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Abstract: Carbon nanoparticles (CNPs) are novel nanostructures with luminescent properties.
The development of CNPs involves the elaboration of various synthetic methods, structure
characterization, and different applications. However, the problems associated with the CNP
structure definition and properties homogeneity are not solved and barely described in depth. In this
feature article, we demonstrate the approaches for the effective separation and purification of CNPs
by size and size/charge ratio. We propose a promising way for the synthesis of the uniform-size
structures by the application of calcium carbonate porous microparticles as reactors with defined size.
Additionally, the application of the CNPs agglomerates for controllable release systems triggered by
light and in-situ synthesis of fluorescent conductive carbonaceous films on the base of polyelectrolyte
multilayers are under consideration.

Keywords: carbon nanoparticles; carbon dots; luminescent nanoparticles; luminescence; gel-electrophoresis;
calcium carbonate microparticles; microchamber array

1. Introduction

Carbon nanoparticles became promising luminescent nanostructures and attracted a lot of attention
for researchers since they were discovered in 2004 [1,2]. CNPs have drawn considerable interest over the
last years due to their good luminescence, high chemical stability, conductivity, and broadband optical
absorption [3–5]. For a long period, CNPs ware believed to be crystalline or amorphous carbon-based
nanoparticles with sizes of 10 nm. Until very recently, a large number of works presented CNPs as
a mixture of structures with similar or overlapping emission [6–8]. CNPs are considered a mixture
of fluorophores responsible for the luminescent properties, or a combination of a low-luminescent
carbon matrix modifying with molecular fluorophore(s). The presence of several fluorophores is
significantly complicating the fundamental understanding of photophysical processes and emission
properties in a blue spectral region. Thus, the development of effective ways for the separation and
purification of synthetic mixture for individual fluorophores or groups of fluorophores remained to be
a challenging tool. To date, the researches propose the methods of primary separation of large or small
pieces from the solution. The most popular primary methods for separating colloidal suspensions
are centrifugation and filtration. The small size species can be removed by dialysis. Alternatively,
the purification methods like chromatography and electrophoresis lead to the obtainment of several
fractions with different properties [9].

As an approach to obtain CNPs with uniform properties, the synthesis in the restricted volume
of microparticles is interesting, since it allows limiting the material for each CNP formation, as well
as simplifying modification, for example, using inorganic ions. The biocompatibility and ability
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for biodegradation of CNPs has opened the way to be used as a substitution for traditionally
used materials [10]. Nowadays, CNPs are mostly applied in sensing and bioimaging [11–13],
chemical analysis [14], optoelectronic devices [15,16], catalyst design [17–19], or agriculture [20,21].
The absorption properties of aggregates of CNPs can be a useful tool for the controllable release of
bioactive substances, while the hydrothermally treated polymer films can be used as emissive and
conductive materials [22].

Another promising approach to broadening the horizons of CNP is a CNP-in-matrix strategy
for synthesizing new materials that can promote a wide range of applications in bioimaging [23],
biosensing [24,25], optoelectronics [26], and drug delivery systems [27,28] with enhanced luminescence
and other properties. In combination with traditional techniques for fabrication of polymer
microcontainers with versatile structure and accurately tuned properties, CNPs offer a boost in
the development of theranostics systems.

This feature paper summarizes the trends in non-typical approaches for the studying and
application of CNPs. These are methods of fine separation of CNP mixtures, controlled CNP synthesis
and modification in the restricted volume of CaCO3 microparticles, application of hydrothermal
treatment for gold nanoparticles functionalization, application of CNP aggregates as a substitute for
GNPs for laser-induced theranostics carriers opening, and modification of conductive and optical
properties of polymer-based composite films. In this review, we present some advanced features of
CNPs’ synthesis, separation, and application.

2. Methods for Synthesis and Separation of CNPs

The synthetic approaches for carbon nanoparticles can be classified as top-down and bottom-up
methods [5]. The top-down approaches are based on the breaking down of larger carbon structures into
nano- and microparticles. The basic start materials such as graphene oxide, carbon nanotubes, graphitic
layers, or activated carbon can be destroyed to CNPs via laser ablation, discharge, and electrochemical
oxidation [29,30]. However, the significant drawbacks of the approaches mentioned above are the
material expenses, harsh reaction conditions correlated with the application of strong acids, long
processing time, and low homogeneity in geometry and properties [31]. Chemical oxidation is the most
promising top-down approach by introducing oxygen-containing functional groups, for instance -OH
and -COOH, which enhanced the hydrophilicity and the emission to the CNPs. Meanwhile, the interest
to the top-down methods is waned due to the difficult control of the reaction process, low quantum
yields (QYs) of obtained CNPs, and large size of nanoparticles distribution. Due to difficulties the
listed above, the top-down methods are becoming less popular in recent years. However, there are a
lot of studies that have demonstrated the top-down approaches in detail [5,11].

The bottom-up approach refers to the conversion of smaller carbon structures into CNPs of the
desired size. The bottom-up approaches are presented by hydrothermal and solvothermal reactions,
microwave pyrolysis, and ultrasonication [32]. These methods allow use of a large number of start
reagents and different solvents to obtain hydrophilic or hydrophobic CNPs. In recent years, according
to the literature, the dominant number of the CNPs is produced by hydrothermal or microwave
synthesis. The typical procedure includes the preparation of the start reagent solution and treating at
constant temperature or power. Many recent reviews are demonstrating such examples [30,32–34].
However, most of the authors applying hydrothermal or microwave approaches note the high size
diversity of the reaction products. There is a range of popular methods to separate and purify the
mixture of CNPs. Centrifugation and filtration are widely used for removing of large fragments such as
soot from obtained CNPs suspensions, while dialysis is used to remove low molecular-weight species.
Thus, these approaches could not solve the problem for obtaining homogeneous in size and properties
nanoparticles. Today, effective ways for separation of the reaction mixture of CNPs to individual
fractions were applied, such as exclusion chromatography and gel electrophoresis.

Exclusion chromatography with Sephadex G-25 medium desalting column was used for separation
of sodium dextran sulfate (DS) based CNPs [35]. Elute separation for 48 fractions with the volume for
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each fraction of 0.7 mL allowed to identify three different emission bands associated with different
luminophores. The first luminophore type (type 1) appears in the start fractions of 8–15 with emission
at 400–440 nm (Figure 1). The emission intensity maximum is reached at an excitation wavelength of
340 nm; a further increase of the excitation wavelength leads to the decreasing of luminescence intensity.
The second luminophore type (type 2) starts to appear in fraction 10 and elutes up to 19 fractions.
The emission spectra of fractions 10–19 have two emission maxima correlating with luminophore type
1 (emission at 400–420 nm) and type 2 with longer emission at 510–520 nm. The optimal excitation for
the second type is over 400 nm. The third luminophore type (type 3) is characterized by a maximum
emission in the long-wavelength region at 530 nm and start to appear in fraction 35. The emission
maximum was achieved in fraction 39 at excitation of 500 nm. A distinctive feature of the fluorescence
profile of the third luminophore type is the absence of the dependence the emission from excitation.
Therefore, the presence of molecular structures in the last fractions was proposed, corresponding
with small structures confirmed by TEM measurements. Thus, the exclusion chromatography allows
obtaining a large number of fractions with a tunable volume.
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Figure 1. Gel electrophoresis separation of carbon nanoparticles (CNPs), hydrothermally obtained
from citric acid (CA), and 1,2-ethylenediamine (EDA) at white light (A), and UV-light (B). Luminescent
spectra of extracted bands 1 (C), 2 (D), 3 (E), and 4 (F). (Reprinted with permission from Reference [7],
Copyright (2019) Elsevier).

Horizontal gel electrophoresis allows separating the mixture of CNPs by size to charge ratio. CNPs
with high QY of ~67% were hydrothermally synthesized from citric acid (CA) and 1,2-ethylenediamine
(EDA) with reagents molar ratio 1:1.5 (CA:EDA) [7]. The obtained dark-brown solution was separated
from large soot pieces by centrifugation. For the fine separation, gel electrophoresis with 2%
agarose gel was used. The authors determine four discrete bands with positive and negative
charges (Figure 1A,B). The highest emission originates from a small negatively charged fluorophore.
The fluorophore structure had the largest charge-to-size ratio and was identified by NMR spectroscopy
as 1,2,3,5-tetrahydro-5-oxoimidazo [1,2-a]pyridine-7-carboxylic acid (IPCA). The emission maximum
was at 450 nm with an absence of excitation-dependence (Figure 1F). The bands 1–3 demonstrated
excitation-dependent emission typical for CNPs (Figure 1C–E). It was speculated that positive bands
(1,2) contained an excess of the 1,2-ethylenediamine species and integrated fluorophore molecules.
The QYs were measured for each of the bands and the largest value was around 80% for IPCA
fluorophore (band 4). Band 1 had a positive charge and QY around 67%. Bands 2 and 3 had
similar QYs of about 32–33% and positive and negative charges, respectively, as well as the lowest
charge-to-mass ratio.
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Therefore, the proposed methods allowed not only to separate the mixture to the individual
components but also helped to develop the luminescence theory of CNP. CA and EDA are the most
popular reagents for hydrothermal synthesis of high QY CNPs. It has been established that the
luminescence of these structures originates from the organic fluorophore with a definite structure.
Gel electrophoresis is a promising method for separating charge by size. However, it is important
to remove the separation buffer and the agarose fragments. Size exclusion chromatography is a
“purer” method due to an absence of additional buffer or other components, but leads to strong
dilution of samples. Moreover, the volume of the fractions should be controlled to avoid mixing.
Thus, there are two separation techniques to be used as additional tools for fine studying and understand
CNP properties.

3. Synthesis of CNPs in Pores of CaCO3 Microparticles

Encapsulation approaches have received a lot of attention because of the wide capabilities of these
methods. The encapsulation process provides the concentration of reagents, or their protection creates
a component microenvironment separated from the outer environment [36]. The calcium carbonate
CaCO3 porous microparticles are one of the most popular “chemical reactors”. They are formed during
colloidal crystallization of inorganic salts Na2CO3 and CaCl2. The resulting micro-scale reactors usually
have a diameter of 1 to 6 µm and a pore size in the range of 20–60 nm [10]. These structures can be
applied in engineering [37] and bioengineering [38], drug delivery [39], and chemical technology [40].
It was determined that the quality of microparticles is strongly dependent on the wide range of
experimental conditions such as inorganic salts concentration, pH, temperature, and the rate of mixing
the solutions. Moreover, the different molecules or their fragments can affect the CaCO3 morphology
and poses size [36]. Nowadays, the calcium carbonate microreactors became a popular technique for
the controlled formation of homogeneous in size and no aggregated CNPs for improving the quality of
reaction products and the avoiding separation processes.

The CNPs of uniform sizes ~3.7 nm were synthesized form DS by the hydrothermal method in
pores of CaCO3 reactors [10]. The synthesis of CNPs in pores of CaCO3 reactors included three studies:
coprecipitation of solutions of inorganic salts and DS solution, thermal treatment, and the removal of
CaCO3 matrix. The obtained CaCO3 microparticles with DS in pores were hydrothermally treated at
200 ◦C for 3 h (Figure 2). After the synthesis, the color of microparticles was changed from white to
brown with an absence of soot. The microparticles were dissolved to extract CNPs and three fractions
were obtained. The fractions 1 and 3 had different luminescence at 420 and 460, respectively while the
second fraction had both emission maxima. Raman spectra were distinctively different for the fractions.
The first fraction contained a narrow D band (1350 cm−1) and G bands (1580–1600 cm−1) similar to
graphene oxide. The broadening of D-band and the gradual reduction of intensity appears in the
fractions 2 and 3 that corresponds with increasing bond-angle disorder and reduction in the number of
six-fold rings in the structure of these fractions. Moreover, fractions 2 and 3 also had additional features
at around 1200 and 1450 cm−1 corresponding with C-C stretching modes in hydrocarbon chains and
CH2 scissoring mode, respectively. A detailed analysis of obtained data with different concentrations
of DS (2, 5, and 10 mg/mL) demonstrated that a limited volume synthesis can reduce the influence of
the reagents concentration and synthesis conditions on the luminescent properties of CNPs.

Moreover, the pores of CaCO3 microparticles can be used as a “nanoscale pot” for the better
conversion of raw materials into the product. Thus, the pores of CaCO3 microparticles were also
used for the synthesis of CNPs modified by Tb3+ ions [41]. Hydrothermal treatment of DS and TbCl3
solutions as well as adding a TbCl3 solution to the previously prepared CNPs, did not demonstrate
any evidence of CNP modification with Tb3+ ions. The third method involved a simultaneous
co-precipitation of DS and TbCl3 solutions in the pores of CaCO3 reactors with following hydrothermal
treatment. The last fourth method included the stage of TbCl3 solution freezing to the hydrothermally
treated CaCO3 reactors with incorporated CNPs. The shortest lifetime of Tb emission (0.206 ± 0.004 ms)
and the largest increase of Tb emission, confirming the most effective Tb-CNPs coupling, was observed
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in the system exploiting freezing-induced loading Tb together with carbon source inside the pores.
The optimal excitation for energy transfer was 320–340 nm. Thus, freezing-induced loading of cations
into CNPs using CaCO3 microparticles is suggested as a promising approach for the induction of
active components into CNPs. The obtained long-lived CNPs can be potentially used for time-resolved
imaging or visualization in living biological samples where time-resolved luminescence microscopy
is required.
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Biocompatible, thermal stability and easy dissolution of CaCO3 microparticles by the low
concentration of ethylenediaminetetraacetic acid or hydrochloric acid are the significant advantages of
this approach. Moreover, these facts made it suitable for immobilization of the biomolecules where the
sensitivity of the biocompound is often a serious problem. Besides, the high surface area of 8.8 m2 g−1

and pore sizes of 20–60 nm lead to immobilization of a relatively high amount of start material for the
formation of CNPs.

4. Application of Hydrothermal Treatment for Gold Nanoparticles Modification

Hydrothermal synthesis of CNPs directly from biologically active compounds is widely
studied [42–44]. At the same time, this approach can be used to modify the surface of other
nanoparticles. Folic acid (FA) was used for hydrothermally modification of citrate reduced gold
nanoparticles (GNPs) [45]. FA is one of the water-soluble B vitamins. It is an essential component for
the processes of DNA and RNA synthesis, as well as in the processes of cell division. Significant interest
in FA is associated with targeting cancer cells due to overexpression of folate receptors compared
to normal healthy cells [46]. FA was used for modification of GNPs by hydrothermal treatment at
200 ◦C for 1 h and treated GNPs had a bright luminescence at 450 nm (Figure 3A,B). The developed
protocol avoids extra chemicals and simplifies the methodology for the eco-friendly modification of
nanoparticles. An increase of the luminescent intensity (comparing with initial FA) after hydrothermal
treatment was associated with the separation of “internal FA quencher” of para-aminobenzoic acid
(PABA) fragment from the luminescent pterin part of FA. It is important to note that the shape and
position of the luminescent maxima keep the same position as can be clearly seen from the normalized
spectra (Figure 3C), confirming the stability of the pterin luminophore. After the hydrothermal
treatment, the solution had the typical absorption band of FA (and pterin) (λmax = 282 nm) and
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a maximum surface plasmon resonance of GNP at 525 nm. The interaction of GNPs with FA was
confirmed by the change of the average hydrodynamic diameter and zeta-potential from −46 mV
to −10mV. Moreover, the biological properties of FA with GNPs after hydrothermal synthesis were
analyzed by interaction with specific anti-FA antibodies. The control experiment was realized by the
interaction with non-specific mouse IgG, bovine serum albumin (BSA), and an empty well. After the
reaction, the characteristic absorbance band at 530 nm was determined. The obtained results confirm
the presence of the FA fragments on the surface of the GNPs and the preservation of their ability to
form immunocomplex with specific antibodies.

Colloids Interfaces 2020, 4, x 6 of 13 

 

nanoparticles. An increase of the luminescent intensity (comparing with initial FA) after 
hydrothermal treatment was associated with the separation of “internal FA quencher” of para-
aminobenzoic acid (PABA) fragment from the luminescent pterin part of FA. It is important to note 
that the shape and position of the luminescent maxima keep the same position as can be clearly seen 
from the normalized spectra (Figure 3C), confirming the stability of the pterin luminophore. After 
the hydrothermal treatment, the solution had the typical absorption band of FA (and pterin) (λmax = 
282 nm) and a maximum surface plasmon resonance of GNP at 525 nm. The interaction of GNPs with 
FA was confirmed by the change of the average hydrodynamic diameter and zeta-potential from −46 
mV to −10mV. Moreover, the biological properties of FA with GNPs after hydrothermal synthesis 
were analyzed by interaction with specific anti-FA antibodies. The control experiment was realized 
by the interaction with non-specific mouse IgG, bovine serum albumin (BSA), and an empty well. 
After the reaction, the characteristic absorbance band at 530 nm was determined. The obtained results 
confirm the presence of the FA fragments on the surface of the GNPs and the preservation of their 
ability to form immunocomplex with specific antibodies. 

 
Figure 3. Scheme of GNPs synthesis, functionalization, and interaction with antibody (A); the 
absorbance (black) and emission (red) maxima of FA solutions after hydrothermal treatment at a 
different time (B); normalized emission spectra (C) (Adapted with permission from Reference [45], 
Copyright (2019) Elsevier). 

Thus, the demonstrated hydrothermal approach can be possibly used for the further 
stabilization and modification of other types of nanoparticles such as silica nanoparticles, quantum 
dots, graphene oxide, carbon nanotubes, etc., with folate or a large variety of biologically active 
compounds. This is a significant way for the facile synthesis of labels for the immunoassay, 
bioimaging of cells or sensors for chemical analysis. The proposed approach excludes the necessity 
for the application of specific linkers and purification steps. 

5. Application of CNPs Aggregates for Laser-Induced Cargo Release 

Luminescence is one of the most useful property of CNPs that have been applied in numerous 
works. CNPs have proved high efficacy in a variety of tasks related to bioimaging due to strong 
luminescence. However, as other carbon-based materials, CNPs also has the ability to absorb light 

Figure 3. Scheme of GNPs synthesis, functionalization, and interaction with antibody (A);
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at a different time (B); normalized emission spectra (C) (Adapted with permission from Reference [45],
Copyright (2019) Elsevier).

Thus, the demonstrated hydrothermal approach can be possibly used for the further stabilization
and modification of other types of nanoparticles such as silica nanoparticles, quantum dots, graphene
oxide, carbon nanotubes, etc., with folate or a large variety of biologically active compounds. This is a
significant way for the facile synthesis of labels for the immunoassay, bioimaging of cells or sensors for
chemical analysis. The proposed approach excludes the necessity for the application of specific linkers
and purification steps.

5. Application of CNPs Aggregates for Laser-Induced Cargo Release

Luminescence is one of the most useful property of CNPs that have been applied in numerous
works. CNPs have proved high efficacy in a variety of tasks related to bioimaging due to strong
luminescence. However, as other carbon-based materials, CNPs also has the ability to absorb light
energy and convert it to heat over a wide range of wavelengths, including near infrared (NIR).
Considering the high biocompatibility of CNPs in comparison to other light-absorbing materials
such as graphene, carbon nanotubes and metal nanoparticles (for example, Au nanoparticles) CNPs
represent a promising alternative to these materials in terms of photothermal processes.
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When embedded into the shells of microcontainers, CNPs enable the release of cargo in response
to light treatment. Sindeeva and co-workers successfully applied CNPs as an alternative to GNPs as a
component in a promising drug depot system (Figure 4) [22]. The CNPs were synthesized using a
traditional hydrothermal procedure from DS at a high concentration of 10 mg/mL at 200 ◦C for 3 h
and re-dispersed in non-polar organic solvent resulting in a suspension of CNPs aggregates. CNPs
aggregate suspension was mixed with a polylactic acid in a non-polar solvent followed by the formation
of a hollow microchambers’ arrays through a facile procedure of dip coating described elsewhere.

The microchamber array (MCA) is a modern controlled delivery system for a range of biologically
active compounds [47]. The MCA was formed from polylactic acid (PLA) with great biocompatibility
and biodegradability which in a combination with CNPs makes the system fully safe in terms of systemic-
and cyto-toxicity. CNP aggregates embedded in microchamber shells demonstrate a high-temperature
response to NIR-light treatment comparable to in similar systems based on plasmon-resonance of
GNPs [22,48] and graphene oxide flakes [49,50]. It is very important to find a biodegradable material
that traps light in the therapeutic window from 650 to 1350 nm, characterized by high transparency
of biological tissues. Although gold nanostructures are the most well-known and widely applied
light-responsive material, they have issues with biocompatibility and cytotoxicity, and they are not
biodegradable. CNPs aggregates embedded into the structure of MCA shells were shown to facilitate
site- and time-specific controlled opening under NIR-laser exposure that proves the applicability of
CNPs as a promising alternative for inorganic materials like gold nanostructures. The application
of CNPs aggregates as light-sensitive agents for controlled release of encapsulated materials from
polymeric microcapsules has shown a stable cargo release at 785 nm and 830 nm lasers [22,51].
The principle of cargo release is based on the rapture of the polymeric shells in response to extreme
heating of the light-harvesting agents which induces destruction of the polymer structure on the
particle/polymer interface.

Colloids Interfaces 2020, 4, x 7 of 13 

 

energy and convert it to heat over a wide range of wavelengths, including near infrared (NIR). 
Considering the high biocompatibility of CNPs in comparison to other light-absorbing materials such 
as graphene, carbon nanotubes and metal nanoparticles (for example, Au nanoparticles) CNPs 
represent a promising alternative to these materials in terms of photothermal processes. 

When embedded into the shells of microcontainers, CNPs enable the release of cargo in response 
to light treatment. Sindeeva and co-workers successfully applied CNPs as an alternative to GNPs as 
a component in a promising drug depot system (Figure 4) [22]. The CNPs were synthesized using a 
traditional hydrothermal procedure from DS at a high concentration of 10 mg/mL at 200 °C for 3 h 
and re-dispersed in non-polar organic solvent resulting in a suspension of CNPs aggregates. CNPs 
aggregate suspension was mixed with a polylactic acid in a non-polar solvent followed by the 
formation of a hollow microchambers’ arrays through a facile procedure of dip coating described 
elsewhere. 

The microchamber array (MCA) is a modern controlled delivery system for a range of 
biologically active compounds [47]. The MCA was formed from polylactic acid (PLA) with great 
biocompatibility and biodegradability which in a combination with CNPs makes the system fully 
safe in terms of systemic- and cyto-toxicity. CNP aggregates embedded in microchamber shells 
demonstrate a high-temperature response to NIR-light treatment comparable to in similar systems 
based on plasmon-resonance of GNPs [22,48] and graphene oxide flakes [49,50]. It is very important 
to find a biodegradable material that traps light in the therapeutic window from 650 to 1350 nm, 
characterized by high transparency of biological tissues. Although gold nanostructures are the most 
well-known and widely applied light-responsive material, they have issues with biocompatibility 
and cytotoxicity, and they are not biodegradable. CNPs aggregates embedded into the structure of 
MCA shells were shown to facilitate site- and time-specific controlled opening under NIR-laser 
exposure that proves the applicability of CNPs as a promising alternative for inorganic materials like 
gold nanostructures. The application of CNPs aggregates as light-sensitive agents for controlled 
release of encapsulated materials from polymeric microcapsules has shown a stable cargo release at 
785 nm and 830 nm lasers [22,51]. The principle of cargo release is based on the rapture of the 
polymeric shells in response to extreme heating of the light-harvesting agents which induces 
destruction of the polymer structure on the particle/polymer interface. 

 
Figure 4. Left: Scheme of the gold nanorods (A) and carbon nanoparticles (B) location in the polylactic 
microchamber array. Typical SEM images of a polylactic microchamber array with gold nanorods (C) 
and carbon nanoparticles (D) (Reprinted with permission from Reference [11], Copyright (2018) The 
Royal Society of Chemistry); Right: Increased fluorescence of Nile Red dye after the release of 
hydrogen peroxide due to oxidation process in bright field (E,G) and combined mode (F,H) 
(Reprinted with permission from Reference [51], Copyright (2020) The Royal Society of Chemistry). 

Numerous studies have shown the highly localized nature of the heating caused by 
photothermal treatment, which is limited to nano- and submicron-environments. The high 
localization of the process enables the maintaining of the cargo properties and helps to avoid 

Figure 4. Left: Scheme of the gold nanorods (A) and carbon nanoparticles (B) location in the polylactic
microchamber array. Typical SEM images of a polylactic microchamber array with gold nanorods
(C) and carbon nanoparticles (D) (Reprinted with permission from Reference [11], Copyright (2018)
The Royal Society of Chemistry); Right: Increased fluorescence of Nile Red dye after the release of
hydrogen peroxide due to oxidation process in bright field (E,G) and combined mode (F,H) (Reprinted
with permission from Reference [51], Copyright (2020) The Royal Society of Chemistry).

Numerous studies have shown the highly localized nature of the heating caused by photothermal
treatment, which is limited to nano- and submicron-environments. The high localization of the
process enables the maintaining of the cargo properties and helps to avoid obstructing biological
objects contacting the surface of the microchambers’ arrays. The release from the microchamber
arrays with CNP aggregates under laser exposure of different compounds, such as fluorescent cargo
(FITC-dextran) [22] and a solid compound containing hydrogen peroxide (sodium percarbonate
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Na2CO3·1.5H2O2) [51] were demonstrated (Figure 4). Hydrogen peroxide has been shown to
exhibit oxidizing properties when released from individual microchambers. Multiple studies on cell
adhesion and viability have demonstrated biocompatibility and viability of cells on top of hybrid
CNPs-modified microchambers.

Thus, CNPs can be used as more affordable, biocompatible, and biodegradable material for
targeted drug delivery systems. They demonstrated the same to GNPs efficiency for the controlled
opening of MCAs under laser exposure. Moreover, the CNPs similar to GNPs can be applied for
targeted release from single or several chambers. The proposed technique can be potentially used for
cellular engineering for the local release of chemicals in individual cells under laser exposure.

6. Application of in Situ Formed Carbon Nanostructures for Functionalization of Polymer-Based Materials

Depending on the type of CNPs, they can exhibit high conductivity, which can be referred to the
graphene-like structure of the particles. Recent advances in the fabrication of new devices based on
functional polymer-based composites such as optoelectronic devices [52], organic light-emitting diodes
(which demand materials with high luminescence properties) [53], and high-performance electrodes
for supercapacitors [54] have proved the applicability of such composites. Usually polyelectrolytes are
altered with quantum dots to give additional properties to the composite film [55,56]. Ermakov et al.
reported in situ formation of carbon nanostructures via hydrothermal carbonization of the layer-by-layer
assembled film on the base of 20, 40, and 80 bilayers of poly(sodium 4-styrenesulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH) (Figure 5) [57].
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After the formation of the film, it was additionally infiltrated by DS solution to enrich structure
with carbon. LbL-assembly technique is beneficial because the structure and properties of such films can
be accurately tuned accordingly to the task. The resulted films were employed as carbon-reach matrices
to nucleate and grow carbon nanostructures during the hydrothermal procedure. Fourier-transform
infrared (FTIR) and Raman spectra showed the thermal treatment to provide the transition of the
film structure from a molecular-like film structure to “extended carbons” with aromatic rings as a
part of the structure. In combination with SEM images and analysis of the luminescent properties
of the film, it was concluded that carbon nanostructures are formed on top of the film structure.
After thermal treatment microcapsules exhibit Furthermore, the conductivity of the film increases by
two orders of magnitude to about 0.055 S cm−1 which is comparable to that of graphene and carbon
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nanotube-based composites that may indicate high conductivity of the resulted filler. This approach
represents the completely “green“ and facile procedure for in situ fabrication of conducting and
highly emissive material. On the top of their “green” properties, these films are transparent and
biodegradable that makes them beneficial in tasks at the junction of physics and biomedicine such as
body implantable electronics.

A similar procedure was used to synthesize CNP in the shells of polyelectrolyte microcapsules.
Microcapsules based on polysaccharides were used as templates for the in situ synthesis of fluorescent
CNPs. After thermal treatment microcapsules exhibit strong luminescence in the blue spectral region as
well as reduced permeability and ultrasound sensitivity that represent in situ synthesis of fluorescent
carbon dots/polyelectrolyte nanocomposite microcapsules with reduced permeability and ultrasound
sensitivity an attractive alternative over the conventional dye-based capsule tracking and drug delivery
vehicles [58].

7. Conclusions

In this overview, we have summarized the progress and several trends of synthesis and application
of CNPs. The bottom-up methods, and in particular, the most popular hydrothermal approach, lead
to the obtain of the mixture of CNPs of different size and structure. Thus, the importance of proper
purification and characterization cannot be underestimated. The effective approaches for fine separation
such as size-exclusion chromatography and gel electrophoresis has been demonstrated in recent works.
These methods helped to understand the little-known origin of luminescence properties. There are
technologies for the controlled synthesis of CNPs such as the calcium carbonate microparticles reactors,
are necessary for the synthesis of uniform-size CNPs. Together with that, the CaCO3 reactors can be
used as a “nanoscale pot” for the effective production of terbium modified CNPs. The CNPs and Tb
interaction was confirmed by size-exclusion chromatography and both of Tb luminescent lifetime
decreasing and the enhanced of Tb luminescent intensity. This approach was shown as successful
application of FA-based CNPs for surface functionalization of GNPs. The produced modified GNPs
retained properties of precursor molecules as biological ligand and show specific binding to the
anti-FA antibody.

Two strategies for the fabrication of CNPs confined in the host matrices were investigated based
on two host matrices (PLA and multilayer polyelectrolytes). It has been found that CNPs in a polymer
backbone endow the composite material with a number of excellent properties such as luminescence,
conductivity and absorption. While been embedded into the polymer shells of microcontainers the
CNPs were shown to produce a photothermal effect under NIR laser treatment. CNPs-mediated release
of functional cargo was shown to occur in response to low power NIR laser with properties of the
cargo maintained after the release process. CNPs were demonstrated to be an effective alternative to
traditional non-organic fillers applied in functional composites such as gold nanostructures, but with a
high level of biocompatibility.

We believe that the perspective area of CNPs application is much wider than just
luminous nanomaterials and their use will make it possible to take a step towards greener and
biocompatible technologies.

8. Future Perspectives

General evidence of the superior properties of carbon nanoparticles such as fluorescence,
conductivity, absorbance and others in combination with great biocompatibility open a venue for
applications in various fields of science in the future. This combination of properties shows the
principal possibility to detect carbon nanoparticles and structures CNDs are components of with
electromagnetic irradiation in different wavelengths ranging from UV to radio-waves. In this way,
drug delivery systems can be accompanied by the detection of these drug carriers within the body with
intact radio waves, which is important to control drug delivery and release in theranostics fashion
with combining imaging and therapy. Furthermore, carbon dots can potentially provide additional
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functions such as hypothermia induced by external fields as alternatives to conductive agents such as
gold nanoparticles and carbon nanotubes. These features can make carbon nanoparticles one of the
most prevalent materials in biomedicine.
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