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Abstract: Due to their unique properties of photoluminescence, biocompatibility, photostability,
ease of preparing, and low cost, carbon dots have been studied extensively over the last decade.
Soon after their discovery, it was realized that their main optical attributes may be protected,
enhanced, and tuned upon proper surface passivation or functionalization. Therefore, up to date,
numerous polymers have been used for these purposes, resulting to higher-quality carbon dots
regarding their quantum yield or further emission-related aspects and compared to the primitive,
bare ones. Hence, this review aims to clarify the polymers’ role and effect on carbon dots and
their features focusing on the quality characteristics of their photoluminescence upon passivation
or functionalization. Given in fact the numbers of relevant publications, emphasis is given on
recent articles capturing the latest advances for polymers in carbon dots for expanding emission
lifetimes, advancing quantum yields, tuning emission wavelengths, enhancing specific spectral range
absorption, and tailoring optoelectronic properties in general.

Keywords: carbon dots; polymers; surface passivation; functionalization; photoluminescence;
optoelectronic properties

1. Introduction

The topic of carbon dots has emerged during the last decade as one of the most promising fields
of materials research, as revealed by the growing number of relevant publications in the literature.
This is a clear indication for non-experts on the field and scientists exploring different topics that a
potential breakthrough may lay under this burst of research activity. However, why do more and more
scientists and research groups deal with carbon dots recently?

The answer is for their two combined and most significant features, i.e., photoluminescence and
biocompatibility. Carbon dots possess analogous optoelectronic properties to conventional inorganic
semiconductors [1,2]. Nevertheless, at the same time carbon dots not only are not toxic but in fact are
biocompatible and biodegradable. On the other hand, organic fluorophores may be endowed with
high luminescence and wide spectral range but lack photostability. However, it has been demonstrated
lately that carbon dots may also provide high quantum yields with reported values up to 94% [3-5]
added to high stability, being very resistant to photo-bleaching in contrast to commercially available
photoluminescent dyes [6]. Furthermore, they probably represent the easiest to prepare and lowest-cost
nanomaterial of all (unless found in nature). Since preparation is as simple as heating up for a
few minutes in a domestic microwave oven a mixture of lemon juice (citric acid) and urine (urea),
during past years numerous possible carbon waste materials have been successfully used for obtaining
carbon dots [2]. The outcome is a truly valuable final nanomaterial in terms of extended applicability
on diverse fields of research and technology [7] with bio-applications being on the spotlight [8-13].
Thus, carbon dots gained their recognition and space in materials research owned to the multiple
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advantages they offer, while their shortcomings compared to their competitors, organic dyes and
inorganic semiconductors, namely quantum yield and spectral range, are being addressed effectively.

Since that time, researchers have been trying to produce higher quality carbon dots with respect
to quantum yields, stability, narrow or tuned emission wavelengths, etc. Here is the point where
polymers, among further agents, take part in advancing properties. It was not long after their accidental
discovery as by-products [14] when it was realized that polymer passivation of carbon dots significantly
enhances their fluorescence [15]. Ever since, various polymers have been used as pristine materials,
passivating or functionalization agents leading to the formation of higher quality carbon dots [16].

Given the number of research groups working on carbon dots lately, even if focusing only on
polymers’ effect, there is a vast number of relatively new publications on the topic, which is impossible
to follow, let alone refer and cite. Hence, this review emphasizes a carefully selected small portion of
recently published articles that demonstrate critical input on optoelectronic properties of carbon dots
aiming to capture the latest advances on the field with regard to polymer usage.

2. Enhancing Carbon Dots’ Features Via Passivation

Carbon dots are being studied extensively with much effort given on unveiling the origin of their
optoelectronic properties [17]. Although this is a point that will probably never clear up 100% due to
the complex and undefined structure of carbon dots, it is now commonly accepted that the two main
absorption bands originate from m—n* and n—nt* transitions [18]. Since, in addition, surface groups
and traps possess a significant role in the emissive process, it becomes clear why polymer passivation
protects and enhances the fluorescence features of carbon dots leading in fact to much higher quantum
yield values and thus fluorescence intensity. Furthermore, passivation radically improves carbon dots’
stability as their highly reactive and vulnerable surface groups are shielded beneath the polymer layer.

Various polymers have been used for this reason with poly(ethylene glycol) (PEG) being by far
the most commonly employed one. Other frequently used polymers include polyethyleneimine (PEI)
and block copolymers of the aforementioned PEG and PEI, as well as further nitrogen- and oxygen-
bearing polymers as poly(vinyl alcohol) (PVA), etc. Table 1 lists the polymers used in the recent studies
that are cited and discussed in detail on this review article further below.

Table 1. List of polymers used in recent literature for carbon dots materials.

Polymers Notes/Specific Applications Ref.

PEG and PVA Expanded emission lifetime-Phosphorescence-Data encryption [19] [19,20]
PU! PU suppresses nonradiative transitions-Phosphorescence [21]

PEG Advancing quantum yield (QY) [22-24], Tuning emission [25,26] [22-26]
Chitosan and PS 2 Advancing QY by attaching carbon dots on PS [27]

PEI Advancing QY [28-30], Tune emission across visible [31,32] [28-32]

PT3 Tune emission to visible and/or near-IR [33-36]

PVP 4 Advancing QY [37], Tune emission to near-IR [38] [37,38]
PSMA ° Tune absorption to near-IR-Photothermal therapy [39]
b-PEI and PVA Enhancing UV-A absorption [40]
Various Narrowing emission bandwidth [41]

1 Polyurethane; 2 Polystyrene; 3 Polythiophene; # Polyvinylpyrrolidone; ° Poly(styrene-co-maleic anhydride).

3. Tuning Optical Properties with Polymers

When it comes to advancing of carbon dots’ properties, rationally the attention is focused on
the optical ones. Therefore, in the following subsections, it is discussed how polymers can affect
and improve various characteristics as the emission lifetimes, the quantum yields, the emission
wavelengths, etc.

As already mentioned, the photoluminescence mechanisms of carbon dots are not fully unveiled.
Consequently, the polymers’ effect on their optoelectronic properties, even if observed, may also be
unclear or only partly explained to a certain point. According to recent experimental and theoretical
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studies on the photoluminescence origin of carbon dots [17,31,42-49], there are quite a few proposed
mechanisms including quantum size effect and conjugated 7-domains, surface states, molecule states,
and crosslink-enhanced emission (CEE) effect, all of which are very well described in the work of
Zhu et al. [50]. More (surface states and CEE) or less (quantum size effect, molecule states), polymers
used for either synthesis, passivation, or functionalization of carbon dots are expected to influence
all possible photoluminescence mechanisms. Nonetheless, the complexity of photoluminescence
mechanisms and the variety of final carbon dots in terms of demonstrated optoelectronic properties
and regardless of employing same precursors, polymers, or methodologies, imply that, concerning
carbon dots’ optoelectronic properties, on top of all there is probably an unavoidable randomness since
carbon dots” synthesis is not a simple A plus B giving C chemical reaction. This means that even if the
photoluminescence mechanisms of carbon dots are fully understood in the future, a step further for
desired tuning will definitely be made, but still, due to their complexity, a complete predetermination
of their properties will not be efficient.

3.1. Expanding Emission Lifetimes

One very promising field on carbon dots research is for sure the expansion of their emission
lifetimes so as to create afterglow materials. Whereas overwhelming majority (close to absolute)
of carbon dots literature is connected to typical fluorescence, there are a few recent reports of
carbon-dots-based materials exhibiting delayed fluorescence, persistent luminescence, or even
phosphorescence [19-21,51-54]. An easy approach to achieve room temperature phosphorescence
(RTP) is suggested by Professor Lin’s group [19,20]. In their experiments, PVA is used as a
hydrogen bonding agent that stabilizes surface moieties that are responsible for triplet emission
restraining their intramolecular motions. Hence, lifetimes of the carbon dots emissions expand from
a few ns to several hundred ms. Final materials can be used in light-emitting devices, sensing,
biomedicine, and security systems for anti-counterfeiting and information encryption (Figure 1).
Encapsulation of carbon dots in polyurethane (PU) matrix may give rise to room temperature delayed
fluorescence and phosphorescence of a few ms as well [21]. Again, the polymer matrix plays a key
role in suppressing the nonradiative transitions of triplet excitons by rigidifying surface groups,
thus enabling phosphorescence.

3.2. Advancing Quantum Yields

It is a very common fact in science and technology to have efficiency limitations on specific
conversions. For sure, conversion of incident light to induced luminescence cannot be compared to
more complex energy conversions; nevertheless, reaching a quantum yield of 94% [3] for carbon dots
with passivation is a real breakthrough for their effective employment on widespread applications.
This has been achieved by using N-isopropylacrylamide as a monomer passivating agent adopting
the “monomer as solvent” approach [21,55] as it forms an amorphous layer around carbon dots core.
A facile in situ hydrothermal synthesis is followed with N-isopropylacrylamide, not only contributing
to the carbon dots core development together with citric acid and ethylenediamine but also creating
the passivating matrix at the same time. This action gives rise to as monodisperse as possible carbon
dots, preventing aggregation as well. Thus, the quantum yield of 94%, which is the second highest
reported value until now for carbon dots—just 0.5% below the one in Reference [4]—may be the result
of synergetic effect by the multiple roles of the N-isopropylacrylamide monomer during the synthesis,
i.e., acting effectively for passivation, stabilization, size control, and agglomeration prevention [3].

Another recent example of the beneficial process of polymer passivation of carbon dots is the
work of Ardekani and colleagues [22]. A one-pot synthetic procedure was followed where a mixture
of citric acid, urea, and PEG was heat-treated at 180 °C while materials without PEG, or only by citric
acid were also prepared with the same method for comparison reasons. As expected, the passivated
carbon dots exhibited improved quantum yield reaching 53%, whereas the carbon dots without PEG
had a 14% quantum yield and the ones originated only by citric acid had a quantum yield of as low
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as 4%. In fact, the improvement of quantum yield by a factor of ~4 or even more than 10, signifies
the value of passivation but is not the only advancement since for instance the stability of the dots
is also improved. Exploiting the high quantum yield, the PEGylated carbon dots were utilized for
multifunctional on-demand drug release and combined chemo-photothermal therapy via two-photon
excitation (Figure 2). This was based on an additional attribute of the passivated carbon dots which is
their ability to bound molecules, as doxorubicin in this specific case, by weak interactions as forming

hydrogen bonds with the passivating layer.
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Figure 1. Expanding emission lifetimes of carbon dots by forming hydrogen bonds with PVA that
restrain triplet emission species leading to room temperature phosphorescence [19,20]. Information
protection applications of m-CDs@nSiO,. (a) Photographs of m-CDs@nSiO,-PVA and m-CDs-PVA
films under daylight, and irradiation with 365 nm UV lamp on and off when the films are desiccated and
wetted; (b) Intensities of afterglow alterations of m-CDs@nSiO,-PVA and RTP changes of m-CDs-PVA
films under dry and wet conditions for five cycles; (c) Schematic illustration of information protection
(encryption and decryption) processes by using m-CDs@nSiO,-PVA, m-CDs-PVA, and m-CDs-PEG
inks. (Reproduced with permission from ref. [19]. Copyright 2017 American Chemical Society,

Washington, DC, USA).

An alternative approach for enhanced photoluminescence is described by Momper and
co-workers [27]. Whereas in typical carbon dots, polymers are used to form a protective cell,
in Reference [27] carbon dots are created in situ or attached by mixing onto polystyrene (PS)
nanoparticles. In fact, as assumed by experimental data, in situ formation leads to covalent attachment
of the carbon dots on the PS nanoparticles and mixing provides composites by physical interactions,
i.e., electrostatic attraction of the dots by the negatively charged PS nanoparticles. Thus, final carbon
dots demonstrate a strong, ~5-fold enhancement in fluorescence intensity for both fabrication methods
compared to the same unbound carbon dots, while the emission maximum is not shifted and a small
extension by a few ns of their emission lifetimes is observed. Nevertheless, it should be noted here
that only a relative enhancement of the luminescence is mentioned, and no actual quantum yield
measurements are presented which means that regardless the enhancement, final quantum yields may
still be low. On the other hand, though, this method is a truly alternative approach for enhancing
fluorescence intensity that, if further exploited, may lead to high quantum yield values.
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Figure 2. Schematic diagram of the synthesis procedure of biocompatible PEG-passivated carbon
dots with a quantum yield of 53% for multifunctional on-demand drug release and combined
chemo-photothermal therapy via two-photon excitation. (Reproduced with permission from ref. [22].
Copyright 2017 Elsevier B.V., Amsterdam, Netherlands).

3.3. Tuning Absorption/Emission Wavelengths

Given the origin of carbon dots’” luminescence, i.e., m-n* and n-m* transitions [18] which lay
on UV-C/UV-B and UV-A regions respectively, it is rational why most works on carbon dots report
emissions at the closest to UV region of the visible spectrum (blue). However, and since carbon dots are
extremely versatile materials, it is very important to be able to tailor their emission to further (longer)
wavelengths so as to span across the visible spectrum and why not cover the near-infrared (NIR)
region as well, which is known to be essential for biology and medicine. This is because NIR radiation
is less scattered and absorbed by biological tissues compared to visible light thus can penetrate tissues
such as skin and blood at a depth of 1 to 2 cm. Hence, the region from 650 to 950 nm is regarded as an
optical window (NIR-I window) for in vivo imaging. However, carbon dots, being highly luminescent,
biocompatible, and versatile, could be tuned to exploit a second biological window (NIR-II window)
at even longer wavelengths (1000 to 1350 nm) which is considered to have improved penetration
depths and signal-to-noise ratios, allowing deeper and more sensitive in vivo imaging [56]. Therefore,
recent reports on both visible and infrared regions are discussed in the following subsections, as the
visible range is important for optoelectronic applications and the NIR for bioimaging and photothermal
therapy [25,26,33-36,38,39,44,49,57-69].

Besides this, Bao et al. demonstrated that by either changing the surface chemistry or increasing
the size of carbon dots, their luminescence may be tuned to longer wavelengths [48], a behaviour
observed by others as well [44,70]. This is because the photoluminescence is a function of the
surface-state electronic transitions. Thus, energy gap of the surface states is narrowing upon increasing
the degree of surface oxidation or the size of the carbon dots, since the larger the carbon dots, the more
extensive the m-electron system which can couple with surface electronic states adding energy states.
Therefore, polymers are ideal candidates for tailoring the luminescence at longer wavelengths.

3.3.1. Visible Spectrum

Since the visible spectrum is next to UV and spans from ~400 nm to ~700 nm, covering a
small portion of the electromagnetic radiation, it is logical that the photoluminescence of carbon
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dots can be tuned to cover the visible region. In this direction, Hu et al. synthesized carbon dots
with tailored photoluminescence across the entire visible spectrum when excited by white light [31].
Ethylenediamine end-capped PEI was used for the preparation of the carbon dots by mixing with either
citric acid or ethylene glycol as carbon source. In both cases, carbon dots with main PL emission peaks
at 530-550 nm were obtained. Nevertheless, when a reducing agent, i.e., NaBHy4, was added in the
starting reaction system of citric acid, the formed carbon dots exhibited blue-shifted PL emissions from
violet to yellow, depended on the amount of NaBH,4 added. In contrast, when a dehydrating agent,
i.e.,, H3POy4, was added in the ethylene glycol system, the PL emissions were red-shifted from yellow to
red. Hence, the final carbon dots displayed an excitation-independent PL emission, which was directly
correlated to the oxygen and nitrogen containing groups of the carbon dots and covered the entire
visible spectrum displaying violet, blue, green, yellow, orange, or red photoluminescence (Figure 3).
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Figure 3. Tuning carbon dots’ emission to violet, blue, green, yellow, orange, and red: (a—f) PL spectra
of V-, B-, G-, Y-, O-, and R-CDs, showing different strongest emission peaks; (g) PLE spectra of the
six samples; (h) emission photos of different carbon dots excited by white light. (Reproduced with
permission from ref. [31]. Copyright 2015 John Wiley & Sons, Hoboken, NJ, USA).

PEI was also used by Kundu and colleagues to obtain multicolour emissive nitrogen-doped
carbon dots [32]. In their approach, b-PEI was mixed once again with citric acid and a hydrothermal
reaction at variable temperatures (100 to 180 °C) and reaction times (5 to 20 h) took place. As a result,
carbon dots with relatively high quantum yield values ranging from 33.7% to 56.2% were retrieved and
were successfully employed for human brain tumour, fibroblast, neuron, and astrocyte cells imaging
(Figure 4). It was also deduced that the carbon dots synthesized at higher temperature (180 °C)
possessed improved fluorescence properties due to better surface functionalization and N-doping by
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b-PEL Nonetheless, it should be noted here, in order to highlight also the significance of the previous
described work by Hu et al. [31], that the multicolour emission in Reference [32] is based on the use
of appropriate excitation wavelength (Aexc. = 405 nm for blue, 488 nm for green, and 555 nm for red
emission), whereas in contrast in Reference [31] all carbon dots materials are excited by the same white
light [32].

100°C
CA
s
Hydrothermal 150°C
Ty Multicolor emissive
- 180°C N-doped CDs
PEI

Figure 4. Schematic illustration for the synthesis of surface functionalized carbon dots with PEI and its
application for in vitro cellular imaging. (Reproduced with permission from Reference [32]. Copyright
2018 Elsevier B.V.).

Polythiophene (PT) surely does not belong to the group of the most commonly used polymers for
carbon dots. However, its derivatives have been successfully employed by Guo et al. to tune carbon
dots to longer wavelengths [34]. Two different PT derivatives, first with carboxyl groups and second
with quaternary ammonium salts, were used for producing co-doped carbon dots via a hydrothermal
process. Co-doping was based on the presence of oxygen for the first case and nitrogen for the second
along with sulphur on PT itself. Final dots exhibited tunable multicolour luminescence with emission
wavelengths spanning across the visible spectrum up to the edges of the NIR region (Figure 5). Namely,
six different materials were produced having PL peaks’ maxima at 482, 524, 570, 609, 628, and 680 nm,
whereas the same excitation wavelength (400 nm) was applied to all.

3.3.2. Near Infrared

PT has been also used by Lan and co-workers so as to induce sulphur doping [33]. A hydrothermal
route was applied where PT was mixed with diphenyl diselenide to get S, Se-co-doped carbon dots
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(Figure 6). Interestingly, the obtained co-doped carbon dots exhibited a broad UV-Vis absorption
ranging from 350 to 700 nm with a maximum centred at ~525 nm. Therefore, their photoluminescence
rationally enters the NIR region. Whereas it is not discussed in detail, and in fact this behaviour cannot
exactly be associated with either S or Se, it is quite intriguing that a simple hydrothermal process based
on PT can lead to carbon dots with these optoelectronic properties. Moreover, the produced co-doped
carbon dots were efficient for two-photon-excitation exhibiting in advance a photothermal conversion
efficiency of ~58.2%, which is amongst the highest reported values for carbon nanostructures and
comparable to that of Au nanostructures. Thus, these dots could be used for either NIR bioimaging
or even photothermal therapy regardless their extremely low quantum yield of 0.2%. Furthermore,
the few recent reports on the use of PT and its” derivatives for tuning the fluorescence emission to
lower energies reveal the potential of sulphur-bearing polymers in this topic.

HOOC
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oS m/n=1/1 CPT2 > 9.9
G5 Ml ST Carbonization @ © @
Br/ . .
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C-dots1 C-dots2 C-dots3 C-dots4 C-dots5 C-dots6

B ’ ! M ™

Figure 5. Tunable multicolour carbon dots with polythiophene: (a) Synthetic routes of C-dots;
(b) emission colours of various C-dots under UV light. (Reproduced with permission from ref. [34].
Copyright 2016 The Royal Society of Chemistry, Cambridge, UK).

Carbon dots, with better quantum yield reaching 5.7%, for analogous NIR and theranostic
applications were prepared once again by a solvothermal method from PEG and a cyanine
dye [2-((E)-2-((E)-2-chloro-3-((E)-2-(1-(2-hydroxyethyl)-3,3-dimethylindolin-2-ylidene)-ethylidene)
cyclohex-1-en-1-yl)vinyl)-1-(2-hydroxyethyl)-3,3-dimethyl-3H-indol-1-ium iodide, CyOH] [25].
The hydrophobic cyanide dye, which in fact is a NIR chromophore, was encapsulated by PEG,
hence not only a hydrophilic product was obtained but also its stability was enhanced. So, even though
PEG’s contribution to the optoelectronic properties of the final carbon dots seems minimum according
to the relevant presented UV-Vis and PL spectra, its significance is high because without PEG the
cyanide dye cannot be used in such a way. In addition, carbon dots display high photothermal
conversion efficiency (38.7%) along with preferential uptake at tumours, which settles them as ideal
candidates for NIR bioimaging and photothermal therapy (Figure 7).
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Figure 6. Schematic illustration for the preparation and working mechanism of two-photon-excited
NIR-emissive S, Se-co-doped carbon dots by polythiophene and diphenyl diselenide. (Reproduced
with permission from Reference [33]. Copyright 2017 Springer Nature, Basingstoke, UK).
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Figure 7. PEGylated carbon dots for NIR bioimaging: Time based in vivo red fluorescence images of
BALB/c mouse bearing CT26 tumours after the intravenous (i.v.) injection of CyCD (the tumour is
circled with a red dotted line). (A) 0 min (taken under natural light; the red circle marks the position
of tumour); (B) 5 min; (C) 1 h; (D) 6 h; (E) 12 h; (F) 24 h; (G) 48 h; (H) 72 h; (I) 96 h; (J) 120 h;
(K) 144 h; (L) 168 h; and (M) 240 h; (N) Average fluorescence intensity of the tumour area as a function
of time; (O) Ex vivo imaging of the tissues 48 h post-injection (from left to right: heart, liver, spleen, lung,
kidneys, and tumour); (P) Average fluorescent intensity of heart, liver, spleen, lung, kidneys, and tumour.
(Reproduced with permission from Reference [25]. Copyright 2016 American Chemical Society).

Another recent fascinating report for carbon dots with PL emission at the NIR region is the
one by Li et al. [38]. Polyvinylpyrrolidone (PVP) was used for the surface modification of carbon
dots prepared by citric acid and urea under solvothermal conditions. Compared to the previously
discussed studies for NIR [25,33], this one reports an enhanced quantum yield of 10% for in fact a direct
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excitation in the NIR-I window since the dots absorb effectively light above 700 nm. This is crucial
for producing efficient probes for imaging in NIR-I window as achieved emissions for single-photon
excitation are more intense. In addition, experiments have shown that under NIR excitation,
PVP-modified carbon dots also exhibit enhanced NIR emission, with the intensity of this emission
advancing with increasing PVP concentration. Furthermore, excitation at the second biological window
(NIR-II window) by a 1400 nm femtosecond laser generates simultaneous two-photon-induced NIR
fluorescence emission and three-photon-induced red fluorescence emission of carbon dots in dimethyl
sulfoxide. Finally, the NIR absorption and enhanced fluorescence have been associated with the
surface engineering of the carbon dots with molecules or polymers rich in sulfoxide/carbonyl groups,
namely electron-acceptor groups, which influence the optical bandgap and promote electron transitions
under NIR excitation (Figure 8). This wide opens a novel field in exploiting relevant groups-bearing
polymers on carbon dots topic.

CD Surface modified CD

@
Inner layers Outer layers C=0/bi=() fiCh
LUMO — Inner layers molecule
LUMO = "
*'1.q Outer layers
e
NIR
AN

HOMO m—m HOMO mo—m w—

Figure 8. Schematic illustration of structure and energy level alignments of nontreated carbon dots
(left column) and modified carbon dots with S=O/C=0O-rich molecules/polymers (right column).
The red (oxygen atom) and green double-bonded balls represent the C=0/S=0O-rich molecule/polymer.
(Reproduced with permission from Reference [38]. Copyright 2018 John Wiley & Sons).

An even better photothermal conversion efficiency compared to the previous discussed was
achieved by Li and co-workers [39]. Poly(styrene-co-maleic anhydride) was coprecipitated with
varied diketopyrrolopyrrole-containing conjugated polymers bridged with different thiophene units
(Figure 9). The resulting polymeric carbon dots exhibited broad absorption from 600 to 900 nm.
However, and in contrast with the previous reports except Reference [33], these dots showed almost
no fluorescence emission, indicating that the main pathway for excited-state deactivation is the
non-radiative decay. Hence, the supressed energy loss during deactivation endows the dots with high
efficiency to convert light (photon energy) to heat, and thus the photothermal conversion efficiency
climbs to 65%. A similar explanation may apply as well for the efficiency found in Reference [33].
As a result, the formed polymeric carbon dots are excellent candidates for photothermal therapy.
In this direction, their theranostic performance was examined in both in vitro and in vivo experiments.
Carbon dots were irradiated with a NIR laser (808 nm) at a low power density (0.5 W/cm?) for 5 min
and the tumour temperature raised to 53—68 °C, which is enough to kill the tumour cells. In fact,
tumour was 100% eliminated with no observed recurrence, which highlights the potential of relevant
materials for non-invasive cancer treatment.
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Figure 9. (a) Schematic illustration of preparation for Pdots; (b) Molecular structures of CP1-CP4;
(c) UV-vis-NIR absorption spectra of CPs 14 in chloroform; (d) Band diagram representing the HOMO
and LUMOlevels of CP1-CP4 determined by cyclic voltammetry; (e) Representative TEM images of
Pdot-1; (f) Size distribution histogram of Pdot-1 by DLS measurement; (g) Photographic images of
Pdots 14 in aqueous solutions (25 ug/mL) after one month of storage at 4 °C. (Reproduced with
permission from Reference [39]. Copyright 2016 American Chemical Society).

3.4. Enhancing UV-A Absorption

Another very interesting employment of polymers in carbon dots is described by Hess et al. [40].
Using citric acid as carbon source, branched polyethyleneimine (b-PEI) as passivation agent, and PVA as
a multitask precursor, they managed to develop carbon dots with enhanced UV-A absorption. It was
deduced that both b-PEI and PVA were essential for the development of the efficient UV-absorbing
carbon dots. In fact, it was shown that the level of the UV-absorption enhancement was related to the
weight percentages of the polymers for concentrations up to 5 and 10 wt.% for b-PEI and PVA respectively.
Further experiments revealed that PVA in the pristine synthesis solutions increased viscosity which
was associated with the formation of isolated dots with distinct emission wavelengths. As a result,
carbon dots with relatively narrow and intense absorbance bands on the UV-A region were obtained.
Furthermore, carbon dots dispersed in PVA could effectively form films as well proper solutions for dip
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coating technique so as to create efficient UV-A blockers. The latter films and coatings demonstrated
a pH-independent behavior and could block over 90% of the UV-A radiation while possessing high
transparency in the visible range (>80%). Hence, these films could be used in transparent food packaging
applications (Figure 10). Moreover, unexplored properties of these carbon dots may be studied in future
works since the authors of Reference [40] did not deal at all with their fluorescence properties. Relevant
UV-blocking films were produced by Konwar and colleagues by using chitosan as passivation and
film-making agent [71]. However, in this case the transparency of the films was higher (about 20%),
whereas significant part of the visible spectrum (up to 600 nm) was blocked too.

OH Film Casting

H Mixing Solvothermal
Synthesis
PVA
b-PEI | b-PEl + CA @ > @ [

>

il
[ T\ N

Dip Coating A

®

CQD uv
Protection
Layer

Figure 10. Process overview of CQD-PVA composite film synthesis. (D) Citric acid (CA), branched
polyethylene imine (b-PEI), and polyvinyl alcohol (PVA) mixed in water; @) Solvothermal synthesis;
@ Film casting by spiral bar coating and film drying. Alternatively, a glass vial was coated with the
CQDs-PVA solution by dip coating. (Reproduced with permission from Reference [40]. Copyright
2017 The Royal Society of Chemistry).

3.5. Narrowing Emission Bandwidths

Typical emission spectra of carbon dots demonstrate broad bands and sometimes multiple peaks,
or peaks accompanied by shoulders. The full-width at half-maximum (FWHM) of these bands is
usually around 80 to 100 nm. This means that most of the times there is not a characteristic wavelength
for specific dots where the latter emit light. As a result, in case of complex systems or mixtures of
different emitters, distinction becomes impossible. Not to mention that for optoelectronic applications,
carbon dots must have pretty good and discrete optical properties. To surpass this issue, the fluorophores
must have as narrow as possible emission bandwidth. Hence, whereas several research groups have
managed to obtain carbon dots with tuned luminescence at longer than blue wavelengths or even in the
NIR region as described in the relevant subsection, a vital step further is to achieve narrow bandwidths
for these emissions along with efficient quantum yield. In this direction, the work by Ke and colleagues
offers a key input [41]. Their article describes the design and synthesis of donor—bridge—acceptor-based
polymers for producing semiconducting carbon dots (Figure 11). As readily understood by just
seeing Figure 11, their approach has a serious drawback for most researchers working on carbon
dots, namely the use of organic—polymer chemistry to build these block co-polymers. Nevertheless,
the presented results are impressive since following their method, they managed to obtain polymeric
carbon dots with essential quantum yield in the NIR region up to 33%, while the FWHM of the
fluorescence emission peaks could reach values as low as 29 nm. Both these values (33% and 29 nm) are
benchmarks for NIR emissive carbon dots. Hence, the proposed molecular engineering approach for
NIR emissive carbon dots seems to be highly effective and at least in this publication is based exclusively
on polymer science. This may give an advantage to polymer scientists in producing advanced carbon
dots in near future having also in mind that we are dealing with the crucial in vivo biological imaging in
the NIR range. Regarding narrowing emission bandwidths, it is worth noting also that the purification
of carbon dots by techniques as solid phase extraction, etc., leads to materials with advanced and more
confined optical properties as narrow peaks [72].
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Figure 11. Chemical structures of a series of narrow-band NIR polymers used for producing
polymer-based carbon dots. (Reproduced with permission from Reference [41]. Copyright 2017 American

Chemical Society).
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4. Perspectives for Polymers in Carbon Dots

The aforementioned examples of how polymers contribute to the tuning of carbon dots” optical
properties, signify their importance on the progression achieved on the field. Carbon dots seem to have
“indefinite” limitations with respect to their characteristics upon proper modifications: from ns-scale
fluorescence to nearly s-scale phosphorescence; from low quantum yield values up to 94%; from blue
emission to NIR emission; from low light absorption to forming cut-off blockers; from unclear emission
peaks to narrow emission bandwidths. In addition, the advanced carbon dots may be employed in
numerous applications. Many of these improvements, if not all, can be accomplished by engaging
polymers. Thus, future research activities should focus on exploring polymers’ contribution.

Of high importance would be a systematic study where various polymers would be used
for preparing or functionalizing carbon dots while keeping the rest affecting factors the same [73].
Moreover, in my view and based also on previous works as refs. [33,38], there are two specific polymer
families that might endow carbon dots with elegant characteristics. Polymers with heteroatoms as S, P,
B, or even further elements as Se, and benzene ring containing polymers. The first group of polymers
may modify and alter carbon dots’ features in multiple ways, adding also doping on controlled manner
as the incorporated heteroatoms will have a specific nearly standard environment which might lead
to more precise properties, as for example narrow emission bandwidths [59,74], compared to doped
carbon dots originating from inorganic precursors where the random nucleation can drive to numerous
pathways and structures. Furthermore, heteroatom-containing polymers are expected to enhance the
nonlinear optical properties of carbon dots [75], a topic not discussed in this review due to lack of
relevant publications, with limited literature not dealing with polymer-based or functionalized carbon
dots [76-81]. The second group of polymers might again lead to more defined structures due to steric
hindrance whereas can introduce countless 7t electrons which are essential for the desired electronic
transitions and observed optoelectronic phenomena of these materials. Finally, Reference [41] renders
polymer science-based molecular engineering a very promising approach for carbon dots and thus
should be explored.

5. Conclusions

This review summarizes the recent advancements on the use of polymers for carbon dots focusing
on the manipulation and tailoring of their optoelectronic properties. Thus, it has been demonstrated
that by employing various polymers as PEG, PVA, PEI, as well less common ones for the field of
carbon dots as PT and PVP, the optical features of carbon dots can effectively be tuned. Tuning of
optoelectronic properties includes expanding emission lifetimes for achieving phosphorescence,
advancing quantum yields for brighter emissions, tuning absorption/emission wavelengths both
in the visible and NIR regions for multiple applications, and mainly bioimaging and photothermal
therapy for NIR, enhancing UV-A absorption for efficient UV-blockers and filters, and narrowing
emission bandwidths for multiplexed biological detection and imaging. Given the versatility of carbon
dots and the synthetic abundance of polymers, this topic is wide open to further improvements and
developments. The bottom line of the review is that polymers may and should be fully exploited for
obtaining tailor-made carbon dots.

Funding: This project has received funding from the Hellenic Foundation for Research and Innovation (HFRI)
and the General Secretariat for Research and Technology (GSRT), under grant agreement No 193.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Lim, S.Y,; Shen, W.; Gao, Z. Carbon quantum dots and their applications. Chem. Soc. Rev. 2015, 44, 362-381.
[CrossRef] [PubMed]

2. Dimos, K. Carbon Quantum Dots: Surface Passivation and Functionalization. Curr. Org. Chem. 2016, 20,
682—695. [CrossRef]


http://dx.doi.org/10.1039/C4CS00269E
http://www.ncbi.nlm.nih.gov/pubmed/25316556
http://dx.doi.org/10.2174/1385272819666150730220948

Polymers 2018, 10, 1312 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kim, M.C; Yu, KS; Han, S.Y,; Kim, J.-J.; Lee, JW.; Lee, N.S.;; Jeong, Y.G.; Kim, D.K. Highly
photoluminescent N-isopropylacrylamide (NIPAAM) passivated carbon dots for multicolor bioimaging
applications. Eur. Polym. J. 2018, 98, 191-198. [CrossRef]

Liu, H.; Li, Z.; Sun, Y.; Geng, X.; Hu, Y.; Meng, H.; Ge, J.; Qu, L. Synthesis of Luminescent Carbon Dots with
Ultrahigh Quantum Yield and Inherent Folate Receptor-Positive Cancer Cell Targetability. Sci. Rep. 2018, §,
1086. [CrossRef] [PubMed]

Qu, D,; Zheng, M.; Zhang, L.; Zhao, H.; Xie, Z.; Jing, X.; Haddad, R.E.; Fan, H.; Sun, Z. Formation mechanism
and optimization of highly luminescent N-doped graphene quantum dots. Sci. Rep. 2014, 4, 5294. [CrossRef]
[PubMed]

Patra, S.; Choudhary, R.; Roy, E.; Madhuri, R.; Sharma, PK. Triple signalling mode carbon dots-based
biodegradable molecularly imprinted polymer as a multi-tasking visual sensor for rapid and “on-site”
monitoring of silver ions. J. Mater. Chem. C 2017, 5, 11965-11976. [CrossRef]

Shen, J.; Zhu, Y,; Yang, X.; Li, C. Graphene quantum dots: Emergent nanolights for bioimaging, sensors,
catalysis and photovoltaic devices. Chem. Commun. 2012, 48, 3686-3699. [CrossRef] [PubMed]

Ding, C.; Zhu, A ; Tian, Y. Functional Surface Engineering of C-Dots for Fluorescent Biosensing and in Vivo
Bioimaging. Acc. Chem. Res. 2014, 47, 20-30. [CrossRef] [PubMed]

Zhao, A.; Chen, Z.; Zhao, C.; Gao, N.; Ren, J.; Qu, X. Recent advances in bioapplications of C-dots. Carbon
2015, 85, 309-327. [CrossRef]

Shen, P; Xia, Y. Synthesis-Modification Integration: One-Step Fabrication of Boronic Acid Functionalized
Carbon Dots for Fluorescent Blood Sugar Sensing. Anal. Chem. 2014, 86, 5323-5329. [CrossRef] [PubMed]
Liu, H; Sun, Y;; Yang, J.; Hu, Y,; Yang, R.; Li, Z.; Qu, L,; Lin, Y. High performance fluorescence biosensing
of cysteine in human serum with superior specificity based on carbon dots and cobalt-derived recognition.
Sens. Actuators B 2019, 280, 62-68. [CrossRef]

Cai, Q.-Y;; Li, J.; Ge, J.; Zhang, L.; Hu, Y.-L.; Li, Z.-H.; Qu, L.-B. A rapid fluorescence “switch-on” assay for
glutathione detection by using carbon dots-MnO, nanocomposites. Biosens. Bioelectron. 2015, 72, 31-36.
[CrossRef] [PubMed]

Song, Y.; Yan, X.; Li, Z.; Qu, L.; Zhu, C; Ye, R.; Li, S.; Du, D.; Lin, Y. Highly photoluminescent carbon dots
derived from linseed and their applications in cellular imaging and sensing. |. Mater. Chem. B 2018, 6,
3181-3187. [CrossRef]

Xu, X,; Ray, R; Gu, Y.; Ploehn, H.]J.; Gearheart, L.; Raker, K.; Scrivens, W.A. Electrophoretic Analysis and
Purification of Fluorescent Single-Walled Carbon Nanotube Fragments. J. Am. Chem. Soc. 2004, 126,
12736-12737. [CrossRef] [PubMed]

Sun, Y.-P; Zhou, B,; Lin, Y.; Wang, W.; Fernando, K.A.S.; Pathak, P.; Meziani, M.]J.; Harruff, B.A.; Wang, X,;
Wang, H.; et al. Quantum-Sized Carbon Dots for Bright and Colorful Photoluminescence. J. Am. Chem. Soc.
2006, 128, 7756-7757. [CrossRef] [PubMed]

Zhou, Y.; Sharma, S.K.; Peng, Z.; Leblanc, R.M. Polymers in Carbon Dots: A Review. Polymers 2017, 9, 67.
[CrossRef]

Strauss, V.; Margraf, ].T.; Dolle, C.; Butz, B.; Nacken, T.J.; Walter, J.; Bauer, W.; Peukert, W.; Spiecker, E.;
Clark, T.; et al. Carbon Nanodots: Toward a Comprehensive Understanding of Their Photoluminescence.
J. Am. Chem. Soc. 2014, 136, 17308-17316. [CrossRef] [PubMed]

Dimos, K.; Arcudi, F.; Kouloumpis, A.; Koutselas, I.B.; Rudolf, P.; Gournis, D.; Prato, M. Top-down and
bottom-up approaches to transparent, flexible and luminescent nitrogen-doped carbon nanodot-clay hybrid
films. Nanoscale 2017, 9, 10256-10262. [CrossRef] [PubMed]

Jiang, K.; Wang, Y.; Cai, C.; Lin, H. Activating Room Temperature Long Afterglow of Carbon Dots via
Covalent Fixation. Chem. Mater. 2017, 29, 4866—4873. [CrossRef]

Jiang, K.; Zhang, L.; Lu, J.; Xu, C.; Cai, C,; Lin, H. Triple-Mode Emission of Carbon Dots: Applications for
Advanced Anti-Counterfeiting. Angew. Chem. Int. Ed. 2016, 55, 7231-7235. [CrossRef] [PubMed]

Tan, J.; Zou, R,; Zhang, ].; Li, W.; Zhang, L.; Yue, D. Large-scale synthesis of N-doped carbon quantum dots
and their phosphorescence properties in a polyurethane matrix. Nanoscale 2016, 8, 4742-4747. [CrossRef]
[PubMed]

Ardekani, S.M.; Dehghani, A.; Hassan, M.; Kianinia, M.; Aharonovich, I.; Gomes, V.G. Two-photon excitation
triggers combined chemo-photothermal therapy via doped carbon nanohybrid dots for effective breast
cancer treatment. Chem. Eng. ]. 2017, 330, 651-662. [CrossRef]


http://dx.doi.org/10.1016/j.eurpolymj.2017.11.018
http://dx.doi.org/10.1038/s41598-018-19373-3
http://www.ncbi.nlm.nih.gov/pubmed/29348413
http://dx.doi.org/10.1038/srep05294
http://www.ncbi.nlm.nih.gov/pubmed/24938871
http://dx.doi.org/10.1039/C7TC03449K
http://dx.doi.org/10.1039/c2cc00110a
http://www.ncbi.nlm.nih.gov/pubmed/22410424
http://dx.doi.org/10.1021/ar400023s
http://www.ncbi.nlm.nih.gov/pubmed/23911118
http://dx.doi.org/10.1016/j.carbon.2014.12.045
http://dx.doi.org/10.1021/ac5001338
http://www.ncbi.nlm.nih.gov/pubmed/24694081
http://dx.doi.org/10.1016/j.snb.2018.10.029
http://dx.doi.org/10.1016/j.bios.2015.04.077
http://www.ncbi.nlm.nih.gov/pubmed/25957074
http://dx.doi.org/10.1039/C8TB00116B
http://dx.doi.org/10.1021/ja040082h
http://www.ncbi.nlm.nih.gov/pubmed/15469243
http://dx.doi.org/10.1021/ja062677d
http://www.ncbi.nlm.nih.gov/pubmed/16771487
http://dx.doi.org/10.3390/polym9020067
http://dx.doi.org/10.1021/ja510183c
http://www.ncbi.nlm.nih.gov/pubmed/25372278
http://dx.doi.org/10.1039/C7NR02673K
http://www.ncbi.nlm.nih.gov/pubmed/28696467
http://dx.doi.org/10.1021/acs.chemmater.7b00831
http://dx.doi.org/10.1002/anie.201602445
http://www.ncbi.nlm.nih.gov/pubmed/27135645
http://dx.doi.org/10.1039/C5NR08516K
http://www.ncbi.nlm.nih.gov/pubmed/26860279
http://dx.doi.org/10.1016/j.cej.2017.07.165

Polymers 2018, 10, 1312 16 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Da Silva Souza, D.R.; Caminhas, L.D.; de Mesquita, ].P; Pereira, F.V. Luminescent carbon dots obtained from
cellulose. Mater. Chem. Phys. 2018, 203, 148-155. [CrossRef]

Yang, L.; Jiang, W.; Qiu, L.; Jiang, X.; Zuo, D.; Wang, D.; Yang, L. One pot synthesis of highly luminescent
polyethylene glycol anchored carbon dots functionalized with a nuclear localization signal peptide for cell
nucleus imaging. Nanoscale 2015, 7, 6104-6113. [CrossRef] [PubMed]

Zheng, M,; Li, Y,; Liu, S.; Wang, W.; Xie, Z.; Jing, X. One-Pot to Synthesize Multifunctional Carbon Dots for
Near Infrared Fluorescence Imaging and Photothermal Cancer Therapy. ACS Appl. Mater. Interfaces 2016, 8,
23533-23541. [CrossRef] [PubMed]

Wang, H.; Di, J.; Sun, Y,; Fu, J.; Wei, Z.; Matsui, H.; del C. Alonso, A.; Zhou, S. Biocompatible
PEG-Chitosan@Carbon Dots Hybrid Nanogels for Two-Photon Fluorescence Imaging, Near-Infrared
Light/pH Dual-Responsive Drug Carrier, and Synergistic Therapy. Adv. Funct. Mater. 2015, 25, 5537-5547.
[CrossRef]

Momper, R.; Steinbrecher, J.; Dorn, M.; Rorich, I.; Bretschneider, S.; Tonigold, M.; Ramanan, C.; Ritz, S.;
Maildnder, V.; Landfester, K.; et al. Enhanced photoluminescence properties of a carbon dot system through
surface interaction with polymeric nanoparticles. J. Colloid Interface Sci. 2018, 518, 11-20. [CrossRef]
[PubMed]

Hou, X.; Hu, Y.; Wang, P; Yang, L.; Al Awak, M.M.; Tang, Y.; Twara, FK.; Qian, H.; Sun, Y.-P. Modified facile
synthesis for quantitatively fluorescent carbon dots. Carbon 2017, 122, 389-394. [CrossRef] [PubMed]

Zhao, H.; Duan, J.; Xiao, Y.; Tang, G.; Wu, C.; Zhang, Y.; Liu, Z.; Xue, W. Microenvironment-Driven Cascaded
Responsive Hybrid Carbon Dots as a Multifunctional Theranostic Nanoplatform for Imaging-Traceable Gene
Precise Delivery. Chem. Mater. 2018, 30, 3438-3453. [CrossRef]

Wang, C.; Xu, Z.; Zhang, C. Polyethyleneimine-Functionalized Fluorescent Carbon Dots: Water Stability,
pH Sensing, and Cellular Imaging. ChemNanoMat 2015, 1, 122-127. [CrossRef]

Hu, S.; Trinchi, A.; Atkin, P; Cole, I. Tunable Photoluminescence Across the Entire Visible Spectrum from
Carbon Dots Excited by White Light. Angew. Chem. Int. Ed. 2015, 54, 2970-2974. [CrossRef] [PubMed]
Kundu, A;; Lee, J.; Park, B.; Ray, C.; Sankar, K.V,; Kim, W.S.; Lee, S.H.; Cho, I.-].; Jun, S.C. Facile approach
to synthesize highly fluorescent multicolor emissive carbon dots via surface functionalization for cellular
imaging. J. Colloid Interface Sci. 2018, 513, 505-514. [CrossRef] [PubMed]

Lan, M.; Zhao, S.; Zhang, Z.; Yan, L.; Guo, L.; Niu, G.; Zhang, J.; Zhao, ]J.; Zhang, H.; Wang, P et al.
Two-photon-excited near-infrared emissive carbon dots as multifunctional agents for fluorescence imaging
and photothermal therapy. Nano Res. 2017, 10, 3113-3123. [CrossRef]

Guo, L; Ge, J.; Liu, W.; Niu, G,; Jia, Q.; Wang, H.; Wang, P. Tunable multicolor carbon dots prepared
from well-defined polythiophene derivatives and their emission mechanism. Nanoscale 2016, 8, 729-734.
[CrossRef] [PubMed]

Ge, ] Jia, Q.; Liu, W.; Lan, M.; Zhou, B.; Guo, L.; Zhou, H.; Zhang, H.; Wang, Y.; Gu, Y.; et al. Carbon Dots
with Intrinsic Theranostic Properties for Bioimaging, Red-Light-Triggered Photodynamic/Photothermal
Simultaneous Therapy In Vitro and In Vivo. Adv. Healthc. Mater. 2016, 5, 665-675. [CrossRef] [PubMed]
Ge, J.; Jia, Q.; Liu, W,; Guo, L,; Liu, Q.; Lan, M.; Zhang, H.; Meng, X.; Wang, P. Red-Emissive Carbon Dots
for Fluorescent, Photoacoustic, and Thermal Theranostics in Living Mice. Adv. Mater. 2015, 27, 4169-4177.
[CrossRef] [PubMed]

Virca, C.N.; Winter, H.M.; Goforth, A.M.; Mackiewicz, M.R.; McCormick, T.M. Photocatalytic water reduction
using a polymer coated carbon quantum dot sensitizer and a nickel nanoparticle catalyst. Nanotechnology
2017, 28, 195402. [CrossRef] [PubMed]

Li, D,; Jing, P; Sun, L.; An, Y,; Shan, X,; Lu, X.; Zhou, D.; Han, D.; Shen, D.; Zhai, Y.; et al. Near-Infrared
Excitation/Emission and Multiphoton-Induced Fluorescence of Carbon Dots. Adv. Mater. 2018, 30, 1705913.
[CrossRef] [PubMed]

Li, S.; Wang, X.; Hu, R.; Chen, H; Li, M.; Wang, J.; Wang, Y.; Liu, L.; Lv, E; Liang, X.-].; et al. Near-Infrared
(NIR)-Absorbing Conjugated Polymer Dots as Highly Effective Photothermal Materials for In Vivo Cancer
Therapy. Chem. Mater. 2016, 28, 8669-8675. [CrossRef]

Hess, S.C.; Permatasari, FA.; Fukazawa, H.; Schneider, E.M.; Balgis, R.; Ogi, T.; Okuyama, K.; Stark, W.J.
Direct synthesis of carbon quantum dots in aqueous polymer solution: One-pot reaction and preparation of
transparent UV-blocking films. J. Mater. Chem. A 2017, 5, 5187-5194. [CrossRef]


http://dx.doi.org/10.1016/j.matchemphys.2017.10.001
http://dx.doi.org/10.1039/C5NR01080B
http://www.ncbi.nlm.nih.gov/pubmed/25773263
http://dx.doi.org/10.1021/acsami.6b07453
http://www.ncbi.nlm.nih.gov/pubmed/27558196
http://dx.doi.org/10.1002/adfm.201501524
http://dx.doi.org/10.1016/j.jcis.2018.01.102
http://www.ncbi.nlm.nih.gov/pubmed/29438859
http://dx.doi.org/10.1016/j.carbon.2017.06.093
http://www.ncbi.nlm.nih.gov/pubmed/29176908
http://dx.doi.org/10.1021/acs.chemmater.8b01011
http://dx.doi.org/10.1002/cnma.201500009
http://dx.doi.org/10.1002/anie.201411004
http://www.ncbi.nlm.nih.gov/pubmed/25589468
http://dx.doi.org/10.1016/j.jcis.2017.10.095
http://www.ncbi.nlm.nih.gov/pubmed/29179091
http://dx.doi.org/10.1007/s12274-017-1528-0
http://dx.doi.org/10.1039/C5NR07153D
http://www.ncbi.nlm.nih.gov/pubmed/26660629
http://dx.doi.org/10.1002/adhm.201500720
http://www.ncbi.nlm.nih.gov/pubmed/26696330
http://dx.doi.org/10.1002/adma.201500323
http://www.ncbi.nlm.nih.gov/pubmed/26045099
http://dx.doi.org/10.1088/1361-6528/aa6ae3
http://www.ncbi.nlm.nih.gov/pubmed/28368274
http://dx.doi.org/10.1002/adma.201705913
http://www.ncbi.nlm.nih.gov/pubmed/29411443
http://dx.doi.org/10.1021/acs.chemmater.6b03738
http://dx.doi.org/10.1039/C7TA00397H

Polymers 2018, 10, 1312 17 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ke, C.-S.; Fang, C.-C.; Yan, J.-Y,; Tseng, P-J.; Pyle, ].R.; Chen, C.-P; Lin, S.-Y.; Chen, J.; Zhang, X.; Chan, Y.-H.
Molecular Engineering and Design of Semiconducting Polymer Dots with Narrow-Band, Near-Infrared
Emission for in Vivo Biological Imaging. ACS Nano 2017, 11, 3166-3177. [CrossRef] [PubMed]

Zhu, B.; Sun, S.; Wang, Y.; Deng, S.; Qian, G.; Wang, M.; Hu, A. Preparation of carbon nanodots from single
chain polymeric nanoparticles and theoretical investigation of the photoluminescence mechanism. J. Mater.
Chem. C 2013, 1, 580-586. [CrossRef]

Zhu, S.; Wang, L.; Li, B;; Song, Y.; Zhao, X.; Zhang, G.; Zhang, S.; Lu, S.; Zhang, J.; Wang, H.; et al.
Investigation of photoluminescence mechanism of graphene quantum dots and evaluation of their assembly
into polymer dots. Carbon 2014, 77, 462-472. [CrossRef]

Ding, H.; Yu, S.-B; Wei, ].-S.; Xiong, H.-M. Full-Color Light-Emitting Carbon Dots with a
Surface-State-Controlled Luminescence Mechanism. ACS Nano 2016, 10, 484-491. [CrossRef] [PubMed]
Sun, J.; Yang, S.; Wang, Z.; Shen, H.; Xu, T.; Sun, L.; Li, H.; Chen, W,; Jiang, X.; Ding, G.; et al. Ultra-High
Quantum Yield of Graphene Quantum Dots: Aromatic-Nitrogen Doping and Photoluminescence Mechanism.
Part. Part. Syst. Charact. 2015, 32, 434-440. [CrossRef]

Eda, G.; Lin, Y.-Y,; Mattevi, C.; Yamaguchi, H.; Chen, H.-A.; Chen, L.S.; Chen, C.-W.; Chhowalla, M. Blue
Photoluminescence from Chemically Derived Graphene Oxide. Adv. Mater. 2010, 22, 505-509. [CrossRef]
[PubMed]

Zhu, S.; Wang, L.; Zhou, N.; Zhao, X.; Song, Y.; Maharjan, S.; Zhang, J.; Lu, L.; Wang, H.; Yang, B. The crosslink
enhanced emission (CEE) in non-conjugated polymer dots: From the photoluminescence mechanism to the
cellular uptake mechanism and internalization. Chem. Commun. 2014, 50, 13845-13848. [CrossRef] [PubMed]
Bao, L.; Liu, C.; Zhang, Z.-L.; Pang, D.-W. Photoluminescence-Tunable Carbon Nanodots: Surface-State
Energy-Gap Tuning. Adv. Mater. 2015, 27, 1663-1667. [CrossRef] [PubMed]

Jiang, K.; Sun, S.; Zhang, L.; Lu, Y,; Wu, A,; Cai, C.; Lin, H. Red, Green, and Blue Luminescence by Carbon
Dots: Full-Color Emission Tuning and Multicolor Cellular Imaging. Angew. Chem. Int. Ed. 2015, 54,
5360-5363. [CrossRef] [PubMed]

Zhu, S.; Song, Y.; Zhao, X.; Shao, J.; Zhang, J.; Yang, B. The photoluminescence mechanism in carbon
dots (graphene quantum dots, carbon nanodots, and polymer dots): Current state and future perspective.
Nano Res. 2015, 8, 355-381. [CrossRef]

Li, Q.; Zhou, M.; Yang, Q.; Wu, Q.; Shi, J.; Gong, A.; Yang, M. Efficient Room-Temperature Phosphorescence
from Nitrogen-Doped Carbon Dots in Composite Matrices. Chem. Mater. 2016, 28, 8221-8227. [CrossRef]
Zheng, C.; An, X.; Gong, ]. Novel pH sensitive N-doped carbon dots with both long fluorescence lifetime
and high quantum yield. RSC Adv. 2015, 5, 32319-32322. [CrossRef]

Dong, X.; Wei, L.; Su, Y,; Li, Z.; Geng, H.; Yang, C.; Zhang, Y. Efficient long lifetime room temperature
phosphorescence of carbon dots in a potash alum matrix. J. Mater. Chem. C 2015, 3, 2798-2801. [CrossRef]
Deng, Y.; Zhao, D.; Chen, X.; Wang, E; Song, H.; Shen, D. Long lifetime pure organic phosphorescence based
on water soluble carbon dots. Chem. Commun. 2013, 49, 5751-5753. [CrossRef] [PubMed]

Golden, J.H.; Deng, H.; DiSalvoa, FJ.; Fréchet, ] M.].; Thompson, PM. Monodisperse Metal Clusters 10
Angstroms in Diameter in a Polymeric Host: The “Monomer as Solvent” Approach. Science 1995, 268,
1463-1466. [CrossRef] [PubMed]

Smith, A.M.; Mancini, M.C.; Nie, S. Second window for in vivo imaging. Nat. Nanotechnol. 2009, 4, 710-711.
[CrossRef] [PubMed]

Chen, J.; Wei, ].-S.; Zhang, P.; Niu, X.-Q.; Zhao, W.; Zhu, Z.-Y.; Ding, H.; Xiong, H.-M. Red-Emissive Carbon
Dots for Fingerprints Detection by Spray Method: Coffee Ring Effect and Unquenched Fluorescence in
Drying Process. ACS Appl. Mater. Interfaces 2017, 9, 18429-18433. [CrossRef] [PubMed]

Miao, X.; Qu, D.; Yang, D.; Nie, B.; Zhao, Y.; Fan, H.; Sun, Z. Synthesis of Carbon Dots with Multiple
Color Emission by Controlled Graphitization and Surface Functionalization. Adv. Mater. 2018, 30, 1704740.
[CrossRef] [PubMed]

Pan, L.; Sun, S.; Zhang, L.; Jiang, K.; Lin, H. Near-infrared emissive carbon dots for two-photon fluorescence
bioimaging. Nanoscale 2016, 8, 17350-17356. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/acsnano.7b00215
http://www.ncbi.nlm.nih.gov/pubmed/28221751
http://dx.doi.org/10.1039/C2TC00140C
http://dx.doi.org/10.1016/j.carbon.2014.05.051
http://dx.doi.org/10.1021/acsnano.5b05406
http://www.ncbi.nlm.nih.gov/pubmed/26646584
http://dx.doi.org/10.1002/ppsc.201400189
http://dx.doi.org/10.1002/adma.200901996
http://www.ncbi.nlm.nih.gov/pubmed/20217743
http://dx.doi.org/10.1039/C4CC05806B
http://www.ncbi.nlm.nih.gov/pubmed/25259373
http://dx.doi.org/10.1002/adma.201405070
http://www.ncbi.nlm.nih.gov/pubmed/25589141
http://dx.doi.org/10.1002/anie.201501193
http://www.ncbi.nlm.nih.gov/pubmed/25832292
http://dx.doi.org/10.1007/s12274-014-0644-3
http://dx.doi.org/10.1021/acs.chemmater.6b03049
http://dx.doi.org/10.1039/C5RA01986A
http://dx.doi.org/10.1039/C5TC00126A
http://dx.doi.org/10.1039/c3cc42600a
http://www.ncbi.nlm.nih.gov/pubmed/23685471
http://dx.doi.org/10.1126/science.268.5216.1463
http://www.ncbi.nlm.nih.gov/pubmed/17843665
http://dx.doi.org/10.1038/nnano.2009.326
http://www.ncbi.nlm.nih.gov/pubmed/19898521
http://dx.doi.org/10.1021/acsami.7b03917
http://www.ncbi.nlm.nih.gov/pubmed/28537370
http://dx.doi.org/10.1002/adma.201704740
http://www.ncbi.nlm.nih.gov/pubmed/29178388
http://dx.doi.org/10.1039/C6NR05878G
http://www.ncbi.nlm.nih.gov/pubmed/27714173

Polymers 2018, 10, 1312 18 of 19

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ghamsari, M.S.; Bidzard, A.M.; Han, W.; Park, H.-H. Wavelength-tunable visible to near-infrared
photoluminescence of carbon dots: The role of quantum confinement and surface states. . Nanophotonics
2016, 10, 026028. [CrossRef]

Sun, S.; Zhang, L.; Jiang, K.; Wu, A.; Lin, H. Toward High-Efficient Red Emissive Carbon Dots: Facile
Preparation, Unique Properties, and Applications as Multifunctional Theranostic Agents. Chem. Mater. 2016,
28, 8659-8668. [CrossRef]

Jiang, B.-P.; Zhou, B.; Shen, X.-C.; Yu, Y.-X,; Ji, S.-C.; Wen, C.-C.; Liang, H. Selective Probing of Gaseous
Ammonia Using Red-Emitting Carbon Dots Based on an Interfacial Response Mechanism. Chem. Eur. ].
2015, 21, 18993-18999. [CrossRef] [PubMed]

Sun, C,; Zhang, Y.; Sun, K.; Reckmeier, C.; Zhang, T.; Zhang, X.; Zhao, J.; Wu, C.; Yu, WW.; Rogach, A.L.
Combination of carbon dot and polymer dot phosphors for white light-emitting diodes. Nanoscale 2015, 7,
12045-12050. [CrossRef] [PubMed]

Wang, Z.; Yuan, F,; Li, X,; Li, Y.; Zhong, H.; Fan, L.; Yang, S. 53% Efficient Red Emissive Carbon Quantum
Dots for High Color Rendering and Stable Warm White-Light-Emitting Diodes. Adv. Mater. 2017, 29, 1702910.
[CrossRef] [PubMed]

Lu, S.; Sui, L,; Liu, J.; Zhu, S.; Chen, A,; Jin, M.; Yang, B. Near-Infrared Photoluminescent Polymer-Carbon
Nanodots with Two-Photon Fluorescence. Adv. Mater. 2017, 29, 1603443. [CrossRef] [PubMed]

Yuan, F.; Wang, Z.; Li, X,; Li, Y; Tan, Z.A.; Fan, L.; Yang, S. Bright Multicolor Bandgap Fluorescent Carbon
Quantum Dots for Electroluminescent Light-Emitting Diodes. Adv. Mater. 2017, 29, 1604436. [CrossRef]
[PubMed]

Ding, Y.-Y,; Gong, X.-].; Liu, Y;; Lu, W.-].; Gao, Y.-E; Xian, M.; Shuang, S.-M.; Dong, C. Facile preparation of
bright orange fluorescent carbon dots and the constructed biosensing platform for the detection of pH in
living cells. Talanta 2018, 189, 8-15. [CrossRef] [PubMed]

Pan, L.; Sun, S.; Zhang, A; Jiang, K.; Zhang, L.; Dong, C.; Huang, Q.; Wu, A.; Lin, H. Truly Fluorescent
Excitation-Dependent Carbon Dots and Their Applications in Multicolor Cellular Imaging and
Multidimensional Sensing. Adv. Mater. 2015, 27, 7782-7787. [CrossRef] [PubMed]

Qu, S.; Zhou, D,; Li, D.; Ji, W.; Jing, P; Han, D.; Liu, L.; Zeng, H.; Shen, D. Toward Efficient Orange
Emissive Carbon Nanodots through Conjugated sp?-Domain Controlling and Surface Charges Engineering.
Adv. Mater. 2016, 28, 3516-3521. [CrossRef] [PubMed]

Yeh, T-F; Huang, W.-L; Chung, C.J; Chiang, LT, Chen, L-C; Chang, H.-Y,; Su, W.-C;
Cheng, C.; Chen, S.-J.; Teng, H. Elucidating Quantum Confinement in Graphene Oxide Dots Based on
Excitation-Wavelength-Independent Photoluminescence. J. Phys. Chem. Lett. 2016, 7, 2087-2092. [CrossRef]
[PubMed]

Konwar, A.; Gogoi, N.; Majumdar, G.; Chowdhury, D. Green chitosan—carbon dots nanocomposite hydrogel
film with superior properties. Carbohydr. Polym. 2015, 115, 238-245. [CrossRef] [PubMed]

Koutsioukis, A.; Akouros, A.; Zboril, R.; Georgakilas, V. Solid phase extraction for the purification of violet,
blue, green and yellow emitting carbon dots. Nanoscale 2018, 10, 11293-11296. [CrossRef] [PubMed]

Alas, M.O.; Genc, R. An investigation into the role of macromolecules of different polarity as passivating
agent on the physical, chemical and structural properties of fluorescent carbon nanodots. J. Nanopart. Res.
2017, 19, 185. [CrossRef]

Yang, C.; Zhu, S.; Li, Z; Li, Z.; Chen, C; Sun, L.; Tang, W.; Liu, R.; Sun, Y.; Yu, M. Nitrogen-doped carbon
dots with excitation-independent long-wavelength emission produced by a room-temperature reaction.
Chem. Commun. 2016, 52, 11912-11914. [CrossRef] [PubMed]

Bourlinos, A.B.; Trivizas, G.; Karakassides, M.A.; Baikousi, M.; Kouloumpis, A.; Gournis, D.; Bakandritsos, A.;
Hola, K.; Kozak, O.; Zboril, R.; et al. Green and simple route toward boron doped carbon dots with
significantly enhanced non-linear optical properties. Carbon 2015, 83, 173-179. [CrossRef]

Ma, L.; Xiang, W.; Gao, H.; Wang, J.; Ni, Y.; Liang, X. Facile synthesis of tunable fluorescent carbon dots and
their third-order nonlinear optical properties. Dyes Pigments 2016, 128, 1-7. [CrossRef]

Papagiannouli, I.; Bourlinos, A.B.; Bakandritsos, A.; Couris, S. Nonlinear optical properties of colloidal
carbon nanoparticles: Nanodiamonds and carbon dots. RSC Adv. 2014, 4, 40152-40160. [CrossRef]

Zheng, X.; Feng, M,; Li, Z.; Song, Y.; Zhan, H. Enhanced nonlinear optical properties of nonzero-bandgap
graphene materials in glass matrices. . Mater. Chem. C 2014, 2, 4121-4125. [CrossRef]


http://dx.doi.org/10.1117/1.JNP.10.026028
http://dx.doi.org/10.1021/acs.chemmater.6b03695
http://dx.doi.org/10.1002/chem.201502731
http://www.ncbi.nlm.nih.gov/pubmed/26514914
http://dx.doi.org/10.1039/C5NR03014E
http://www.ncbi.nlm.nih.gov/pubmed/26119869
http://dx.doi.org/10.1002/adma.201702910
http://www.ncbi.nlm.nih.gov/pubmed/28758696
http://dx.doi.org/10.1002/adma.201603443
http://www.ncbi.nlm.nih.gov/pubmed/28195369
http://dx.doi.org/10.1002/adma.201604436
http://www.ncbi.nlm.nih.gov/pubmed/27879013
http://dx.doi.org/10.1016/j.talanta.2018.06.060
http://www.ncbi.nlm.nih.gov/pubmed/30086979
http://dx.doi.org/10.1002/adma.201503821
http://www.ncbi.nlm.nih.gov/pubmed/26487302
http://dx.doi.org/10.1002/adma.201504891
http://www.ncbi.nlm.nih.gov/pubmed/26919550
http://dx.doi.org/10.1021/acs.jpclett.6b00752
http://www.ncbi.nlm.nih.gov/pubmed/27192445
http://dx.doi.org/10.1016/j.carbpol.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25439891
http://dx.doi.org/10.1039/C8NR03668C
http://www.ncbi.nlm.nih.gov/pubmed/29888373
http://dx.doi.org/10.1007/s11051-017-3863-1
http://dx.doi.org/10.1039/C6CC06673A
http://www.ncbi.nlm.nih.gov/pubmed/27711331
http://dx.doi.org/10.1016/j.carbon.2014.11.032
http://dx.doi.org/10.1016/j.dyepig.2016.01.005
http://dx.doi.org/10.1039/C4RA04714A
http://dx.doi.org/10.1039/C3TC32410A

Polymers 2018, 10, 1312 19 of 19

79. Aloukos, P,; Papagiannouli, I.; Bourlinos, A.B.; Zboril, R.; Couris, S. Third-order nonlinear optical response
and optical limiting of colloidal carbon dots. Opt. Express 2014, 22, 12013-12027. [CrossRef] [PubMed]

80. Tan, D.; Yamada, Y.; Zhou, S.; Shimotsuma, Y.; Miura, K.; Qiu, J. Carbon nanodots with strong nonlinear
optical response. Carbon 2014, 69, 638—-640. [CrossRef]

81. Yamijala, S.S5.R.K.C.; Mukhopadhyay, M.; Pati, S.K. Linear and Nonlinear Optical Properties of Graphene
Quantum Dots: A Computational Study. J. Phys. Chem. C 2015, 119, 12079-12087. [CrossRef]

® © 2018 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1364/OE.22.012013
http://www.ncbi.nlm.nih.gov/pubmed/24921321
http://dx.doi.org/10.1016/j.carbon.2013.12.056
http://dx.doi.org/10.1021/acs.jpcc.5b03531
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Enhancing Carbon Dots’ Features Via Passivation 
	Tuning Optical Properties with Polymers 
	Expanding Emission Lifetimes 
	Advancing Quantum Yields 
	Tuning Absorption/Emission Wavelengths 
	Visible Spectrum 
	Near Infrared 

	Enhancing UV-A Absorption 
	Narrowing Emission Bandwidths 

	Perspectives for Polymers in Carbon Dots 
	Conclusions 
	References

