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The non-enzymatic browning, namely Maillard reaction is commonly invoked to account for abiotic
chemical transformations of organic matter. Here we report a new reaction pathway via the Maillard
reaction to systematically synthesize a series of nitrogen-doped carbon dots (C-dots) with superhigh
quantum yield (QY) and tunable multicolor luminescent displayment. The starting materials are glucose
and the serial amino acid analogues which allow systemically controlling luminescent and physicochemical
properties of C-dots at will. Unexpectedly, the as-prepared C-dots possess bright photoluminescence with
QY up to 69.1% which is almost the highest ever reported, favorable biocompatibility, excellent aqueous and
nonaqueous dispersibility, ultrahigh photostability, and readily functionalization. We have demonstrated
that they are particularly suitable for multicolor luminescent display and long-term and real-time cellular
imaging. Furthermore, the methodology is readily scalable to large yield, and can provide sufficient amount
of C-dots for practical demands.

ecently, carbon-based nanomaterials (CNMs) have received much attention because of their low toxicity,

excellent solubility and stable photoluminescence (PL)'". Significant progress has been achieved on the

utilization of CNMs as luminescent probes for bioimaging’, optoelectronic devices®, biosensors®, and
photocatalysis’. As a new comer in CNM:s family, carbon dots (C-dots) which comprise discrete quasispherical
nanoparticles with sizes below 10 nm®, possess even more intriguing properties compared with other CNMs. Till
now, a sheer variety of synthetic routes toward C-dots are available’'!, and have made C-dot emitters as potential
alternatives to the aforementioned PL CNMs in various applications'>'*. Unfortunately, PL quantum yield (QY)
of the previously reported C-dots is usually low (<15%)*"'" with only a few exceptions that require laborious
chromatographic further purification'” or surface passivation'®. In addition, although different emission color of
C-dots could be observed by changing the excitation wavelength'”'®, preparation of C-dots with multi-emission
colors under the same excitation wavelength remains a challenge, while this feature is crucial for multicolor
patterning'® and the related enticing applications*>*, such as full-color displays®’, pixelated color structures* and
sensor arrays>’. Although an egg-derived C-dot with single blue-emitting color has evoked applications in these
areas, simultaneous multi-color display in a single pattern was still failed even with the help of various organic
dyes and toxic semiconductor quantum dots (QDs)**. Thus, a multicolor pattern with whole C-dots has never
been achieved.

In parallel, it is common knowledge that even small modifications of the reaction parameters during synthesis
can alter the properties of the resulting nanomaterials*>~*’. This is especially true in the synthesis of C-dots. In
various cases, even the same starting materials could be led to C-dots with diverse properties due to the different
reaction pathways** . For instance, by using activated carbon as the source, chemical oxidation® and ultrasonic
treatment™ resulted distinct blue and green emitting C-dots under UV excitation, respectively. Therefore, beyond
starting materials, the reaction pathway plays crucial roles in the synthesis of C-dots with desired properties.

Herein, using nonenzymatic browning reaction®***, namely Maillard reaction, we report the first time a new
reaction pathway for the synthesis of a series of nitrogen-doped C-dots with superhigh QYs, tunable multicolor
luminescence. The Maillard reaction is commonly invoked to account for abiotic chemical transformations of
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organic matter*>*, and is ubiquitous in baking, toasting, and cooking
of foods and in vivo in mammalian organisms®*°. In general, the
Maillard reaction starts from the condensation between the alde-
hydes of reducing saccharides and the amino-containing proteins
or amino acids, and ultimately leads to the formation of brown
nitrogenous polymers, known as melanoidins™*. More interest-
ingly, it had been well proven by nuclear magnetic resonance tech-
nique, mass spectroscopy, and elemental analysis that different
reaction precursors led to nitrogenous polymers varied in chemical
composition and structures®**®. In view of this, different end pro-
ducts of the Maillard reaction could be used as building-blocks for
further synthesis of nitrogen-doped C-dots with diverse electronic
structure and chemical features of their cores and surface defects,
respectively. Since the PL of C-dots depends on both the cores'** and
surface defects®*, the emission color would be easily tuned by using
the basic biological building blocks (e.g., glucose and the natural
amino acids containing versatile side chains) as starting materials.
Whereas previously reported control of the subtle reaction para-
meters led to different emission color, the QYs of the resulting
C-dots is fair and the method involved the requirement of high
calcination temperature, inert reaction atmosphere, and special
raw materials®®. As far as we know, however, no attempt has been
made by using Maillard reaction to systemically synthesize and tailor
C-dots with tunable emission and physicochemical (e.g. zeta poten-
tial and lipophilicity) properties under uniform reaction parameters
with a series of structurally defined analogues as starting materials.
Furthermore, another obvious merit of these C-dots is the doping of
N atoms, which usually enhances the emission QY***'.

Importantly, the present Maillard reaction-based approach is dis-
tinct to the previously reported methods that using organic acids,
amines and saccharides alone or in combination as precursors***%. In
the present approach, starting materials were firstly transformed to
nitrogenous polymers via the Maillard reaction pathway under spe-
cific conditions that is low moisture, high temperature, and moderate
alkaline environment®~**. Nevertheless, extreme conditions such as
concentrated sulfate and/or phosphate acids were commonly applied
in previous methods for the direct carbonization of the starting
materials**™*. As a consequence, the unique reaction pathway of
the present method makes the PL and physicochemical properties
of the C-dots different and superior. The QY of our C-dots can be up
to 69.1%, which is almost the highest value that ever reported for the
as-prepared C-dots without any further treatment. Due to the con-
trollable luminescence, the C-dots have been demonstrated suitable
for multicolor patterning and long-term and real-time medical dia-
gnosis and cellular imaging.

Results

As shown in Figure 1, all the natural amino acids (Table S1), except
Cys, Met, and Pro, were reacted systemically with glucose one by one
to produce different C-dots through a simple microwave-assisted
one-pot, two-step method. The two S-containing amino acids, Cys
and Met were excluded due to the release of smelly by-products
during the synthesis; and Pro was not used because it lacks of primary
amine. The optimal reaction parameters were indicated in Figure 1,
and the detailed synthesis procedures were provided in the Method
Section. Here, microwave was essential due to its in situ and transient
heating properties*’, which was extremely beneficial to the homo-
geneous formation of uniform nano-sized C-dots*. As a control, a
hydrothermal reaction under similar conditions resulted in only
micron-scale particles and this was in accordance with the previous
reports®. The necessity of the Maillard reaction pathway was illu-
strated in the following sections.

All the 17 kinds of C-dots derived from corresponding amino acid
and glucose were highly soluble in water and various organic sol-
vents, such as methanol, dimethylformamide and dimethylsulfoxide;
and part of them prepared with amino acids containing hydrophobic

side chains, such as Leu and Ile, even showed amphiphilic properties
allowing the dispersion in apolar solvents (e.g. tetrahydrofuran).
Noticeably, these C-dots solutions exhibited a long-term (more than
6 months) homogeneous phase without any obvious precipitation at
room temperature (Figure S1). The good dispersibility of the C-dots
in both aqueous and nonaqueous solutions ensured their further
applications.

The atomic force microscopy (AFM) and transmission electron
microscopy (TEM) measurements were used for characterization of
structure and morphology of all the C-dots. Figure 2 and Figure S2
showed typical TEM and AFM images of the Trp and glucose derived
C-dots (Trp-C-dots), revealing the average height and diameter of
2.77 and 2.88 nm, respectively (Figure 2c and f). The results sug-
gested that the Trp-C-dots should maintain a spherical shape. The
high resolution TEM image (Figure 2e) further indicated the crys-
tallinity of the Trp-C-dots, with a lattice parameter of ca. 0.23 nm,
which was different to both the intra- and inter-plane lattice para-
meter (0.214 and 0.340-0.403 nm, respectively) of the reported C-
dots derived from carbon sources without nitrogen*®. The mismatch
oflattice parameter could be attributed to the doping of nitrogen, and
has also been found in other N-doped CNMs*'. Similarly, the other
C-dots all showed spherical shape with average sizes ranging from 2.2
to 5.1 nm (Figure S3-6, Table S2). Intriguingly, the size of the C-dots
depended on the side-chain properties of the starting amino acids.
Accordingly, the amino acids are categorized into four groups, which
are neutral aliphatic, basic, aromatic and acidic amino acids (Table
S1). The average sizes of the C-dots derived from acidic amino acids
(e.g. Asp-C-dot, 4.93 nm) are apparently larger than those of other
C-dots at a confidence level of 95%. This might be due to the acidic
amino acids possess two carboxyl groups that can increase cross-
linking between the amino acids and polyhydroxyl glucose. As well
known, the carboxyl groups tend to forming esters with hydroxyls
under conditions such as high temperature and low moisture®. In
contrast, the basic amino acids (e.g. Arg) produced the smallest C-
dots. This could be attributed to the relatively weak dissociation
energies of N-containing bonds® and thus the products tend to be
slipped into small pieces. The C-dots derived from aromatic and
neutral aliphatic amino acids had moderate sizes.

Starting from Trp-C-dots, we explored the composition of the as-
prepared C-dots with X-ray photoelectron spectroscopy (XPS) mea-
surements. As seen in Figure 3a, the XPS survey of Trp-C-dots
showed a predominant graphitic C 1 s peak at ca. 284 eV,an O 1 s
peak at ca. 532 eV, and a pronounced N 1 s peak at ca. 400 eV. The
O/C atomic ratio for Trp-C-dots (about 0.55) was much lower than
that of the precursor glucose (1:1) due to the chemical transforma-
tion during the synthesis processes. The N/C atomic ratio was cal-
culated to be 0.12, confirming the successful incorporation of N
atoms into the C-dots by our two-step method. To illustrate the
necessity of the step of Maillard reaction in Figure 1, the product
obtained with the second step alone was poorly PL with N/C atomic
ratio of only 0.02. The enlarged N 1 s peak of Trp-C-dots (Figure 3a)
revealed the presence of secondary amine (399.5 eV, C-NH-C) and
pyrrolic (400.8 eV, C=N-C) N atoms*'. Apparently, the N species
were different to that in the starting material Trp, further confirming
the transformation and incorporation of N atoms in the C-dots.
More chemical information of the C-dot was shown in the C 1 s
spectrum (Figure 3c), where six peaks at 284.3 (sp” graphitic C),
284.9 (sp® graphitic C), 285.7 (C-N), 286.5 (C-0O), 288.2 (C=0),
289.2 eV (COOH) were observed*'. As shown in the Fourier trans-
form infrared (FTIR) spectrum (Figure 3d), the vibration bands at
1396, 1276 and 3396, 1705 cm ™' demonstrated the presence of the
respective aromatic amine (e.g. pyrrole ring), hydroxyl and carboxyl
groups®. The structural information revealed by "*C nuclear mag-
netic resonance (NMR) measurements were well consistent with the
FTIR and XPS results (Figure S7). The ready presence of carboxyl
groups allowed further linking of functional molecules through the
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Figure 1| Schematic representation of the Maillard reaction directed a series of syntheses of nitrogen-doped C-dots with high PL QYs and tunable

emission color.

convenient N-hydroxysuccinimide (NHS) chemistry. Overall survey
of the composition of the C-dots was carried out with XPS, FTIR and
elemental analysis (Table S2). Similar to the size dependence, com-
position of the C-dots also showed a dependence on the side-chain
properties of the starting amino acids. The N doping amount was
highest for the basic amino acids derived C-dots (6.32-8.80 wt%),
and the —NH, groups were abundant in them. As shown in Figure
S8, the presence of —NH, in Arg-C-dots could be confirmed by the
XPS peak at 401.6 eV (in —NH;* form)*. This result could be
attributed to the excess amount of amino groups in the raw materials.
Akin to other PL CNMs (i.e. graphene and carbon nanotubes), the
presence of sp* carbons in each kind of C-dots, especially in those
derived from nonaromatic amino acids, was confirmed by both XPS
and FTIR analysis (Figure S9-11). In addition, the C-dots were ana-
lyzed by gel permeation chromatography (GPC) with refractive
index detection. For instance, only one main tailing peak with reten-
tion time of 20.88 min was found from the GPC chromatogram of

Trp-C-dots (Figure S12). The molecular weight of the main peak was
calibrated to be 9964 (Mw). According to TEM and FL investigation
of different fractions, the minor peaks within 0-18.5 min were due to
trace non-fluorescent and non-nanoparticle impurities which could
be removed by further dialyzing; the main peak including its tailing
parts was the C-dots with uniform diameter and PL properties. The
GPC results indicated that all the above characterization techniques
were measuring the C-dots.

In respect of the side-chain dependent size and composition, the
physicochemical properties (e.g. lipophilicity and surface charge)
were summarized in Table S2. Both the lipophilicity, in terms of
octanol-water partition coefficients (LogP), and zeta potential of
the C-dots spanned wide ranges from —3.12 (Asp-C-dot) to 0.23
(Leu-C-dot), and —45.1 mV (Asp-C-dot) to +37.2 mV (Arg-C-
dot), respectively. As previously reported, surface charge and lipo-
philicity of nanoparticles had great effects on their cellular uptake,
biodistribution, immune response and so on*>*’. Therefore, using
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Figure 2| (a) AFM image of Trp-C-dots on a mica substrate. (b) Height profile along the line in (a). (c) Height distribution of Trp-C-dots measured by
AFM. (d, e) TEM images of the Trp-C-dots under different magnifications. (f) Diameter distribution of Trp-C-dots measured by TEM.
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Figure 3| (a) XPS spectrum of the as-prepared Trp-C-dot. (b, c) High-resolution N 1 s (b) and C 1 s (c) peaks of Trp-C-dot. (d) FTIR spectrum of Trp-

C-dot.

Maillard reaction, we can prepare high QY nitrogen-doped C-dots
with diverse physicochemical properties for versatile applications.

The PL properties of the C-dots were then characterized with
emphasis. All the as-prepared C-dots could emit strong fluorescence
with QY ranging from 30.2% to 69.1% (Table S2). The Trp-C-dot
showed a very high QY up to 69.1%, and this was almost the highest
value for the as-prepared C-dots without any further treatment. In
addition to the high QYs, the C-dots showed different emission
colors including blue, green, yellow, and orange. As summarized in
Table S2, C-dots derived from basic and aromatic amino acids (e.g.
Arg-C-dots and Trp-C-dots) showed blue emission; and those
derived from neutral aliphatic (Leu-C-dots) and acidic (Asp-C-dots)
emitted green and yellow (orange) color, respectively.

The blue, green and yellow emitting C-dots were carefully inves-
tigated with Trp-C-dot, Leu-C-dot, and Asp-C-dot as representa-
tives. Figure 4a-c showed the 2D-PL topographical map of
Trp-C-dot, Leu-C-dot, and Asp-C-dot, respectively. Obviously, they
showed distinct excitation and emission properties. Under a wide
range of excitation wavelengths used, the Trp-C-dots and Asp-C-
dots just emitted blue light around 450 nm and yellow light around
560 nm, respectively, indicating that the emission of these two kinds
of C-dots did not depend on the excitation wavelength. This was
different from that usually observed excitation-dependent emission
of C-dots prepared by other methods®'*. This phenomenon should
be due to the Trp-C-dots and Asp-C-dots with narrow size distri-
bution and uniform chemical features on their surfaces. The invari-
ability of the emission wavelength is beneficial for applications in
optoelectronics and bioimaging.

On the other hand, Leu-C-dot showed traditional excitation-
dependent emission properties (Figure 4b). Although the max-
imum emission changes from ca. 450 to longer than 520 nm with
increase of excitation wavelength, Leu-C-dot still showed green
emission under a UV lamp (365 nm). Figure S13 showed different
emission spectra under the same excitation wavelength (A.,=430
nm). The color coordinates of Trp-C-dot, Leu-C-dot, and Asp-C-
dot were shown in Figure 4d. Noticeably, the coordinate of Trp-C-
dot was (0.15, 0.14), indicating a deep-blue emission. Nowadays,

solution-processable blue emitters are of unique technologic sig-
nificance in the areas of display and lighting, because blue fluo-
phors are usually low-molecular-weight molecules that typically
require costly vacuum evaporation systems>. In view of this, the
nano-scaled, highly solution processable, and strongly fluorescent
Trp-C-dots should be a suitable candidate for those applications.

Further studies showed that the as-prepared C-dots had remark-
able photostability. As shown in Figure S14, the fluorescence of the
fluorescein isothiocyanate (FITC) was quickly quenched within
5 min under excitation due to severe photobleaching. The functional
nanoprobe CdTe QDs> were more photostable, retaining >30% of
the original PL intensity after 20-min excitation. In striking contrast,
under ca. 60-min excitation, the PL intensity of all the C-dots we
synthesized decreased slightly, preserving >90% of the initial intens-
ity (Figure S14). The result indicated that PL of the C-dots was much
more stable than the fluorescent FITC dye, CdTe QDs, and the
previously reported dye-doped silica® or polymer nanoparticles®
(Figure S14). The PL decay profiles of the C-dots were shown in
Figure S15. The decay curves of both Trp-C-dot and Asp-C-dot fitted
well to single-exponential with lifetimes (t) of 22.6 and 8.62 ns,
respectively. The single-exponential decay of Trp-C-dot or Asp-C-
dot was consistent with the property of excitation-independent emis-
sion (Figure 4a, c), thus suggesting relatively uniform fluorescence
radiative processes in the two kinds of C-dots**. However, the decay
curve of Leu-C-dots fitted well to triple-exponential (Figure S15b)
with a fast component (1,=0.69 ns) and two slow components
(1,=5.00 ns and 13=10.96 ns), which was in accordance with the
previously reports on lifetimes obtained from C-dots prepared by the
electrochemical method'. The highly photostability and nanosec-
ond lifetime suggested that these C-dots were most suitable for
optoelectronic and biological applications. In addition, other optical
properties of the C-dots including fluorescence upconversion (Figure
§16) and electrochemiluminescence (Figure S17) were also observed
primarily.

PL materials that can be used for multicolor luminescent pattern-
ing have drawn increasing interest in areas such as full-color displays,
pixelated color structures and sensor arrays® . Prompted by the
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Figure 4 | 2D excitation-emission topographical maps of (a) Trp-C-dot, (b) Leu-C-dot, and (c) Asp-C-dot. The excitation and octave bands were filtered
off during measurements. (d) Color coordinates of the 3 kinds of C-dots: A, Trp-C-dot; B, Leu-C-dot; and C, Asp-C-dot.

high QY, strong PL stability and unique emission, the Trp-C-dot,
Leu-C-dot, and Asp-C-dot were used as blue, green, and yellow
emitters, respectively. We first examined macroscopic patterning
ability of the C-dots by imbedding them into the non-luminescent
agarose gel. The tiny C-dots-embedded agarose gel slices (ca. 0.5 cm
in diameter) could be used as pixels to smartly compose versatile
patterns, such as a “Christmas tree” (Figure 5a). Long time stable,
multicolor luminescence of such a pixilated pattern could be clearly
observed under UV lamp (Figure 5b). In addition to the macroscopic
patterning, the C-dots were also successfully applied to multicolor
illuminating microscopic patterns in microchips (Figure S18). As
shown in Figure 5d-e, the strips and letter pattern “CIAC” were
clearly multicolor visualized with our C-dots, indicating that the
C-dots could be used in multicolor luminescent patterning and
related applications.

In addition to the excellent optical properties, the C-dots prepared
from natural amino acids and glycoside as raw materials were non-
cytotoxic under our experimental conditions (Figure S19). Due to
good biocompatibility, the C-dots were further explored as biological
fluorescent probes. For targeting Hela cells, the as-prepared C-dots
were first conjugated with the folic acid via carboxylic acid groups on
their surface. Folate receptors are over expressed on the surface of
Hela cells, and thus folic acid-modified C-dots can specifically target
cancer cells. Figure 6 showed the images of Hela cells treated with
folic acid modified Trp-C-dot and Leu-C-dot for 4 hr incubation
time, respectively. More significantly, the C-dots were particularly
suitable for long-term and real-time cellular imaging due to their
ultrahigh photostability in contrast to the bleaching FITC dye
(Figure 6c, d).

Discussion
To the best of our knowledge, this is the first systemical tailoring
of the emission and physicochemical properties of C-dots under

Figure 5| Macroscopic photographs of the different C-dots-imbedded
agarose gel slices patterned with a “Christmas tree” under (a) white light,
and (b) UV lamp (350 nm) illumination. (c) The “Christmas tree”
pattern. (d-e) Fluorescence microscope images of the different colored C-
dots on PDMS chips with strips and “CIAC” pattern (Ax=430 nm).
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(a) Cell imaging of Trp-C-dots

(c) Leu-C-dots
30 min

Figure 6 | Fluorescent images of Hela cell after incubation with (a) Trp-C-
dot, and (b) Leu-C-dot for 4 h. (¢, d) Stability comparison of fluorescence
signals of Hela cells labeled by Leu-C-dot (c), and FITC (d). Scale
bar=10 pm.

uniform reaction parameters with structurally defined analogues as
starting materials. Different emission color should originate from C-
dots of different size, shape, and composition-related factors, such as
N-doping, content of sp> carbon and surface defects®*"*.

Firstly, among all the C-dots, the acidic amino acids derived C-
dots had the largest size distribution, which could allow the existence
of larger sp® conjugation of carbons in their cores. Both theoretical
and experimental results have indicated that larger sp® conjugation of
C atoms in another PL CNM, graphene quantum dots, can lead to
emission at longer wavelength'. Similarly, the C-dots with larger sp?
conjugation would emit longer wavelength showing yellow or orange
color. Secondly, C-dots derived from basic amino acids had the
smallest size distribution to emit at shorter wavelength, they emitted
blue light. Although the size distributions of the neutral aliphatic and
basic amino acids derived C-dots were similar, the former ones emit-
ted green color. This should be due to the incorporation of higher
content of N atoms in the basic amino acids-derived C-dots. As
previously reported, doping of N atoms in CNMs usually induce
PL blue shifted*'. Finally, the unexpected intense blue emission of
the aromatic amino acids-derived C-dots could attribute to the ori-
ginal sp® carbons in the starting materials. The original sp? carbons
could be acted as building blocks to form C-dots with segregate small
sp> carbon domains linked by oxygen-rich groups. This was struc-
turally similar to the reduced-graphene oxide which also shows blue
emission™.

In summary, using the Maillard reaction, we have demonstrated a
versatile route for scalable production of nitrogen-doped C-dots with
superhigh QY and tunable multicolor luminescent display. The size
and composition of the as-prepared C-dots vary with the side-chain
structures of the starting amino acids, and the emission color and
physicochemical properties (e.g. surface charge and lipophilicity) of

the C-dots can be easily controlled accordingly. Significantly, the as-
prepared C-dots possess strong PL (with QY up to 69.1%), favorable
biocompatibility, excellent aqueous and nonaqueous dispersibility,
ultrahigh photostability, and readily functionalization with surface
carboxyl groups. Such resultant C-dots are particularly suitable for
multicolor luminescent patterning and long-term and real-time cel-
lular imaging. Therefore, the nonenzymatic browning reaction,
Maillard reaction, which has been widely used in food industry
and in biology, can also be a versatile approach to large-scale syn-
thesis of C-dots for myriad applications in areas ranging from optoe-
lectronic devices to medical diagnosis and biological imaging.

Methods

Synthesis of C-dots. The microwave synthesis was performed in the microwave
system NOVA (Preekem, Shanghai, China). The system operates at 2450 MHz
frequency and works at 0-500 W power. Each reaction was carried out in a sealed
50 mL glass vessel (with inner diameter of 2 cm) with less than 15 mL of raw
materials. The average temperature of the vessel was obtained with a volume
independent infrared sensor located inside the cavity of the microwave unit.

The general method for the synthesis of the C-dots was as follows: an equimolar
mixture of glucose and an amino acid (5.6 mmol each) was loaded into a microwave
reaction vessel, and water was added to an amount of 15 wt%. The mixture was
sufficiently mixed via stirring and sonication. Before the vessel was sealed and placed
into the microwave reactor, the acidity of the mixture was adjusted to pH 8.5 with 1 M
NaOH solution. The vessel was placed in the microwave and heated at 125°C for
30 min. These reaction parameters were optimized to maximizing the Maillard
reaction®**. The nitrogenous polymers were efficiently produced with a yield of about
50% via Maillard reaction pathway during heat treatment. The molecular weight of
the polymers was usually several kilodaltons as previously reported®. After this step,
the vessel was cooled to room temperature, and unsealed in a desiccator for 20 min to
absorb the vapors and volatile low molecular weight (<500 Da) products. The color
of the first step treated-mixture was usually yellow or brown (related to the kind of
amino acid that was used).

Subsequently, a second step was carried out for further formation of C-dots. The
foregoing reaction vessel was placed into the microwave reactor and kept unsealed (to
allowing evaporation of water) for a second short heating step (275°C, 5 min). Akin
to many other approaches, the reaction vessel was kept unsealed in the second step for
water evaporation which was beneficial to C-dots formation processes including
dehydration, pyrolysis and surface passivation. The reaction conditions of this step
were optimized via several parallel reactions. Upon completion of the microwave
reaction, the reaction products were solubilized to 50 mL water, and then centrifu-
gated (5000 rpm, 30 mim) to discard possible large and insoluble carbonized part-
icles. The supernatants were collected and dialyzed (3000 kD tubing) for 24 h to
obtain the final C-dots with a yield of ca. 20%-30%.

Characterization. Fluorescence measurements were carried out using a JASCO FP-
6500 spectrofluorometer with the slit width for the excitation and emission of 5 nm.
UV-vis filters of various wavelength were applied in the survey of the 2D topological
excitation-emission maps of the C-dots. Ultraviolet-visible spectroscopy (UV-vis)
measurements were recorded on a Jasco-V550 UV-Vis spectrophotometer. FTIR
measurements were carried out with a BRUKER Vertex 70 FTIR spectrometer. The
sample was prepared as pellets using spectroscopic grade KBr. AFM measurements
were performed using a Nanoscope V multimode atomic force microscope (Veeco
Instruments, USA) under ambient conditions, and samples were prepared by
dropping the solution on mica. TEM experiments were performed using a Philips
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