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Abstract 

In this paper, a novel thermal-reduced carbon dots (t-CDs) based fluorescence resonance energy transfer 

(FRET) sensor for determination of vitamin B12 (VB12) in aqueous solution is reported. Carbon dots 

(CDs) have attracted great attention due to their excellent tunable optical properties, low cost, easy 

fabrication and low toxicity, which makes them an ideal candidate for optical sensors. Through 10 

esterification reactions, blue luminescent t-CDs were prepared from carbonization of citric acid and 

thermally reduced by thermo gravimetric analyzer. After thermal reduction, the quantum yield of t-CDs 

demonstrated a 5-fold increment, which makes t-CDs an excellent donor in FRET process. The t-CDs 

were used to detect VB12 with the concentration ranging from 1 to 12µg/ml and their limit of detection 

(LOD) was as low as 0.1µg/ml. The as-synthesized t-CDs based optical probing technique demonstrates 15 

to be simple, cost-effective, sensitive and selective for detecting biologically significant VB12.

1. Introduction 

Vitamins are known essential organic compounds needed for 

functioning healthy humans. Vitamin B12 (VB12) is one of a series 

of cobalt tetraazamacrocyclic complexes, which plays a vital role 20 

in red blood cell formation and nerve cell maintenance.1-3 VB12 

deficiency causes severe and irreversible damage, such as 

anemia, metabolic abnormalities and psychosis. Extravagant 

absorption of VB12 may also leads to unexpected adverse effects. 

Therefore, determination of VB12 has received tremendous 25 

attention in the last decades. Traditional approaches like high-

performance liquid chromatography (HPLC), chemiluminescence 

and atomic absorption spectrometry are widely applied to detect 

VB12 with high sensitivity. 4-8 Unfortunately, the above-

mentioned detection techniques were significantly hindered by 30 

time-consuming procedures, high equipment cost, or complex 

pre-separation. Thus, it is necessary to develop a cost-effective 

and high sensitive method to determine the level of VB12.  

    Due to simple instruments and easy operation properties, 

fluorescence resonance energy transfer (FRET) techniques have 35 

received tremendous interests for detection of ions and small 

organic molecules, 9-12 that utilize energy transfer between two 

chromphores (one is as donor and another is an acceptor). Briefly, 

the donor is initially excited to high energy state and transfer 

energy to the acceptor via nonradiative dipole-dipole coupling.13 40 

The FRET system should satisfy two conditions: (a) the emission 

spectrum of the donor and the absorption spectrum of the 

acceptor are appreciably overlapped to an extent; (b) the distance 

between donor and acceptor is in nanometer scale (1 to 10nm).  

    Carbon dots (CDs) have received tremendous attention due to 45 

their excellent tunable optical property, better photostability, easy 

fabrication, low cost and better biocompatibility.14, 15 In contrast 

to conventional fluorescent materials like organic dyes and rare 

earth quantum dots, the emission peak of CDs can be easily 

controlled in a big wavelength range with relatively small 50 

FWHM (full wavelength at half maximum), which make CDs 

appropriate to detect diverse bio organic molecules but only if the 

emission peak of CDs (donors) and the absorbance peak of bio-

molecules (acceptors) are highly matched. Moreover, the surface 

structure of CDs can be easily engineered to demonstrate a strong 55 

bonding with specific detected acceptors, which allows for a short 

distance between CDs and acceptors. These excellent properties 

satisfy the requirements of FRET system and make CDs excellent 

potential donors in FRET optical systems with high selectivity 

and sensitivity. 60 

    In this paper, thermal reduction strategy was applied to obtain 

high luminescent CDs via heating at 300°C (as shown in scheme 

1 (a)). Compared to other modification methods, the CDs would 

be less contaminated because no chemical reagents are used in 

this method.16-23 Therefore, the thermal reduced CDs are suitable 65 

in bio and medical applications. The t-CDs based optical sensor 

was developed to determine the level of VB12 (As shown in 

scheme 1 (b)). The limit of detection (LOD) was decreased from 

0.4 µg/ml (LOD for CDs based optical sensor) to 0.1µg/ml 

(100ppb), which was improved in comparison with CdTe QDs 70 

based optical sensor (LOD = 150ppb)24 and close to conventional 

approaches like HPLC and chemiluminescence. 
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Scheme1. (a) Thermal reduction process from CDs to t-CDs and (b) fluorescence resonance energy transfer process from t-CDs to 

Vitamin B12 

2. Experimental section 5 

2.1 Materials 

Citric acid, sodium hydrate, quinine sulfate and vitamin B12 were 

purchased from Sigma-Aldrich. Dialysis bags (molecular weight 

cut off = 2000Da) were also ordered from Sigma-Aldrich. All 

reagents were used as received without any further purification. 10 

 2.2 Sample Preparation 

CDs were prepared as described previously.25 Briefly, 2 g CA 

were put into a 10 mL beaker and heated at 200°C on a hot plate. 

About 5 minutes later, the CA was liquated. Subsequently, the 

color of the liquid changed from colorless to pale yellow, and 15 

then orange after 30 minutes, implying the formation of CDs. The 

obtained orange liquid for preparing CDs was neutralized to pH 

7.0 with 10 mg/ml NaOH solution.  

The mixture was further dialyzed in a dialysis bag (retained 

molecular weight: 2000 Da) to obtain greenish yellow fluorescent 20 

CDs. The thermal reduction reactions were carried out in a 

thermo gravimetric analysis (TGA) instrument (Q50 TA). 3mg 

CDs were put onto a platinum pan and heated at 300 °C for 2 

hours. After that, brightly blue luminescent t-CDs were obtained. 

The CDs and t-CDs were dispersed in DI water and were both 25 

sonicated for 30 minutes in an ice bath, using a bath 

ultrasonicator (60W, frequency 40KHz, Model 2510, Branson) to 

achieve uniform and stable solutions (25µg/ml). VB12 solution 

was prepared by dissolving the required amount of VB12 powder 

in DI water. Then 200µl CDs solution or t-CDs solution was 30 

firstly added into a 5ml volumetric flask. After that, various 

specific amount of VB12 solution was also added and finally the 

mixture was mixed with DI water to obtain 5ml solution. The 

concentration of CDs or t-CDs in mixture solution was kept at 

10µg/ml and concentration of VB12 was varied from 0.04µg/ml 35 

to 12µg/ml.  

2.3 Characterization 

UV absorbance measurements were carried out on a JASCO 

V−550 UV−vis spectrophotometer, equipped with a Peltier 

temperature control accessory. Fluorescence spectra were 40 

measured on a FluoroMax-3 spectrofluorometer. All spectra were 

recorded in a 1.0 cm path length cell. FTIR characterization was 

carried out on a Nicolet IS10 FTIR spectrometer by KBr pellet 

method. The samples were thoroughly ground with exhaustively 

dried KBr. XPS spectra were carried on X-ray photoelectron 45 

spectroscopy (XPS, PHI5000 Versa Probe). TEM images were 

recorded using a HITACHI 8100 transmission electron 

microscope operating at 75 kV. The zeta potential was 

characterized by a Malvern Zetasizer Nano ZS90 Dynamic Light 

Scattering. Quantum Yield (QY) Measurements were used to 50 

calculate the quantum yield of CDs and t-CDs. Quinine sulfate in 

0.1M H2SO4 (QY = 0.54) was chosen as a standard. The quantum 

yields of CDs, t-CDs in water were calculated according to the 

formula: Φ = Φs(I/Is)(A/As)(ns/n).26 Where Φ is the quantum 

yield, I is the measured integrated emission intensity, n is the 55 

refractive index of the solvent (1.33 for water), and A is the 

optical density. The subscript “s” refers to the reference standard 

with known quantum yield. 

3. Results and discussion 

3.1 Structural Characterization 60 

CDs which emit green luminescence were synthesized as 

previously reported,25 and then they were thermally reduced at 

300°C for 2 hours. The obtained thermal reduced CDs (t-CDs) 

showed an improvement in the photoluminescence intensity and 

the aqueous solution of t-CDs was stable for at least six months at 65 

room temperature. As shown in the Fig. 1 (a) and (b), the 

transmission electron microscope (TEM) images showed that 

both CDs and t-CDs were well dispersed and their size 

distribution were similar. It demonstrated that the thermal 

reduction made no major difference in the size of CDs. The 70 

dynamic light scattering results also presented the similar size 

distribution (4.8-9nm) and the similar average size (6nm) for CDs 

and t-CDs, as shown in Fig. 1 (d) and 1(e), which was consistent 

with the results of TEM. It indicated that the luminescent blue 

shift of t-CDs could result from the change of surface chemical 75 

structures and the decrease of surface defect after thermal 

reduction rather than size distribution. High-resolution TEM 

(HRTEM) image (Fig. 1(c)) reveals the crystallinity structure of 

the CDs, which is similar to that of many other reported CDs.27-29 

Fourier transform infrared (FT−IR) spectroscopy was used to 80 
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Figure 1. TEM images of (a) CDs and (b) t-CDs, High-resolution TEM (HRTEM) image of CDs (c) and size distribution of (d) CDs 5 

and (e) t-CDs via dynamic light scattering (DLS) 

 
Figure 2. FT-IR spectra of t-CDs and CDs (a) and Deconvoluted XPS C1s core level spectra of CDs (b) and t-CDs (c) 

 

further study the surface functional groups and chemical 10 

component of CDs and t-CDs. As shown in Fig. 2(a), the 

stretching vibrations of C-OH at 3430 cm-1, –C=C- at 1595 cm-1 

and –C-O-C- at 876 cm-1 were found for both CDs and t-CDs. 

However, the stretching vibration absorption bands of –COO at 

1715 cm-1 and -C-O-C- at 1250 cm-1 were only observed for CDs. 15 

The vibration of C-OH, -C-O-C- and -COO for CDs indicated the 

existence of functional groups of hydroxyl, carboxyl and epoxy 

on the surface of CDs. After thermal reduction, the vibration 

absorption bands of –COO at 1715 cm-1 and -C-O-C- at 1250 cm-

1 disappeared. Meanwhile, vibrations of –CH at 2920cm-1 were 20 

observed in t-CDs, demonstrating that the functional  groups of –

COO are thermally reduced on the surface of t-CDs.30 In addition, 
X-ray photoelectron spectroscopy (XPS) results (Fig. S1) indicate 

that the CDs and t-CDs are mainly composed of carbon and 

oxygen. The results demonstrate that the oxygen content is 25 

reduced after thermal reduction. The highresolution spectrum of 

C1s exhibits four main peaks (Fig. 2b and c). The binding energy 

peak at 284.5 eV confirms the graphitic structure (sp2 C-C) of the 

CDs and t-CDs. The peak at about 286.7 eV suggests the 

presence of C-O, and the peak around 288.1 eV and 288.9could 30 

be assigned to C=O and –COOH, respectively. After thermal 

reduction, the contents of C=O and –COOH are decreased. The 

result is consistent with FTIR result. 

The average zeta potential of CDs and t-CDs is -21.36±1.38 

mV and -15.16±2.01 mV (pH=7.0), respectively. It indicates that 35 

thermal reduction decreased the surface charges of CDs due to 

the decrease of epoxy and carboxyl groups. These results are 

consistent with the FT-IR and XPS results. 

3.2 Optical Characterization 

The optical properties of CDs and t-CDs were studied using UV-40 

vis absorption and photoluminescence spectroscopy. As shown in 

Fig. 3 (a), due to the n-π* transition, an obvious peak at 350nm 

was observed in the UV-vis absorption spectra of CDs. In 

comparison, there was no obvious peak observed in UV-vis 

spectra of t-CDs, which was due to the decrease of carboxyl and 45 

epoxy groups during the thermal reduction process. As shown in 

Fig. 3 (b) and (c), the CDs showed the maximum excitation and 

emission wavelengths near 370nm and 460nm, whereas the 
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Figure 3. (a): UV-vis absorption and normalized photoluminescence spectra of CDs and t-CDs. Insert: photograph of the CDs (left) and 

t-CDs (right) aqueous solution under visible light and 365 nm UV light, respectively, (b): Emission spectra of the CDs with excitation of 

different wavelengths, (c): Emission spectra of the t-CDs with excitation of different wavelengths 5 

Table 1. Quantum Yield of the as-synthesized CDs and t-CDs 

Sample Integrated emission Intensity 

(a.u.) 

Absorbance at 

340nm(a.u.) 

Refractive index of solvent 

(n) 

Quantum Yield (%) 

Quinine sulfate 2504394589 0.0418 1.33 54%

CDs 211713269 0.0583 1.33 3.27%

t-CDs 988546174 0.0525 1.33 16.28%

 

maximum excitation and emission wavelengths of t-CDs were 

near 330nm and 420nm. 

In contrast to CDs, a blue shift of the emission peak was 10 

observed in the photoluminescence spectra of t-CDs. This 

increase in the band gap was due to less carboxyl groups existing 

on the surface of the t-CDs. The CDs and t-CDs both exhibited 

excitation-dependent properties. The maximum emission 

wavelength of CDs was dependent on the excitation wavelength, 15 

shifting from 430-520nm when excited from 280-480nm. In 

comparison, the t-CDs had maximum emission wavelength 

ranged from 420-470nm, while the excitation wavelength ranged 

from 280-465nm. The broad and excitation-dependent emission 

of CDs and t-CDs presented the effects from different emission 20 

sites of each sp2 clusters.31, 32 The imperfect absorption peak of 

CDs and broad absorption below 600nm of t-CDs both 

demonstrated those sp2 clusters contained in CDs and t-CDs were 

not uniform in size.  

The QY of the CDs and t-CDs at 340nm were 3.27% and 25 

16.28%, respectively (selecting quinine sulfate as the standard), 

which indicated that thermal reduction could significantly 

improve the QY of CDs (As shown in table 1). Combining the 

results of FT-IR and XPS and the measurement of QY, the 

decrease of carboxyl group in t-CDs significantly enhanced the 30 

photoluminescence of CDs.33 As shown in Fig. S2, the result 

shows good photostability of t-CDs in aqueous solution. 

3.3 CDs and t-CDs for sensing VB12 

In order to detect VB12 in aqueous solution, the CDs and t-CDs 

based optical sensors were developed. As shown in Fig. 4a, VB12 35 

has an obvious peak at 550nm in the range from 400 to 800nm, 

which is attributed to the π-π* transition. The photoluminescence 

spectra of CDs and t-CDs at pH=7 were demonstrated in the Fig. 

4 (b), where t-CDs presented 4 times higher luminescence 

intensity than that of CDs, which was consistent with the result of 40 

quantum yield of CDs (3.27%) and t-CDs (16.28%). 

The integral overlap spectrum of the UV-vis absorbance spectrum 

of VB12 and the emission spectrum of CDs or t-CDs was showed 

in the Fig. 4 (c) and (d). These spectra exhibited an evident 

overlap between the luminescence spectrum of CDs or t-CDs and 45 

the absorption spectrum of VB12. It indicated that the possibility 

of fluorescence resonance energy transfer process from CDs or t-

CDs to VB12. As shown in Fig. 4e, the fluorescence intensity vs 

the VB12 plot can be curve-fitted into (I0/I) = KSV[VB12] + 0.9769, 

close to the Stern−Volmer equation with a correlation coefficient 50 

R2 of 0.998 and KSV is 38.337 mg/ml. Fig. S3 shows kinetic 

behavior of the fluorescence in t-CDs–VB12 system, which has 

long time stability. 

The luminescence spectra of CDs or t-CDs at the presence of 

different concentrations of VB12 were presented in Fig. 5. The 55 

emission intensity of CDs or t-CDs decreased with enhancing 

concentration of VB12, which indicted CDs- or t-CDs-VB12 

system were efficient FRET system. Under the specified optimal 

reaction conditions, the linear calibration graphs were constructed 

for energy transfer efficiency of CDs or t-CDs for different 60 

concentrations of vitamin B12 samples. Each concentration was 

analyzed three times. The efficiency of fluorescence energy 

transfer process has been calculated from following equation 

																																E �
F� � F

F�
∗ 100%																																									�1� 

 

 65 
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Figure 4. (a) UV-vis absorbance spectrum of vitamin B12, (b) 0.01mg/ml CDs and t-CDs PL intensity via 360nm excitation, (c) the 

spectral overlap between the fluorescence of the CDs (360nm excitation) and the absorbance spectrum of VB12, (d) the spectral overlap 

between the fluorescence of the t-CDs (360nm excitation) and the absorbance spectrum of VB12, and (e) Stern−Volmer plot of CDs 5 

quenched by VB12 aqueous solution 

 

Figure 5. (a) Fluorescence quenching of CDs in the presence (black line) and absence (other colors) of concentration of vitamin B12 from 

1 to 12µg/ml. (b) the plot of calibration graph for the efficiency of FRET process vs. concentration. (c) fluorescence quenching of t-CDs 10 

in the presence (black line) and absence (other colors) of concentration of vitamin B12 from 1 to 12µg/ml. (d) the plot of calibration graph 

for the efficiency of FRET process vs. concentration 

where F is the donor fluorescence intensity in absence (F0) and presence (F) of the acceptor.For 0.4µg/ml addition of VB12 to t-
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CDs aqueous solution only 2% energy transfer occurs, whereas 

for 12µg/ml addition the energy transfer is 31%, as shown in 

Fig.5(c). It demonstrated that the efficiency of energy transfer 

increases with the gradual addition of VB12. The same tendency 

is obtained from CDs and the energy transfer efficiency is 32% 5 

for the 12µg/ml VB12 addition, which is almost equal to that of t-

CDs (31%), as shown in Fig. 5(a). It confirmed that CDs and t-

CDs are both excellent donors in FRET process. It demonstrated 

that the reduced epoxy and carboxyl group did not diminish the 

efficiency of FRET process and the t-CDs still had strong affinity 10 

to VB12. The graph of CDs and t-CDs in Fig. 5(b) and (d) were 

linear in the concentration range of 1-12µg/ml with a correlation 

coefficient R2=0.98623 and 0.98962, respectively. The high 

correlation coefficient indicated that CDs or t-CDs based optical 

sensor had high detective accuracy. 15 

According to IUPAC criterion,31 the limit of detection (LOD) 

is calculated as the concentration of VB12 which produces an 

analytical signal that is three fold the standard deviation (n=4) of 

the blank signal. From this criterion, the standard deviation of the 

blank signal was an essential parameter to affect the LOD of 20 

optical sensor. For CDs based optical sensor, the standard 

deviation of photoluminescence intensity 1.87%, whereas the t-

CDs based optical sensor was 0.36%, which was much smaller. It 

exhibited that as-synthesized t-CDs aqueous solution acquired 

more uniform and stable optical properties and higher 25 

photostability, due to decreased carboxyl group after thermal 

reduction. The carboxyl group had a significant impact on 

nonradiative recombination during surrounding change like pH.34 

Repeated experiment was performed to obtain LOD with various 

concentration of VB12 in 10µg/ml CDs or t-CDs aqueous solution. 30 

The LOD of CDs based optical sensor was 2µg/ml, however the 

LOD of t-CDs based optical sensor was 0.1µg/ml (as shown in 

Fig. S4 and S5). It demonstrated that the t-CDs based optical 

sensor obtained significantly higher sensitivity to detect VB12 in 

contrast to CDs based optical sensor. As shown in Figure S6, the 35 

100µg/ml glycine, tyrosine and melamine is added into 25µg /ml 

t-CDs solution, respectively. It is obvious to demonstrate that 

there is no evident change of PL intensity in presence of glycine, 

tyrosine and melamine, which shows the t-CDs-based sensor 

obtains good selectivity. 40 

The LOD of t-CDs is100 ppb, which is similar with that of 

CdTe quantum dots based FRET optical sensors (150 ppb [24]). 

However, the photoluminescence behaviors of t-CDs are tunable 

and their simple synthesis technology allows for mass production, 

which is significantly better than CdTe quantum dots based 45 

FRET optical sensor. In addition, as-synthesized t-CDs based 

FRET optical sensors possess more advantages like low cost, 

environmental friendly fabrication process. Moreover, the lower 

cytotoxicity and higher biocompatibility make it potential to 

detect VB12 in vivo. The advantages discussed above demonstrate 50 

that t-CDs are superior in the FRET process to detect VB12 in 

comparison with CdTe quantum dots. 

4. Conclusion 

In a summary, an environmentally benign method was firstly 

used to improve quantum yield of carbon dots via thermal 55 

reduction. Compared to the neat carbon dots, the thermal-reduced 

carbon dots demonstrated more uniform and stable optical 

properties with significantly enhanced quantum yield. This is 

mainly due to reduced carboxyl group. The thermal-reduced 

carbon dots based fluorescence resonance energy transfer optical 60 

sensors were demonstrated to be very effective in the detection of 

VB12 in aqueous solution with the concentration ranging from 1 

to 12µg/ml and their limit of detection (LOD) was as low as 

0.1µg/ml. The as-synthesized thermal-reduced carbon dots based 

optical probing technique demonstrates to be simple, cost-65 

effective, sensitive and selective for detecting biologically 

significant VB12. The present work may open a pathway for a 

facile and fast method to detect other small biomolecules through 

utilizing thermal-reduced carbon dots as the novel donor in FRET 

optical probes.  70 
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