [119]. Additionally, exosomes
have been used to incorporate small drug molecules with poor bioavailability to improve
the delivery efficiency. In the study led by Pascucci et al., mesenchymal stromal cells
(MSCs) were incubated with a high dosage of paclitaxel (PTX), a hydrophobic mitotic
inhibitor with a powerful anticancer effect. Exosomes released by MSCs contained encapsu-
lated PTX, showing stronger anti-proliferative activity than PTX alone towards pancreatic
adenocarcinoma [120].

EVs as drug delivery systems present unique advantages, namely low immunogenicity
and excellent biocompatibility and biostability. Currently, only two engineered exosome
therapeutic candidates, both from Codiak BioSciences, have entered clinical development
(ExoIL-12™ and ExoSTING™) [116]. To expand its industrial applications, the International
Society for Extracellular Vesicles (ISEV) initiated the efforts “the minimal information for
studies of extracellular vesicles” (MISEV) towards EV separation and characterization tech-
niques in 2014, which was updated in 2018 and 2021, suggesting that the size distribution,
morphology, purity, and stability of EVs should be investigated [16,121,122]. As the field
continues to grow, a powerful separation technique coupled with online detectors is needed
to obtain a full picture, where AF4-MALS could lend itself well to such applications. Despite
very few applications of AF4-MALS directly towards EV drug delivery systems, researchers
have already paved the way for the EV drug delivery characterization by using AF4-MALS
for the characterization of various EV subtypes from different body fluids [66,123–125].
Thereby, AF4-MALS plays a promising role in separating and characterizing EVs in various
settings, including drug delivery [126,127].

Sitar et al., used AF4-MALS-UV for size-based separation, characterization, and quan-
titation of exosomes by varying the AF4 parameters. They found the crossflow velocity
and channel thickness significantly influenced the fractionation performance, whereas the
focusing time had less impact [67]. AF4-MALS also showed broad size distribution and two
subpopulations present in the exosome sample, larger exosomes and smaller vesicle-like
particles. Batch NTA analyses were also conducted directly for the bulk exosome, and
the results showed that NTA overestimates the size and the number density for the larger
exosome population [67]. This issue has been reported previously for size measurement
when applying light scattering towards heterogeneous suspensions. Large particles scatter
more light than small particles, and if present in polydisperse samples, could potentially
dominate the scattered light fluctuations and thus shift the particle size distribution and
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uplift the average diameter [128]. Therefore, AF4 became a powerful tool to address this
issue by separating different extracellular vesicles prior to size characterization and quan-
titation. Oeyen et al., described a method using AF4-MALS-UV for characterization and
quantitation of urinary EVs, where Rg defined by MALS was in the range of 40–160 nm. The
online UV detector allows for the determination of contaminating proteins in the sample
fraction. The study also demonstrated that AF4-MALS-UV was a highly reproducible
technique compared to NTA, showing its potential as a reliable quality control method for
EVs. It is noteworthy that authors proposed to include AF4-MALS-UV as a standard char-
acterization method for EVs in the ISEV guidelines to improve the quality of the EV-related
research [66].

AF4 MALS/DLS-UV was also successfully used for the identification of small EV
subpopulations and corresponding biophysical and molecular characterization [68]. The
AF4 fractogram of B16-F10 melanoma-derived small EVs is displayed in Figure 10a. A
total of two exosome subsets, including large exosome vesicles (hydrodynamic diameter
90–120 nm) and small exosome vesicles (hydrodynamic diameter 60–80 nm), as well as one
abundant non-membranous nanoparticle termed “exomeres” (hydrodynamic diameter < 50 nm).
Representative AF4 fractions were further analyzed by TEM, showing distinct morphology
and size for each small EV subset (Figure 10c) [68]. Based on this study, Zhang et al.,
established a protocol for “asymmetric-flow field flow fractionation of small extracellular
vesicles” consisting of four sections: I. Preparation of small extracellular vesicles (sEVs)
from cell culture. II. AF4 fractionation of sEVs. III Online data collection and analysis.
IV. Fraction collection, concentrations, and characterization [129]. This protocol provides
general guidance for the EV separation using AF4, which makes AF4 more accessible and
friendly to new users.

Figure 10. Separation and characterization of EVs using multi-detector asymmetrical flow field-flow
fractionation (MD-AF4). (a) A representative AF4 fractionation profile of B16-F10-derived exosomes
with UV and QELS (DLS) signals in blue and red separately; black dots illustrate hydrodynamic radius
(Rh, nm), showing the particle size distribution over retention time. P1-P5 mark the peaks detected
based on UV absorbance. Fractions were pooled for exomeres (hydrodynamic diameter < 50 nm),
Exo-S (60–80 nm), and Exo-L (90–120 nm). (b) Representative correlation function in QELS for P3
(t = 25.1 min). (c) TEM imaging analysis of exosome input mixture (pre-fractionation) and fractionated
exomere, Exo-S and Exo-L subpopulations. Arrows indicate exomeres (red), Exo-S (blue) and Exo-L
(green). Reprint from Ref. [68] with permission from Springer Nature.

Size separation of exosomes is critical for monitoring the size changes of EV sub-
populations associated with various biological statuses. Moon’s group used AF4 for size
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sorting of exosomes, followed by exosome fraction collection and characterization by offline
analytical tools [69,130]. For example, Joon-Seon et al., utilized AF4 to separate urinary
exosomes by size, demonstrating a significant difference in exosome sizes between healthy
controls and patients with prostate cancer [69]. Gao et al., highlighted the versatility of
AF4 offline coupling with CE for EV analysis [70]. The authors demonstrated that EVs
could be resolved from free proteins and high-density lipoproteins by AF4, which could
be further separated from co-eluted low-density lipoproteins through CE by different
surface charges (Figure 11). The AF4 fraction allowed for rapid EV quantitation in various
samples in the matrix, showing the great potential of AF4 in reducing the matrix interfer-
ence for the characterization of EV subpopulations produced by cell lines or present in
clinical samples [70].

 

Figure 11. Representative workflow of offline coupling of AF4 and CE for separation of extracellular
vesicles. (A) Fractograms of injection of HeLa cell medium (red trace) and standard EVs (black
trace) to AF4. (B) CE traces of three AF4 fractions were collected from injection of 109 standard EVs,
(F1: 20–22 min in green trace, F2: 22–24 min in blue trace, and F3: 24–26 min in red trace). (C) Western-
Blot analysis of the CD63 protein, an EV marker in three AF4 fractions collected from injection of a
HeLa cell medium. (D) Average diameter of the particles in the AF4 fractions collected from a HeLa
cell medium observed in SEM. Reprint from Ref. [70] with permission from ACS publications.

In addition to conventional AF4, efforts have also been made to separate and char-
acterize EVs using alternative flow FFF techniques. Although HF5 plays a much less
significant role compared to other flow FFF techniques due to the lack of flexibility and
limited sample loading, its improved resolution, sensitivity, and disposability make it suit-
able for nanoparticles with limited sample volume and/or require disposable separation
devices [23,131]. Marassi et al., separated different EV populations derived from the C2C12
cell line using HF5 followed by MALS-UV-FLD detection, which provided insights on the
content of different EV subsets in addition to size distribution; for example, DNA/RNA
was observed to release from the large EV populations while protein was detected from
the small EV populations [71]. Derivative AF4 techniques were also evaluated in this field.
EAF4 is another variant of AF4, which combines two complementary fields for separation.
Drexel et al., described a method using EAF4-MALS combined with NTA through a flow
splitter for the analysis of liposomes and exosomes in the biological matrix, where EAF4
provided online sample purification while simultaneously enabling access to size and Zeta
potential and MALS and NTA detection added high resolution particle size and concentra-
tion information [72]. This study highlights the benefits of the EAF4-MALS-NTA platform
to study the behavior of EV-based drug delivery vesicles under in vivo-like conditions.

2.5. Inorganic Nanoparticles

Inorganic NPs attracted increasing attention in the past decades because of their poten-
tial in carrying various therapeutic agents, such as small molecule drugs, peptides, proteins,
and genes. When employed as nanocarriers, inorganic NPs have shown good drug loading
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capacity, stability, and biocompatibility [132,133]. The finely controlled size of the inorganic
nanoparticles provides a versatile platform for drug encapsulation either in the cavity of the
nanoparticle structure or on the surface of the nanomaterials due to the high surface-area-
to-volume ratio [134,135]. The properties of the inorganic nanoparticles, including size,
shape, and composition, could affect their performance in drug delivery [18,136]. The most
investigated inorganic nanocarriers include gold nanoparticles (GNPs) and mesoporous
silica nanoparticles (MSNs), and some of the inorganic nanocarriers are also investigated
in the clinical trials [136–140]. Kong et al., reported the use of polyethyleneimine (PEI)-
entrapped GNPs modified with peptide via a polyethylene glycol (PEG) spacer as a vector
for B-cell lymphoma-2 (Bcl-2) siRNA delivery to glioblastoma cells [141]. Their results
revealed that the modified GNPs could deliver Bcl-2 siRNA to the target cells with excellent
transfection efficiency, leading to specific gene silencing in the target cells. In another study,
the anticancer drug doxorubicin (DOX) was attached to GNPs with an average diameter of
30 nm through a pH-sensitive linker, which allowed for the intracellular triggered release
of DOX from the GNPs once inside acidic organelles [142].

As the drug delivery system, inorganic NPs hold structural strength compared to
organic NPs. Their surface is often coated by other materials to form hybridized frame-
work, some of which can change their size or morphology to improve the drug loading [18].
Since the drug loading may alter due to framework disintegration, size, or morphology
change, thereby, a size-indicating analytical method that allows structure and composition
characterization is highly needed. In this context, AF4-MALS represents an exciting oppor-
tunity for inorganic nanoparticles for size separation and characterization. Schmidt et al.,
developed an analytical platform coupling AF4 with MALS, DLS, and inductively coupled
plasma mass spectrometry (ICP-MS) to separate GNPs by size and quantitatively measure
the GNP mass concentration (Figure 12) [73]. The authors successfully separated three GNP
populations, which were quantified by ICP-MS with recovery within 50–95% [73]. In this
study, to ensure the stability of GNPs during separation, SDS was added as a surfactant in
the aqueous carrier to ensure the NP stability during the separation in AF4. The influence
of the membrane was also tested to improve the GNP recovery and results demonstrated
that the polyethersulfone (PES) membrane was superior to regenerated cellulose, resulting
in higher recovery for the GNPs and better peak shape of GNPs in the fractogram [73].
Indeed, utilization of a representative medium as AF4 mobile-phase is critical for the sepa-
ration and characterization of GNPs and their conjugates, as the properties of mobile phase
(e.g., pH and ionic strength) can influence the electrostatic property of the nanoparticle
samples and membrane in the channel [143,144]. Wang and coworkers found GNPs alone
aggregated or precipitated in the AF4 channel when the ionic strength of the mobile phase
was increased. However, when proteins were present, they formed a corona on the GNPs’
surface to increase the GNP stability, making ionic mobile phases such as phosphate buffer
appropriate [143].

Lee et al., used the AF4-DLS to study the elution behavior of the GNPs with three
different morphologies: gold nanospheres (GNS), gold nanotriangles (GNT), and gold
nanorods (GNR) [74]. The authors found that although the diameter of the GNS was
approximately similar to the length of the GNR from TEM, its elution time (3.7 min) was
earlier than that of the GNS (4.5 min), which indicated that non-spherical particles move
down the AF4 channel by different mechanisms compared to the spherical particles [74].
Additionally, nanosized metal-organic frameworks (nanoMOFs) were also investigated in
drug delivery applications. Roda et al., used AF4-MALS-UV-RI system to study the MIL-
100(Fe) nanoMOFs loaded with azidothymidine derivatives with three different degrees
of phosphorylation: azidothymidine (AZT, native drug), azidothymidine monophosphate
(AZT-MP), and azidothymidine triphosphate (AZT-TP) [75]. The gentle separation na-
ture of AF4 allows for the detection of low abundance aggregation in the MOFs. The
authors found that AZT-loaded nanoMOF had an identical PSD profile with the empty
nanoMOF, confirmed by their similar scattering behavior, while AZT-MP and AZT-TP-
loaded nanoMOFs showed increased scattering intensity and particle size compared to the
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empty ones [75]. Their findings through AF4-MALS also highlighted the key role of the
phosphate group for improved encapsulation of AZT derivatives to nanoMOFs [145]. They
successfully demonstrated the capability of AF4-MALS to provide evidence for particle size
distribution and stability, as well as surface modification of the drug-loaded nanoMOFs.

 

Figure 12. Representative diagram of AF4-MALS-DLS-ICP-MS platform including (A) the AF4-
MALS-DLS system with post channel injection and (B) flow injection of calibrant solution. A switch
valve allowed A or B to be operational and a separate HPLC pump delivered make-up liquid. (C)
AF4-ICP MS fractogram of a mixture of 10, 20, and 60 nm Au NPs (black line) superimposed on a
fractogram corresponding to 30 nm NIST Au NPs (light gray line). The signal intensities of post
channel injections of 10, 20, and 60 nm Au NPs have been indicated on the secondary y-axis. Reprint
from Ref. [73] with permission from ACS publications.

3. Current Challenges and Future Trends

FFF coupled with light scattering detectors (MALS and DLS) as well as concentration
detectors (UV, RI, FLD) has become the present-day analytical technique to tackle the
unique challenges in nanoparticle characterization, which are currently unaddressed by
other size-based separation approaches. Compared to SEC, FFF separation is usually gentler
and more protective for fragile particles in terms of degradation or aggregation. However,
analyte-membrane interaction has been noted, which leads to sample loss and low recov-
ery, especially when using conventional AF4 with focusing prior to separation [146]. The
mitigation strategies have been described in literature to reduce the analyte-membrane
interaction by careful selection of the liquid carrier, membrane type, and molecular weight
cutoff (MWCO) [147,148]. The advancement in membrane manufacturing, including ro-
bustness, solvent compatibility, and surface properties, could smooth the AF4 methodology
development as well. Additionally, using a non-focusing channel in AF4 (frit-inlet or
dispersion channel) could potentially circumvent a membrane interaction issue for some
vulnerable nanoparticles during the focusing step.

Numerous applications of FFF in the separation of nanoparticles from a complex
matrix have demonstrated that FFF is a very promising purification technique where the
particle integrity could be maintained during the separation process. However, the loading
capacity is still a drawback for purification when a large volume is needed to yield sufficient
material. This necessitates the development of instrumentation, such as preparative chan-
nels, and this combination with fraction collectors will make FFF applicable as a preparative
system. Another challenge arises from the sample dilution due to the high flow rate in FFF.
Efforts have been made to increase the sample concentration for the following analysis.
Manufacturers have developed dilution control modules to extract up to 90% of the sample-
free liquid carrier to waste and deliver the concentrated sample to the online detectors, thus
improving the detector limit for the low-abundance analytes [131]. Alternatively, the enrich-
ment step post-FFF separation can be employed to concentrate the FFF fractions offline. For
example, filtration was reported to concentrate the FFF fractions prior to offline quantitative
analysis by CE [70]. Online sample enrichment could be another future direction to improve
the performance of FFF both quantitatively and qualitatively. A solid-phase extraction (SPE)
pre-column was introduced into the online enrichment system, combined with atmospheric
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pressure chemical ionization-mass spectrometry (APCI-MS) [149]. The next challenge is
to explore the online coupling of AF4 with complementary detection techniques, such as
high-resolution MS, to obtain simultaneous structure and compositional information, or
with orthogonal separation techniques, such as LC and CE, to achieve improved selectivity
from multi-dimensional separation. These will benefit from the development of online
enrichment systems and customized interfaces. Such efforts have been made to achieve
automated online isolation and fractionation for nanosized biomacromolecules by online
coupled immunoaffinity chromatography-AF4 [150], demonstrating the potential of FFF in
multi-dimensional analysis. In combination with hyphenated techniques, the investigation
scope of FFF could be remarkably improved towards nanoparticles with higher complexity.

Intelligent software advancement is also an essential part of the development of tech-
nology, which will make the technique more user-friendly and thus facilitate the data
analysis and interpretation, especially for non-spherical particle analysis. At the same time,
substantial efforts have been made to develop standard analytical methods or protocols
to guide FFF development in the pharmaceutical industry and address the regulatory
expectations [35,151]. Standardized FFF methods for each type of nanoparticle would be
helpful to flatten the learning curve for new users and make the technique readily accessible
for researchers. Therefore, challenges and opportunities co-exist in the field of FFF. The
remarkable versatility of FFF makes it a highly promising analytical platform for compre-
hensive physicochemical characterization of nanomedicines in pre-clinical investigation,
product development, and quantity control of manufacturing. Moving forward, continuous
improvements in instrumentation and software are expected to create more opportunities
for FFF in different fields, in addition to drug delivery.

4. Summary

Multi-detector AF4 (MD-AF4) represents a multi-attribute characterization platform,
which has been demonstrated to be a promising, powerful, and versatile analytical tech-
nique for size-dependent characterization of drug delivery nanoparticles. In particular,
MD-AF4 is employed to (i) measure particle size distribution of highly heterogeneous
samples; (ii) evaluate the morphology through shape factor; (iii) determine size-dependent
payloads or drug-nanoparticle interactions; and (iv) study drug release and stability of
the nanoparticle in the formulation buffer or biological matrix. For nanoparticles used in
drug delivery applications, their size, shape, protein binding, and release kinetics play a
significant role in biodistribution, off-target toxicities, and ultimately safety and efficacy.
Those critical quality attributes must be carefully monitored during formulation devel-
opment and manufacturing control. As a gentle size-based separation technique, AF4
is positioned to be the foremost technique for such analysis where traditional SEC fails,
i.e., separation and characterization of lipid NPs, liposomes, EVs, and gene vectors. As
presented in this review, MD-AF4 can be used either as a single technique or in combination
with other complementary analytical techniques for the physical-chemical characterization
of drug delivery nanoparticles. The wide applications of AF4 and its unique separation
nature make MD-AF4 an enabling technology platform to provide high resolution and
size-dependent characterization for various nanoparticles. AF4 will be more widely used
in the pharmaceutical industry with the advancement of instrumentation and software, as
well as regulatory guidance.
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Abstract: The enzyme-like activity of metal oxide nanoparticles is governed by a number of factors,
including their size, shape, surface chemistry and substrate affinity. For CeO2 nanoparticles, one
of the most prominent inorganic nanozymes that have diverse enzymatic activities, the size effect
remains poorly understood. The low-temperature hydrothermal treatment of ceric ammonium nitrate
aqueous solutions made it possible to obtain CeO2 aqueous sols with different particle sizes (2.5,
2.8, 3.9 and 5.1 nm). The peroxidase-like activity of ceria nanoparticles was assessed using the
chemiluminescent method in different biologically relevant buffer solutions with an identical pH
value (phosphate buffer and Tris-HCl buffer, pH of 7.4). In the phosphate buffer, doubling CeO2

nanoparticles’ size resulted in a two-fold increase in their peroxidase-like activity. The opposite effect
was observed for the enzymatic activity of CeO2 nanoparticles in the phosphate-free Tris-HCl buffer.
The possible reasons for the differences in CeO2 enzyme-like activity are discussed.

Keywords: cerium dioxide; colloids; surface; hydroxyl species; enzyme-like activity; buffer; size effect

1. Introduction

Nanocrystalline cerium dioxide is well known as a multifunctional catalyst [1], a
UV-protective material [2–4] and a component for highly sensitive gas sensors [5–7]. One
of the main factors determining the functional characteristics of ceria-based materials is the
size of CeO2 particles. For instance, Wu et al. found that the rate of photoinduced decom-
position of the herbicide, N-(phosphonomethyl)-glycine, decreases by a factor of 6 with an
increase in the particle size of cerium dioxide from 2 to 5 nm [8]. Torrente-Murciano et al.
demonstrated that doubling the particle size (from 5 to 10 nm) leads to a decrease in the
catalytic activity of CeO2 in the reaction of naphthalene oxidation to CO2 by a factor of
2.5 [9]. It is important to note that the size effect is typical not only for ultrasmall particles of
cerium dioxide (less than 10 nm), but also for larger particles (up to 50 nm). Lin et al. found
that the rate of conversion of carbon dioxide to methane (at 548 K) decreases by a factor
of 3 with an increase in the size of CeO2 particles from 32 to 50 nm [10]. The dependence
of the catalytic activity of cerium dioxide on particle size is generally associated with a
number of factors, including changes in the surface-to-volume ratio, band gap energy,
surface chemistry and electronic structure [11].

In recent years, it has been found that cerium dioxide demonstrates exceptional biologi-
cal activity, exhibits antibacterial [12–14] and antiviral properties [15,16], is characterised by
low cytotoxicity [17–19], and can act as a UV- and radioprotective agent [20,21]. One of the
key mechanisms of the biological action of CeO2 is associated with its ability to mimic the
activity of a number of enzymes and exhibit peroxidase- [22], catalase- [23], oxidase- [24], su-
peroxide dismutase- [25], lipoperoxidase-, phospholipoperoxidase- [26], phosphatase- [27],
phospholipase- [28], photolipase- [29], haloperoxidase- [30] and urease-like activity [31]. In
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particular, Lang et al. demonstrated a direct correlation between the antiviral activity of
cerium dioxide against human coronavirus OC43 and its haloperoxidase-like activity [30].

Since cerium dioxide is able to catalyse reactions involving enzyme substrates, it might
be expected that the size of CeO2 particles will affect the rate of such reactions. There is,
however, a scarcity of data in the literature on the effect of particle size on the enzyme-like
activity of CeO2. Shlapa et al. showed that an increase in the size of CeO2 particles by
a factor of ~2 (from 7 to 15 nm) leads to a decrease in the oxidase-like activity of cerium
dioxide by a factor of 1.2 [24]. Henych et al. found that the phospholipase-like activity of
CeO2 with a particle size of 5 nm is more than 30 times higher than the activity of 10 nm
CeO2 particles [28]. To the best of the authors’ knowledge, there are virtually no data
on the size effect on the peroxidase-like activity of CeO2. At the same time, hydrogen
peroxide is the most important reactive oxygen species (ROS) that causes oxidative stress in
living systems, and the peroxidase activity of enzymes and their mimetics is of paramount
importance in biological processes [32].

As a rule, spectrophotometric methods, based on determining the concentration of
coloured products of catalytic reactions, are used to determine the ROS-scavenging ability
of materials. For this purpose, TMB (3,3′,5,5′-tetramethylbenzidine) assays are the most
commonly used. Nevertheless, this approach has several limitations due to the complex
mechanism of TMB oxidation that can proceed via either one-electron or two-electron
pathways. Moreover, a charge-transfer complex between TMB and its diimine final product
can form. All of these products are characterised by different absorption wavelengths,
extinction coefficients and formation rate constants [33,34]. For a deeper insight into
the chemical interactions of cerium dioxide with biological systems, however, selective
methods for determining its enzyme-like activity are of primary importance, especially
those that are specific to particular reactive oxygen species (e.g., OH·, HO2· and O2·−). In
this context, fluorescent [22] or chemiluminescent [35] methods are considered to be more
accurate and informative.

Special attention should be paid to the correct choice of the medium used for the anal-
ysis of enzyme-like activity, e.g., the choice of a physiologically relevant buffer solution [36].
It is generally accepted that it is the pH of the medium used that determines the mecha-
nism of CeO2 interaction with hydrogen peroxide [37], while the presence of phosphate
ions affects the activity of cerium dioxide, although not in a completely unambiguous
way [38–41].

In this regard, the accurate analysis of the size effect on the enzyme-like activity of
cerium dioxide requires the use of a single synthetic technique that will allow the production
of CeO2 with different particle sizes under the same, or similar, conditions, as well as an
analysis of its enzyme-like activity within a single analytical approach, taking into account
the chemical environment of the nanoparticles. In the present work, a quantitative analysis
of the size effect on the peroxidase-like activity of nanocrystalline cerium dioxide was
carried out using the chemiluminescent method with two different buffer solutions (namely
phosphate and Tris-HCl buffer solutions). These buffer solutions had the same pH (7.4) but
differed in the presence or absence of phosphate ions.

2. Results

2.1. Synthesis of Aqueous Cerium Dioxide Sols with a Given Particle Size

Since cerium dioxide is characterised by low solubility in aqueous media and there is
a weak dependence of particle size on synthesis temperature, the preparation of CeO2 sols
with different sizes of nanoparticles is a complex problem. The approach used in the present
study, based on the thermohydrolysis (95 ◦C) of ceric ammonium nitrate, makes it possible
to obtain ultrasmall (up to 5 nm) CeO2 particles possessing high surface activity [42]. In this
work, solutions of (NH4)2[Ce(NO3)6] with concentrations of 0.046, 0.092, 0.185, 0.277 and
0.370 M were used to obtain cerium dioxide with a high yield (Table 1). In the course of the
preliminary experiments, it was found that the use of a ceric ammonium nitrate solution
with a lower concentration (0.046 M) did not produce a CeO2 sol. The resulting solution
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did not demonstrate the Tyndall effect, which indicated the absence of CeO2 nanoparticles
in the solution. As a result of the thermal treatment of the (NH4)2[Ce(NO3)6] solutions
with concentrations of 0.092–0.370 M, a series of CeO2 sols with different particle sizes
were obtained.

Table 1. Synthesis conditions and concentrations of aqueous CeO2 sols prepared by thermohydrolysis
of ceric ammonium nitrate.

Sample (NH4)2[Ce(NO3)6], M c(CeO2), M (g/L) Yield, %

1 0.092 0.09 (15.6) 85

2 0.185 0.15 (26.1) 89

3 0.277 0.15 (26.2) 90

4 0.370 0.15 (25.9) 86

The XRD patterns of the CeO2 sols, which were dried at a low temperature (50 ◦C),
are shown in Figure 1. According to the data obtained, the phase composition of the

solid residues corresponds with nanocrystalline cubic cerium dioxide (sp. gr. Fm
−
3m,

PDF2 00-034-0394). As can be seen from Figure 1a, the peak width decreases with an
increase in (NH4)2[Ce(NO3)6] concentration. CeO2 crystallite size was evaluated using
the XRD data based on the Scherrer formula. According to Figure 1b, the size of cerium
dioxide crystallites increases consistently, in the range of 2–5 nm, with the changes in the
concentration of (NH4)2[Ce(NO3)6].

 

(a) (b) 

Figure 1. (a) XRD patterns of CeO2 nanopowders prepared upon the drying (50 ◦C) of aqueous ceria
sols. (b) Dependence of CeO2 crystallite size on the concentration of ceric ammonium nitrate in the
reaction mixture. Ceria sols were obtained from (1) 0.092 M, (2) 0.185 M, (3) 0.277 M and (4) 0.370 M
solutions of (NH4)2[Ce(NO3)6].

According to the generally accepted concepts of nucleation and crystal growth, the
growth of solid-phase particles typically proceeds via the dissolution–crystallisation mech-
anism (Ostwald ripening). Conversely, for cerium dioxide and some other oxides, the
mechanism of oriented attachment and growth of particles is usually observed [43,44],
particularly under hydrothermal conditions [45]. Apparently, when taking into account the
extremely low solubility of CeO2, the observed increase in the size of CeO2 particles with
an increase in the initial concentration of (NH4)2[Ce(NO3)6] is due to the implementation
of the nonclassical particle growth mechanism.

The high-resolution transmission electron microscopic (HRTEM) images confirm the
results of the X-ray diffraction. As can be seen from Figure 2 (see also ESI, Figure S1
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(Supplementary Materials)), the CeO2 particle size is approximately 3 nm. The HRTEM
images display interplanar distances of about 1.9 Å, which can be attributed to the (220)
planes in the crystal lattice of CeO2 [46–48].

  
(a) (b) 

  
(c) (d) 

Figure 2. TEM images and SAED patterns of the CeO2 sols obtained from (a) 0.092 M, (b) 0.185 M,
(c) 0.277 M and (d) 0.370 M aqueous solutions of (NH4)2[Ce(NO3)6].

The dynamic light-scattering technique allowed the study of the size distribution of
aggregates of individual ceria nanoparticles in the sols (Figure 3). The CeO2 sol obtained
from 0.092 M ceric ammonium nitrate solution is characterised by bimodal distribution of
aggregates. As the concentration of (NH4)2[Ce(NO3)6] in the starting solution increases, a
transition to monomodal distribution of aggregates in the sols is observed. At the same
time, with an increase in (NH4)2[Ce(NO3)6] concentration, the size of aggregates increases.
It should be noted that during the 3 months of storage under ambient conditions, the
size of aggregates in the sol obtained from the solution with the lowest concentration
of (NH4)2[Ce(NO3)6] increases by 30% (from 10 to 13 nm), and the size of agglomerates
increases by 10% (from 120 to 130 nm), while the aggregate size of the sols obtained from
the solutions with higher concentrations of ceric ammonium nitrate (0.185–0.37 M) changes
by no more than 15% (Figure 3b).
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(a) (b) 

Figure 3. Hydrodynamic diameter distribution for CeO2 particles in aqueous ceria sols obtained from
(1) 0.092 M, (2) 0.185 M, (3) 0.277 M and (4) 0.370 M (NH4)2[Ce(NO3)6] aqueous solutions: (a) after
synthesis and (b) after three months of storage under ambient conditions. The pH value of all the
sols is approximately 2.4.

The results of the electrokinetic measurements are shown in Figures 4 and S2. Thermo-
hydrolysis of ceric ammonium nitrate yields an acidic environment; thus, CeO2 particles
acquire a positive charge due to the protonation of surface hydroxyl groups [47]. The pH
value of all of the sols obtained is approximately 2.4, so the values of the ζ-potentials are
positive (Figure 4). As it follows from Figure 4, with an increase in the concentration of
ceric ammonium nitrate in the starting solutions, the values of the ζ-potential of CeO2
nanoparticles increase from +29.9 to +38.2 mV. High ζ-potential values ensure long-term
stability of CeO2 colloids, which demonstrate no signs of precipitation after three months
of storage under ambient conditions (Figure 3).

Figure 4. Dependence of the ζ-potential of CeO2 aqueous sols on the concentration of initial ceric
ammonium nitrate solution. The sols were obtained from (1) 0.092 M, (2) 0.185 M, (3) 0.370 M and
(4) 0.554 M solutions of (NH4)2[Ce(NO3)6]. The pH value of all the sols is approximately 2.4.

The IR spectroscopy (Figure 5) shows a broad absorption band in the 3400–3000 cm−1

region, which can be attributed to the stretching vibrations of physically adsorbed wa-
ter [49]. The absorption band at 1625 cm−1 corresponds to the bending vibrations of
molecular water [49]. The peaks at 1033 and 450 cm−1 can be attributed to the bend-
ing vibrations of the Ce–OH surface groups and to the stretching vibration of the Ce–O
bond [50,51]. The absorption bands in the range of 1500–1300 cm−1 and at 1280 cm−1

correspond to the bending C–OH and stretching C–O vibrations of isopropanol traces [52].

295



Molecules 2023, 28, 3811

The weak absorption band at 807 cm−1 can be attributed to the vibrations of nitrate species
adsorbed on the oxide surface [53].

Figure 5. FTIR spectra of CeO2 nanopowders prepared by drying aqueous ceria sols obtained from
(1) 0.092 M, (2) 0.185 M, (3) 0.277 M and (4) 0.370 M aqueous solutions of (NH4)2[Ce(NO3)6].

The Raman spectra of the dried ceria sols are typical for nanocrystalline CeO2 (Figure 6)
and show an intense F2g mode peak at 453–448 cm−1, which is characteristic of a fluorite
structure and is due to the symmetric stretching vibrations of the Ce-O bond [8]. A weak
band at about 600 cm−1 can be attributed to the defect-induced (D) mode [54,55]. The
band centred at ~270 cm−1 can be ascribed to the second-order transverse acoustic (2TA)
mode [7]. The band at 330 cm−1 is characteristic of the 3TL mode of O-Ce-O vibrations [56].

Figure 6. Raman spectra of CeO2 nanopowders prepared by drying aqueous ceria sols obtained from
(1) 0.092 M, (2) 0.185 M, (3) 0.277 M and (4) 0.370 M solutions of (NH4)2[Ce(NO3)6].

The main physicochemical characteristics (particle sizes according to the XRD and
DLS data, and ζ-potential values) of cerium dioxide colloidal solutions are presented in
Table 2.
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Table 2. The main parameters of CeO2 sols.

CeO2

Sample

Concentration of the
Initial

(NH4)2[Ce(NO3)6]
Aqueous Solution

(M)

Particle Size
Estimated from

XRD Data
(DXRD, nm)

Particle Size
Estimated from

DLS Data
(DDLS, nm)

ζ-Potential
(mV)

Specific
Surface Area
(SSA *, m2/g)

Proportion of
Surface

Cerium Atoms,
(Cesurf *, %)

1 0.092 2.5 ± 0.4 10 +29.9 ± 0.3 329 60

2 0.185 2.8 ± 0.3 19 +31.8 ± 0.4 293 54

3 0.277 3.9 ± 0.3 38 +34.4 ± 0.6 213 39

4 0.370 5.1 ± 0.4 48 +38.2 ± 0.7 162 30
* Calculated values.

The specific surface area (SSA) of CeO2 was estimated from the particle sizes, deter-
mined according to the powder X-ray diffraction data and the literature data on the density
of CeO2 (ρ = 7.215 g/cm3, PDF2 N◦00-034-0394), according to Formula (1):

SSA = 6000/(D·ρ) (1)

where 6000 is the shape factor, D is the diameter of a spherical CeO2 particle, and ρ is
the density of CeO2. The proportion of surface cerium atoms in spherical CeO2 particles
(Cesurf) was also evaluated, according to a previously proposed method [57].

2.2. Enzyme-like Activity of CeO2 Sols towards H2O2 Decomposition

The chemiluminescent method used for the analysis of peroxidase-like activity is
based on the interaction of a chemiluminescent probe molecule (luminol) with reactive
oxygen species through the formation of monoprotonated 3-aminophthalic acid in an elec-
tronically excited state [58]. The luminescence intensity of the luminol oxidation product
is proportional to the concentration of free radicals, which depends on the activity of the
enzyme-like inorganic material. This method of analysis makes it possible to determine the
enzyme-like activity of nanomaterials with high analytical precision [59–65].

At the first stage, the analysis of the enzyme-like activity of cerium dioxide was carried
out in a phosphate-buffered solution. The concentration of cerium dioxide in the reaction
mixture was the same for all the sols and amounted to 250 μM. When the cerium dioxide
sols were added to the reaction mixture containing a phosphate-buffered solution, luminol
and hydrogen peroxide, an increase in the luminescence intensity of the luminol oxidation
product was observed (Figure 7a). Thus, cerium dioxide catalysed the oxidation of luminol
in the presence of H2O2; however, the appearance of the chemiluminescence curves differs
from those obtained for horseradish peroxidase [58]. It is most likely that, in a phosphate-
buffered solution, cerium dioxide exhibits prooxidant (more precisely, peroxidase-like)
activity [66]. In this case, the chemiluminescence intensity increases with an increase in the
size of CeO2 particles. A similar effect was observed for the different concentrations of the
CeO2 sols at 500 μM and 6 mM.

The kinetic parameters of the luminol oxidation reactions with hydrogen peroxide
in the presence of CeO2 were mathematically modelled (Figure 7b). At the first stage,
the interaction of cerium dioxide with H2O2 with the formation of hydroxyl radicals was
considered [67]. The chosen kinetic model of H2O2-induced luminol oxidation includes the
decomposition of hydrogen peroxide (2), the interaction of luminol with hydroxyl radicals
(3), and the final stage of chemiluminescence (4), where P is the reaction product:

CeO2 + H2O2 → 2OH· (2)
Lum + OH· → Lum∗ (3)

Lum ∗+Lum∗ → P + hυ (4)
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As can be seen from Figure 7b, the theoretical kinetic curves fit the experimental
data well. The rate constants of reactions (2)–(4) obtained as a result of the mathematical
modelling are shown in Table 3.

 
(a) (b) 

Figure 7. Luminol (50 μM) chemiluminescence kinetic curves in the presence of H2O2 (10 mM) and
CeO2 sols (250 μM) in a phosphate-buffered solution (100 mM, pH = 7.4): the experimental data were
obtained via direct chemiluminescent measurements (a), and the calculated curves were obtained
through kinetic modelling of the experimental data (b). The aqueous ceria sols were obtained from
(1) 0.092 M, (2) 0.185 M, (3) 0.277 M and (4) 0.370 M solutions of (NH4)2[Ce(NO3)6]. Control: luminol
and H2O2 in a phosphate-buffered solution without CeO2. The chemiluminescence signal was
recorded at 36 ◦C.

Table 3. Rate constants of H2O2-induced luminol oxidation reactions in the presence of aqueous sols
of cerium dioxide in a phosphate-buffered solution (100 mM, pH = 7.4).

Sample
Particle Size Estimated

from XRD Data
(DXRD, nm)

k2 (μM/min) k3 (μM/min) k4 (μM/min)

Control – 6.9 × 104 1.9 × 10−6 3.7 × 10−5

1 2.5 ± 0.4 8.9 × 104 2.9 × 10−6 4.7 × 10−5

2 2.8 ± 0.3 9.7 × 104 3.7 × 10−6 5.3 × 10−5

3 3.9 ±0.3 9.8 × 104 3.8 × 10−6 5.3 × 10−5

4 5.1 ± 0.4 1.0 × 105 4.3 × 10−6 5.5 × 10−5

Since the chemiluminescent analysis technique is based on the registration of the
luminescence of the reaction product (4), the constant k4 was chosen as the key kinetic
parameter used to compare the peroxidase-like activity of cerium dioxide with different
particle sizes. The rate of the chemiluminescence reaction of luminol (4) increased by a
factor of 1.2 with a two-fold increase in the size of cerium dioxide particles (see Table 3).

It is known that cerium compounds have a high chemical affinity with phosphate
ions, which leads to a change in the composition of CeO2 surface in phosphate-containing
media [68–70]. The formation of surface complexes with phosphate species affects the
enzyme-like activity of cerium dioxide. Thus, it was previously shown that ageing CeO2
in a phosphate-buffered solution reduces the superoxide dismutase activity of cerium
dioxide (analysis in Tris-HCl, with pH of 7.4–7.5) [71,72]. Zhao et al. found that phosphate-
containing compounds increase the oxidase-like activity of CeO2 by up to six times (acetate
buffer, with pH of 4) [40].
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In order to exclude the effect of phosphate species on the enzyme-like activity of
cerium dioxide, an analysis was also performed on the peroxidase-like activity of CeO2
in Tris-HCl, which has a pH identical to the phosphate-buffered solution (pH = 7.4). Pre-
viously, it was shown that the use of Tris-HCl as a dispersion medium does not affect the
antioxidant properties of the dispersed CeO2 phase [36]. The concentration of cerium diox-
ide in Tris-HCl was similar to that in the phosphate buffer and amounted to 250 μM. Upon
the introduction of the ceria sols into the buffer solutions containing luminol and hydrogen
peroxide, the resulting mixtures remained stable with no visible signs of sedimentation.
Figure 8a shows that the addition of the CeO2 aqueous sols to a mixture of Tris-HCl, hydro-
gen peroxide and luminol leads to an increase in chemiluminescence intensity, compared
with a control without cerium dioxide. At the same time, the luminescence intensity of the
luminol oxidation product decreases with increasing CeO2 particle size.

 
(a) (b) 

Figure 8. Luminol (50 μM) chemiluminescence kinetic curves in the presence of H2O2 (10 mM) and
CeO2 sols (250 μM) in a Tris-HCl buffer solution (100 mM, pH = 7.4): the experimental data were
obtained via direct chemiluminescent measurements (a), and the calculated curves were obtained
through kinetic modelling of the experimental data (b). The aqueous ceria sols were obtained from
(1) 0.092 M, (2) 0.185 M, (3) 0.277 M and (4) 0.370 M solutions of (NH4)2[Ce(NO3)6]. Control: luminol
and H2O2 in a Tris-HCl buffer solution without CeO2. The chemiluminescence signal was recorded
at 36 ◦C.

The appearance of the chemiluminescence curves in the Tris-HCl solution is al-
most similar to the shape of the curves recorded in the phosphate-buffered solution
(Figures 7a and 8a). However, in the Tris-HCl solution, the chemiluminescence intensity
decreases more slowly, indicating a decrease in the rate of reactions (3) and (4). As it can be
seen from Table 4, the k4 values for the experiments conducted in the Tris-HCl solution are
lower than in the phosphate-buffered solution. At the same time, in the Tris-HCl solution,
the k2 values are three orders of magnitude higher than in the phosphate buffer. The latter
observation supports the abovementioned crucial influence of phosphate species on the
reactivity of CeO2 nanoparticles. In the absence of phosphate species, the rate of CeO2
interaction with hydrogen peroxide is significantly higher.
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Table 4. Rate constants of H2O2-induced luminol oxidation in the presence of aqueous cerium dioxide
sols in a Tris-HCl solution (100 mM, pH = 7.4).

Sample

Particle Size
Estimated from

XRD Data
(DXRD, nm)

k2 (μM/min) k3 (μM/min) k4 (μM/min)

Control – 6.9 × 104 1.5 × 10−6 3.0 × 10−5

1 2.5 ± 0.4 1.2 × 108 1.6 × 10−8 2.0 × 10−6

2 2.8 ± 0.3 1.2 × 108 1.6 × 10−8 1.8 × 10−6

3 3.9 ± 0.3 1.1 × 108 1.6 × 10−8 1.7 × 10−6

4 5.1 ± 0.4 1.1 × 108 1.5 × 10−8 1.5 × 10−6

It is common knowledge that the treatment of cerium dioxide sol with hydrogen
peroxide can lead to the formation of peroxide and hydroperoxide species on the surface
of CeO2 [73,74]. When H2O2 is added to the CeO2 sol in the Tris-HCl buffer solution
(Figure 9, curve 3), a red shift of the Ce4+ absorption band edge (curve 1) is observed, which
can be attributed to the formation of peroxo complexes on the CeO2 surface [75,76]. The
appearance of a shoulder in the absorption spectrum at 400 nm is consistent with the fact
that the colloidal solution acquires a yellow colour, which is characteristic of cerium peroxo
or hydroperoxo complexes [77,78]. Conversely, the solution of CeO2 in the phosphate buffer
remains colourless after hydrogen peroxide has been added (curve 2). In this case, the red
shift of the absorption band upon treatment with H2O2 is less pronounced than for the CeO2
solution in Tris-HCl, and no shoulder is observed for the absorption spectrum at ~400 nm.
This result clearly indicates the difference in the manifestation of the enzyme-like activity of
cerium dioxide in a decomposition reaction of hydrogen peroxide in a phosphate-buffered
solution and in Tris-HCl.

Figure 9. UV-vis absorption spectra of (1) CeO2 sol (250 μM, particle size is 2.8 nm) in (2) phosphate-
buffered solution and (3) Tris-HCl buffer solution after the addition of hydrogen peroxide (10 mM).

For the quantitative comparison of the enzyme-like activity of the cerium dioxide sols
in the phosphate-buffered solution and Tris-HCl buffer solution, the value of the integrated
intensity (light sum) for a selected period of time (10 min) was used. Figure 10 shows the
light sum as a function of (a) CeO2 particle size and (b) the calculated specific surface area
of cerium dioxide. In the phosphate-buffered solution, the peroxidase-like activity of CeO2
almost doubles as the particle size doubles, while in the Tris-HCl solution, it decreases by a
factor of 1.4.
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(a) (b) 

Figure 10. Dependence of light sums for the reaction of luminol oxidation in the presence of cerium
dioxide, obtained by integrating the chemiluminescence kinetic curves, on (a) particle size and
(b) CeO2 specific surface area in the Tris-HCl buffer solution (1) and phosphate-buffered solution (2).
The pH value of both buffer solutions is 7.4.

As follows from Figure 10, the quantitative dependence obtained for the enzyme-like
activity of cerium dioxide towards H2O2 is opposite. In the phosphate-buffered solution,
the peroxidase-like activity of CeO2 sols increases with an increase in the particle size of the
dispersed phase. This result is quite unexpected, since, with a decrease in particle size, the
specific surface area available for interaction with the components of the reaction mixture,
including reactive oxygen species, increases. Liu et al., however, previously reported a
similar result for citrate-stabilised CeO2 sols. The peroxidase-like activity of cerium dioxide
in an acetate buffer solution (pH 4.5) increased by a factor of ~2.3 with an increase in the
particle size by a factor of ~1.5 (from 3 to 4 nm) [79]. It is important to note that the redox
activity of cerium dioxide depends on pH and that, according to some data, the prooxidant
activity of CeO2 increases notably in an acidic environment [37,80].

The interaction of cerium dioxide with the components of the reaction mixture, includ-
ing phosphate ions, is expected to change the chemical composition of the surface of CeO2
particles. The main functional groups on the surface of cerium dioxide are hydroxyl groups,
the amount and reactivity of which directly depend on particle size [81,82]. Previously,
Wang et al. showed that surface hydroxylation of ceria nanoparticles is a key factor in
determining the adsorption kinetics of phosphate species from KH2PO4 solution. With an
increase in the concentration of hydroxyl groups by 1.3 times (from 60 to 76%), the number
of adsorbed phosphate species increases by 2.5 times, and the rate of their adsorption in-
creases by 620 times [83]. Thus, phosphate ions can inhibit the interaction of surface-active
centres of CeO2 with substrates (luminol and hydrogen peroxide). This effect is apparently
the main reason for the decrease in the peroxidase-like activity of CeO2 with a decrease in
particle size from 5.1 to 2.8 nm (Figure 10).

It should be noted that the enzyme-like activity of cerium dioxide with a particle size
of 5.1 nm is virtually the same in both the phosphate-buffered solution and the Tris-HCl
solution (Figure 10). Conversely, the peroxidase-like activity of CeO2 with a particle size
of 2.5–3.9 nm in the Tris-HCl solution noticeably exceeds the activity of cerium dioxide
in the phosphate-buffered solution. Most probably, this difference can be attributed to
the different chemical composition of the Tris-HCl solution and the phosphate-buffered
solution. McCormack et al. found that the surface of cerium dioxide particles acquires
a negative charge due to the interaction with phosphate species [84]. The surface charge
significantly affects the rate of reactions involving charged substrates [34,85]. In the process
of free-radical oxidation of luminol, negatively charged intermediates (luminol hydroper-
oxide anion) can also be formed [58,86]. It is likely that in the phosphate-buffered solution,
the interaction of cerium dioxide with negatively charged luminol radical is hindered,
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resulting in reduced peroxidase-like activity (Figure 10). In addition, the chemilumines-
cence intensity of luminol depends on the chemical composition of the buffer solution and
increases in the presence of halide ions, including Cl− [87].

However, in the Tris-HCl solution, the enzyme-like activity of CeO2 towards hydrogen
peroxide naturally decreases with increasing particle size (Figure 10). Similarly, Baldim
et al. showed that, in a buffer solution of Tris-HCl (pH 7.5), the superoxide dismutase-like
activity of colloidal solutions of CeO2 decreased by 5 times with an increase in the particle
size of cerium dioxide from 5 to 23 nm [76]. Lee et al. found that the antioxidant activity
of CeO2 stabilised with polyacrylic acid and octylamine also depends on the particle size
and decreases by 6 times with the increase in particle size from 4 to 8 nm [88]. In both
cases, the decrease in the enzyme-like activity of CeO2 was attributed to a decrease in the
ratio of Ce3+ ions; however, the actual oxidation state of cerium in nanocrystalline CeO2 is
currently the subject of extensive debates [89]. Recently, the presence of trivalent cerium in
nanoscale CeO2 has been questioned [81,89].

Since peroxidases and nanozymes that mimic their activity use hydrogen peroxide
to oxidise the substrate (including luminol) [90], the sorption of hydrogen peroxide on
the CeO2 surface can be considered the most important stage of the catalytic reaction.
Using computational methods, Wang et al. proposed the following mechanism for the
peroxidase-like activity of cerium dioxide: adsorption of hydrogen peroxide, dissociation
of H2O2 with the formation of hydroxyl radicals, and ·OH reduction [91]. This mechanism
is fully consistent with the abovementioned reactions (2)–(4) used to describe the kinetics
of H2O2-induced luminol oxidation in the presence of cerium dioxide in a Tris-HCl buffer
solution. Therefore, with an increase in the specific surface of CeO2 (Table 2) in the absence
of phosphate ions, the sorption of hydrogen peroxide increases, and the process of luminol
oxidation proceeds more intensively (see Table 4, constant k4), which was observed in the
Tris-HCl solution (Figure 10b).

Thus, the data obtained in the present study indicate that the determination of the
enzyme-like activity of CeO2 is a complex task that requires a detailed analysis of a num-
ber of factors. The peroxidase-like activity of cerium dioxide is affected by the pH of
the medium [37] and the composition of the particle surface [88]. The reactivity of the
luminol chemiluminescent probe directly depends on the pH of the buffer solution and,
presumably, can be enhanced by the components of the analysed mixture containing halide
species (including the buffer). It is also necessary to take into account the presence of
species in the reaction mixture that can specifically interact with the enzyme-like material
and significantly change its activity. The correct choice of the chemical environment is
fundamentally important for obtaining reliable data on the enzyme-like activity of CeO2,
including its activity under conditions close to the intracellular environment. An analysis
of the interaction of cerium dioxide with reactive oxygen species requires further thorough
investigation, and this work gives impetus to the development of appropriate approaches.

3. Materials and Methods

3.1. Materials

Ammonium cerium(IV) nitrate (99.9%, Lanhit (Moscow, Russia)), isopropyl alcohol
(99.9%, Chimmed (Moscow, Russia)), hydrogen peroxide (99.9%, Chimmed), luminol
(Sigma-Aldrich, St. Louis, MO, USA, 123072), potassium dihydrogen phosphate (Sigma-
Aldrich, P0662), potassium hydrogen phosphate (Sigma-Aldrich, P5655), tris-hydrochloride
(Merck, Lowe, NJ, USA, 10812846001), and Milli-Ω Water (18.2 MΩ/cm).

3.2. Synthesis of CeO2 Sols

Four samples of nanoceria were prepared via thermohydrolysis of ammonium
cerium(IV) nitrate without using additives. (NH4)2[Ce(NO3)6] solutions with different
concentrations (0.092, 0.185, 0.277, 0.370 and 0.554 M) were placed in a 100 mL SynthwareTM

autoclave (filling degree of 25%) and heated at 95 ◦C for 24 h. The resulting yellow precipi-
tates were separated by centrifugation (relative centrifugal force of 20,000× g), washed three
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or four times with isopropyl alcohol, re-dispersed in an appropriate amount of distilled
water, and boiled for 3 h to remove the remaining isopropanol. The concentration of CeO2
in the resulting sols was determined gravimetrically. Before the analysis of enzyme-like
activity, the resulting sols were diluted to the same concentration, c(CeO2) = 0.05 M.

3.3. Characterisation Methods

The X-ray powder diffraction pattern analysis (XRD) of the sols (dried at 50 ◦C)
was performed using a Bruker (Billerica, MA, USA) D8 Advance diffractometer (CuKα

radiation) in the angle range of 20–80◦ 2θ, with a step of 0.02◦ 2θ and a signal acquisition
time of 0.4 s per step. The full-profile analysis of diffraction patterns was performed using
the Bruker (Billerica, MA, USA) TOPAS v.4.2 software, and the diffraction maxima were
fitted to Voigt pseudo-functions.

CeO2 nanoparticles were investigated using a JEOL JEM 2100 UHR (Akisima, Tokyo,
Japan) transmission electron microscope (TEM) at an acceleration voltage of 200 kV. A drop
of the aqueous sol was placed on the formvar/carbon Cu grid (Ted Pella Inc., Redding,
CA, USA) and left to evaporate. The samples were treated in an HPT-100 plasma cleaner
(Henniker Plasma, Runcorn, UK) prior to being inserted into the microscope chamber in
order to remove organic residues from the grid surface. The acquisition of micrographs
was performed using a Quemesa 11 MegaPixel CCD (Olympus, Shinjuku/Tokyo, Japan)
camera in the bright field mode.

The dynamic light scattering (DLS) and ζ-potential measurements were carried out us-
ing a Photocor Compact-Z analyser (Photocor, Moscow, Russia) equipped with a 636.65 nm
laser. The sample preparation was carried out using Milli-Ω Water (18.2 MΩ/cm), and a
temperature equilibrium was ensured between the sample cell and the cuvette holder. The
correlation function for each of the samples was gained by averaging 10 curves, each being
acquired for 20 s. Then, the data were filtered by adjusting the permissible deviation of the
scattering intensity from the average value (no more than 10%), taking into account the
shift of the baseline.

The optical absorption spectra were recorded using quartz cuvettes (10.0 mm optical
path length) in a 200–600 nm range, at 0.1 nm steps, on an SF-2000 spectrophotometer (OKB
Spectr, Saint-Petersburg, Russia) with a deuterium-halogen light source.

The IR spectra of the samples were recorded in attenuated total reflection geometry
using a Spectrum 65 FT IR spectrometer (Perkin Elmer, Waltham, MA, USA) with a spectral
resolution of 2 cm−1, in the wavenumber range of 400–4000 cm–1.

The Raman spectra were recorded using a Confotec NR500 spectrometer (SOL Instru-
ments, Minsk, Belarus) with a 514 nm laser, using a ×40 (NA = 0.75) lens at ~30 mW laser
power. The spectral resolution was 0.8 cm−1.

The enzyme-like activity (peroxidase/catalase-like) of the CeO2 sols was investigated
using the chemiluminescent method with the reaction of luminol oxidation in the presence
of hydrogen peroxide in a phosphate (100 mM, pH of 7.4, K2HPO4) or a Tris-HCl (100 mM,
pH of 7.4) buffer solution, at 36 ◦C. The background luminescence was recorded for 60 s
after mixing the solutions of hydrogen peroxide (10 mM) and luminol (50 μM). Then,
an aliquot (5 μL) of the CeO2 sol was added (250 μM), and a chemiluminescent signal
was recorded for 10 min. Light sums were calculated via numerical integration of the
chemiluminescence curves using the PowerGraph software v.3.3 (Moscow, Russia).

4. Conclusions

Thermohydrolysis of solutions of ceric ammonium nitrate with concentrations in the
range of 0.092–0.370 M produced ceria colloidal solutions with different particle sizes in
the range of 2–5 nm. All the obtained sols showed good colloid stability over three months
of storage under ambient conditions. For the quantitative analysis of the enzyme-like
activity of the CeO2 sols with respect to hydrogen peroxide, a chemiluminescent method
was chosen to determine reactive oxygen species based on the interaction of the probe
(luminol) with hydroxyl radicals. To address the effect of chemical environment on the
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CeO2 nanozyme property, the analysis was conducted using two different buffers (Tris-
HCl and PBS) at an identical pH (7.4). The peroxidase-like activity of cerium dioxide
in the Tris-HCl buffer solution decreased with an increase in particle size. The opposite
dependence was registered in the phosphate-buffered solution, while the rate of luminol
oxidation in the phosphate-rich medium was significantly lower than in the Tris-HCl
medium. According to the kinetic modelling, in the phosphate-rich medium, the rate of
CeO2 interaction with H2O2 was more than three orders of magnitude lower than in the
Tris-HCl medium. The mechanisms of the enzyme-like activity of CeO2 nanoparticles in
different media are discussed.
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//www.mdpi.com/article/10.3390/molecules28093811/s1. Figure S1: TEM image of CeO2 nanopar-
ticles in the ceria sol obtained from 0.185 M aqueous solution of (NH4)2[Ce(NO3)6]; Figure S2:
ζ-potential values of the CeO2 aqueous sols prepared from (NH4)2[Ce(NO3)6] solutions after three
months of storage under ambient conditions.
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Abstract: The study of carbon dots is one of the frontiers of materials science due to their great
structural and chemical complexity. These issues have slowed down the production of solid models
that are able to describe the chemical and physical features of carbon dots. Recently, several studies
have started to resolve this challenge by producing the first structural-based interpretation of several
kinds of carbon dots, such as graphene and polymeric ones. Furthermore, carbon nitride dot models
established their structures as being formed by heptazine and oxidized graphene layers. These
advancements allowed us to study their interaction with key bioactive molecules, producing the first
computational studies on this matter. In this work, we modelled the structures of carbon nitride
dots and their interaction with an anticancer molecule (Doxorubicin) using semi-empirical methods,
evaluating both geometrical and energetic parameters.

Keywords: carbon nitride dots; Doxorubicin; modelling

1. Introduction

Since their discovery in 2004 [1], carbon nano dots (CDs) have attracted great interest
due to their unique set of properties [2]. CDs are characterized by a high fluorescence
emission [3] due to their quantum confinement [4], water solubility [5] and high biocompati-
bility [6]. Their chemical features have spread their use across several fields with remarkable
achievements as fluorescent probes in analytical procedures [7–9] and biomedical treat-
ments [10,11] as active materials for both photocatalysis [12,13] and electrocatalysis [14,15].
The application of CDs has raised several issues related to what is and what is not a car-
bon dot together with serious concern about the development of a rational classification
methodology [2].

The classification is of utmost relevance to properly approaching the field of CDs [16].
The most widespread classification approach is based on structural features, and it encom-
passes three large families of CDs [17]: (i) graphene quantum dots (GQDs), (ii) carbon
nitride carbon dots (CNDs) and (iii) polymeric carbon dots (PCDs).

GQDs represent the first kind of CDs discovered and they present the simplest struc-
tures among all CDs. The chemical structure of this family is directly related to small
graphene oxide clusters, and the distribution of chemical functionalities is explained simply
by the Lerf–Klinowsky model [18]. Accordingly, GQDs contain few layers of oxidized
graphene, with carbonyls and carboxylic residues being concentrated in the edges, produc-
ing an oxygen-rich shell that accounts for their water solubility. The oxidized graphene
layers of GQDs display different morphologies and oxidation degrees [19,20] that provide
different chemical platforms for further functionalization [21,22].

Molecules 2023, 28, 4660. https://doi.org/10.3390/molecules28124660 https://www.mdpi.com/journal/molecules309
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PCDs are a wide family of nanomaterials produced by the partial degradation of
polymers [23] or through the condensation of organic precursors [24–26]. Their properties
are very difficult to correlate with a unique interpretative model and each PCD requires
proper characterization.

CNDs are similar to GQDs, but they present a more complex structure in which nitro-
gen atoms dope the graphene layers [27] or form nitrogen-rich aromatic moieties, as found
by Mintz et al. [28]. This represents a very interesting possibility for synthetic chemistry, as
it can tune the reactivity and properties [29], particularly in a watery medium, as mentioned
by Wiśniewski [30]. As a consequence of their functional tuneability, CNDs can act as a
platform for several specific tasks, such as chemotherapy for cancer treatment, by being
conjugated with active molecules [31]. Among them, Doxorubicin is one of the most stud-
ied, due to its remarkable activity, biological stability and simple chemical structure [32,33].
CNDs were successfully combined with Doxorubicin for the production of conjugates
(D-CNDs) for the treatment of several cancers using theragnostic approaches [34–36]. Even
if the interest in the rational design of D-CNDs is great, the literature lacks computational
studies devoted to quantifying the interactions between Doxorubicin and CNDs. Rashid
et al. [37] investigated flutamide CNDs through DFT calculation, limiting the system to a
representative portion of small CNDs. Zaboli et al. [38] went more in depth by simulating
the interaction of a molecule of Doxorubicin on a single sheet of carbon nitride, taken as a
representative model of CNDs. The authors were able to correctly evaluate the π−π and wa-
ter interaction with both a single large layer of heptazine and the Doxorubicin-conjugated
material. Similarly, Shaki et al. [39] investigated the adsorption of and interaction between
several anticancer species with the external and inner surfaces of carbon nanotubes. All of
these studies show a common point represented by the charge transfer from the drugs to
the aromatic domain-rich carrier and assume that this is the key reason for the efficacy of
the systems.

These approaches are powerful, but they require a high calculation power, and they
are currently limited to small chemical systems that are not sufficiently complex to properly
describe CDs. Alternatively, semi-empirical quantum chemistry has been developed to
resolve the computation challenges of complex systems in order to try to overcome the
main limitations of the traditional Hartree–Fock approaches, the slow speed and the low
accuracy [40]. The semi-empirical methods are based on the time reduction of the calcula-
tion by parameterizing or omitting certain terms based on the experimental data sources
(i.e., the ionization energies of atoms, dipole moments of molecules) [41]. Accordingly,
the semi-empirical quantum chemistry approaches are considerably faster and useful for
modelling large molecules. The first semi-empirical quantum chemistry method was the
modified neglect of the diatomic overlap (MNDO) [42] that parameterized the one-center
two-electron integrals based on the spectroscopic data for the isolated atoms, evaluating
other two-electron integrals using the multipole–multipole interactions of the classical
electrostatics [43]. The MNDO approach was implemented using a basis set composed
of only s and p orbitals even if the d orbitals set was used to describe hypervalent sulfur
atoms and transition metals. Nevertheless, MNDO is characterized by several intrinsic
limitations, such as the impossibility to describe both hydrogens or to predict the heat of the
formation [44]. Dewar and coworkers [45] improved the MNDO approach by developing
the Austin Model X (AMX) by modifying the expression of nuclear–nuclear core repulsion,
emulating van der Waals interactions. This new approach required a total reparameteri-
zation of the dipole moments and ionization potentials but allowed the description of the
hydrogen bond network and the heat of the formation without properly estimating the
basicity.

All of these approaches were made outdated by the development of parametric
method 3 (PM3) [46], which uses a Hamiltonian operator that is very similar to the AM1
Hamiltonian, but the parameterization strategy is one of molecular properties, rather than
atomic ones. A consolidating method which can be used to perform the computational
modelling of large organic systems with lower computational costs is the PM3. This is

310



Molecules 2023, 28, 4660

a semi-empirical quantum mechanical parameterization method based on the modified
neglect of the differential overlap method [47].

The PM3 approach is based on the use of a set of empirical parameters to describe
the electronic structure of a molecule [48]. The key feature of the PM3 is that it offers the
chance to accurately predict the geometrical conformation of large molecules, including
enzymes [49] and polymers [50].

Despite these advantages, the PM3 method does not perform well enough to accurately
describe the properties of the transition metal complexes [51] and the effects of electron
correlation [52].

In the present work, we report a computational study focused on the evaluation of the
geometrical features of D-CNDs and the interaction energies (Ei) between Doxorubicin and
CNDs using a PM3-based computational approach. We ran a semi-empirical simulation of
four-layer CNDs with a single molecule of Doxorubicin, evaluating different geometrical
interactions with the Doxorubicin of the outer layer of the CNDs and evaluating the
intercalant agent in order to provide a first solid insight into the non-covalent interactions
occurring within a chemotherapy agent.

2. Results

2.1. CNDs Model Structure: Definition and Modelling

The most challenging issue in the modelling of CNDs is to provide a representative
species to be studied. The structural composition of CNDs is highly dependent on the
synthetic method used for their production. CNDs are generally composed of a core
composed of sp2-hybridized carbons surrounded by a surface layer that contains a mixture
of sp2-/sp3-hybridized carbon and nitrogen atoms [53]. Regarding pure carbon nitride
structures, the nitrogen atoms are incorporated directly into their carbon lattice, creating
structural defects and altering the electronic properties of the material. Considering CNDs,
the distribution of nitrogen atoms is still a matter of discussion, and several hypotheses
have been suggested to explain their several spatial arrangements.

Firstly, those conducting CND structural investigations have hypothesized a pure
layered structure formed by functionalized heptazine units [27]. Mintz et al. [28] moved a
step forward in the clear definition of the structure of CNDs, suggesting a more complex
arrangement of the layers. Based on a detailed physical–chemical investigation, the authors
proved that CNDs have a graphitic core with massive functionalization on the edges and
less heteroatomic inclusion in the core. As reported by Zhou et al. [54], elucidating the
differences between a pure heptazine and a realistic model was crucial in order to properly
evaluate the interaction between the CNDs and the protein active site. Nevertheless, the
great variability of their functionalization prevented the realization of a general model
compound that is able to describe all CNDs species. Accordingly, we tentatively propose a
model that considers both the heptazine and functionalized graphene layers, as shown in
Figure 1.

The heptazine structure (Lh
n) was assembled following the method used by Zhou

et al. [54] to produce CNDs composed of pure heptazine. The graphene layer Lg
n could

be modeled using at least four geometrical models, as reported by Mandal et al. [19]. We
selected type-4 as it showed the lowest energy band gap. According to the Lerf–Klinowski
model of graphene oxide [18], oxygen-containing residues symmetrically tailored the Lg

n

layer on the edges with oxygen-based functionalities. The oxygen-based functions of the
CND edges are still a matter of debate, but Kirbas et al. [29] have reported how they can
be tuned by varying the amounts of urea and organic acids used for their production.
We selected, as oxygen-based functionalities, hydroxyl and carboxylic groups to evaluate
the effects of the presence of a strong network of hydrogen bonds inside the structure.
This condition could promote the dismutation of carbonyl groups under harsh synthetic
environments while avoiding the presence of carbonyl residues [23]. The other key point to
be defined was related to the molecular weight of Lg

n. We limited the Lg
n size to 81 carbon

atoms in order to achieve a four-layer structure with two each of Lh
n and Lg

n, respectively,
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for an average molecular weight higher than 4000 g/mol but with an expected size of below
3 nm, in accordance with the data reported in the literature regarding the common size of
CNDs [55]. The layered structure was optimized in vacuo at a temperature of 303.15 K, and
the graphical results are shown in Figure 2.

Figure 1. Scheme of representative species used to model Doxorubicin, CNDs and D-CNDs.

 
Figure 2. In vacuo optimized CNDs structural model using the PM3-based semi-empirical approach.

The optimized structure was characterized by a free energy of 180.4 kcal/mol and
a maximum size of 2.0 × 1.3 nm, with different layer distances related to the intrinsic
asymmetry of the model used. The Lg

1–Lg
2 distance was found to be up to 0.41 nm,

while the maximum distance between the Lg
n and Lh

n was lower: 0.39–0.34. The Lg
1–Lg

2

interlayer distances were considerably higher than that of the neat graphite structure
(0.335 nm) [56], which is in agreement with the massive functionalization that induced
this defectiveness. The presence of functional groups on the edge of the Lg

n induced a
deformation due to the simultaneous effects of steric hindrance and the attraction/repulsion
between the oxygen-based functions [57,58]. The Lh

1 and Lh
2 layer was distorted, with
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dihedral angles of 1.4◦ and 7.8◦ due to the interaction between the nitrogen residues and
oxygen-based functionalities. Interestingly, Lh

n was non-centered on the Lg
n, leaving a

more oxygen-rich region on one of the CNDs’ extremities. This was due to the asymmetry
of the Lg

n, which can promote the favoring of the formation of a hydrogen bonds network
on the edges, rather than π−π stacking.

As a matter of fact, this simple model was a rough approximation of CNDs, neglecting
a real distribution of the oxygen and nitrogen functions between Lg

n and Lh
n, but it was

worth considering it due to the simple approach proposed to introduce the graphene-
oxidized core into the CNDs. We discuss the limitations and applications of our approach
in the dedicated section below.

2.2. Doxo@CNDs Model Structures Modelling

The four-layer model adopted to enable us to describe the CNDs allowed several kinds
of interaction with Doxorubicin, forming several D-CNDs. We investigated the structures
reported in Figure 3, in which Doxorubicin interacted only with Lh

n (Figure 3a, D-CNDs1),
intercalated between Lh

1 and Lg
1 (Figure 3b, D-CNDs2), intercalated between Lg

1 and Lg
2

(Figure 3c, D-CNDs3) and interacted with all Lh
n and Lg

n (Figure 3d, D-CNDs4) values. In
Table 1, the main structural and energetic features in are summarized.

Figure 3. Optimized molecular structure of (a) D-CNDs1, (b) D-CNDs2, (c) D-CNDs3 and (d) D-CNDs 3.
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Table 1. Summary of main structural features and energetic outcomes of Doxorubicin, CNDs and
D-CNDs species.

Specie
Distances (nm) Angular Strain (◦) Free Energy

(kcal/mol)
Ei(kcal/mol)

ΔHL
e

(eV)Lh
1–Lg

1 Lg
1–Lg

2 Lg
2–Lh

2 Doxorubicin-Layer Lh
1 Lh

2 Lg
n

Doxorubicin -- -- -- -- -- -- -- 128.7 -- 0.33
CNDs 0.39 0.41 0.34 -- 1.4 7.8 9.1 180.4 -- 1.56

D-CNDs1 0.55 0.39 0.67 0.25 a 0.3 0.1 15.9 280.6 −28.5 1.38
D-CNDs2 0.70 0.50 0.42 0.40 a/0.36 b 12.3 66.1 26.1 316.2 7.1 1.71
D-CNDs3 0.35 0.73 0.38 0.36 b/0.37 c 0.2 0.1 63.2 269.6 −39.5 1.58
D-CNDs4 0.42 0.36 0.34 0.50 d 21.4 58.2 42.6 325.6 16.5 1.46

a Minimum distance between Doxorubicin and Lh
1. b Minimum distance between Doxorubicin and Lg

1.
c Minimum distance between Doxorubicin and Lg

2. d Minimum distance between Doxorubicin and CNDs.
e ΔHL = energy value of LUMO − energy value of HOMO.

D-CNDs1 showed a consistent increase in terms of Lh
1–Lg

1 distance compared with
CNDs up to 0.55 nm with a decrement of the Lh

n strains and significant increase in Lg
n up

to 15.9◦. This modification occurred due to the strong interaction of Doxorubicin with Lh
1 at

a distance of 0.25 nm. As it clearly emerged, the decrement of the Lh
n strain compacted the

Lg
n, promoting the interactions through weak forces. When the Doxorubicin intercalated

the CNDs layers, greater changes occurred in the CNDs’ structure. D-CNDs2 showed an
increase in all layers’ distance and the strains. Interestingly, Doxorubicin was closer to
Lg

1 (0.36 nm) than Lh
1 (0.40 nm), probably due to a better interaction with the graphene

layer as a consequence of its greater spatial dimension. Similar distances were observed
in D-CNDs3, where the distance between the Doxorubicin and Lg

n layer was the same
(0.36–0.37 nm). In this case, we observed the maximum strain of Lg

n, reaching 63.2◦ due
to the formation of a task-like structure in which Doxorubicin found its place. D-CNDs4
proved that the interaction with all the CNDs layers also induced a significant structural
modification, with the increase in Lh

1–Lg
1 distance being up to 0.42 nm and the layers

being distorted. These computational results open an interesting pathway to evaluating
the microscopic analysis of D-CNDs in which structural modification could be correlated
with the kind of conjugation that has occurred in the specie. Considering the values of
Ei, the more stable structure was D-CNDs3, in which Doxorubicin is fully contained in
the CNDs structures and stabilized by the π−π interactions of Lg

n (Ei −39.5 kcal/mol),
while the D-CNDs2 and D-CNDs4 were less stable (Ei 7.1 and 16.6 kcal/mol, respectively).
D-CNDs1 was also stabilized by the ordering of the piling-up of Doxorubicin on Lh

1 with an
Ei −28.5 kcal/mol. These results suggest that the π−π interactions were the main driving
force for the interaction between the Doxorubicin and CNDs, rather than the hydrogen
bond ones.

Doxorubicin loading to the CND also affected the HOMO–LUMO gap (ΔHL). The
calculated Doxorubicin ΔHL was in agreement with the one reported by Lopez-Chavez
et al. [59] using DFT approaches. The CNDs showed an ΔHL of up to 1.56 eV, while
the presence of Doxorubicin altered the ΔHL by both increasing or decreased it based on
its position. D-CNDs1 and D-DCNDs4 (1.38 and 1.46 eV, respectively) showed an ΔHL
lower than CNDs, while both D-CNDs2 and D-CNDs3 showed sensible increments of
ΔHL (1.71 and 1.58 eV, respectively). As reported by Bharathy et al. [60], a decrease in
ΔHL could be correlated to an increase in the reactivity of the systems, and this suggested
that Doxorubicin-containing CNDs were less reactive when Doxorubicin was inserted
between the layers. Particularly, the insertion between Lh

1 and Lg
1 seemed to be the best

configuration among the ones tested due to the interaction with two layers without a
massive alteration, as in the case of D-CNDs4. The insertion between Lg

1 and Lg
2 was not

so effective, probably due to the exposure of a consistent part of Doxorubicin to the external
environment. Even if ΔHL is a powerful tool for discussing the stability of a system, it is not
entirely sufficient to describe the kind of interaction occurring in the system. According to
Johnson et al. [61], the evaluation of interactions could be properly conducted using only
NBO analysis to evaluate the atom–atom contribution to the stabilization. Nonetheless,
this approach has a very high computational cost for large systems such as the one that is
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very representative of those used in the interpretation of CDs. Alternatively, it is possible
to evaluate the electron density and use electron maps such those reported in Figure 4.

 

Figure 4. Electron density maps of (a) CNDs, (b) D-CNDs1, (c) D-CNDs2, (d) D-CNDs3 and
(e) D-CNDs 3.

The electron density map showed a rich region between Lg
1 and Lg

2 in CNDs that
was reduced in the D-CNDs, with the exception of D-CNDs2. In this case, the insertion of
Doxorubicin between Lh

1 and Lg
1 induced the concentration of electron density between

the reducing Lg
n layers. The localization of high electron density on Doxorubicin in D-

CNDs3 and D-CNDs4 suggested that it can react more easily in these two configurations
than in the others.

3. Computational Methods

The Doxorubicin, CND and D-CND structures were drawn using Chem Sketch (ACD
Lab, Toronto, CA, USA), and they were modelled using ArgusLab 4.0.1 [62,63] software
without considering the discrete solvent medium. The calculations were performed using a
personal computer with the Windows 10 operating system (built 19045) equipped with an
Intel(R) Core(TM) i5-10210U CPU @ 1.60 GHz, 2112 Mhz, 4 cores, 8 logic gates and 16 GB of
RAM installed. Conformational analysis was carried out through geometrical optimization
using the PM3 semi-empirical quantum mechanical parameterization of the Hartree–Fock
calculation method.

The geometry of Doxorubicin, CND and D-CND structures were considered optimized
when the converged set point of 0.001 kcal/(Åmol) was reached using the Polak–Ribiere
conjugate gradient algorithm for the optimization process [64] using up to 50,000 cycles.
The interaction energies between the Doxorubicin and CNDs were calculated as follows:

Ei = ED−CNDs − (ECNDs + ED) (1)

where Ei is the interaction energy, ED-CNDs is the total energy of the optimized Doxorubicin–
CNDs structure, ED-CNDs is the total energy of the free optimized CNDs structure and ED is
the total energy of the free optimized Doxorubicin.
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The optimized structures were also used for the numerical evaluation of the highest
occupied molecular orbital (HOMO) and lower unoccupied molecular orbital (LUMO)
energetic values.

We also report the electron density map produced by the calculation ran using Argus-
Lab 4.0.1 with a 40-slice grid.

The visualization of the molecules and geometrical parameters of the optimized
structures were evaluated using Avogadro 1.2 software [65]. The layer distances are
reported as the maximum distance, and the angular strain is defined as the dihedral angle
formed by the layers.

4. The Interpretation of CDs Structures and Their Simulations: A Critical Discussion

The use of a computation model for the interpretation of CDs can be a powerful tool,
but it should be used with great attention. The first limitation that the computational routes
showed is related to the nature of what is simulated. As reported by Zhou et al. [54], the
simple synthesis of CNDs led to the production of mixtures of great complexity, even using
high-performance purification systems such as dialysis. The authors identified at least five
well-characterized species inside the CNDs, with different distributions of functionalities.
The authors proposed a data-driven interpretation model in which a layered structure
was highly functionalized and variable. Nevertheless, the authors clearly stated that each
fraction produced was not composed of a single specie but of a narrow distribution of
very similar species. According to this capital finding, the computational approaches to
CDs interpretation are intrinsically limited due to the mismatch between the simulated
input and real materials. Nonetheless, there is a limited number of cases in which the
gap between reality and the simulation is narrow enough to be neglected. GQDs can be
investigated using the computation tool together with a complex set of electron microscopy
and spectroscopic techniques, allowing for good agreement between the empirical data
and computational outputs. On the contrary, PCDs are out of the range of possibility due
to their random shapes. CNDs lay in between PCDs and GCDs, showing simple features
to be integrated in a simulation such as a heptazine structure, and in more complex ones,
distribution functions, as reported in Figure 5.

Figure 5. Real data-driven interpretative scheme of CNDs. Reprinted with all permission from Zhou
et al. [54].

As clearly emerged, the Lh
n layers have been defined, and their identification can be

made using a combination of NMR and mass spectroscopy investigation. The definition
of the Lg

n layers is practically impossible and there is no solution to their unique iden-
tification. Furthermore, the interaction between Lh

n and Lg
n is only considered to be a

weak interaction, but it is impossible to exclude the formation of a chemical bond between
them, which could probably form as a consequence of the opening of epoxy functions.
Therefore, the trade-off between representability and the reality of CND models should

316



Molecules 2023, 28, 4660

be evaluated considering how the model is able to predict the properties, but also, this
approach could be misleading because the distribution of the particles could show the
same properties as one of the particles. Nowadays, the computational study of CNDs could
provide interesting insight into how these species interact with other molecules, but they
are still far from being used as a predictive instrument with which to rationally design the
synthesis and applications.

The customizable design of CNDs is of utmost relevance for all of those applications
that require the fine tuning of the bot size and chemical functionalities [66].

Gao et al. [67] studied the use of the ab initio approach to CND hybrid materials
coupled with CDs while assuming a layered structured for species. The authors showed the
relevance of both the size and the shape of the layers in driving both of the relative positions
and the alignment of bands. The authors proved that a considerably small enlargement size
of the CNDs was able to enhance the visible light response of the species, forming a proper
type-II van der Waals heterojunction between the CNDs and CDs [68]. The tuning of the
band gap is also crucial for all of those catalytic applications, ranging from electrochemical
to photochemical ones [69,70].

Li et al. [71] evaluated the effect of CNDs on the expression of protein kinases for the
regulation of the cell signaling pathway. The authors showed the crucial role played by the
phosphorylation of CNDs and how this is related to the edge functionalities.

The results discussed showed that the cutting edges applications of CNDs required a
proper integration of empirical data with a solid interpretation that only a computational
approach could provide. Nevertheless, some key issue remain unsolved together with
opportunity as summarized in Table 2.

Table 2. Summary of advantages and unresolved issue related to CNDs modelling for custom-
designed applications.

Advantages Disadvantages

� Comprehensive interpretations of the spatial arrangement
of the CNDs structures.

� Evaluation of band gap.
� Description of electrochemical properties.
� Model the interaction between CNDs and biological

species such as protein and nucleic acids.

� Required a great analytic efforts to define the chemical
functionalities.

� Limitation to GQDs and CNDs.
� Required long times.
� For several application is necessary only the knowledge of

physiochemical properties.

5. Conclusions

The computational studies of CDs have made the first steps and already provided
key information that have driven the research in new directions. Here, we describe a
simple, representative and solid model of CNDs useful for evaluating their interaction with
Doxorubicin, a widely used anticancer molecule. The modelled D-CNDs species showed
various unique structures, suggesting that the intercalated species are more stable if the
intercalation occurred between Lg

n or through adsorption directly onto Lh
n. Interestingly,

π−π interactions seemed to play a greater role compared to hydrogen bond, but this result
is quite sensitive to the model used. Nevertheless, this first computational study on three-
dimensional D-CND models enlightens the critical role of the modelling approach in order
to fully understand the CDs’ physiochemical behavior.

In the future, we aim to refine this model using a synthetic approach oriented towards
the production of well-defined CNDs with reproducible and uniquely identifiable features.
This will allow us to definitively prove the robustness of the approach in the prediction of
the CDs’ chemical, optical and geometrical properties.
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