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h i g h l i g h t s

� Insecticide as a precursor was used to
prepare highly bright C-dots.

� Solvent- and temperature-dependent
synthesis was investigated.

� Lab-leveled mimetic insecticide
residual was attempted to synthesize
C-dot.

� The insecticide-based C-dots were
used in printing patterns and
bioimaging.
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a b s t r a c t

Halophenols (HPs) inflict adverse impacts on human and environment due to their toxic, carcinogenic as
well as teratogenic properties. Additionally, it is of great importance and urgency for the development of
simple, efficient and inexpensive approaches to minimize the harm of HPs. Here we report an innova-
tively making poison profitable method to prepare carbon dots (C-dots) using 3-bromophenol residual
as a precursor. The effects of solvent and carbonization temperature on the preparation of insecticide-
based C-dots were investigated. The results indicate that higher organic solvent content in solution
and higher carbonization temperature are in favor of the formation of C-dots with smaller size and higher
quantum yields. Meanwhile, all C-dots displayed excellent water solubility and high photostability
against ionic strengths and light illumination. The possible mechanisms of polymerization and carboniza-
tion of C-dots were rationally proposed, and the incompact framework structure of C-dots was reason-
ably inferred by room-temperature phosphorescence measurement. Also, a kind of low toxicity, good
biocompatibility and photostability C-dots, which were synthesized via a lab-leveled mimetic insecticide
residuals approach, were utilized as colorless inks for printing patterns and as fluorescence probe for
bioimaging. This proposed approach opened up a potential prospect to efficiently utilize pesticide resid-
uals and other hazardous chemicals for biolabeling and bioimaging.
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1. Introduction

More and more research interest has grown in the fields of flu-
orescent carbon-based nanomaterials, that is carbon quantum dots
(C-dots), due to their exciting advantages such as high chemical
inertness, outstanding photostability, excellent water solubility,
ease of synthesis and modification, low toxicity and good biocom-
patibility [1–6], which makes these nanomaterials promising alter-
natives to metal-based quantum dots (QDs) with high toxicity for
biosensing, bioimaging, drug and gene delivery, as well as other
biological related aspects [7–9]. Besides, it was found that C-dots
exhibits strong fluorescence upon two photo excitation in the near
infrared region, which further broadened their applications in
bioimaging [10,11]. Also, heteroatoms doped carbon nanomaterials
are considered as the most promising and suitable candidates to
complement carbon in materials applications because of their tun-
able electronic properties as well as their surface and local chem-
ical reactivities [12,13]. Considerable attentions have been
therefore focused on incorporating heteroatoms other than N,
whether alone or with other dopants, into C-dots to modulate their
intrinsic properties [14–16].

Different from the synthesis of metal-based QDs and upconver-
sion nanoparticles, the high purity chemicals must be required and
the few rare-earth elements are limited to use. Whereas the raw
materials for C-dots are nearly hands-down. Several published
papers have reported the preparation of fluorescent C-dots using
natural precursors such as hair fiber [17], humic substances [18],
carbon black [19], milk [20], glycine [21], carbohydrates
[10,22,23], resol [24], glycerol [25], candle soot [26], fruits [27–
29], and so on, which are widely distributed in any corner of nature
and our daily life, and easily available to replace traditional chem-
icals reagents. These synthesized C-dots integrate advantages of
high brightness, low cost and multicolorful emission as well as
above mentioned ones. In consideration of the varieties of goods
of C-dots, it is naturally expected much more materials, even
including pesticides with high toxicity, to be potential precursors
for synthesizing advanced fluorescent carbon nanomaterials. To
the best of our knowledge, there has still no reports on the synthe-
sis of C-dots using pesticide as a precursor.

Halophenols (HPs) are a group of pollutants that are incorpo-
rated into the environment largely due to industrial activities,
which are widely used as chemical intermediates, fungicide, insec-
ticide and herbicide [30,31], and frequently used in the wood
industry to control fungi and as a flame retardant [32,33]. Due to
their constant use, these compounds become common pollutants
of soils, freshwater and environmental organisms. Therefore, HPs
inflicted adverse impacts on the ecosystem for their toxic, carcino-
genic and teratogenic properties. It was suspected that HPs dis-
rupted the humoral system by either showing thyroid hormone
like activity [34] or binding to the human estrogen receptor [35].
The reported works have revealed that HPs compounds exerted
their toxic effect on membrane mainly by acting as uncoupling
agents [36–38]. In recent years, more and more concerns have
been emerged owing to their persistence and bioaccumulation in
both animals and humans [39,40]. Therefore, it is of great impor-
tance to find innovative and effective approaches to minimize
the harm of HPs in environment and ecology.

Herein a facile and low-cost strategy is developed for the syn-
thesis of highly bright C-dots using an insecticide, 3-
bromophenol (3-BP), as a precursor. The effects of temperature,
solvent and pH on emission properties of the as-prepared
insecticide-based C-dots were investigated. The results indicate
that both much higher carbonized temperature and much thicker
organic solvent are in favor of the formation of C-dots featuring
monodispersion, high yield and smaller size. The brightly blue flu-
orescence of the C-dots at �450 nm was observed in both solid
state and liquid one. Whereas the room-temperature phosphores-
cence (RTP) at 528 nm with 3.7 ms of decay time was observed in
solid state but disappeared in solution, revealing the incompact
framework structure of the C-dots. Moreover, the prepared C-
dots were also applied in patterns printing and bioimaging,
exhibiting the excellent photostability, low toxicity, good biocom-
patibility and high water solubility of insecticide-based C-dots.
Due to simplicity and effectivity, this proposed approach opened
up a promising gate for efficient utilization of insecticide residuals.

2. Materials and methods

2.1. Materials

3-BP (purity over 99%) was the product of Alfa Aesar (Tianjin,
China). All other reagents were of analytical grade and commer-
cially purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), and used without further purification.

2.2. Characterizations

The RTP, fluorescence spectra and lifetime evaluation of RTP
were recorded on an F-4600 (Hitachi, Tokyo, Japan), and the mea-
surements were performed with different excitation wavelength
equipped with a plotter unit and a quartz cell (1 � 1 cm) in a vari-
ety of modes. UV–vis absorption spectra were obtained using a Shi-
madzu 3100 UV–vis spectrophotometer. Scanning electron
microscopy (SEM) images of the product were taken on a field
emission scanning electron microscope (FESEM, JEOL, JSM
7500F). The X-ray photoelectron spectroscopy (XPS) was per-
formed with an XPS instrument (ThermoESCALAB250, USA) using
Al Ka X-ray source (1486.6 eV). Fourier transform infrared (FT-IR)
spectra (4000–400 cm1) in KBr were recorded on a Nicolet-6700
spectrometer (Nicolet, Madison, WI, USA). The morphology of the
colloidal particles were characterized by transmission electron
microscopy (TEM) on a JEM-200CX (JEOL, Tokyo, Japan) micro-
scope operating at a 200 kV accelerating voltage. The powder X-
ray diffraction (XRD) spectra were collected on a Shimadzu XRD-
6000 diffractometer with Cu Ka radiation. The acidity was mea-
sured with a Sartorius PB-10 pH meter (Sartorius, Dietikon,
Switzerland). The fluorescence lifetime measurements were
recorded on an Edinburgh Analytical Instruments F900 using
hydrogen lamp as a light source and 365 nm as an excitation wave-
length. Decay curve for C-dots was monitored at 450 nm. The solu-
tions containing C-dots were analyzed for n-potential values using
dynamic light scattering (Nano-Z, Malvern, UK) with laser wave-
length at 633 nm and a measurement angle of 173� (backscatter
detection) at 25 �C.

2.3. Quantum yields (QY) measurements

Quinine sulfate (0.1 M H2SO4 as solvent; QY = 0.54) was
selected as a reference. The QYs of C-dots (in water) were calcu-
lated by slope method using the reference of quinine sulfate: com-
pared the integrated photoluminescence intensity and the
absorbance value of the samples with that of the references [41].
The ux was calculated according to following Eq. (1):

ux ¼ ustðKx=KstÞðgx=gstÞ2 ð1Þ
where u is the QY, K is the gradient from the plot of integrated
fluorescence intensity versus absorbance, and g is the refractive
index of the solvent; ST and x denote the standard and the
sample, respectively. For the aqueous solutions, the gx/gst value is
equal to 1.
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2.4. Synthesis of insecticide-based C-dots

The C-dots were prepared by referring to a previous report [42].
Briefly, 0.2 g of 3-bromophenol (3-BP) was dissolved in 20 mL of
different mixed solvent. The solution was bubbled with N2 for
1 h to exclude dissolved oxygen, and then transferred to the
Teflon-lined autoclave and heated to different temperature for
8 h. After naturally cooling to room temperature, the as-prepared
C-dots was centrifuged at 10,000 rpm for 10 min to remove large
precipitates. For further purifying the C-dots, the original solution
was concentrated by rotary evaporation at 60 �C. After that, the
concentrated C-dots were re-dispersed in mixed solution of 2:1
(v/v) water and dichloromethane for 3 times to remove the unre-
acted 3-BP molecules. The purified C-dots were preserved in refrig-
erator at 4 �C for further use.
2.5. Insecticide-based C-dots as ink for patterns printing

The purified C-dots were diluted into water to form solution
with given concentration. The colorless C-dots aqueous solution
was poured into a vacant cartridge from a commercial inkjet prin-
ter. A commercially available filter paper with no background UV
fluorescence on which the C-dots adhered well was chosen as
the printing paper. The Logo and Chinese/English names of Anhui
Jianzhu University were printed on the filter paper by the inkjet
printer after the treatment of dryness. The photographs were taken
with a canon 350D digital camera under a 365 nm UV lamp.
2.6. Cellular toxicity test

The cytotoxicity study of as-prepared insecticide-based C-dots
was conducted using the MTT assay on HeLa cells. The MTT assay
was carried out according to previous report [43]. Briefly, HeLa
cells were seeded in 96-well plates at 1 � 104 cells per well in Dul-
becco’s Modified Eagle’s Medium (DMEM) medium with 10% fetal
bovine serum and 100 lg/mL penicillin/streptomycin and main-
tained at 37 �C, 95% relative humidity and 5% CO2. After incubating
for 24 h, the medium was replaced with 100 lL of fresh medium
containing a concentration of C-dots (from 0 to 100 lg mL�1). At
certain appropriate time interval (24 h or 48 h), the medium was
removed, followed by adding fresh medium (100 lL) containing
MTT (20 lL, 5 mg mL�1) into each well. After incubating the cells
for another 4 h, the absorbance of the solution was measured to
assess the relative viabilities of the cells by a Bio-Rad 680 micro-
plate reader. Optical density (OD) was read at a wavelength of
490 nm. The cell viability was estimated according to the following
Eq. (2)

Cell viability ¼ ODTreated=ODControl � 100% ð2Þ

where ODControl and ODTreated are the optical density in the absence
and in the presence of C-dots, respectively.
2.7. Cellular imaging

HeLa cells (1 � 104) were plated in a cover-glass-bottom dish in
DMEM supplemented with 10% fetal bovine serum and
100 lg mL�1 penicillin/streptomycin. After incubating for 24 h,
the cells were incubated with 100 lg mL�1 C-dots for 4 h. The cells
were then washed with phosphate buffered salt (PBS) for three
times to remove the excess C-dots. The images were immediately
taken by a confocal laser scanning microscope after the incubation
and washing operations.
3. Results and discussion

3.1. Preparation and characterization of insecticide-based C-dots

HPs are present in marine organisms and are thought to cause
the typical sea-like taste and flavor, which may play a role in chem-
ical defense and deterrence [33]. However, due to constant use in
chemical and wood industries, HPs have been detected in soils,
water and environmental organisms. The photocatalytic degrada-
tion is the currently useful method for the treatment of phenolic
compounds, which has, however, always been persecuting by
time-consuming, cost-ineffective and mineralization-incomplete
catalytic procedure [40,44]. Recently, with rapid developments in
C-dots research, the functionalization of C-dots and their applica-
tions, especially in bioimaging have become a hotspot [45,46].
On the other hand, the precursors of the C-dots are not limited in
conventional chemical reagents with high purity and the reaction
condition is relatively simple [16–29]. Both of which, together with
few reported aromatic compounds containing-based C-dots
[42,47], inspired us to reason that HPs may be carbonized at appro-
priate solvothermal condition in pursuit of highly bright C-dots.
3.1.1. Effect of solvent on preparation and characterization of
insecticide-based C-dots carbonized at 170 �C

Using 3-bromophenol (3-BP), representative of HPs, as a precur-
sor was adopted to synthesize C-dots. For seeking green synthesis
approach and utmost decreasing the amount of organic solvent,
the effect of solvent on preparation of C-dots at 170 �C, that is
the mixed solvent of ethanol and water with ratio of (v/v) 1:9,
3:7, 5:5, 7:3 and 9:1, were attempted. Briefly, 0.2 g of 3-BP was
completely dissolved in ethanol, followed by addition of different
amount of water and ethanol to obtain solutions with above ratio
solvent. The resulting solutions were transferred to the Teflon-
lined autoclave and heated to 170 �C for 8 h after the exclusion
of dissolved oxygen. The different C-dots, correspondingly denoted
as 1#, 2#, 3#, 4# and 5#, were obtained via centrifuging for one
time and then purification for several times. Due to the solubility
of 3-BP became well and well in above solution, the outputs of
C-dots also gradually increased. In consideration of the relatively
high quantum yield (19.6%, quinine sulfate as a reference, vide post)
and high output (without precipitation) of 5# C-dots, the XPS, TEM,
FTIR, XRD, lifetime decay, etc. were performed to characterize 5#
C-dots.

XPS was employed to provide convincing evidences for the sur-
face state of C-dots. The XPS spectrum of C-dots shown in Fig. 1A
exhibits the as-prepared C-dots is composed of carbon, oxygen,
and bromine. The obvious C and Br peaks were detected with bind-
ing energy at around 285 eV, and 183.7 and 69.7 eV, respectively.
In the high-resolution C1s XPS spectrum of the insecticide-based
C-dots (Fig. 1B), three peaks are observed with the binding energies
of about 284.5, 286.7 and 288.5 eV, which are attributed to CAO/
COOR, aromatic CABr, and CAC/C@O species, respectively [16].
The high-resolution Br3d XPS spectrum in Fig. 1C has two peaks
at 70.4 and 68.6 eV, which are attributed to the aromatic CABr,
and bromine anion, respectively [48]. SEM images of C-dots gave
the same result as XPS (see Fig. S1). Also, FTIR spectrum of the C-
dots (see Fig. 2A) shows the presence of the same groups. The peak
at 1027 cm�1 is ascribed to alkoxy CAOH stretching vibration [49].
The peak at 1595 and 1231 cm�1 are assigned to the aromatic C@C
and epoxide/ether CAOAC, respectively [50]. The peak from 1390
to 1490 cm�1 can be identified as COO� group [21]. A small band
at 2916 cm�1 is the CAH bonds. The peak at 1650 cm�1 is ascribed
to the CAO stretching vibration [19]. The peak at 675 cm�1 is
attributed to aromatic CABr bonds. In addition, the broad peak
around 3425 cm�1 occurs at FTIR curve because of OAH bonds.
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Fig. 1. XPS spectra of C-dots (A). High-resolution XPS data of C1s (B) and Br3d (C) of C-dots.

Fig. 2. FTIR spectrum (A), XRD pattern (B), zeta potential (C) and TEM image of C-dots (D). The inset in B is the image of C-dots was dispersed in mixed solvent of water and
dichloromethane.
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The band ranging from 750 to 890 cm�1 is the CAH bending vibra-
tion. The XRD pattern of the C-dots shown in Fig. 2B displays a
broad peak at about 24.5�, revealing an amorphous carbon phase,
which is possibly, attributed to the introduction of CAOAC, COOR
etc. groups. When the C-dots was dispersed in the mixed solvent of
water and dichloromethane, the water layer displayed high bright-
ness, but dichloromethane one, colorlessness, suggesting the excel-
lent water solubility of C-dots (see inset in Fig. 2B).

As shown in Fig. 2C, the zeta potential of the C-dots was
detected as �15.8 mV, suggesting C-dots are negatively charged
due to large amount of hydroxyl and a little carboxylic groups
anchoring on the surface of the C-dots (see Fig. 5, vide post). Mean-
while, these functional groups on the surface may bring in a series
of emissive traps, which are of great importance for the strong pho-
toluminescent property exhibited by the C-dots [29]. The TEM
image in Fig. 2D shows small particle size in a relatively narrow
size distribution and monodispersion of C-dots. The statistical par-
ticle size distribution of the C-dots is 2.5–6.5 nm with average
diameter 5.2 nm. However, HRTEM image of the C-dots do not
reveal any clear lattice fringe, indicating its amorphous nature,
which coincides well with the XRD result.

3.1.2. Emission properties of insecticide-based C-dots
To explore the optical properties of the C-dots, the photolumi-

nescence and UV–vis absorption spectra were studied at room
temperature, and the normalized spectra of 1# to 5# were shown
in Fig. 3. The peak absorptions, maximum excitation and emission
wavelengths centered at 274, 367 and 440 nm, respectively. The
differences can be distinguished from the integrated and normal-
ized UV–vis, excitation and emission spectra (see Fig. S2). With
the organic solvent content in solution being increased, the absorp-
tion between 290 and 310 nm gradually red-shifted. Meanwhile,
the maximum emission gradually broadened from sharp peak cen-
tered at 430 nm to broad one at 430–450 nm, but the maximum
excitation, blue-shifted at band from 318 to 330 nm. Under the
excitation of a 365 nm UV lamp, all the five C-dots can emit
brightly blue light (see insets in Fig. 3A–E), suggesting the high
QY of the C-dots.



Fig. 3. Normalized UV–vis, excitation and emission spectra of 1# (A), 2# (B), 3# (C), 4# (D) and 5# (E) C-dots. Insets in A–E are the respective photographs taken under
365 nm UV lamp. Fluorescence decay for 5# C-dots in aqueous solution (F). Inset in F is the residual error.
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The excitation-dependent emission is a common phenomenon
for carbon-based fluorescent nanomaterials [19,29]. This phe-
nomenon allows for multiple colors emitted via photolumines-
cence under different excitation wavelengths, which is of great
significance for two-photonisc imaging and biomedical applica-
tions due to the effective avoidance of harmful UV or blue excita-
tions [51]. When the excitation wavelengths were changed from
300 to 410 nm with an interval of 10 nm, the corresponding emis-
sion wavelengths for five C-dots all gradually red-shifted from 420
to 520 nm. Meanwhile, the emissions firstly enhanced, and then
gradually decreased with the feature of 360 nm as a common max-
imum excitation wavelength (see Fig. S3). In addition, the spectra
profiles seem very messy for 1# and 2# C-dots, but regular for
other three ones. The QYs of the C-dots were also determined by
slope method using quinine sulfate as a reference. From 1# to
5#, the QY value gradually increased from 15.3%, 16.5%, 16.8%,
18.6% to 19.6% (see Fig. S4), which are relatively great values
among C-dots and suggests the tremendous potential of our C-
dots for bioimaging.

Seeing that high QY of 5# C-dots, the pH- and time-dependent
emissions, and effects of different solvents and ionic strength on
emission were therefore further investigated. The C-dots is freely
and easily dispersible in water, exhibiting good water solubility.
The effect of time on emissions shown in Fig. S5A under UV irradi-
ation indicates that the C-dots is highly resistant to photobleach-
ing. Moreover, the emission behavior is independent of ionic
strength of the medium. The emission almost remains unchanged
with varied concentrations of NaCl in the aqueous solution
(Fig. S5B). As shown in Fig. S6C, the emission enhanced with the
increase of pH from 3 to 11. The presence of many AOH and a little
COO� group in the C-dots may have caused this relationship
[16,52]. These groups make the C-dots similar to properties of
amino acids, which are ampholytes and have varying isoelectric
points and dissociation constants. This pH-dependent emission is
further supported by zeta potential analysis (Fig. 2C).

The emission redshift for the C-dots is somewhat dependent on
solvent as comparing DMF, THF, water and acetone (Fig. S7). This
solvent effect could be caused by solvent attachment or the forma-
tion of different emissive traps on the surfaces of the C-dots
[53,54]. The time-resolved fluorescence decay curve measured by
the time-correlated single photon counting method is shown in
Fig. 3F. The decay curve fits well to bi-exponent nature as demon-
strated by the residuals. The fluorescence lifetime of the C-dots are
s1 = 1.12 ns and s2 = 4.49 ns, and mean lifetime is calculated to be
1.74 ns. As shown in Fig. 3A–E, the PL peak at 440 nm can be
excited in a narrow wavelength range. The main PL excitation
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bands well agree with the corresponding defect-state absorption
bands, suggesting that the emission is characterized by defect-
state decay rather than bandedge exciton-state decay. This intrin-
sic PL characteristic is also exhibited in the PL decay curve, which
shows di-exponential decay and one short lifetime [45].
3.1.3. The effect of temperature on preparation of insecticide-based C-
dots

Temperature plays a key role in the synthesis of C-dots, which
exerts great effect on QY, emission, morphology, and so on. The
effects of temperature on the insecticide-based C-dots were also
considered in the present work. Similar to the excitation-
dependent emissions of solvothermal C-dots, when the carboniza-
tion temperature was increased from 150 to 170 �C, and the exci-
tation wavelengths were changed from 300 to 400/410 nm with
an interval of 10 nm, the corresponding emission wavelengths all
gradually red-shifted from 420 to 520 nm. Meanwhile, the emis-
sions took on first enhancement, and then gradual decrease featur-
ing 360 nm as a common maximum excitation wavelength (see
Fig. S8). In addition, the spectra profiles seem considerably messy
for C-dots obtained at 150 and 160 �C. As shown Fig. 4A–C, differ-
ent from the slight effect of solvent constitution on the spectra pro-
files, the peak absorption, maximum excitation and emission
wavelength retain unchanged and centered at 273, 365 and
430 nm, respectively, at 150, 160 and 170 �C of carbonization tem-
perature (see Fig. S9). The QYs of the C-dots were also determined
as 5.3%, 11.36% and 19.6% for C-dots carbonized at 150, 160 and
170 �C (5# C-dots), respectively (see Fig. 4D), which agreed well
with the images under 365 nm UV lamp (see insets in Fig. 3A–C).
The effect of pH on emission of C-dots carbonized at 150 and
160 �C took on the same enhancement as that done at 170 �C
(see Fig. S6A and B). The TEM results indicate that, different from
the character of small size distribution and monodispersion of 5#
C-dots, C-dots carbonized at relatively much lower temperature
displayed much more irregular morphology and aggregation state
Fig. 4. Normalized UV–vis, excitation and emission spectra of C-dots carbonized at 150
respectively. Insets in A–C are the respective photographs taken under 365 nm UV lam
quinine sulfate as a reference (D).
(see Fig. S10). Therefore, properly high carbonized temperature
and mixed solution with high organic content will be helpful to
synthesize the eligible C-dots using 3-BP as a precursor.
3.2. Possible mechanisms and incompact framework structure of
insecticide-based C-dots

It is now very difficult to propose definitive mechanisms for the
preparation of C-dots owing to the harsh synthetic conditions and
complicated carbonization of precursors, which does not, however,
hamper us to infer some possible reactions according to the exper-
imental results and concrete precursors [50,55]. Herein a possible
mechanism as shown in Fig. 5 was proposed for the synthesis of
insecticide-based C-dots. Two possible main classes of reaction
happened among 3-BP molecules: one is a dehydrobromide to
form phenyl ether analogue (denoted as Reaction 1). The other is
a Yamamoto reaction to link aromatic rings through two Csp2
CAH direct binding (denoted as Reaction 2). Large number of Reac-
tions 1 and 2 simultaneously arose to form polymer-like C-dots
and finally carbogenic C-dots are formed by probable nuclear burst
at supersaturation point. Providing essential evidences to confirm
the mechanisms is required. Reaction 1 is a routine one to prepare
phenyl ether, which was verified by the occurrence of CAOAC
characteristic on FTIR spectrum (see Fig. 2A) [50]. The existence
of Br� on XPS spectrum also gave same result (see Fig. 1C). The
13C NMR spectrum of C-dots with assignment of the resonances
is shown in Fig. S11. The complex spectrum curve indicates the
aromatic carbon was involved in complex chemical reaction. The
signal peak at 132.6 ppm corresponds to the substituted phenyl
carbons binding with oxygen atom. The signal peak at 98.2 possi-
bly attributes to carbon binding with bromine atom due to shield
effect. The signal peak for unsubstituted phenyl carbons is located
at 117.7 ppm. The high-intensity peak at 124.5 ppm is ascribed to
the signal peak of substituted phenyl carbons through Yamamoto
reaction [47,48,56,57]. The strong Csp2 CAC peak on XPS spectrum,
�C (A), 160 �C (B) and 170 �C (C) in mixed solvent of ethanol and water (v/v, 9:1),
p. Quantum yield calculation of C-dots carbonized at different temperature using
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to a certain extent, testified the existence of Yamamoto reaction.
Friedel–Crafts reaction is another possible one to link two aromatic
rings (denoted as Reaction 3). The strong Csp3 CAC peak on 13C
NMR spectrum demonstrates the possible occurrence of Friedel–
Crafts reaction to link aromatic ring-containing molecules to form
polymers (see Fig. S11) [58].

Because transition metal and rare-earth ions are deeply rooted
in the host lattice of doped QDs and upconversion nanoparticles,
respectively, the dissolved oxygen in solution is prevented from
contacting with the excited triplet state, resulting in the effective
phosphorescence [59,60]. Both FTIR and XPS spectra signal
triplet-producing aromatic ring and triplet-promoting bromine in
insecticide-based C-dots. Given the framework structure of our
C-dots is as compact as that of doped QDs and upconversion
nanoparticles, the triplet state will be activated and surprisingly
efficient RTP will be therefore observed in both solid state and liq-
uid state. As shown in Fig. S12, both the fluorescence and RTP at
528 nm with 3.7 ms of lifetime decay were observed in solid state
at the same time, which testified the bromobenzene form still
holds emission property of RTP. However, the RTP disappeared in
liquid state, indicating the incompact framework structure of C-
dots. This result will provide an innovative method for the deter-
mination of compactness of host materials.

3.3. Patterns printing using C-dots prepared by mimetic insecticide
residuals as a colorless ink

To further verify the availability and practicability of the pro-
posed method, a lab-leveled mimetic insecticide residuals
approach was conducted to synthesize C-dots in the present work
(see Fig. 6-left). In brief, 3-BP emulsion was sprayed on the surface
of fruits and then dried prior to either wash the surface with etha-
nol or sonicate in water for 5 min. The resultant solution was col-
lected, concentrated, excluded dissolved oxygen, and then
transferred to the Teflon-lined autoclave and heated to 170 �C for
8 h. After naturally cooling to room temperature, the as-prepared
C-dots was centrifuged at 10,000 rpm for 10 min to remove large
precipitates. To further purify the C-dots, the concentrated C-dots
were re-dispersed in mixed solution of 2:1 (v/v) water and dichlor-
omethane for 3 times to remove the unreacted 3-BP molecules.

The highly bright C-dots was utilized as a colorless ink for print-
ing patterns [47,55]. Colorless C-dots aqueous solution with con-
centration over 2.0 � 10�3 mg mL�1 was poured into a vacant
cartridge from a commercial inkjet printer. This concentration is
a critical one, which gave strong enough fluorescence to be
detected under a UV lamp, making words and images visible. The
original versions of Logo, Chinese/English names, School motto,
and Entrance door with Hui Style of Anhui Jianzhu University
(from up to bottom) are shown in Fig. S13. The printed versions
were invisible in daylight, but were clearly observed under a
hand-held 365 nm UV lamp (see Fig. 6-right). Moreover, the
printed patterns retained their stability after it was placed among
book pages for months, which is beneficial for practical
applications.

3.4. Cytotoxicity and bioimaging of insecticide-based C-dots

The cytotoxicities of insecticide-based C-dots and 3-BP were
evaluated using HeLa cells with an MTT viability assay. The
concentration-dependent cell viabilities on C-dots and 3-BP are
shown in Fig. 7A. At concentrations of 12.5, 25, 50 and 100 mg L�1,
the relative cell viability was about 85% for C-dots and 25% for 3-BP
after a 48 h exposure even with a concentration of 100 mg L�1. The
results indicate insecticide-based C-dots not only show a low tox-
icity to the HeLa cells but also a much lower toxicity to the HeLa
cells than 3-BP at relatively high concentration. Since the inherent
toxicity of the C-dots is negligible, they could be used for potential
biological applications such as bioimaging, protein analysis, cell
tracking, isolation of biomolecules, and gene technology.

Bestowed with superior optical properties such as high QY,
excellent photostability, low toxicity, good biocompatibility and
high water solubility, the insecticide-based C-dots is expected to
serve as excellent fluorescent probes for in vitro bioimaging. To
evaluate this capability, HeLa cells were cultured in a culture med-
ium, and confocal microscopic images were taken using a 405-nm
laser at a low voltage. It can be seen from Fig. 7B–D that after incu-
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bation of insecticide-based C-dots with HeLa cells, the blue emis-
sions of C-dots sample could be clearly observed from HeLa cells
when excited at 405 nm. The emissions mainly located at the areas
of the cell membrane and cytoplasm, especially around the cell
nucleus. Whereas the brightness of C-dots was very weak inside
the cell nucleus [16,29,61]. Importantly, no morphological damage
of the cells was observed upon incubation with C-dots further
demonstrated their low cytotoxicity, indicating the insecticide-
based C-dots have great potentials in bioimaging and other
biomedical applications.
4. Conclusions

In summary, using 3-BP residual as a precursor to prepare C-
dots was proven to be an effective strategy and an innovative
method of making poison profitable. Higher organic solvent con-
tent in solution at same carbonization temperature resulted in a
higher output of C-dots with analogue size and QY. Meanwhile,
higher carbonization temperature using a same solution with high
organic solvent content is in favor of the formation of C-dots with
higher QY and smaller size. Interestingly, all insecticide-based C-
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dots were completely water-soluble and remarkably stable against
ionic strengths and light illumination. A lab-leveled mimetic insec-
ticide residuals approach was adopted to synthesize C-dots at
170 �C and mixed solution of some (v/v) 9:1 of ethanol and water.
They were utilized not only as colorless inks for printing patterns
but also as fluorescence probe for bioimaging. Other pesticide
and hazardous chemicals as precursors to prepare C-dots are in
progress.
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