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Sensing is one of the most important fields in which chemists, engineers and other scientists are involved to
realize sensoristic devices that can detect different analytes, both chemicals and biologicals. In this context,
fluorescence sensing paves the way for the realization of smart sensoristic devices due to the possibility to
detect the target analyte via a change in colour or emission. Recently (since 2006), carbon nanoparticles,

which are a “new class” of nanostructures based on carbon atoms, have been widely used in sensing
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Aii:;i% Z;(?)ttthxjg:ﬁ:yzogz applications due to their intriguing optical properties. The scientific literature on this topic started from
2006 and a progressive increase in the corresponding number of publications has been observed. This

DOI: 10.1035/d2na00080f review summarises the application of carbon nanoparticles in the sensing field, focusing on chemical

Open Access Article. Published on 21 Maart 2022. Downloaded on 2025-10-16 11:21:07 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale-advances and ion sensing.

Introduction

Nanostructures based on carbon atoms include different
classes of organic compounds, such as fullerenes, graphene,
nanotubes, nanodiamonds, and most recently carbon nano-
particles (CNPs). All these chemical species contain mainly sp>
carbon atoms, but differ in their spatial evolution. In fact,
fullerenes and carbon nanoparticles can be classified as zero-
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dimensional nanostructures, carbon nanotubes are one-
dimensional objects, and graphene sheets are two-
dimensional species (Fig. 1a)."” In particular, CNPs represent
quasi-spherical nanostructures with a diameter of a few nano-
meters, in the range if 3-10 nm in most of the cases.® The core of
these materials, represented by a few graphene sheets assem-
bled together, consists of nanocrystalline graphitic sp> carbon
atoms, with some sp® defects.* The number of these sheets,
having a distance of 0.334 nm from each other, tunes the height
of the nanoparticle. The external shell, which is more inter-
esting from a chemical point of view, contains different func-
tional groups, whose nature depends on the synthetic
methodology and the starting materials used to prepare the
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nanoparticles. Considering these factors, the starting organic
material defines the composition of the external shell in terms
of functional groups. For example, starting from a carboxylic
acid, CNPs will show carboxylic groups on their external shell.®
In the case of aromatic amines as the starting reagent, the final
CNPs will be decorated by amino groups (Fig. 1b).® Due to the
presence of many ionizable functional groups on their surface,
native CNPs show good stability in water, thus leading to many
biological applications and very low cytotoxicity.”

Furthermore, by exploiting the presence of these functional
groups and their reactivity, CNPs can be covalently functional-
ized, anchoring a specific molecule having precise functionality
on their surface.

CNPs are also characterized by chemical stability and
notable photobleaching properties,®® which allow their use in
fluorescence bioimaging and biosensing. Their chemical
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stability is demonstrated by their resistance to a wide pH range
(3-12) and strong fluorescence signal for months. The target of
this review is to summarize the applications of carbon nano-
particles in the sensing field, focusing on chemical and ion
sensing. In particular, chemical sensing will be classified by the
function of the analyte. Similarly, ion sensing will be divided
according to the function of the different metal ions detected.
Also, because some recent reviews presented the biological
applications of CNPs, such as intracellular imaging and thera-
nostic use, these topics are not included in this review.'*"

Synthesis and optical properties of carbon nanoparticles

CNPs were first obtained by Xu et al. during the purification of
single-walled carbon nanotubes through preparative electro-
phoresis in 2004, and 2006 by Sun et al. via laser ablation of
a carbon target."”
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Fig. 1 (a) Classification of carbon nanostructures by their dimen-
sionality, (b) one-pot synthesis of CNPs and (c) covalent functionali-
zation of the external shell.

Since then, CNPs have been prepared using numerous
approaches, which can be summarized by grouping them into
two large families, ie., top-down and bottom-up approaches.
The former approach involves the decomposition of carbona-
ceous materials to reach a nanometer size. Bottom-up synthesis
involves the decomposition of small carbon-containing mole-
cules until they aggregate to become nanoparticles. In detail,
some of the methods used to synthesize CNPs include chem-
ical® or electrochemical carbonization,* laser ablation,*
hydrothermal decomposition induced by heat treatment® and
microwave irradiation.”** The raw materials used vary widely,
ranging from simple carbonaceous sources such as citric acid**
and simple carbohydrates® to polymers® including biopoly-
mers,* and even biomass and food waste.?®

CNPs exhibit optical absorption peaks primarily in the UV
region and partly in the visible. The transitions are generally
associated with the m-m* transition of the sp2 conjugated
carbon and the n-7* transition of hybridization with hetero-
atoms of the outer shell containing carboxyl groups or associ-
ated with the presence of N, S, P, etc. heteroatoms. The
adsorption property of CNPs can also be modified through
chemical synthesis. In a very elegant approach, Jiang et al.
developed a rapid hydrothermal method to modulate the band-
gap of CNPs, obtaining red, green, and blue luminescent CNPs
using three different isomers of phenylenediamines.*

The main feature of CNPs is their strong fluorescence, which
is often exploited for sensing, having a quantum efficiency in
the order of 10% that can reach values of around 80% with
respect to the emission of quinine sulfate, depending on the
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synthetic route, carbon source and doping.** In addition, many
efforts have been made to improve the quantum yields and
biocompatibility of CNPs to obtain useful biosensors; however,
to date, these two features are difficult to obtain simulta-
neously.*"*> CNPs emit in the visible area and their fluorescence
is characterized by two specificities, i.e., it depends on the
wavelength of excitation and can be easily modulated by
chemical intervention in their core via the doping of hetero-
atoms or passivating and modifying the surface of their outer
shell.*®* The mechanism underlying carbon dot fluorescence
emissions is attributed to the radiative recombination of excited
particles, where the large surface area/particle volume ratio of
carbon dots results in the trapping sites being stabilized by
surface passivation agents. Dhenadhayalan et al. studied the
multiple emissive behavior of CNPs prepared from citric acid.**
The absorption transition of CNPs occurs from both the carbon
core in the deep UV region and from surface domains with
a broad UV-A region. Upon irradiation of the carbon core, an
electron is promoted from the valence band to the conduction
band, resulting in the formation of electron and gap charges. In
contrast, an n—w* absorption transition occurs above 300 nm in
the surface states, involving the lone pair electron present in the
functional groups. Therefore, the observed multi-fluorescence
bands of C dots mainly come from their carbon core and
surface domain. The fluorescence of the carbon core at around
385 nm is due to the radiative recombination of the electron-
hole pairs, while the fluorescence in the surface state is caused
by the radiative relaxation from the excited state to the ground
state. Excitation at around 350 nm and 385 nm results in fluo-
rescence predominantly in the range of 440-490 nm and nm
and 500-540 nm, respectively. Surface functional groups can
influence fluorescence characterization by electron transfer-
based electron pickup and their electron donor behavior.
Fluorescence sensing by carbon nanoparticles can be per-
formed by exploiting mainly three different types of mecha-
nisms, ie., PET (photoinduced electron transfer), FRET (Foster
resonance energy transfer) and IFE (inner filter effect). In the
PET mechanism, a generic sensor, constituted by a receptor-
spacer-fluorophore, under irradiation undergoes an electron
transfer process from the receptor to the fluorophore, thus
leading to the “off-mode”. In the presence of an analyte bound
to the receptor, this electron transfer cannot occur, leading to
an enhancement in the emission of the fluorophore (“on-
mode”).* In a FRET sensor, non-radiative energy transfer
occurs from the donor fluorophore to the acceptor chromo-
phore. In particular, the donor chromophore shows absorption/
emission spectra at higher energy (blue shifted) with respect to
the acceptor (red shifted), and the emission spectrum of the
donor needs to overlap with the absorption spectrum of the
acceptor.® The IFE effect is due to the apparent quenching of
the emission due to the attenuation of the excitation beam in
the cuvette for fluorescence by a radiative energy transfer
phenomenon. In particular, in the primary inner effect, the
fluorophore excitation or emission energy is adsorbed by
a chemical entity, also called an absorber. Thus, the possibility
of tuning the absorber or fluorophore concentration will lead to
the development of practical sensors for a specific analyte.’” A

© 2022 The Author(s). Published by the Royal Society of Chemistry
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recent interesting review details the photoluminescence
mechanisms of CNPs.*®

Various types of nanoparticles with chemical-dependent
luminescence colours have been reported in the literature.
CNPs show excitation-dependent emissions, which vary
according to the state of surface oxidation.

A relevant report is that by Yuan et al., achieving multiple
emission states (red, green and blue emission) by tailoring the
surface states with different amino groups.*® The red emission
was related to the fluorophore formed on the surface of CDs.
Pyridinic N derived from the synthesis conditions was respon-
sible for the green emission state, and similarly pyrrolic N
enhanced the blue emission. Thus, these results confirm the
effect of surface groups on fluorescence, which underlies most
of the mechanisms involved in sensing. The target analyte is
determined because it can selectively influence these surface
groups with immediate effects on the emission in terms of
intensity (quenching and turn on) or colour.

An interesting optical property of some CNPs is the possi-
bility to be excited with two-photons, having lower (lower)
energy with respect to the single excitation photon.**** These
CNPs are characterized by lower photobleaching, lower photo-
damage, and higher tissue penetration.

Furthermore, the possibility to use lower excitation energies
allows CNPs having emissions at lower energy values to be ob-
tained (red-emitting), with interesting applications in the
preparation of LEDs.*

Wen and Yin reported the preparation of excitation-
independent CNPs.** The authors proposed that the
excitation-independent PL mechanism of CNPs is related to the
chemistry of their surface groups. The core conjugated m-elec-
tron system is responsible for photo-absorption, which is the
site where quantum confinement occurs. The surface groups
provide a different relaxation of the vibrations due to their
excitation-independent emission and large Stokes shift. Li et al.
reported that the synthesis conditions influence the abundance
of surface groups by making the luminescence independent or
dependent on the incident radiation.** CNPs made from citric
acid and urea at 160 °C showed excitation wavelength-
independent luminescence, whereas the CNPs synthesised at
240 °C showed excitation wavelength-dependent emission. The
excitation wavelength-independent behavior is due to the
presence of a single surface state, whereas for CDs made at
240 °C, when the excitation energy is greater than the energy
gap, their emission is controlled by the surface state transitions.

Presently, CNPs can be characterized using many instru-
mental techniques to obtain information about their elemental
composition, morphology, topography, and size distribution. In
particular, some microscopic methods can be used to obtain
morphological information, such as atomic force microscopy
(AFM), transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). In addition, dynamic light scat-
tering (DLS) measurements lead to information about particle
size.*® Also mass spectroscopy, including electrospray ioniza-
tion quadrupole time-of-flight tandem mass spectrometry
(ESIQ-TOF-MS/MS)** and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MS),*” can be used to obtain information about the composi-
tion of nanoparticles. In addition, spectroscopic methods, such
as photoluminescence UV-Vis, IR and Raman spectroscopy, are
usually employed to obtain spectral information (vide infra).
Energy dispersive X-ray spectroscopy (EDX) can be also used to
obtain elemental composition and determine the purity of
nanoparticles.”® Furthermore, covalent functionalization of
their external shell can be confirmed by nuclear magnetic
resonance spectroscopy (NMR) experiments**®® and X-ray
photoelectron spectroscopy (XPS) analyses.*

CNPs for chemical sensing

CNPs have been widely employed for the chemical sensing of
pH, important biological active molecules, other metal nano-
particles, hydrogen peroxide, VOCs, nitrites, explosives, sugars,
thiols and other natural or synthetic molecules. In general,
sensing leads to the quenching of the emission of CNPs due to
their interactions with the analyte. Furthermore, in some cases,
the sensor is composed of hybrid nanoparticles, which are also
based on some metal-nanoparticles.

Table 1 presents a summary of the chemical sensing appli-
cations of carbon nanoparticles, highlighting their carbon
source, fluorescence mechanism for sensing and important
parameters such as linearity range and limit of detection.

pH

The possibility to monitor the pH value in the cellular micro-
environment is of particular interest in many fields, such as
bioimaging and diagnosis. Accordingly, the size of pH probes
must be in the range of nanometers for them to be internalized
in the selected intracellular compartment.

Du and co-workers developed a ratiometric sensor for
intracellular pH detection based on FRET by covalently binding
fluorescein isothiocyanate (FITC), a pH-sensitive fluorescent
dye, to CNPs.?® In this FRET system, the CNPs act as the donor
and FITC as the acceptor (Fig. 2). Due to the important char-
acteristics of the designed sensor, such as low cytotoxicity, good
cell permeability and high reversibility, it was used to map the
pH gradient in living cells.

In addition, Ouyang and co-workers synthesized N-doped
fluorescent CNPs, which were characterized by a high
quantum yield (63.2%) and could detect pH changes in solution
and in the intracellular environment.*® The emission intensity
of these nanoparticles showed a good linearity (R* = 0.995) with
an increase in pH in a lower pH range (3.47-5.10) with respect to
the previous example. Notably, these nanosensors could also be
recovered and reused at least 11 times in cell experiments
(Fig. 3).

Similar results were obtained by Shuang and co-workers
using orange fluorescent CNPs prepared from 5-amino sali-
cylic acid and hydrothermal treatment.*® These CNPs showed
a linear response between 5.2 and 6.8, with good linearity (R* =
0.994). Also in this case, this sensor was tested for intracellular
measurements.

Nanoscale Adv., 2022, 4,1926-1948 | 1929


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00080f

View Article Online

Review

Nanoscale Advances

(68 "3o1) ¥8€6TT

‘0ST ‘120T ‘V 10d ‘DY pomuyoonads | 1 3W ge'T -1 3W 1°0-500°0 JuswadUBUY QuIwedW ‘pIoe dLIID
(£8 "321) 8¥TOTT ‘29T ‘TT0T
¢980.302dS ‘JOWL0Ig “JON DIOY “W1Y20.1392dS W €00°0 AW $-50°0 duryouand aeydns eruowrwre ‘proe oD
(98
J91) €TS8EE ‘SYTT ‘TC0T ‘DY WIYD Uy Wu £§ AW T-0 Burypouand pIoR 2InID
(s8
"§1) 0529 ‘¥ ‘10T ‘oW ouvN 1ddy SOV T 3w 170 - Tw 3w ¢ T-0 Burgouand pIoe 211D
(78 "321) LV68TT ‘9bT ‘TT0T
¢980.302dS ‘JOWL01g “JON DIOY “W1Y20.1392dS W1 190 W 0F-0 1A9d
(c8
"J21) T8T8 ‘€ ‘0T0T ‘oW ouvN 1ddy SOV ¥dd 60 NU 00T-T Suryouand pIoe 211D
(18 "321) S066T ‘S ‘0T0T ‘PSowO SOV WU 00T ‘AN T-52°0 duryouand) apuo[yo wnruowrwe ‘s3my snydAreonyg
(08
"J91) 6VTLTT ‘TOE ‘610T ‘g ‘SLopnpoy suag | _Tw 8U 0ST L_Tw Sw 00T-0 juswRdURYUY urAegoqry
(6£ "321) ST88T ‘TT ‘61T0T ‘9IpISOUDN WM §S°0 WM 08-8°0 JuswdURYUY 2500N[D
ﬁwh ..wwb 967 J\hN ,WHON .m .m..\QnB:hG«a ‘Suag NWu ¢ 21 91°0-S00°0 Juswdueyuy dvd ﬁwcwsm_@OCQTACMQnTE
(22
"J91) 89T00T ‘TT ‘120T ‘o1 ADpoL “Lo3pN WU 9 AW 000T 03 WU Q0T Buryouand Kouoy
(jouueyo
(92 '321) TTT ‘29T ‘810¢C ‘g “fins sp10]]0D W ££0°0  MO[[4) M €-T1°0 ([ouueyo anjq) INT €-5°0 Zuryouand pIo® 21qI00SY s8niq
(£ "J21) T68ET ‘8 ‘8T0T “"doy 1§ AW STT'0 WU 0T-T Burgouand anusry
(7L "§o1) 0T€ ‘S9T ‘BTOT ‘4 ‘SL03DMP0Y SUIS WM £9°0 WM 005-0'C JuUsSWIdUBRYUY QUIWIRIPIUS[AY3ID ‘PIoR I
(€ '3o1) €Tes ‘98 ‘VTOT “WayD ouy Ww §'1 WM 006-6 Buryouand p1oe druoroqAusayq
(T "391) 09T ‘S6 ‘€TOT ‘DY WIYI0.192]H IAUNIIZ AW 0Z 03 N1 0% ‘pu aurwerpausdyse ‘'[pn 3s0on[H
(89
"J91) L6ST ‘TT¥ ‘610T ‘'wiayD oupoid Jouy W 10°0 AW 6°0-T0°0 JusWRdURYUY surderedsy
Qn .wmb €66 ‘99T ‘8107 ‘g ‘SL0IDNYIY ‘SUas W T JNW 0T-T JudWRDURY U JUTISAd ‘pIoe JIIID
(02 '3o1) £¥¥ ‘8 ‘8TOT ‘SIPLLOIVULOUDN W €1°0 WY 000T-T JudWRdUBYUY sgurddoip womy[Ig
(69 “321) 7OV ‘9T ‘ST0T ‘g ‘SL010N1IY ‘SUaS WU $°0 U 006T-T Lagd SIL,
(£9 "321) TTL9 ‘OFT ‘STOT ‘75dDUY U 8T WW 05-0 1a94 9381310 PUR SUIPLSIH
(99 '3o1) £S18 ‘0BT ‘ST0T ‘Isqvuy W 9€0°0 W 2-0 Suryouand ourpnsiy  spunodwod paseq-g
(€9 "J21) 00€ ‘89% ‘£L10T ‘DOV Wiy ‘Siouf 1D - Surgouand 1apmodouru uoqIe)
(79 "J21) TLT ‘90T ‘910T ‘U0q.vD wdd AW 009-0T Surgouand U0qIBd PaIRATIOY
(€9 '301) T9TV ‘¥ ‘910T ‘V ‘woyD “1o3v [ WW ST°0 WW 02-0 1794 9JBII0 WNIUOWUIY saatsordxg
(29 321) T0SES ‘9 ‘9T0T “apv OSA 101 vdL-NDd DOA
(19 'Jo1) 8T69T ‘SS ‘020T ‘198 LW [ U /8 W 0T-T°0 JuUsSWIdUBRYUY SPLIO[YDOIPAY IPIWESOIN]D
(09 “§o1) $LSST ‘TS ‘STOT ‘UnmuwoD wayn WU $8 W -0 1ad SUIWRIPIUSIAYId ‘PIoR 210D
(6S 391) 80ET “P¥T ‘STOT ‘DIUDIDL, UK AW 000°02-0¢ JuswRdURYUY sayeIpAYOqIRD T0tH
(8S '3o1) 6CT ‘9z ‘9107 ‘dsatomyf [ WU €T NU 8€-6'F JuswIdURYUY £ouoy apeid pood
(£S *321) TTS ‘STT ‘910T ‘g ‘S4010NIY *SUdS wdd ¢ LAIA poe onedy  spunodwiod paseq-N
(9s
'JO1) 8€£6 ‘¥ ‘T20T ‘1o ouvN 1ddy SOV 01-9 Hd Zuryouand pIoe 2InID
(¥S '301) 60T ‘96T ‘610T ‘DIUDIDL 89-z's Hd Suryouand) pIo® JI[ADI[eS OUIUY-S
(€5 "321) 08 ‘98T ‘8T0T ‘DIUDIVL 01°5-£¥¢ HA Buryouand aur[rue ‘proe oInID
(s “3o1) 10159¢€ ‘PT ‘€10T ‘(Bojouryra10ubN 9-¢'p Hd Ladd SUIWEBIPIUS[AYID ‘PIOE OI[AIDY nd
PEN| aoi Areaury [{eJEREET)) 90IN0S UOqIeD duisuag

90Ud0S210N[J JO WSTUBYIIN

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
WU /0:TZ:TT 9T-0T-G20Z U0 papeo|umoq "Z20Z MeelAl TZ Uo pausiiand 8joily sseooy uedo

SdND Ag buisuas jediwayd jo Alewwns T a\qe|

© 2022 The Author(s). Published by the Royal Society of Chemistry

1930 | Nanoscale Adv, 2022, 4, 1926-1948


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00080f

Open Access Article. Published on 21 Maart 2022. Downloaded on 2025-10-16 11:21:07 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review
\\hv
O‘"\?" O -H*
jf N\ +H*
’ Y No FRET
- O ¥ Emission at413nm

" ' " Emission

at 531nm

Fig. 2 Schematic representation of pH sensing by FRET mechanism
(reproduced with permission from Nanotechnology, 2013, 24, 365101,
Copyright 2013, IOP Science).
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Fig. 3 (a) Fluorescence spectra at different pH values, (b) plot of the
emissions during titration, (c) liner response of the CNPs to pH value,
and (d) recovery test (adapted with permission from Talanta, 2018, 186,
80-87, Copyright 2018, Elsevier).

In the same context, Pan and co-workers exploited the ability
of yttrium-doped CNPs to detect pH changes for the detection
pathogens.* These nanoparticles showed a high dispersion in
water, and consequently they were uniformly included in a 3D
agarose gelatinous matrix without the formation of aggregates.
This sensor could detect pH variations by fluorescence emission
changes. Bacterial growth was detected in saliva samples using
a small amount of sample (100 pL) in almost real time (25 min).

Recently, Prato and co-workers reported the implementation
of their other work, obtaining hybrid nanoparticles based on
silica and carbon in an agarose matrix, which could detect pH
after LED irradiation.’® In particular, silica nanoparticles con-
taining amino groups were covalently bounded with CNPs,
exploiting the free carboxy groups via stable amide bond
formation. These hybrid nanoparticles were introduced into
a waveguide, thus obtaining a practical optical sensor (Fig. 4).
This sensor was stable and reversible, and in addition showed
a high sensitivity 5.61 nm per (pH unit) and a linear response in
the pH range of 6-10.

Nitrogen-based compounds

The qualitative and quantitative determination of nitrogen
compounds are essential for environmental, industrial, and
biomedical purposes. Thus, to achieve this target, several

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic representation of the device and (b) emission as
a function of pH (reproduced with permission from ACS Appl. Nano
Mater., 2021, 4, 9738—9751, Copyright 2021, the American Chemical
Society).

instrumental and colorimetric methods have been developed to
detect N-based compounds in solution and in the vapour phase.

Cyriac and co-worker reported fluorescent CNPs for the
selective and sensitive detection of ammonia species via a FRET
mechanism, exploiting sodium rhodizonate as the receptor
molecule.”” The fluorescence sensing mechanism is FRET from
the CNPs to sodium rhodizonate, activated in the presence of
ammonia, leading to quenching of the fluorescence of the CNPs,
with an LOD of 3 ppm. In addition, ammonia vapors were
detected by cotton fibers adsorbed with the sensor solution. This
presented a low-cost, reversible, selective and stable system for
the detection of oxides of nitrogen and common organic solvents.

Another possible application of nanoparticles as fluorescent
sensors for nitrogen-based compounds was reported by Kumar
and co-workers.”® They synthesized PEG6000-coated carbon
nanoparticles for the determination of nitrites in different types
of matrices such as milk, borewell water and soil samples. The
interaction with NO,  causes a fluorescence enhancement,
which can be monitored to analyze the presence of the analyte.
The obtained sensor demonstrated a linear response in the
range of 4.9 x 107° M to 3.8 x 10~ %M, a detection limit of 2.3 x
10~° M, and good selectivity.

H,0,

The real-time monitoring of hydrogen peroxide levels is of
primary interest in many fields, such as the biological and
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environmental fields, due to their correlation with cellular
oxidative stress, as well as the use of H,0, in many industrial
processes. Bendicho and co-workers synthesized fluorescent
CNPs by exploiting the UV irradiation of carbohydrates.> The
obtained carbon nanoparticles could be used as fluorescent
sensors for the detection of hydrogen peroxide and antioxidant
agents, such as ascorbic acid and glutathione. In fact, the
presence of hydrogen peroxide leads to a decrease in the
dimensions of CNPs and an increase in their fluorescence
emission, while antioxidants inhibit the action of hydrogen
peroxide, leading to a decrease in the emission of the CNPs. A
detection limit of 5 uM was observed for hydrogen peroxide,
with a linearity in the wide range of 20-20.000 mM. Notably, this
sensor was used for the detection of hydrogen peroxide in
solutions for cleaning contact lenses.

Zhang and co-workers designed a PET-based sensor for the
detection of hydrogen peroxide using fluorescent CNPs.* These
nanoparticles were obtained starting from citric acid and eth-
ylenediamine as precursors, and subsequent surface function-
alization with 2-(diphenylphosphino) ethylamine. The CNPs
functionalized with diphenylphosphine possessed an acceptor
and donor moiety for the PET mechanism, where the presence
of hydrogen peroxide hinders the PET process due to the
oxidation of the phosphine portion (Fig. 5). This system was
sensitive, selective, and useable in a wide pH range, with
a detection limit of 84 nM.

Recently, Chen and co-workers reported a hybrid nano-
material based on AgNPs and CNPs for the detection of
hydrogen peroxide.®* This system showed a linear response in
the range of 0.1-10 mM, with a detection limit of 0.087 mM.
This system was employed for the colorimetric detection of
water peroxide in urine and lake water. Furthermore, the fluo-
rescence turn-on observed in the presence of H,O, led to the
possibility of this molecule also being able to detect H,O, in
human breast cancer (MCF-7) cells.

Volatile organic compounds (VOCs)

The presence of VOCs in the atmosphere due to human activity
is related to many respiratory disorders. Accordingly, the
possibility to detect VOC levels with high efficiency, accuracy
and selectivity is of huge interest for human safety.

Xie and co-workers synthesized CNPs for the detection of
VOCs.” In particular, they adsorbed a solution of CNPs on
reactive paper, thus obtaining a solid sensor that could detect,
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Fig. 5 Mechanism of H,O, sensing by fluorescent CNPs functional-
ized with 2-(diphenylphosphino) ethylamine.
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through a variation in fluorescence, the presence of VOCs
instantly, similar to optical noise. Materials with sol-
vatochromic characteristics were exploited to determine these
analytes quickly and sensitively. Amphiphilic CDs were
synthesized from (Z)-4-(2-cyano-2-(40-(diphenylamino)-[1,10-
biphenyl]-4-yl)-vinyl) benzonitrile, PEG2k and pCN-TPA, which
were chosen for their intramolecular charge-transfer properties.
Based this type of synthesis and functionalization, the CNPs
possessed different luminescence behaviors in different
solvents and showed, for each solvent, a typical excitation-
dependent feature (Fig. 6). These sensors were shown to be
reversible, sensitive and selective to various VOCs.

Explosives

The fast, smart, sensitive and selective detection of explosives
has received increasing attention due to their implications in
homeland security, global demining and environmental safety.
Traditional analytical techniques are based on large instru-
ments, such as HPLC and GC-MS, and thus the facile detection
of these organic substance is of particular interest.

In this context, Lei and co-workers reported the microwave-
assisted synthesis of n-doped CNPs starting from a single
precursor, ammonium citrate dibasic, thus obtaining nano-
sensors that could selectively detect picric acid.*® In fact, in
contrast to other nitroaromatic explosive compounds, the
interaction with picric acid led to quenching of the fluorescence
signal of the CNPs. This is due to the greater synergistic effects
such as acid-base interactions between the NPs and analyte,
and also the presence of the FRET mechanism from the excited
state of the CNPs to the picric acid, thus leading to the sensitive
detection of the explosive, with a calculated detection limit of
0.25 mM and a linear response under 20 mM. The selectivity
was with evaluated also other nitro-compounds.

Algarra and co-workers reported fluorescent nanosensors for
the detection of 4-chloro-2,6-dinitroaniline, a widespread
component of explosives.* These sensors were based on carbon
nanoparticles, which were synthesized via the oxidation of
activated carbon in water and functionalized with amino groups
using PAMAM-NH, dendrimer. The interaction between the
sensor and analyte, in addition to causing quenching of the
fluorescence at 465 nm, also led to the appearance of a new
band at 507 nm, which highlighted the formation of a Mei-
senheimer complex. Therefore, the linearity of the response was
in the range of 1 x 10 > M to 6 x 10~ * M, with a good sensitivity
of 2 ppm.

DMF

ACN MeOH EtOH DMK

Fig. 6 Images of paper sensor strip containing CNPs after exposure to
the vapor of solvents taken under a UV lamp (365 nm) (reproduced
with permission from RSC Adv., 2016, 6, 83501-83504, Copyright
2016, The Royal Society of Chemistry).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In 2017, Sun and co-workers functionalized carbon nano-
particles with 2,2'-(ethylenedioxy)bis(ethylamine) (EDA) to
obtain fluorescent sensors that could detect nitrotoluene
molecules.®® The underlying recognition mechanism involves
fluorescence quenching caused by the charge transfer interac-
tions between the probe and analyte. These examples demon-
strate the high versatility of carbon nanoparticles to detect
different typologies of explosives, depending on their external
functionalization.

Sulphur-based compounds

Thiols and other S-based compounds play crucial roles in many
physiological functions and can be found in numerous biolog-
ically significant molecules. Alterations in the concentrations of
these molecules can be related to many disorders, such as Alz-
heimer's disease and osteoporosis.

Yang and co-workers proposed a new colorimetric and
fluorimetric sensor for the detection of the thiocyanate ion
(SCN™).%® This sensor consisted of amino-functionalized CNPs,
which by means of Au-N interaction, were adsorbed on the
surface of citrate-stabilized gold nanoparticles (Au-NPs), thus
leading to the aggregation of the nanoparticles and quenching
of the fluorescence emission. SCN™ ions preferentially bind to
the surface of the gold nanoparticles, and consequently the
interaction between the gold nanoparticles and the carbon dots
is disrupted. An increase in the emission and a color change,
from blue to red were observed. In particular, it was observed
that a color change perceptible to the naked eye occurred at an
SCN™ concentration of 1 uM, and furthermore a detection limit
as low as 0.036 UM was obtained.

Chen and co-workers designed a double-emission hybrid
nanosensor for the detection of the sulphide anion, using
carbon nanoparticles synthesized from histidine and trisodium
citrate dihydrate.®” The sensing mechanism is due to FRET from
the CNPs to the covalently bound gold nanoparticles. The
detection of S~ is due to the formation of the Au,S species, thus
leading to the destruction of the FRET process (see Fig. 7). This
probe allowed the detection of S~ in a sensitive, selective and
rapid way, with a detection limit of 18 nM and a linear response
under 50 mM. Notably, this system could detect the S*~ anion in
real samples, such as hot spring water.
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Fig. 7 Sensing mechanism of S~ based on CNPs and AuNCs
(reproduced with permission from Analyst, 2015, 140, 6711-6719,
Copyright 2015, The Royal Society of Chemistry).
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In the same context, John and co-worker reported the prep-
aration of hybrid nanomaterials based on silver and carbon
nanoparticles for the colorimetric and fluorescence detection of
sulfide ions.® In particular, CNPs were capped on AgNPs, acting
as fluorescent and colorimetric probes, respectively. The pres-
ence of 0.1 uM of $>~ decreased the absorption intensity of the
nanocomposite, changing its color from yellow to colorless, but
increasing its fluorescence emission intensity. The linear range
observed was 0.01-0.9 mM, with an LOD of 0.01 mM. This
behavior is due to the formation of Ag,S. The goals of this
nanosensor were the possibility to detect H,S in real water
samples, easy analysis and good selectivity.

Wang and co-workers reported a fluorescent nanoprobe for
the detection of hydrogen sulfide (H,S).* This fluorescent
sensor was based on carbon nanoparticles modified with silver
nanoparticles (AgNPs). This hybrid nanosystem showed a linear
detection response to H,S from 1 to 1900 nM, with the detection
limit of 0.4 nM. The CNPs were prepared using
(tris(hydroxymethyl)-aminomethane). The binding between
carbon and silver nanoparticles led to fluorescence quenching
through the FRET mechanism. The fluorescence of the single
nanoparticles could be efficiently recovered by H,S, thus giving
an emission signal due to Ag-S bond formation. The sensing
mechanism was supported by DFT/TD-DFT experiments. In
addition, sensing of H,S in the cerebral system was also per-
formed with this sensor.

Cao and co-workers used silkworm droppings as the starting
material to obtain fluorescent nitrogen-doped CNPs (N-CNPs)
via hydrothermal treatment.”” These N-CNPs exhibited good
optical properties, showing bright blue emission under ultra-
violet excitation and good water solubility, and were used for the
detection of Fe** via the “on-off-on” mechanism. This mecha-
nism is due to the presence of Fe’" ions, which led to the
quenching of the nanoparticle emission, with a detection limit
of 0.20 pM in the linear range of 1-500 pM. Subsequently, the
introduction of biothiols led to the recovery of fluorescence,
resulting in an “off-on” process. This sensor was also applied
for the quantification of glutathione (GSH) in fetal calf serum
samples, with an LOD of 0.13 uM in the linear range of 1-1000
uM.

Yu and co-workers reported the first array based on multi-
channel fluorescent CNPs with metal ions for the sensing of
thiols.”* The functional groups on the surface of the CNPs
interact with metal ions, leading to the aggregation of the CNPs,
thus quenching the fluorescence of the nanoparticles them-
selves. The seven thiols used showed a different affinity for
metal ions, and consequently the fluorescence was modified by
the presence of thiols. According to these responses, the iden-
tity of thiols was detected by linear distinction of the assay
(LDA), at a low concentration of 1.0 uM (Fig. 8). This sensor
could identify 42 thiols in fetal bovine serum and urine.

Glucose

The correlation of the glucose levels in blood with diabetes is
well-known. Thus, the possibility to monitor the blood glucose
level is essential for diabetic patients. The available kits to
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Fig. 8 Schematic representation of the fluorescent sensor array for
the detection and discrimination of thiols (adapted with permission
from Sens. Actuators, B, 2018, 266, 553-560, Copyright 2018, Science
Direct).

control glucose levels in the blood are based on electrochemical
techniques, having enzymes as receptors. However, the possi-
bility to tune to fluorescent sensors should improve their
sensibility and response time. In this context, Sun and co-
workers demonstrated that one of the applications of photo-
luminescent carbon nanoparticles is in the construction of
a glucose biosensor.” In fact, CNPs resulted in the colloidal
stability of the rGO (reduced graphene oxide) dispersion by
acting as stabilizing agents for the reduced graphene oxide (GO)
and leading to the formation of CNPs-rGO; moreover, in the
presence of glucose oxidase (GOD), the attractive electrostatic
interactions lead to the formation of the GOD-CND-rGO
hybrid. This sensor was obtained by depositing the hybrid
system on a glass carbon electrode, obtaining a linearity of
detection from 40 uM to 20 mM and a limit of detection of 40
uM. This sensor was used for the detection of blood serum
glucose.

A new type of fluorescent sensor based on CNPs was
synthesized using phenylboronic acid as a precursor by Xia and
coworker.” The obtained CNPs could be used for the detection
of glucose because the cis-diol groups of glucose can covalently
bind to the boronic acid moieties on the surface of the CNPs,
leading to an assembly of the latter, and consequently extinc-
tion of the fluorescence. A detection limit of 1.5 uM and an
interval in which the fluorescence quenching is linear from 9 to
900 uM were observed. With this type of sensor, glucose can be
determined in the presence of its analogues and potential
interfering substances present in the blood, and thus the sensor
can be used for the detection of blood glucose in human serum.

Rao and co-workers developed a dual-signal fluorometric
and colorimetric sensor for the rapid, sensitive, and selective
detection of glucose, consisting of bimetallic Au@Ag core-shell
nanoparticles (Au@AgNPs) and carbon nanoparticles.” These
Au@AgNPs were mixed with a CNP solution, which were
synthesized via the hydrothermal method. The emission of the
CNPs was quenched by the silver nanoparticles. However, the
presence of H,0, restored the fluorescence of the CNPs due to
the oxidation of the gold external shell by the enzymatic reac-
tion in the presence of glucose. This led to a color change from
yellow-orange to pink, which was correlated with the glucose
concentration. This linearity was in the range of 2.0-400 uM,
with a detection limit of 0.67 pM. This method was also applied
for the sensing of glucose in blood samples.
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Similarly, Manoi B. and co-workers reported the preparation
of CNPs and graphene oxide layers starting from lignite as
a precursor for glucose sensing.”” In particular, in this
synthesis, they used a top-down approach. Carbon nano-
crystallites contained in lignite were oxidized into carbon
nanoparticles and graphene sheets, showing fluorescence in the
visible region depending on their size and chemical structure.
These nanosensors showed a linear fluorescence response in
the presence of glucose. Therefore, these fluorescent CNPs show
good selectivity for glucose, with a detection limit of 0.125 mM.

Drugs

Drug detection is mainly performed using instrumental tech-
niques (HPLC and GC-MS), which require complex analytical
protocols, long-time and high-cost analysis. Thus, the devel-
opment of fluorescent sensors for this purpose should lead to
faster and easier analysis.

Qu and co-workers reported a fluorescence strategy to detect
dopamine and tyrosinase activity by synthesizing dual-emitting
CNPs, which could emit in blue and yellow.” The presence of
gold nanoparticles led to the quenching of their emission,
which was recovered by the presence of dopamine, which
interacted with the AuNPs, leading to the formation of aggre-
gates. The authors demonstrated high selectivity for dopamine
in the concentration range of 0.5-3 uM for the blue channel and
0.1-3 puM for the yellow channel. In addition, this system could
be exploited to detect dopamine and tyrosinase activity simul-
taneously due to the ability of tyrosinase to oxidize dopamine
into dopaquinone, which does not interact with AuNPs. This
method was also used to detect dopamine in plasma.

Dopamine was recently recognized with higher sensibility by
Yun and co-workers using CNPs obtained from honey.”” In
particular, the presence of dopamine led to a quenching of the
emission due to the redox reaction between dopamine and CNP
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Fig. 9 (a) Redox reaction between CNPs and dopamine, (b) proposed
mechanism of dopamine polymerization and (c) color change of CNP
solution with different dopamine concentrations after 5 min and 24 h
(adapted with permission from Mater. Today Bio, 2021, 12, 100168,
Copyright 2021, Elsevier).
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(Fig. 9a). This system showed a linear response in the range of
100 nm to 1000 mM, with a calculated LOD of 6 nM.

Notably, this detection could be monitored using a simple
smartphone due to the progressive change in the color of the
solution (from pale yellow to dark brown in ca. 24 h, Fig. 9¢) due
to the formation of polydopamine (Fig. 9b).

Hou and co-workers reported the use of N,P-doped carbon
nanoparticles (N,P-CNPs) and gold nanoparticles (AuNPs) for
the sensing of carbendazim, a wide-spectrum fungicide, via the
FRET mechanism.”®

The CNPs were prepared via a one-pot hydrothermal reaction
using diethylenetriaminepenta-methylenephosphonic acid
(DAP) and m-phenylenediamine as the N and P sources,
respectively, showing an emission at 512 nm, which could be
quenched by the presence AuNPs. After the introduction of
carbendazim in the N,P-CNP solutions, the intensity of the
fluorescence increased due to the interaction between carben-
dazim and the AuNPs. The authors reported a linear range of
0.005 uM to 0.16 uM, with a calculated detection limit of 0.002
uM, and good selectivity.

Glutathione (GSH) was well recognized using a multifunc-
tional nanosensor by Shuang and co-workers.” In particular,
the hybrid nanosensor was realized by integrating CNPs, silver
nanoparticles (AgNPs) and MnO,. The CNP@MnO, nano-
composite was obtained via the deposition of MnO, on CNPs.
AgNPs were anchored on CNP@MnO, by electrostatic interac-
tion. The presence of MnO, led to quenching of the emission,
but the addition of GSH increased the fluorescence due to its
ability to oxidize MnO, (Fig. 10). This turn-on sensor could also
be used for in vivo measurements, with a linear range of 0.8-80
uM and a detection limit of 0.55 uM.

S. V. Carneiro and co-workers developed a hybrid nano-
material based on silver and carbon nanoparticles for the
fluorescent detection of pesticides in foods.*® The fluorescence
of the CNPs (360 nm) was quenched by the AgNPs via the FRET
mechanism. This probe could discriminate many pesticides,
such as propanil, parathion, dimethoate, chlorpyrifos, and
pirimicarb in real samples of rice, carrot, orange, and pepper.
The results were analyzed by LDA analysis, thus obtaining

CPs CPs@MnO,
oy
) B + AetNH; - >
w :
BSA AgNPs CPs@MnO,-AgNPs

Fig. 10 Schematic representation of the synthesis of CNPs@MnO,
(reproduced with permission from Nanoscale, 2019, 11, 18845-18853,
Copyright 2019, The Royal Society of Chemistry).
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diagnostic response patterns as a function of pesticide
composition and concentration.

Nag and co-workers reported the preparation of light-blue
CNPs for the detection of Brilliant Blue FCF (BB), a toxic
synthetic food colorant.®" These nanoparticles were obtained
from dry Eucalyptus twigs and ammonium chloride as starting
materials. Different emissive nanoparticles were obtained after
filtration and washing. The presence of BB led to quenching of
the emission, with a limit of detection of 200 nM, in the analysis
of real food samples. This nanosensor was also tested in human
cell lines (MDA-MB-231), demonstrating low toxicity.

Recently, our research group developed new CNPs covalently
functionalized with ethanolamine arms®* for the efficient,
selective, sensitive, and reversible detection of ppm levels of
chemical warfare agents (CWAs), both in water and the air,
using a supramolecular approach.®® These arms interacted with
a CWA simulant (DMMP) via the formation of multiple
hydrogen bonds (Fig. 11), which guaranteed high selectivity and
sensitivity (sub-ppt). In addition, the fluorescence properties of
the CNPs led to the possibility of using a smartphone to detect
the presence of the CWA simulant. Notably, this sensor could be
reused at least 7 times.

Song and co-workers reported the synthesis of CNPs for the
sensing of oxytetracycline (OTC) via the FRET mechanism.* The
surface of the blue fluorescent CNPs, covered by amine,
carboxyl and hydroxyl groups, interacted with OTC via multiple
hydrogen bonds and m-m stacking interactions, reducing their
distance to a few nanometers. Thus, the overlap between the
absorption spectrum of OTC and the emission spectrum of
CNPs occurred, increasing the energy transfer from the CNPs to
OTC. In this way, the blue emission of the CNPs was quenched
and a new green emission (505 nm) was detected. This sensor
showed good selectivity and sensitivity to OTC, with a limit of
detection of 0.41 puM. In addition, these nanoparticles were

CNPs-C,-OH
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Fig. 11 Representation of CNPs-C2-OH and DMMP chelation
mechanism. Bottom: Synthesis of CNPs-C2-OH (reproduced with
permission from ACS Appl. Nano Mater., 2020, 3, 8182—8191, Copy-
right 2020, the American Chemical Society).
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utilized for real sample analyses in river water, tap water,
mineral water, milk, and pork.

Recently, Tuccitto and co-workers reported the preparation
of fluorescent CNPs as a fluorescent sensor for the selective
detection of amino acids.* In particular, the analysis of the
excitation-emission bidimensional maps showed that the CNP
emission properties were strictly related to the interactions
between the nanoparticle surface and the amino acids (Fig. 12).
Exploiting the machine learning approach based on artificial
neural networks, it was possible to discriminate different amino
acids.

Recently, Jung and co-workers reported the use of CNPs
covalently functionalized with glutathione (GSH-CNPs) for the
sensing of levodopa.®® The interaction between levodopa and
the nanosensor, in alkaline condition, led to quenching of its
emission due to the conversion of levodopa into dopaquinone,
which interacts with the thiol groups of GSH-CNPs. A linear
response was observed under 1 mM, with a limit of detection of
0.057 mM.

Shahlaei and co-workers reported the synthesis of a hybrid
nanosystem based on fluorescent silver-carbon nanoparticles
obtained from a mixture of citric acid, ammonia sulphate and
different metals via the hydrothermal method for the detection
of gemcitabine, a well-known chemotherapeutic agent.*” The
interaction between the nanosensor and gemcitabine led to the
quenching of its emission due to the PET mechanism. A linear
response was reported between 0.003 and 0.1 mM, and a limit of
detection of 0.002 mM. Notably, gemcitabine was also detected
in real samples (human plasma and urine).

Chen and co-workers reported a fluorescent sensor based on
CNPs as a probe and a molecular imprinted polymer to
accommodate and recognize naproxen, one of the most used
drugs for the treatment of inflammation, fever, and pain.*® In
particular, the presence of the analyte led to a decrease in the
emission intensity, with a limit of detection of 0.03 mM and
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Fig. 12 (a) Representation of amino acid recognition based on the
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(reproduced with permission from ACS Appl. Nano Mater., 2021, 4,
6250, Copyright 2021, The American Chemical Society).
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a linear response between 0.05 and 4 mM. The authors tested
the sensing application in real samples, using tap, river water,
and simulative human urine.

Gao and co-workers reported on an ultrasensitive and rapid
“turn-on” fluorescence device based on nitrogen-doped CNPs
and AuNPs for sensing metformin hydrochloride (MET) in urine
biological fluids.* The hybrid nanosystem was assembled via
electrostatic interactions between the terminal amino groups of
the CNPs and the positive charge of the AuNPs (Fig. 13). In this
condition, the emission of the CNPs is quenched; however, after
the addition of MET (positively charged), these electrostatic
interactions are broken, restoring the starting CNPs, thus
leading to a significant increase in their emission. This proto-
type showed many features, such as sensitivity, low cost and
precision. In fact, MET could be detected with a linear range
(0.005-0.1 mg L") and limit of detection of 2.32 mg L™, which
is much lower than that with other common techniques.

CNPs for ion sensing

Heavy metals, under specific concentrations, are essential
components for normal metabolism. However, the presence of
an excess of these metal ions leads severe disorders. Conse-
quently, the qualitative and quantitative determination of these

Fig. 13 TEM images of N-CNPs/AuNPs without (A) and with MET (B).
(Reproduced with permission from Spectrochimica Acta, Part A, 2021,
250, 119384, Copyright 2021, Elsevier).
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Fig. 14 Schematic representation of Hg>* sensing mechanism by
CNPs based on conformational change of DNA strand.
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Anal. Chim. Acta, 2014, 820, 133 (ref. 137)

Langmuir, 2015, 31, 8111 (ref. 138)

0.20 nM
60 nM
4 ppm

0.65-4.37 nM

1-20 uM

Quenching

MWCNTs

Enhancement
Quenching

Orange juice

Halogen

Anal. Methods, 2016, 8, 1157 (ref. 139)

<140 pM

Citric acid, ethylenediamine
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ions is essential to human health. However, the standard
analytical methods, such as ICP-MS, require complex and high-
cost protocols, and thus the possibility to use smart, sensitive
and selective analytical methods is of practical interest.

Hg(u)

Due to the dangerous characteristics of mercury ions on human
health, in particular the central nervous and endocrine system,
the necessity to develop efficient detection methods to detect
this metal ion in trace quantities is of primary importance. Sun
and co-workers reported, for the first time, the sensing of Hg>*
by fluorescent CNPs obtained from candle soot.*” In particular,
these nanoparticles were modified with fluorescent-labeled
DNA and its interaction with the nanoparticles quenched
their emission. However, in the presence of Hg** ions, the DNA
strand interacts with the metal ion, restoring the fluorescence
(see Fig. 14). The selectivity was tested in the presence of several
metal ion interferents, and good linearity was observed under
250 nM of mercury ions, and the limit of detection was 10 nM
(Table 2).

Sun and co-workers developed three different nanosystems
for the detection of mercury. In the first system, carbon nano-
particles (CNPs) synthesized via the hydrothermal treatment of
pomelo peel were employed as a fluorescent probe for the label-
free detection of Hg>' ions.”® The synthetic methodology
developed has several advantages given that it allows fluores-
cent CNPs to be obtained, which are soluble in water with
a quantum yield of about 6.9%, and it is simple and econom-
ical. Furthermore, the CNPs allowed the sensitive and selective
detection of Hg”", given that in the presence of this ion, it is
possible to observe a quenching of fluorescence, and the latter
can only be restored in the presence of a stronger chelating
agent for the Hg”" ion, such as cysteine. This probe had a limit
of detection for Hg>" as low as 0.23 nM and was used for the
detection of this ion in lake water samples.

Secondly, they synthesized carbon nanoparticles (CNPs)
using a simple and green synthetic strategy, which involved
microwave irradiation of an aqueous flour dispersion.”” The
CNPs exhibited properties such as water solubility and
a quantum yield of about 5.4%, and in particular, could be used
as fluorescent probes for the detection of Hg”" ions. In fact,
alinear range of 0.0005-0.01 uM and a detection limit of 0.5 nM
were observed for the detection of these ions. Consequently, it
was shown that the CNPs could be used for the detection of
Hg™" ions in real lake water samples.

In the third system, they developed a method for the green
synthesis of CNPs, which involved the hydrothermal treatment
of sweet potatoes.” In particular, the obtained CNPs were found
to be soluble in water and have a quantum yield of approxi-
mately 2.8%. Furthermore, the CNPs could be used as a fluo-
rescent probe for the label-free detection of Hg>" ions. In fact,
a detection limit for Hg** of 1 nM was observed, and therefore
using this probe, it was possible to determine this ion in real
water samples.

Zhang and co-workers synthesized a new type of nanohybrid
system consisting of carbon nanoparticles (CNPs) and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Rhodamine B (RhB), assembled together via electrostatic
attraction between the negative charge located on the CNPs and
the positive charge located on the Rhodamine B dye, for the
detection of Hg*" ions (see Fig. 15).

Upon irradiation at 350 nm, the CNP-RhB system showed
two emission bands at 437 nm and 575 nm. In the presence of
Hg>" ions, the fluorescence of the CNPs was quenched, while
unaltered fluorescence was observed for RhB. Also, the switch-
ing off of the fluorescence could also be observed with the
naked eye under UV irradiation as a transition from violet to
orange. For the detection of Hg?" ions in different matrices (lake
water and living cells), the CNPs-RhB nanohybrid system was
sensitive and selective, with a detection limit of 42 nM. The low
cytotoxicity of these nanoparticles allowed their application for
intracellular measurements.

Ottoor and co-worker synthesized a new type of sensor for
the detection of Hg>" ions using carbon nanoparticles (CNPs)
obtained via a green synthetic methodology and coconut milk
as a precursor.” In particular, the obtained nanoparticles
possessed different properties, which were soluble in water and
in polar solvents, photostable and highly emissive. The
quenching of the CNPs was studied using different metal ions
that have a dangerous impact on ecological systems, and among
them, the Hg*" ion resulted in the significant quenching of the
fluorescence of CNPs, with a detection limit of 16.5 nM and
a linear response in the range of 30 to 50 nM.

Chen and co-workers synthesized nitrogen-doped CNPs
using a facile one-pot and solid-phase approach, thus obtaining
CNPs with a narrow size distribution and uniform surface
state.”® The doping helped to tune the intrinsic properties of the
nanoparticles, expanding their fields of applications, such as
bioimaging. In this study, the N-doped CNP probe was used to
detect Hg?" selectively and sensitively with an LOD of 2.3 nM
and a linear range of 6-12 mM. The ion recognition is due to the
coordination effect between the mercury ions and the pyrrolic-
like N or N-H groups on the surface of the nanoparticles,
leading quenching of the fluorescence. Sensing was successfully
performed in complex matrices, such as food and cosmetics.
Furthermore, the strong fluorescence of the CNPs was exploited
to prepare a new type of fluorescent ink.

Paul and co-workers prepared CNPs from candle soot
without the use of organic solvents.®” These nanoparticles could
detect two types of metal ions (Hg>" and Fe*") in aqueous media

—
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Fig. 15 Sensing mechanism of Hg?" by CNPs containing RhB
(reproduced with permission from ACS Appl. Mater. Interfaces, 2014,
6, 21270-21278, Copyright 2014, the American Chemical Society).
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in the presence of other metal ions as interferents. In fact, the
interaction of the metal ions with the carboxyl groups on the
nanoparticle surface led to the aggregation of the CNPs, and
thus quenching of their emission was recorded, with an LOD of
80 nM for mercury ions and 40 nM for iron ions, and a linear
range of 160-2000 nM (Fig. 16). Notably, these LOD values are
lower with respect to other analytical methods reported in the
literature.

Zhao and co-workers used the solvothermal approach to
prepare, using corn bract as the starting material, nanohybrid
CNPs with a dual-emission for the ratiometric sensing of Hg**.”®
This sensor, at a single excitation wavelength, showed two
emission bands, namely, one at 470 nm and the other at
678 nm, having different behaviors in the presence of the ana-
Iyte. In fact, the former was slightly modified, while the latter
was strongly quenched in the presence of mercury ions. The
ratiometric fluorescence response showed a linear response in
the range of 0 to 40 uM of Hg>" and a limit of detection of
9.0 nM.

Recently, Abdolmohammad-Zadeh and co-workers devel-
oped a sensor based on carbon and silver nanoparticles to
detect Hg”" via the FRET mechanism.*” The starting fluores-
cence is quenched by FRET due to the interaction of the metal
nanoparticles. The presence of mercury ion led to an increase in
the emission due to the oxidation of the silver nanoparticles by
the analyte. The authors reported a linear response in the range
of 0.5-500 nM, with a limit of detection of 0.10 nM and a limit of
quantification of 0.35 nM. Notably, this method was tested for
the analysis of real samples, including lake water, wastewater
and tea samples.

Similarly, Zhang and co-workers developed fluorescent N-
doped CNPs via the thermal treatment of glucose and dicyan-
diamide (DCDA)." The presence of mercury ions resulted in
the quenching of their emission at 441 nm, with a limit of
detection of 50 nM.

Due to the dangerous nature of the Hg(u) ion, many efforts
have been devoted to realizing efficient sensors. A brief overview
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Fig. 16 (a) Emission spectra and (b) images of CNPs under a UV lamp
in the presence of different cations upon excitation at 365 nm
(reproduced with permission from J. Lumin., 2016, 173, 243-249,
Copyright 2016, Elsevier).
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of these systems highlights that green carbon sources are widely
used for their synthesis, where the main fluorescence behavior
is the quenching of the emission of CNPs due to the presence of
mercury ions. In addition, the example reported in this review
showed a wide concentration range for the detection of Hg>"
(from 0.5 nM to 6 mM), with the best LOD of 0.1 nM.

Ag()

The detection of silver ions has received much attention in
recent years due to their widespread use in industry. The pres-
ence of excess of silver ions leads to some diseases, such as
oxidative stress, exhaustion of organ function, growth retarda-
tion and mitochondrial damage. Thus, the detection of silver
ions in drinking water is essential to prevent these problems.
Sun and co-workers used CNPs as a fluorescent detection plat-
form for the detection of Ag' ions by adopting the same
approach employed for Hg*" ion detection.’ In fact, Ag™ ions
lead to the same behavior in the DNA strand, thus leading to an
increase of the emission upon the progressive addition of Ag".
The present sensing system showed a very low detection limit of
500 pM, with high selectivity for Ag" ions.

In the same context, Algarra and co-workers synthesized
carbon dots from lactose in the presence of sulfuric acid.'*
Subsequently, the surface of the obtained nanoparticles was
functionalized using mercaptosuccinic acid (MSA), obtaining
CNP-MSA. The presence of these groups on the surface of
carbon dots makes them useful as fluorescent sensors for the
detection of Ag' ions. In fact, in the presence of Ag' ions,
fluorescence quenching of CNP-MSA was observed, and this
probe was selective and sensitive, showing a limit of detection
and quantification of 385.8 nM and 1.2 uM, respectively.

Valcarcel and co-workers synthesized a fluorescent sensor for
the detection of citrate-silver nanoparticles (cit-AgNPs) using
CNPs functionalized with amino groups.'® Also, in this case, the
sensing of cit-AgNPs led to the quenching of the emission of the
CNPs. This sensor was reusable but required the presence of
EDTA to remove other metal ions as interferences. Furthermore,
a linear correlation was observed in the range of 1.23 x 107 to
6.19 x 107> M, with a limit of detection and quantification of
5.17 x 107° M and 1.72 x 10> M, respectively.

Subsequently, Wang and co-workers synthesized water-
soluble CNPs via the hydrothermal method.** These nano-
particles, showed an emission peak at 441 nm upon excitation
at 352 nm. The CNPs reduced Ag(i) to Ag(0), thus leading to the
formation of silver aggregates on their surface. Then, cysteine
molecules could be adsorbed on the above-mentioned hybrid
carbon nanoparticles through the formation of Ag-S bonds,
inducing aggregation and forming a CNP/Cys assembled system
that could monitor the concentration of the analyte in two
different ways (Fig. 17). Specifically, observing the quenching of
the fluorescence intensity, which is directly proportional to the
concentration of the ions in the range of 0.1 mM to 265 mM
with an LOD of 50 nM, and observing the light-scattering
intensity, showing an enhancement proportional to the
concentration of Ag" from 10 to 4000 nM with a detection limit
of about 2 nM.

1940 | Nanoscale Adv., 2022, 4, 1926-1948
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Fig. 17 Representation of CNPs for Ag* sensing via (a) fluorometric
and (b) light-scattering (reproduced with permission from Anal.
Methods, 2017, 9, 5611-5617, Copyright 2017, The Royal Society of
Chemistry).

Furthermore, this sensor was studied using real water
samples, also showing a good selective response in the presence
of different types of metal ions.

In the case of silver ions, less examples compared to mercury
have been reported. Also in this case, quenching of the emission
is the main mechanism of detection. The concentration range
used for the detection of silver and the limits of detection are
higher with respect to mercury (millimolar). However, with an
enhancement in the emission in the presence of Ag() ions, the
limit of detection decreased dramatically to 500 pM.

Mn(u)

Exposure to manganese ions in air at concentrations more than
5 ug m > can lead to manganism, a biphasic disorder mainly
linked to impaired motor skills, cognitive disorders, compulsive
behaviors, and psychosis, which resembles Parkinson's disease.
Wang and co-workers synthesized another type of fluorescent
carbon nanoparticles (CNPs) via the nitric acid oxidation of
diesel soot.'™ Using this synthetic method, a wide size distri-
bution of carbon nanoparticles was obtained and dimensional
separation was adopted to separate the smallest particles
(ULCNPs) from the biggest particles (LLCNPs). The color of the
ULCNP solution underwent an alteration as the pH of the
solution varied, which was not observed for LLCNPs, and this
could be beneficial for some applications such as the detection
of the acidity or alkalinity of a solution. In addition, studies on
the use of these carbon nanoparticles as sensors capable of
detecting metal ions were conducted. In particular, the fluo-
rescence intensity of the ULCNPs was slightly quenched by
Mn”" ions and not by other metal ions, with a linear response
up to 10 mM. However, the fluorescence intensity of the LLCNPs
remained unchanged in the presence of all metal ions.

Cr(v1)

The Cr(vi) ion represents one of the most toxic heavy metal ions,
and thus its use has been drastically reduced in the last few
years. Its concentration in drinking water is strictly controlled

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and must be lower than the micromolar level. Due to the car-
cinogenicity and genotoxicity of this metal ion, the World
Health Organization fixed it at a risk level of 50 pg L™".

A Cr(vi) nanosensor was proposed by Li and co-workers,
which was synthesized via the calcination of diethylene-
triaminepentaacetic acid (DTPA), thus obtaining water-soluble
nitrogen-doped nanoparticles (N-CNPs).'*® These CNPs could
be used to quickly determine Cr°" ions through turn-off of
fluorescence due to the inner filter effect (IFE) process. This
sensing showed linearity in the range of 0.5-160 mM, with
a calculated detection limit of 0.15 mM. It was also possible to
recover the fluorescence intensity and inhibit the IFE process
using ascorbic acid, which led to the reduction of Cr® to Cr**.
Thus, the authors proposed the use of this system not only to
detect chromium ions in water samples, but also for the
determination of ascorbic acid in human serum samples.

Zheng and co-workers synthesized, using a one-step hydro-
thermal approach, carbon nanoparticles from ammonium
citrate.'” These CNPs were used to detect Cr(vi) ions and sulfites
through the fluorescence quenching caused by the electron
exchange interaction between the nanoparticle surface and the
metal ion. Then, the fluorescence could be recovered by the
reduction of chromium(vi) to Cr(m) by the sulfite anion. This
nanosensor showed a detection limit of 0.01 mM for chromium
and 0.35 mM for sulfites, demonstrating good sensitivity.

Zhang and co-workers reported the synthesis of CNPs using
a green protocol via the microwave pyrolysis of an ionic liquid
(1-vinyl-3-aminopropyl imidazolium, [PAVIm'][Br]) as the
carbon source and ethylenediamine, which allowed N-
doping.'*”® The obtained nanoparticles exhibited the capability
to detect Cr(vi) ions following the quenching of their fluores-
cence. A linear response was detected between 0.05 and 10 mM,
with a limit of detection of 0.015 mM. The optimum photo-
luminescence properties were used not only for the determi-
nation of chromium ions in real samples but also for the
determination of the temperature and the pH value. In fact,
there are many carboxyl and amino groups on the surface of the
CNPs, which can be protonated and deprotonated, thus
obtaining a system sensible with a variation in pH, and
furthermore, the system also showed a gradual decrease in
luminescence with an increase in the temperature in a linear
range.

Cao and co-workers reported the use of benzoxazine (BZ) as
the starting material to obtain basophilic green fluorescent
carbon nanoparticles (G-CNPs) via a hydrothermal procedure.'*
The obtained G-CNPs showed good water solubility in alkaline
pH due to the presence of free carboxylic acids on their surface.
The authors proposed the use of these nanoparticles to detect
Cr(vi) in extreme alkaline conditions. In particular, this ion
leads to a strong quenching of the emission due to its internal
filter effect (IFE). In addition, they obtained a selective and fast
response to Cr(vi), with a limit of detection of 0.58 uM.

Recently, Ma and co-workers developed a simple and sensi-
tive ratiometric sensor based on the coordination between Cr(vi)
and CNPs, which were prepared using o-phenylenediamine
(oPD) as a precursor.’® These nanoparticles showed an emis-
sion in the blue region upon excitation at 388 nm, which after
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interaction with Cr®" changed to orange. In fact, in the presence
of Cr(vi), the initial emission at 445 nm shifted to 565 nm, with
an increase in intensity. This sensor showed a linear response to
Cr(v1) in the range of 120 nM to 200 mM, with an LOD of 37 nM.
Notably, this system was used for the analysis of real water
samples.

Curiously, carbon nanoparticles for the detection of Cr(vi)
are not synthesized starting from “green carbon atoms”.
Quenching of the emission is the main detection mechanism,
and the concentration ranges used are generally high (from
micro to millimolar).

Cu(u)

The copper ion is one of the most abundant metal ions in
biological systems. It is involved in many fundamental intra-
cellular processes and its misregulation seems to be related to
important neurodegenerative diseases. Thus, the possibility to
monitor the intracellular level of copper using fluorescent
probes is fundamental to understand the initial steps in these
disorders.***1*?

Sun and co-workers employed a green and cost-effective
synthetic strategy to obtain a fluorescent detection platform
for the label-free detection of Cu®* ions, namely photo-
luminescent polymer nanodots (PPNDs)."** These PPNDs were
synthesized via the hydrothermal treatment of grass and
exhibited interesting properties such as water solubility and
photoluminescence. Furthermore, depending on the tempera-
ture at which the reaction was carried out, it was possible to vary
the dimensions and the quantum yield of the PPNDs, where the
quantum yield increased as the temperature increased and the
dimensions decreased as the temperature increased. The
detection of Cu®* ions appeared to be possible in a sensitive and
selective way and an LOD as low as 1 nM was observed; there-
fore, PPNDs were used to detect Cu®" ions in real water samples.

Tian and co-workers designed a hybrid ratiometric probe
based on fluorescent CNPs with a specific receptor for Cu**
ions, ie, N-(2-aminoethyl)-N,N,N'-tris(pyridin-2-ylmethyl)
ethane-1,2-diamine (AE-TPEA)."** In particular, the hybrid
system, composed of CdSe and ZnS, mixed with carbon nano-
particles showed two emission bands at 485 nm and 644 nm,
using a single excitation wavelength. The functionalization of
the CNPs with AE-TPEA led to blue fluorescence (485 nm), while
the CdSe/ZnS CNPs showed red fluorescence (644 nm). In the
presence of Cu®" ions, the receptor site recognized these ions,
and thus quenching of the blue fluorescence was observed,
while the red fluorescence of the CdSe/ZnS CNPs remained
unaltered. A linear response was observed under 50 mM and the
calculated limit of detection was 1 mM, with good selectivity in
the presence of other metal ions and amino acids.

Later, Das and co-workers prepared N-doped CNPs using
lemon extract and r-arginine as starting materials for the
detection of Cu®* in aqueous medium."** This ion interacts with
the amino groups on the surface of the CNPs, forming a cupric
ammine complex, which resulted in the quenching of the
fluorescence via the inner filter effect. This system showed good
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sensitivity for Cu®" in a wide concentration range (0.05-300 uM),
with good linearity under 15 mM and an LOD of 0.047 uM.

Kumari and co-workers proposed that the residue obtained
from the pyrolysis of waste polyolefins could be used for the
synthesis of green-fluorescent carbon quantum dots, having
good stability, high selectivity, sensitivity and fast response for
sensing Cu”" ions.""® The authors reported that different Cu>*
concentrations led, after five minutes, to a color change in the
CNPs solution. These nanoparticles showed a linear response to
Cu*' in the range of 1-8 uM, with a detection limit of 6.33 nM.
Due to the low toxicity, good cell permeability, and good fluo-
rescence properties of the CNPs, the authors also performed
cellular imaging, suggesting their potential application in the
treatment of the breast cancer.

Wei and co-workers reported a new nanosensor for the
detection of Cu®" ions in aqueous solution, with high selectivity
and sensitivity compared to other metal ions."” In particular,
this system exploited the emission and color change to monitor
copper. This sensor consisted of hybridized carbon and gold-
silver nanoparticles (Au@AgNPs). The fluorescence of the CNPs
was quenched by Au@AgNPs and recovered by Cu®" in the
presence of thiosulfate. The colorimetric changes were due to
the SPR shift of Au@AgNPS in the presence of copper. This dual
probe showed excellent selectivity and a linear response under 1
uM of Cu", with a limit of detection of 4.81 nM for emission
measurements and 3.85 nM for colorimetric measurements.

Ren and co-workers reported the synthesis of a ratiometric
fluorescent sensor for Cu®>" from blue-emitting N-doped CNPs
in silica, covalently functionalized with terminal amino groups,
which interact with the carboxylic groups of modified gold
nanoclusters (AuNCs)."*® In the presence of copper ions, the
emission of the AuNCs was quenched, but the fluorescence of
the CNPs remained unaltered due to the shielding effect of
silica. This sensor could detect Cu®" in the range of 0.025 to 4
uM, with a detection limit of 0.013 uM, in real mineral water
samples.

Zhang and co-workers prepared CNPs with an emission
wavelength ranging from 483 to 525 nm, having different
degrees of surface oxidation and different sizes depending on
the concentration on NaOH during the synthetic process.'* The
emission properties, in terms of wavelength, could be modu-
lated by the amount of NaOH, where in particular, with an
increase in the amount of base, the emission wavelength
increased. These CNPs could be used as ratiometric fluores-
cence sensors for the detection of copper with a fast, selective
and sensitive response and applied for the analysis of pond
water and living cells. This is due to the functional groups
present on their surface (-OH, -COOH and SO,>"), which allow
them to coordinate Cu®" ions, leading to quenching of their
emission. This system showed good linearity under 30 mM and
a detection limit of 0.44 uM.

Recently, Sim and co-workers reported the use of CNPs ob-
tained via the hydrothermal treatment of human fingernails as
a green precursor for the sensing of copper ions.” These
nanoparticles, also used for the photodegradation of 2,4-
dichlorophenol (2,4-DCP) under sunlight, could selectively
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detect copper ions at a concentration as low as 1 nM, following
the quenching of their emission.

In summary, copper detection can be performed in general
via quenching of the emission, in a concentration range of
micro to millimolar. Notably, the limits of detection can be
found in the nanomolar levels, thus leading to their potential
application for the biological determination of copper.

Fe ()

The Fe®" ion is one of the most widespread metal ions in the
human body and also in the environment. However, its excess
causes many problems, such as liver damage, kidney failure,
and even death. Qu and co-workers designed a fluorescent
sensor using carbon nanoparticles (CNPs) obtained using
dopamine as a precursor.”” The sensing mechanism is due to
the ability of the catechol units on the carbon nanoparticle
surface to be oxidized by Fe®" ions, thus leading to strong
quenching of its emission. The presence of free dopamine in
solution could restore the starting emission due to the compe-
tition with the redox reaction (Fig. 18). A detection limit of 0.32
uM and 68 nM was observed for the detection of Fe*" ions and
dopamine, respectively. Also, selectivity in the presence of other
metal ions and organic molecules was demonstrated.

Ng and coworkers synthesized a fluorescent sensor based on
CNPs, which were obtained starting from alginate and using
a simple two-step synthesis procedure.'” The obtained CNPs
obtained had small dimensions and high photoluminescence.
Furthermore, this fluorescent sensor could be used for the
sensitive and selective detection of ferric ions. In fact, the
presence of hydroxyl and carboxyl groups on the surface of the
CNPs allowed their interaction with the Fe*' ions, and conse-
quently fluorescence quenching. A linear dynamic range up to
25 uM and a limit of detection of 1.06 uM were observed.

Finally, it was shown that the developed sensor could be
used for the detection of Fe** ions in a real water sample.

Rasoulzadeh and co-workers designed a CNP sensor, starting
from the cyclic oligosaccharide a-CD, for the sensitive and
selective detection of ferric ions due to the fluorescence
quenching of the CNPs in the presence of these ions." In
aqueous solution, the detection of Fe*" ions was carried out also
in the presence of interfering metal ions, demonstrating the
high selectivity. A linear relationship was observed in the range
of 16-166 mM and a detection limit of 6.05 mM.

Zhou and co-workers synthesized a fluorescent sensor for
Fe’" based on carbon nanoparticles using an easy and green
synthesis, which involved the use of citric acid and Tris as

o
O
Quenching
S
Fe* 7 N

OH ——»0

Fig. 18 Sensing mechanism for Fe** and dopamine by CNPs func-
tionalized with catechol.
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precursors.”* The CNPs exhibited strong blue photo-
luminescence as function of pH. The detection of ferric ions led
to a fluorescence quenching, with a good linear correlation
below 50 pM and a limit of detection of 1.3 uM. Finally, it was
shown that the CNPs could be used for the detection of Fe** ions
in tap and lake water but the use of this sensor could be
extended to other fields of application, such as biological
imaging, due to its low toxicity and biocompatibility.

Chen and co-workers synthesized blue-green fluorescent
CNPs using trypsin and dopamine as starting materials.'*
These CNPs were used as a “turn-off” fluorescence sensor due to
the inner filter effect and static quenching mechanism to detect
Fe’" ions sensitively and selectively, showing a linear range
from 0.1 to 500 mM, with a limit of detection of 30 nM. The
authors also demonstrated high selectivity in the presence of
competing ions. Furthermore, the sensor could also be used to
detect iron ions in biological samples, such as urine and serum.

Zhang and co-workers reported the preparation of nitrogen-
doped CNPs via hydrothermal treatment, with dopamine and
ethylenediamine as starting materials, to detect Fe*" under
acidic conditions."*® These N-CNPs showed an emission band at
497 nm and high stability at low pH values. The interaction
between the nanoparticles and iron ions can be explained by
highlighting that the functional groups on their surface, which
are primary amines and catechol groups, can be oxidized to
quinone species by Fe*, causing a variation in fluorescence
(Fig. 19). This study demonstrated the possibility to determine
these ions in acidic conditions, in the linear range of 50-
300 mM with a detection limit of 10.8 mM.

Huang and co-workers described the synthesis of fluorescent
CNPs derived from cranberry bean (CB) via hydrothermal
treatment." This sensor showed stable fluorescence with
a quantum yield of about 10.85%, giving a strong bright blue
fluorescence color under UV light irradiation. This sensor was
used for the detection of Fe** ions by excitation at 380 nm in
a wide metal concentration range (30-600 uM), with a detection
limit of 9.55 uM. In particular, Fe*" ions led to strong quenching
of the fluorescence intensity of the carbon nanoparticles, thus
leading to high selectivity (Fig. 20).

Salted foods

370 nm 453 nm
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Neutralization heat [Fe(CN)g]
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Dynamic quenching

COOH S cooH

Fig. 19 Schematic representation of fluorescence enhancement and
the Fe®* detection process of the N-CD probe (reproduced with
permission of New J. Chem., 2016, 40, 10213-10218, Copyright 2016,
The Royal Society of Chemistry).
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Image of CNPs derived from cranberry bean in the presence
of different cations under Vis excitation (reproduced with permission

Fig. 20

from ACS Omega, 2019, 4, 15382-15392, Copyright 2019, the

American Chemical Society).

Yang and co-workers proposed a synthetic strategy to obtain
CNPs via a simple, economical, green and useful large-scale
process.'”® In particular, by treating poplar leaves using a one-
step hydrothermal method, it was possible to obtain more
than one kilogram of CNPs. Moreover, thanks to some proper-
ties such as stability in aqueous solvents, photoluminescence
and low cytotoxicity, some applications of the CNPs studied in
this work included the selective detection of Fe*" ions in water
samples and use as a biological probe for bioimaging.

Recently, Yang and co-workers reported the preparation of
fluorescent nanoparticles doped with nitrogen, sulphur and
chlorine (N,S,CI-CNPs), for the sensing of ferrocyanide ions
[Fe(CN)]*~ in the food matrix.'?® The starting materials used for
this sensor were glucose, hydrochloric acid, sulphuric acid and
ethylenediamine (Fig. 21). The sensing mechanism is due to the
quenching effect of the [Fe(CN)g]'~ ion on the emission of the
nanoparticles. This sensor showed high selectivity with respect
to other ionic species, a linear response under 50 pg mL ™", LOD
of 3.3 ng mL~" and LOQ of 11 ng mL™".

Nan and co-workers reported the use of a hybrid nanosensor
for the detection of Fe** based on a simple and fast spectro-
fluorimetric analysis."*® They fabricated this sensor using ZnO/
CdS nanoparticles modified with carbon nanoparticles. The
sensing is based on the strong fluorescence quenching of the
nanoparticles by the Fe** ion due to the strong interaction
between them and iron ions. The calculated LOD of this system
was 0.172 mM, with a linear response below 50 mM and good
selectivity.

In summary, iron sensing by CNPs can be monitored, in all
cases, by a quenching of their fluorescence emission. Different

Ny
W~ R
H H
WEAK FLUORESCENCE ENHANCEMENT QUENCHING

Fig.21 Synthesis of N,S,Cl-CNPs and schematic representation of the
[Fe(CN)gl*~ sensing (reproduced with permission from Food Chem.,
2020, 308, 125590, Copyright 2020, Elsevier).
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carbon sources can be used for the synthesis of these nano-
particles (natural or synthetic), obtaining sensors that can
detect iron at millimolar (in most of the cases) or micromolar
concentrations. Notably, the limit of detection is at the nano-
molar level in a few cases.

Pb(u)

The Pb(u) ion represents one of most dangerous water pollut-
ants due to its negative effects on bones, the liver, kidney, brain,
and cardiovascular and central nervous systems. The World
Health Organization recommended a limit of 10 pug L™" in
drinking water. Muk Ng and co-workers proposed an econom-
ical and green method for the synthesis of carbon nanoparticles
from bovine serum albumin protein.** The carbon nano-
particles obtained showed high fluorescence and stability under
different pH values, and the selective detection of Pb>" ions led
to a significant decrease in fluorescence emission, with a limit
of detection of 5.05 pM.

Dong and co-workers reported the use of ratiometric fluo-
rescent nanoparticles for the sensing of Pb*>" exploiting a dual
emission band (477 and 651 nm), under single wavelength
excitation (391 nm)."** This sensor showed high selectivity and
sensitivity toward Pb*" compared to other analytes, with
a detection limit of 0.055 mM and a linear ratiometric response
under 500 mM. Notably, the sensing of Pb ions could be
observed also with the naked eyes by following the color change
from pink to cyan (Fig. 22).

Yu and co-workers reported the synthesis of CNPs via
chemical oxidative polymerization, using o-phenylenediamine
(o-PD) and ammonium persulfate (APS) as the starting mate-
rials.”®® The presence of many diamine groups on the surface of
the CNPs led to the possibility of them interacting with many
metal ions, thus leading to a change in absorbance and emis-
sion properties. This system was used to detect eight metal ions,
including Cr**, cu®', Fe**, Hg*>*, Cd**, Pb**, Co**, and Ni**, in
the micromolar concentration range, which were differentiated
by principal component analysis (PCA). This method was

Blank CDs Ag Fe?* F?,f APt Bat*
Mn?* Co** Cr* Mg Pb* Cd* K*
b) " -~ - il Hg*  cr(V))  Cu®
CDs S0uM  100pM 150 M 200 pM 300 pM 400 pM

Fig. 22 Photos of strips containing CNPs and (a) different metal ions
and (b) with different amounts of Pb** (reproduced with permission
from J. Mater. Chem. B, 2019, 7, 5502, Copyright 2019, The Royal
Society of Chemistry).
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applied and validated for the identification of 48 unknown
samples and spiked lake water.

Recently, Hu and co-workers reported the use of CNPs
synthesized from orange peel as a precursor to detect Fe** ions.'*
The authors demonstrated how the presence of ethanol improved
the sensing properties, with a detection limit of 0.25 pM and
a linear response in the range of 0.5-1000 uM. The selectivity tests
demonstrated good selectivity for Fe*" ions. In addition, this
sensor was used for the analysis of real tap water samples.

Recently, Das and co-worker synthesized green fluorescent
CNPs using PET bottle waste as a carbon source to sustainably
recycle and safely dispose of polyethylene terephthalate
waste.”®® The obtained CNPs showed interesting optical prop-
erties and selectivity for lead ions through a strong fluorescence
quenching effect. A linear response was observed under 200 nM,
with a calculated LOD of 21 nM. The authors highlighted that
this linear range is the lowest with respect to other recent
analytical methods based on carbon nanoparticles.

Nanoparticles for the detection of lead can be obtained using
natural or polymeric sources. As observed for the detection of
iron, quenching of the emission is the mechanism of sensing.
The concentration levels used are wide (from nanomolar to
millimolar), as well as the limits of detection.

Al(m)

Kim and co-workers synthesized water-soluble oxidated onion-
like-CNPs via the pyrolysis of flaxseed oil."** These CNPs showed
green emission and were used to degrade methylene blue (MB)
under visible light irradiation. The water-soluble CNPs exhibited
enhanced photocatalytic efficiency, which can be attributed to the
functionalities on their surface and their nanostructure. The
catalytic activity was enhanced by the high absorption of MB on
the nanoparticle surface. Furthermore, these nanoparticles
demonstrated capability for the specific detection of Al(ur) ions
through the fluorescence turn-off effect, even in the presence of
high concentrations of other metal ions, with a linear response
below 35 mM and a detection limit of 0.77 pM.

Au

Aluminium is the third most abundant heavy metal ion in the
Earth's surface and can be found in water due to industrial
activity, water treatment, and the pharmaceutical and cosmetic
industries. Increased levels of Al can be related to important
diseases, such as Alzheimer's disease, Parkinson's disease, and
breast cancer. Valcarcel and co-workers synthesized CNPs func-
tionalized with thiol terminal groups on the surface for the
development of a fluorescent sensor for the detection of gold
nanoparticles (AuNPs).*” In fact, in the presence of gold nano-
particles, the thiol groups on the CNP surface allow the formation
of the CNP-AuNP system, with consequent quenching of the
carbon nanoparticle fluorescence by the static quenching
mechanism. Notably, this method was tested on environmental
(drinking water) and biological matrices (mussel tissues), with
a limit of detection and quantification of 0.20 and 0.66 nM,
respectively. Furthermore, the method for the detection of AuNPs
is particularly satisfactory when EDTA is present in the matrix,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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given that it allows selective interaction with the AuNPs in the
presence of interferents (metallic species).

Halogens

Free chlorine represents the main ingredient of disinfectants in
urban tap water and is widely used in medicine and for water
treatment. It can be internalized by inhalation, diet and skin
contact. Excess free chlorine is related to palm sweating and hair
loss. The recent scenario has resulted in a strong increase in the
use of disinfectants, resulting in an increase in chlorine levels.

Mohapatra and co-workers developed a sensor capable of
detecting and removing fluoride ions from aqueous solutions.***
The detection could be performed using the sensor consisting of
a receptor-fluorophore system and the removal of the sensor
could be performed using an external magnetic field, where
a special feature of this sensor is that it can be reused. In
particular, this system consisted of a magnetic receptor, such as
magnetite nanoparticles coated with silica functionalized with
a nickel-ethylenediaminetetraacetic acid complex (Fe;0,@SiO,-
EDTA-Ni), and a fluorophore such as highly fluorescent CNPs.
The covalent bond between the magnetic receptor and the fluo-
rophore led to partial fluorescence quenching of the CNPs. In the
presence of F~ ions, gradual restoration of the fluorescence of the
CNPs was observed due to the exchange of the carbon nano-
particles with the F~ ions on the magnetic receptor. A limit of
detection of 0.06 uM and a linear range of 1 to 20 pM were
observed. The aforementioned sensor was used for the detection
of F~ ions in tap water, and due to its biocompatibility, it could
be used for the detection and imaging of these ions in living cells.

Yan and co-workers reported a hybrid nanosystem in which
CNPs were mixed with rhodamine B (RhB) for the realization of
a fluorescent sensor to quantitatively detect free chlorine in
water.”® The presence of NaClO led to a charge transfer
interaction, thus leading to quenching of the emission at
445 nm, while the emission of RhB (580 nm) remained unal-
tered. This ratiometric behavior led to a change in color,
allowing the possibility to detect NaClO with the naked eyes at
a concentration below 140 mM (Fig. 23), with a limit of
detection of 4 ppm.

Conclusions and future perspectives

Carbon nanoparticles represent a relatively new class of organic
nanostructures, which during the last few years, represent a new
E—— 140pM

0
Fig. 23 Images of CNP solution for NaClO sensing upon the addition
of different concentrations of NaClO (reproduced with permission

from Anal. Methods, 2016, 8, 1157-1161, Copyright 2016, The Royal
Society of Chemistry).
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frontier not only for chemists. In fact, these nanomaterials have
been applied in many fields, including sensing. This review
summarized the application of fluorescent carbon nanoparticles
in chemical and ion sensing, focusing on useful analytical
parameters, such as their linear range of response and limit of
detection. Some interesting points can be highlighted, as follows:

(a) From an optical point of view, a clear difference between
chemical and ion sensing can be represented by the mechanism
of fluorescence detection. In general, chemical sensing of single
molecules can be monitored by following quenching or
enhancement of the emission of CNPs, depending on the guest.
Furthermore, in general, sensing via turn-on of the emission in
the presence of the analyte (due to the PET and FRET mecha-
nism) leads to lower limit of detection values, thus obtaining
more sensitive sensors. On the contrary, ion sensing is occurs
via quenching of the emission due to the interaction of the
metal ion with the nanoparticle. In general, a turn-on sensor in
which an enhancement in emission can be recorded after
exposure to the analyte is preferred with respect to a turn-off
sensor. Thus, a possible improvement in this field can be the
design of new fluorescent carbon nanoparticles that undergo an
increase in emission after the addition of specific ions.

(b) Few examples cover a wide concentration range with
a linear fluorescence response. In general, the linearity of these
probes covers a short range. Thus, an additional future target
should be the improvement of the linearity range, thus
obtaining nanosensors that are suitable for a wide concentra-
tion of guest molecules.

(c) Particularly, from our point of view, synthetic procedures to
obtain carbon nanoparticles starting from waste materials (food
grade honey, silkworm droppings, candle soot, corn bract,
carbon and diesel soot, lemon extract, waste polyolefins, human
fingernails, cranberry bean, orange peel, PET bottle waste, and
orange juice) are interesting. This approach can lead to an
improvement in recovery processes, in particular in the agro-food
industry, to obtain new starting materials for organic chemists.
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