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Abstract. Although wide variety of molecular precursors have been used for carbonization-based synthesis of fluorescent carbon nanoparticle, biomolecule-derived carbon nanoparticle with tunable fluorescence is difficult to synthesize.
Here, we report a generalized approach for the preparation of fluorescent carbon nanoparticle from various biomolecules,
such as lactose, ascorbic acid, tyrosine and sucrose. The method involves controlled carbonization of molecular precursor
in ethylene glycol at 190°C in the presence of Na3PO4. The presented synthetic method can produce 20–30 mg of
nanoparticles in one batch with fluorescence quantum yield in the range of 1–10% and nanoparticles can be conjugated
with primary amine-terminated chemical/biochemical by simple incubation. These fluorescent carbon nanoparticles can
be transformed into different nanobioconjugates for various biomedical applications.
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Introduction

Fluorescent carbon nanoparticle emerges as promising bioimaging probe due to its low toxicity and fluorescence can
be tuned in for whole visible region by varying the size and
composition [1–5]. Among them, red fluorescent carbon
nanoparticle is ideal for bio-imaging applications as strong
blue emission from bio-environment can be minimized
[5,6]. However, carbon nanoparticle with red fluorescence
is relatively difficult to synthesize as compared to their
blue/green counterpart [6–14]. So far, best quality of red
fluorescent carbon nanoparticles is synthesized via carbonization of aromatic precursors and using selected
experimental condition that favours the formation of larger
domain of p-conjugated carbon [11–14]. Moreover, some of
these carbon nanoparticles are hydrophobic, water insoluble
and fluorescence decreases during phase transfer and surface
chemistry exercise [9,11]. More importantly, water dispersible
nanoparticles are needed for bio-imaging application.
We design and synthesize varieties of bio-imaging
nanoprobes that are made of quantum dots [15], doped
semiconductor nanoparticle [16], gold nanorod [17], fluorescent gold cluster [18], aggregation-induced emission
active biomolecule [19] and fluorescent carbon nanoparticle
[6,9,20,21]. In particular, we focus on the synthesis of fluorescent carbon nanoparticle from varieties of biomolecules,

such as vitamin C [6,9], vitamin B1 [20], folic acid [21],
carbohydrate [6,21] and other biochemical/chemical [21,22]
and have shown that red fluorescent carbon nanoparticle can
be synthesized in certain selected cases [6,9]. Here, we
report a generalized approach for the preparation of tuneable
fluorescent carbon nanoparticle from various biomolecules.
In particular, we have used controlled carbonization of
molecular precursor at high temperature and shown that four
different biomolecules (lactose, ascorbic acid, tyrosine and
sucrose) can be transformed into red fluorescent carbon
nanoparticles. The presented synthetic method can produce
20–30 mg of nanoparticles in one batch and nanoparticles
can be conjugated with primary amine-terminated chemical/
biochemical by simple incubation.

2.
2.1

Experimental
Materials

D-lactose monohydrate (C98%), L-ascorbic acid, tyrosine
(C98%), sucrose (C99.5%), trisodium phosphate dodecahydrate (Na3PO412H2O, C98%), O,O0 -bis(2-aminopropyl) polypropylene glycol–block-polyethylene glycol–
block-polypropylene glycol (PEG-diamine, molecular
weight 600), L-arginine methyl ester dihydrochloride
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Scheme 1. General synthetic procedure for red fluorescent carbon nanoparticles. Biomolecule is dissolved
in ethylene glycol–Na3PO4 and heated to 190°C under continuous air purging. Resultant carbon
nanoparticles are formed as brown-coloured colloidal dispersion and isolated by solvent-based precipitation.

Table 1. Summary of reaction condition and property of red fluorescent carbon nanoparticles synthesized from different precursor
moleculesa.

Precursor, amount
Lactose, 100 mg
Ascorbic acid, 50 mg
Tyrosine, 50 mg
Sucrose, 100 mg

Precursor to
Na3PO4 molar
ratio
5:1
5:1
5:1
5:1

Atomic
% (C, O)
45,
40,
59,
45,

54
58
39
55

Product yield, fluorescence
quantum yield (in ethylene glycol,
water) (%)
25
30
28
22

(5, 2)
(10, 2)
(4, 1)
(4, 1)

TEM size
(DLS size)
(nm)
3–6
3–6
3–6
3–6

(10–20)
(15–25)
(30–40)
(20–30)

Zeta
potential
(mV)
–15
–18
–14
–12

Excitation maxima,
emission maxima
(nm)
500,
500,
550,
500,

587
592
622
578

a

Reaction medium, ethylene glycol; reaction time, 6 h (12 h for tyrosine); and reaction temperature, 190°C.

(C98%), sodium cyanoborohydride (NaCNBH3, 95%),
fluorescamine and Dulbecco’s modified Eagle’s culture
medium (DMEM) were purchased from Sigma-Aldrich,
India. Ethylene glycol (EG) and 9,10-phenanthrenequinone (95%) were bought from Merck and Alfa
Aesar, respectively. The 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) was purchased
from HiMedia (India).

2.2

Instrumentation

UV–visible absorption spectra were recorded using a Shimadzu UV-2550 spectrophotometer. The fluorescence
spectra were measured on a PerkinElmer fluorescence
spectrometer (model: LS-45). The high-resolution transmission electron microscopy (HRTEM) images were captured by a FEI Tecnai G2 F20 microscope. Hydrodynamic
size and zeta potential (f) measurement were measured on
Malvern (Nano ZS) instrument. Raman spectra were taken
on a J-Y Horiba confocal triple Raman spectrometer
(model: T64000) with a 532 nm excitation Nd:YAG laser
(Spectra Physics). The core-level X-ray photoelectron

spectra were recorded on a KRATOS-SUPRA spectrometer
using AlKa X-ray source with an excitation energy of
1486.6 eV having base pressure of 1.2 9 10-9 Torr. Fourier
transform infrared (FTIR) spectra were recorded on a
PerkinElmer Spectrum 100 FTIR spectrometer with solid
KBr pellets. X-ray diffraction (XRD) measurements of the
samples were performed on a Bruker D8 advance powder
diffractometer using CuKa (k = 1.5406 Å) as incident
radiation. Fluorescence images of cells were captured with a
ZEISS LSM 880 confocal laser scanning microscope using
ZEN 2.3 SP1 software.

2.3

Synthesis of fluorescent carbon nanoparticles

In a three-necked round-bottomed flask, about 10 mg trisodium phosphate was dissolved in 10 ml of ethylene glycol
and then, temperature was raised to 190°C under stirring
condition with continuous flow of air. In a separate vial,
50–100 mg carbon precursor was dissolved in 1 ml ethylene
glycol and it was then injected to the reaction mixture at
that same condition. The solution colour was changed from
colourless to deep brown within 15–30 min. The reaction
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Figure 1. UV–visible absorption and excitation-dependent fluorescence spectra of colloidal solution of red fluorescent
carbon nanoparticles in ethylene glycol that are synthesized from (a) lactose, (b) ascorbic acid, (c) tyrosine and (d) sucrose.

was then continued for 6–24 h maintaining the temperature
at 190°C. Next, carbon nanoparticle was purified by using
acetone–cyclohexane-based
precipitation/redispersion
method. Typically, about 1 ml cyclohexane was mixed with
1 ml carbon nanoparticle solution, then, 4 ml acetone was
added and vortexed the whole mixture for 2 min. It was then
centrifuged at 3000 rpm for 5 min and supernatant was then
discarded. After performing three times precipitation/redispersion using acetone–cyclohexane, a deep brownish
mass was concentrated at the bottom of the centrifuge tube.
Finally, we get a precipitate by adding acetone and it was
separated by centrifuge. Typically, 20–30 mg of carbon
nanoparticles was produced from 100 mg of precursor. The
purified carbon nanoparticles were then redispersed in
water/ethylene glycol/methanol at a concentration of 5 mg
ml-1 and used as a stock solution for further use. The relative quantum yield (QY) of fluorescent carbon nanoparticles was calculated using fluorescein disodium salt (QY =
96% at 440 nm excitation) and R6G (QY = 92% at 500 nm
excitation) as reference. QY values are in the range of
1-10% for all nanoparticles.

2.4 Functionalization of fluorescent carbon nanoparticles
with PEG-diamine or arginine
In a 2 ml eppendrof, 500 ll PEG-diamine or 500 ll arginine
methyl ester solution (50 mg ml-1) was mixed with 500 ll
fluorescent carbon nanoparticle solution (5 mg ml-1) and
then, mixture was vortexed for 1 h. Then, 50 mg solid
NaCNBH3 was added to it and stirred for overnight. Next,
this solution was dialysed for 24 h using nitrocellulose
membranes (MWCO 12 kDa) against double-distilled
water. Presence of primary amine or arginine was then
confirmed by performing fluorescamine test or 9,10phenanthrenequinone test, respectively [9].

2.5

Cell imaging experiment

KB cells were cultured on chamber slides in DMEM media
containing 10% FBS and 1% penicillin streptomycin at
37°C for 24 h. After the removal of the DMEM, fresh
DMEM mixed with carbon nanoparticles (0.25 mg ml-1)
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Figure 2. Time-dependent evaluation of red fluorescent carbon nanoparticle from lactose. Carbonization of
lactose is performed in ethylene glycol at 1908C in presence of Na3PO4 and a part of solution is collected at
(a) 30 min, (b) 2, (c) 6 and (d) 24 h for fluorescence measurements. Results show that fluorescence maxima
shift from green to red as the reaction progresses from 30 min to 6 h that remain unchanged up to 24 h.

was added to each well for 12 h of incubation. Then, cells
were washed with phosphate buffer solution and 500 ll 4%
paraformaldehyde was added into it as fixative and kept for
30 min. Finally, the fixed cells were imaged under a confocal microscope with 405 nm laser excitation wavelength.

sulfate (SDS) solution (8 g of SDS dissolved in 40 ml of
DMF–H2O mixture). Finally, absorbance was measured at
570 nm using a microplate reader. Cell viability was estimated assuming 100% viability for the cells treated without
any carbon nanoparticles.

2.6

3.

Cytotoxicity assay

Cytotoxicity of these nanoparticles was measured using
MTT assay in KB cells (mouth cancer cell line). Typically,
cells were cultured for 24 h and afterwards, the culture
medium was replaced with 500 ll of DMEM containing
different doses of carbon nanoparticles, and the cells were
incubated for another 24 h. Next, cells were washed through
PBS buffer and fresh DMEM medium was added. Then, 50
ll of freshly prepared 5 mg ml-1 MTT solution was added
to each well. The cells were incubated for 4-5 h, followed
by the removal of supernatant carefully leaving the formazon in the plate and it was dissolved in sodium dodecyl

Results and discussion

3.1 Synthetic strategy of fluorescent carbon nanoparticle
from biomolecule
The general approach for the synthesis of fluorescent carbon
nanoparticle is adapted from our recently reported method
[22] and shown in scheme 1. At first, trisodium phosphate is
dissolved in ethylene glycol in a three-necked flask and
heated at 190°C under air purging. Next, carbon precursor
solution in ethylene glycol is quickly injected at 190°C and
heating was continued for 6–12 h. The carbonization proceeds via the formation of fluorescent carbogenic core
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Figure 3. TEM images of red fluorescence carbon nanoparticles synthesized from (a) lactose, (b) ascorbic
acid, (c) tyrosine and (d) sucrose. Insets show colloidal solution of respective nanoparticles.

gradually increases in size along with the oxidation at the
surface of the carbogenic core. As the reaction progresses,
oxygen functionalities at the surface of the carbogenic core
increases which introduce defect sites and shifted the
emission maxima towards red region. As-synthesized carbon
nanoparticles are purified with acetone/cyclohexane-based
precipitation–redispersion to remove excess reagents that are
dissolved in water. Different carbon precursors have been used
for the synthesis of red fluorescent carbon nanoparticles and
summarized in table 1. We have used four different biomolecules, such as lactose, ascorbic acid, tyrosine and sucrose.
Ethylene glycol is used as a solvent as high reaction temperature can be attained and all the carbon precursors and Na3PO4
reagent can be dissolved. We observed that all the precursors
can produce red fluorescent carbon nanoparticles by heating at
6–12 h at 190°C under oxygen atmosphere, but green fluorescence carbon nanoparticles may also have formed at lower
temperature or less time heating.

UV–visible spectra show no characteristic absorption
band in the region of 300–600 nm (figure 1). However, all
the four carbon nanoparticles show excitation-dependent
emission, commonly observed in most of the reported carbon nanoparticles. Time-dependent carbonization shows
that emission maxima shift from 500 to 590 nm as
the reaction progresses (figure 2 and supplementary
figures S1–S3). Thus, longer reaction time is critical to obtain
red fluorescent nanoparticle which may be linked to the surface oxidation of carbogenic core and incorporation of oxygen
functionalities at the nanoparticle surface. Control carbonization experiment shows that in the absence of Na3PO4,
only green fluorescent carbon nanoparticle is formed even
after 24 h of reaction (supplementary figure S4). This result
clearly suggests that Na3PO4 plays an important role in the
carbonization process, by catalysing the dehydration of
carbon precursor. In the other control experiment, we have
replaced the solvent ethylene glycol by dimethyl formamide
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Figure 4. Deconvoluted C 1s XPS spectra of fluorescent carbon nanoparticle synthesized from (a) lactose,
(b) ascorbic acid, (c) tyrosine and (d) sucrose. The signals at *284.1, *285.70 and *287.8 eV correspond to
C=C, C–C/C–O and C=O groups, respectively.
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Figure 5. FTIR spectra of carbon nanoparticles synthesized from
(I) lactose, (II) ascorbic acid, (III) tyrosine and (IV) sucrose.
Carbonyl stretching frequency appears at *1715–1730 cm-1 and
stretching vibration of a large amount of hydroxyl groups show
broad signals at 3400–3500 cm-1. Colour line represents nanoparticle and black line represents the corresponding precursor
biomolecule.

(boiling point 153°C) or water (boiling point 100°C) and
found only blue/green fluorescent nanoparticles with low
product yield (supplementary figure S5). This result

suggests the requirement of high temperature in the formation of carbon nanoparticle. Fluorescence property of
carbon nanoparticles are studied in water, ethylene glycol
and methanol, and results show that the excitation-dependent emission spectra of carbon nanoparticles is independent of the nature of the solvent (supplementary figure S6).
The TEM images in figure 3 show that particles have
spherical shape with diameters in the range of 2–6 nm and
narrowly distributed size distribution (supplementary
figure S7). Hydrodynamic sizes of the all nanoparticles are
in the range of 10–30 nm with negative zeta potential in the
range of 12–18 mV. (table 1). X-ray photoelectron spectroscopy (XPS) studies have been employed for all samples
to get information about surface composition of the carbon
nanoparticles. The total survey scan spectra show two typical peaks: C1s and O1s for all four nanoparticles (supplementary figure S8). The deconvoluted spectra of C1s of all
nanoparticles confirm the presence of C=C, C–C and C=O
functional groups (figure 4). The deconvoluted spectra of
O1s indicate the presence of C=O, C–O–H and COOH
(supplementary figure S9). The nature of the chemical
bonding in fluorescent carbon nanoparticles has also been
verified from FTIR study. FTIR spectra show the presence
of C=C, C=O and O–H functional groups (figure 5). XRD
spectra of four carbon nanoparticles show signal corresponding to the (022) diffraction patterns of graphitic carbon (supplementary figure S10). Raman spectra of all
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Figure 6. (a) Schematic representation of functionalization of fluorescent carbon nanoparticle with arginine
methyl ester or PEG-diamine. (b) Evidence of guanidinium group at the nanoparticle surface via 9,10phenanthrenequinone test. Strong absorption band at 397 nm indicates the presence of guanidinium group which
is absent in control sample without any phenanthrenequinone treatment. (c) Evidence of primary amine at the
nanoparticle surface via fluorescamine test. Strong green fluorescence indicates presence of primary amines
which is absent in control sample without any fluorescamine treatment.

fluorescent carbon nanoparticles show prominent D bands at
*1366 cm-1, related to disordered structures and G band at
*1585 cm-1, related to graphitic structures with ID/IG ratio
of *0.85–0.94 (supplementary figure S11). The time-resolved fluorescence decay of all four red fluorescence carbon nanoparticles indicate similar decay profiles
(supplementary figure S12). The fluorescence decay of red
fluorescent carbon nanoparticles synthesized from lactose,
ascorbic acid, tyrosine and sucrose are fitted with three
average lifetime values in the range of 2–4 ns, which corresponds to the presence of multiple radiative species.

3.2 Functionalization of fluorescent carbon nanoparticle
and application as cell imaging probe
Important feature of presented fluorescent carbon nanoparticles is ease of surface modification. Carbon nanoparticle
can be easily transformed into functional nanoparticle by
reaction with primary amine containing chemical/biochemical. For example, we have transformed carbon
nanoparticle into primary amine-terminated and
arginine-terminated nanoparticles by reaction with PEGdiamine and arginine methyl ester, respectively (figure 6).

In particular, colloidal solution of nanoparticle is incubated
with PEG-diamine/arginine methyl ester followed by the
addition of cyanoborohydride. Next, functional nanoparticle
is purified from reagents by dialysis. The presence of primary amine/arginine is verified via fluorescamine test/9,10phenanthrenequinone test [9]. Possible reason for this type
of surface reaction is due to the availability of aldehyde
and/or alpha-hydroxy ketone groups at the nanoparticle
surface. We have performed Tollens’ test for all the four
carbon nanoparticles and all samples give positive Tollens’
test (supplementary figure S13). This result suggests that the
presence of aldehyde and/or alpha-hydroxy ketone at the
nanoparticle surface can be used for functionalization
application.
We have demonstrated that fluorescent carbon nanoparticles can be used as cell imaging probe. In particular, we
have shown that primary amine-terminated nanoparticle has
low cellular interaction/uptake due to PEG functionalization
[15] and arginine-terminated nanoparticle has high cell
uptake due to specific interaction of guanidinium group
with cell membrane phosphate groups [23]. Typically, cell
is incubated with colloidal solution of functionalized carbon
nanoparticle and then, unbound carbon nanoparticles are
removed by washing. Next, cells are imaged under confocal
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Figure 7. Cell labelling application of fluorescent carbon nanoparticles functionalized with (a) primary
amine and (b) arginine. KB cells are incubated with colloidal solution of nanoparticles and washed cells
are imaged under bright-field (BF) and fluorescence (F) mode with 405 nm excitation by confocal
microscope. Results indicate that nanoparticle efficiently label cells after functionalization with arginine,
but primary amine-terminated nanoparticle has insignificant labelling.

microscope with blue excitation. The cell images are shown
in figure 7. Results show that arginine functionalized carbon
nanoparticle label cells as observed from strong fluorescence from cell. Interestingly, emission from nanoparticlelabelled cells can be observed at green, yellow and orange
regions. In particular, the orange emission from labelled
cells indicate that nanoparticle can be used as imaging
probe in that region (supplementary figure S14). Similar
type cell labelling is observed by arginine-terminated
quantum dot [9,23]. In contrast, primary amine-terminated
nanoparticle shows insignificant labelling as observed from
poor fluorescence from cell. Anionic surface and PEG-diamine functionalization are known to decrease the interaction with cell membrane [15]. This nanoparticle can be used
for functionalization with other biochemicals followed by
cell labelling application. To investigate the biomedical

application potential, the standard MTT assays are performed using KB cells and it is observed that all the
nanoparticles are nontoxic with the concentration as high as
0.4 mg ml-1 (figure 8). This result suggest that reported
carbon nanoparticle can be used as non-toxic fluorescent
cell label.

4.

Conclusion

In conclusion, we have introduced one-step approach for
synthesizing red fluorescent carbon nanoparticle from biomolecule-based carbon precursors such as lactose, ascorbic
acid, tyrosine and sucrose. The method involves carbonization of these molecular precursors in ethylene glycol
at 190°C in presence of Na3PO4. The fluorescence quantum
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Figure 8. MTT-based cell viability assay of KB cells treated with different doses of arginine
functionalized carbon nanoparticles synthesized from (a) lactose, (b) ascorbic acid, (c) tyrosine and
(d) sucrose. Cells are incubated with different concentrations of samples for 24 h prior to MTT assay and
cell viability is calculated assuming 100% viability for cells without any nanoparticle treatment. The red
arrow indicates the working dose used for cell labelling/imaging experiments. Results show that [80%
cell are viable even after 0.40 mg ml-1 of sample treatment. The mean ± SD of three determinations
(n = 3) are represented in bars.

yield of these red fluorescent carbon nanoparticle can be as
high as 10% and 20–30 mg of nanoparticle can be prepared
in one batch. The carbonization kinetic study indicates that
the chemical composition has the dominant effect on the
fluorescence properties rather than the particle size. The red
fluorescence along with the simple synthesis method and
easy surface functionalization will offer the practical
applications of these carbon-based nanoparticles in different
biomedical applications.
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