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Abstract

Carbon dots have garnered attention for their strong multi-color luminescence properties and 

unprecedented biocompatibility. Despite significant progress in the recent past, a fundamental 

understanding of their photoluminescence and structure-properties relationships, especially at the 

bulk vs. single-particle level, has not been well established. Here we present a comparative 

study of bulk- and single-particle properties as a function of precursor composition and reaction 

temperature. The synthesis and characterization of multicolored inherently functionalized carbon 

dots were achieved from a variety of carbon sources, and at synthesis temperatures of 150 °C and 

200 °C. Solvothermal synthesis at 200 °C led to quantum yields as high as 86%, smaller particle 

sizes, and a narrowed fluorescence emission, while synthesis at 150 °C resulted in a greater 

UV–visible absorbance, increase in nanoparticle stability, red-shifted fluorescence, and a greater 

resistance to bulk photobleaching. These results suggest the potential for synthesis temperature to 

be utilized as a simple tool for modulating carbon dot photophysical properties. Single-particle 

imaging resolved that particle brightness was determined by both the instantaneous intensity and 
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the on-time duty cycle. Increasing the synthesis temperature caused an enhancement in blinking 

frequency, which led to an increase in on-time duty cycle in three out of four precursors.

1. Introduction

Carbon dots (CDots) and carbon nanoparticles (CNPs) have generated interest due to 

their fluorescent properties and improved biocompatibility compared to other fluorescent 

nanoparticles such as semiconductor quantum dots [1–3]. The fluorescent properties of 

these particles are believed to be caused by two properties: the sp2 characteristic of the 

CDot/CNP core, and the surface state’s extrinsic fluorescence [4]. Together, these two 

properties contribute to a bandgap, transitions within which lead to fluorescence [4]. CDot 

fluorescence has also been attributed to defects on the surface of these particles [5].

These nanoparticles have been used in a variety of applications in cellular and in-vivo 

biological imaging, biosensing, and drug and gene delivery [6–11]. Bioimaging applications 

have included in-vivo imaging of gliomas [6] and sentinel lymph node mapping in mice 

[7], as well carbon dots injected for other contrast applications [8–11]. Carbon dots have 

also been used in ex-vivo imaging for bone microcrack detection [12], as well as multicolor 

imaging [13], live-cell imaging [14], and intracellular tracking [15]. Sensing applications of 

carbon dots have included examples such as pH sensing [16] and the detection of metals and 

hormones [17–19]. Carbon dots have also been utilized in delivering cancer drugs [20], as 

well as in the non-viral delivery of DNA for therapeutic applications [21,22].

A variety of surface functionalization techniques have been explored in order to enhance 

carbon dot brightness and tune emission wavelengths for bioimaging applications. These 

include methods such as surface passivation with polymers and other molecules [23,24], 

and the incorporation of divalent cations and organic solvents during synthesis [25]. Other 

reports have demonstrated a relationship between the carbon source functional groups and 

nanoparticle surface functional groups [17,26,27]. Additionally, there has been much interest 

in producing carbon nanoparticles with high quantum yields [28–30], as well as utilizing 

these nanoparticles in single-particle imaging applications [31–33].

While other particle types such as semiconductor quantum dots have been studied 

extensively at the single-particle scale [34–39], there is a need for a fundamental 

understanding of the effects of carbon nanoparticle composition and synthesis parameters 

on the photophysical properties of these nanoparticles, especially at the single-particle 

level. The goal of this work is to explore the effects of carbon source and synthesis 

temperature on the bulk and single-particle level photophysical properties (Fig. 1). To 

the best of our knowledge, there have been no previous reports that have explored this 

relationship. To this end, nanoparticles were synthesized using 4 different precursors and 2 

synthesis temperatures. The precursors were chosen such that we evaluated both mono- and 

disaccharides, as well as α and β isomers, in addition to phosphate and carboxylate anionic 

functionalities. The synthesis temperatures were chosen such that one temperature was 

higher than, and the other was lower than, the boiling point of dimethylsulfoxide (DMSO).
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2. Experimental section

2.1. Synthesis

CDots were synthesized using the solvothermal method. Although the solvothermal method 

is commonly used for carbon dot synthesis [40–42], our synthetic procedure differs in the 

selection of carbon sources and solvent ratio. α-D-Glucose 1-phosphate dipotassium salt 

hydrate, β-D-Glucosamine pentaacetate, D-glucuronic acid, and sucrose were separately 

utilized as the carbon sources. For each synthesis,100 mg of the carbon source was mixed 

with 200 μL of DMSO and 800 μL of water, and subsequently transferred to an autoclave 

holder. This ratio of DMSO to water was selected to aid in dissolution of the carbon 

sources while also allowing for the excess solvent to be evaporated during post-solvothermal 

processing. The holder was then placed in an oven at 200 °C or 150 °C for 8 h. The mixture 

was then removed, and the liquid was evaporated using a rotary evaporator. In some cases, 

the particles were placed under further vacuum after rotary evaporation to allow for the 

complete removal of the solvents. The CDots were then resuspended in 5 mL of water, and 

probe sonicated for 30 min, with an amplitude of 1, on time of 2 s, and off time of 1 s. 

CDots were then filtered with a 0.22 μm filter and stored at 4 °C.

For all experiments except the microscopy, samples were lyophilized, after which they were 

resuspended in water at a concentration of 1 mg/100 μL.

2.2. Transmission electron microscopy (TEM) imaging

TEM grids were prepared by dropcasting 2.5 μL of the undiluted liquid CDot solution on 

copper grids, and excess moisture was wicked away after 2 min. An acceleration voltage of 

20 keV was used.

Nanoparticle size analysis was conducted in ImageJ. Images were smoothed, and contrast 

was adjusted as necessary for separation of nanoparticles from the background. The images 

were then made binary and analyzed using the “analyze particles” tool.

2.3. UV–visible (UV–Vis) and fluorescence spectroscopy

For UV-Vis measurements, 2 μL of the nanoparticle solution was diluted with 998 μL of 

water. The UV–Vis spectra were collected over the 230 nm–800 nm range. Fluorescence 

measurements were taken using an excitation wavelength of 365 nm and a gain of 70, with 

a measured emission range of 385 nm–850 nm. Sample volumes of 100 μL were used, and 

samples were not diluted for fluorescence measurements.

2.4. Quantum yield calculations

The quantum yield was calculated using the equation below, where Φ represents quantum 

yield, I corresponds to the integrated fluorescence intensity, A corresponds to the absorbance 

at 365 nm, and η corresponds to the refractive index of the solvent. Quinine Sulfate 

QS, ΦQS = 0.54  in H2SO4 (η = 1.33) was used as the reference for quantum yield 

calculations. Absorbance and integrated fluorescence intensity values are given in Tables 

S2 and S3.
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ΦCNP = ΦQS ∗ ICNP
IQS

∗ 1 − 10−AQS

1 − 10−ACNP
∗ ηCNP

ηQS
(1)

For α-D-gluc and β-D-gluc CDots at 200 °C, UV–vis spectra were recollected at a higher 

concentration (980 μL water: 20 μL CDots) due to their low absorbances, and quantum yield 

calculations were conducted using quinine sulfate at the same higher concentration as the 

reference.

2.5. Fourier transform infrared spectroscopy (FT-IR)

An aqueous suspension of the nanoparticles was dried onto IR-reflective glass slides. For 

each measurement 100 μm × 100 μm images were collected at 1 cm−1 spectral resolution 

with 64 scans per pixel and a 25 μm × 25 μm pixel size. Individual spectra were corrected 

for atmospheric contributions.

2.6. X-ray photoelectron spectroscopy (XPS)

XPS samples were prepared by drop-casting 50 μL of CDots on approximately 0.5 cm by 

0.5 cm glass slides, allowing them to dry in a vacuum oven overnight, and then repeating the 

process until 2 layers had been drop-casted. XPS spectra were collected with Al Kα (1486.6 

eV) radiation and were analyzed using CasaXPS software.

2.7. Zeta potential measurements

50 μL of CDots were diluted with 950 μL water for zeta potential measurements. 

Measurements were repeated 3 times for each nanoparticle type, with 10 or more runs 

conducted for each measurement.

2.8. Single-particle photobleaching experiments

Samples were prepared by drying 0.2 μL of CDot solutions on clean glass coverslips. 

Individual particles were detected as bright diffraction-limited spots. The sample was diluted 

in water so that 200 particles were detected within an 80 μm × 80 μm field of view. A home­

built, objective-based total internal reflection fluorescence microscopy (TIRFM) system was 

used for single-particle imaging. An inverted microscope was equipped with a 100× oil 

immersion objective (100X, N.A. 1.49, oil immersion). A 488-nm continuous wavelength 

laser was used as the light source and the power was set at 1.5 mW at the back aperture 

of the objective. The incident light was directed through the objective via an exciter and a 

dual-band dichroic filter. The luminescence photons from individual CDots were collected 

by the same objective, passing an emitter and captured by an Electron Multiplying Charge 

Coupled Device (EMCCD) camera. A total of 8 min trajectory was acquired for each field 

of view. At least four replicates were measured for each sample. A home-written script was 

used to extract the number of particles for each frame. The bleaching curve was generated 

by plotting the normalized number of particles versus time. The curve was then fitted with 

a two-component exponential function. The photobleaching lifetime was extracted from the 

fitted values.
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2.9. Bulk photobleaching

A droplet of 0.2 μL of CDot samples was applied to a clean coverslip. The coverslip was 

then kept in a clean biosafety cabinet for 10 min to allow the droplet to dry. Concentrations 

of each CDot sample were adjusted so that a layer formed on the surface. To measure the 

photostability of CDots, the coverslip was placed on a home-built TIRF microscope and the 

boundary of the dried smear of CDots was localized [43].

An inverted microscope equipped with a 100× oil immersion objective was used. The laser 

beam was then expanded, collimated to about 35 mm, and directed into the microscope by 

a lens (focal length = 400 mm). The incident light was directed through the objective via an 

exciter and a dual-band dichroic filter. The mean excitation power before the objective is 1.5 

mW/cm2.

For each field of view, 2400 time-stamped images were taken with the exposure time of 200 

ms per frame, which accounts for a total of 8 min of trajectory. The CDot signal (inside 

the boundary) and background (outside the boundary) were extracted by averaging a total 

of 100 × 100 pixels in the corresponding area. The net signal of CDots was calculated 

by subtracting the background from the gross CDot signal for each frame. The emission 

decaying curve was generated by normalizing the maximum net CDot signal to 1.0. A script 

was used to fit the normalized emission decaying curve with a two-component exponential 

function. The photobleaching lifetime was extracted from the fitted values.

2.10. Data analysis for single-particle photobleaching

A MATLAB (Version R2016a) code was generated from the built-in “Curve Fitting Tool” to 

fit the single-particle photobleaching trajectories. A two-component exponential function

f(t) = ae
1
r1

t + ce
1
τ2

t (2)

gave the best fit, which generated two time constants, τ1 and τ2, as well as their respective 

weights and the goodness of fit (R2). Because the variance of the data is larger at the longer 

timescale than at the shorter timescale, the “Weighted Least Square” fit option was used and 

each data point was weighted by its variance.

2.11. Single-particle photoblinking analysis

Single-particle trajectories were segmented to define the “on” and “off” states based on 

the changepoint analysis [44,45]. The intensity threshold was defined as the mean of the 

segment with the lowest intensity plus three times the standard deviation of that segment 

(Mean + 3 σ). A segment of the trajectory whose intensity was above this threshold is 

defined as an “ON” state and its duration as ton. An “OFF” state refers to any segment 

whose intensity was below the threshold and its duration as toff. An array of ton and toff 

was collected from each trajectory and pooled for the same type of particle. The power-law 

distribution of ton and toff were generated by plotting the histogram of pooled data.
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3. Results and discussion

3.1. Synthesis, particle size, and photophysical properties

CDots were obtained through the solvothermal synthesis method at 200 °C and 150 °C 

using α-D-glucose 1-phosphate dipotassium salt hydrate, β-D-glucosamine pentaacetate, 

D-glucuronic acid, and sucrose as the carbon sources, and a solution of DMSO and water as 

the liquid phase. After particle formation and evaporation of the liquid phase, the particles 

were resuspended in water. Further details are provided in the Materials & Methods section. 

These nanoparticles will henceforth be referred to as α-D-gluc, β-D-gluc, D-glucuronic acid 

or D-gluc, and Sucrose nanoparticles, respectively. TEM images (Fig. 2A) revealed a slight 

decrease in nanoparticle size (Table 1) as the synthesis temperature increased. α-D-gluc 

CDots had a size (average ± standard deviation) of 5 nm ± 3 nm at 200 °C and a size of 

11 nm ± 2 nm at 150 °C, β-D-gluc CDots had sizes of 8 nm ± 4 nm and 10 nm ± 4 nm 

respectively, D-gluc CDots had sizes of 4 nm ± 1 nm and 22 nm ± 19 nm respectively, and 

Sucrose CDots had sizes of 8 nm ± 3 nm and 16 nm ± 11 nm respectively. Thus, synthesis at 

200 °C typically resulted in nanoparticles small enough to be considered carbon dots, while 

the syntheses at 150 °C yielded some CDots in the below 10 nm range, and some particles 

that were slightly larger. The dependence of nanoparticle size on the synthesis temperature 

may have been caused by the boiling points of the solvents in the liquid phase. Water and 

DMSO do not form an azetrope, and DMSO has a boiling temperature of 189 °C. Thus, 

a synthesis temperature of 150 °C allows for only water to reach its boiling point, while a 

synthesis temperature of 200 °C allows both water and DMSO to reach their boiling points. 

Particles were formed in both cases due to water reaching its boiling point, but the boiling of 

both water and DMSO led to hindered growth, causing smaller nanoparticles to form at 200 

°C.

UV–Vis spectra collected for the CDots showed that those synthesized at 150 °C had higher 

absorbance than those synthesized at 200 °C for most carbon sources (Fig. 2B). This may 

have been caused by the larger size of the particles synthesized at 150 °C, which in turn 

led to a larger surface area over which absorbance could occur. When excited at 365 nm, 

α-D-gluc, β-D-gluc, and Sucrose CDots synthesized at 200 °C had a higher fluorescence 

intensity than their counterparts synthesized at 150 °C (Fig. 2C). This trend did not hold true 

for D-gluc CDots. However, quantum yield calculations showed a uniform trend across all 

carbon sources, with all carbon sources having a higher quantum yield when synthesized at 

200 °C than when synthesized at 150 °C (Fig. 3A). α-D-gluc nanoparticles synthesized at 

200 °C exhibited the highest quantum yield at 86%, one of the highest reported values for 

carbon dots [31–33]. β-D-gluc CDots synthesized at 200 °C had the next highest quantum 

yield at 48%, followed by D-glucuronic acid CDots at 45%, and Sucrose CDots at 22%. 

Quantum yield values for the CDots synthesized at 150 °C were much lower, ranging from 

3% to 10%. Although the fluorescence intensity of D-gluc CDots synthesized at 150 °C is 

much higher than that of D-gluc CDots synthesized at 200 °C, the quantum yield of the 

higher temperature synthesis was found to be significantly higher than the low temperature 

product. This observation was presumably caused by the very high absorbance of the 150 °C 

D-gluc CDots compared to that of the 200 °C D-gluc CDots resulting in a discrepancy of the 
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quantum yield measurements. Quantum yield depends on both the integrated fluorescence 

intensity (I) and the absorbance (A) as defined in Equation (1).

The increase in quantum yield is a step change with respect to the boiling temperature of 

the solvent mixture. We anticipate that our future studies will focus on the effects of smaller 

temperature changes on CDot properties, but it is likely that the “optimized” temperature 

for each synthesis may depend not only on the solvent but also on the individual carbon 

source. We believe that the present work is adequate in providing a basis for studying CDot 

photophysical properties with respect to varying precursor composition. All quantum yields 

reported in this manuscript are from individual batches of nanoparticles, as is common in the 

literature [28,29].

The relationship between carbon dot quantum yield and temperature may have also been 

caused by differences in nanoparticle size. Greater nanoparticle size led to increased 

absorption due to higher surface area. However, this would also lead to a larger distance 

for absorbed light to travel from the core of the nanoparticle to its surface for emission, 

causing a reduced efficiency in emission of light. Quantum yield is defined as the ratio of 

photons emitted to the photos absorbed. The ability of larger particles to absorb light was 

enhanced, and their ability to emit light was reduced. Thus, the higher temperature synthesis 

conditions which led to the formation of smaller particles also led to them having a higher 

yield compared to particles of the same composition with a larger size.

Further analysis of the fluorescence spectra determined that a lower synthesis temperature 

led to a slightly red-shifted fluorescence for α-D-gluc, D-glucuronic acid, and Sucrose 

CDots (Fig. 3B). Synthesis temperature did not appear to have a large impact on β-D-gluc 

CDot peak emission wavelength. The full width at half maximum (FWHM) value for all 

CDots was found to decrease with a higher synthesis temperature, indicating narrower 

fluorescence emission peaks for CDots synthesized at 200 °C compared to those synthesized 

at 150 °C (Fig. 3C). This result suggests that synthesis at 150 °C may lead to the formation 

of multiple nanoparticle populations due to greater nanoparticle growth, forming a broad 

emission peak, while the synthesis at 200 °C leads to the formation of fewer or a single 

nanoparticle population with a narrower blue-shifted fluorescence emission due to the 

hindered nanoparticle growth caused by the presence of boiling DMSO during the synthesis.

3.2. Chemical characterization

XPS confirmed the presence of carbon source functional groups on the surface of CDots 

(Fig. 4, Table S1). α-D-gluc CDots at both synthesis temperatures had an approximately 

3% P 2p composition, while α-D-gluc CDots synthesized at 200 °C had an approximately 

15% K 2p composition. β-D-gluc CDots for both synthesis temperatures had a 2–3% N 

1s composition. All CDots had some S 2p in their composition even after evaporation of 

the DMSO-water phase and resuspension of nanoparticles in water alone, indicating the 

incorporation of sulfur from DMSO into the nanoparticles during the synthesis process. The 

DMSO content was comparable for particles of both the high and low synthesis temperature, 

which indicates that the removal of residual DMSO after nanoparticle formation was 

not affected by the synthesis temperature. Thus, the observations made about particle 

photophysical characteristics were not caused by the presence of DMSO in the final 
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nanoparticle solution, but rather by the role of DMSO during the synthesis process. 

Inductively coupled plasma (ICP) analysis was conducted to determine whether the small 

amount of K that was present in the XPS spectra for β-D-gluc 200 °C, D-gluc 200 °C, and 

D-gluc 150 °C was indeed present within the samples. We found a respective K content of 

only 1.54%, 1.13%, and 1.93% in the above samples. This indicates that the identification of 

K in these XPS signals was likely due to background signal rather than the presence of K in 

the particles.

Deconvolution of the C1s peak (Fig. 5) confirmed the presence of C–C/C=C, C–O, COOH, 

and C–K peaks in the α-D-gluc CDots. While C–C/C=O and C–O occur naturally in the 

carbon source, the presence of COOH peaks and C–K peaks indicate the formation of these 

bonds as a result of the synthesis process. Deconvolution also confirmed the presence of 

C–C/C=C, C–O/C–N, and COOH peaks for β-D-gluc CDots, D-gluc CDots, and sucrose 

CDots. The percent composition of each bond type did not appear to follow a trend based on 

synthesis temperature or carbon source.

FT-IR studies (Fig. S1) were performed to determine the successful incorporation of 

functional groups from the carbon sources onto the CDot surfaces. Irrespective of the 

temperature used for synthesis, CDots were shown to possess hydrophilic groups such as O–

H, N–H and C=O on their surface ensuring their dispersion in aqueous media [10,12,20,46]. 

In addition, CDots also gave signature peaks which corresponded to the precursor source 

(PO4
3 −  in Figure S1 A).

Zeta potential measurements led to the observation of a higher zeta potential magnitude 

for CDots synthesized at 150 °C than those synthesized at 200 °C (Fig. S2), indicating 

higher nanoparticle stability for lower synthesis temperatures. Additionally, α-D-gluc 

CDots had the greatest stability (as indicated by zeta potential magnitude) for a synthesis 

temperature of 150 °C, followed by Sucrose, β-D-gluc, and D-glucuronic acid CDots. For 

the synthesis temperature of 200 °C, α-D-gluc CDots had the greatest stability, while 

β-D-gluc and Sucrose CDots have zeta potentials with a similar magnitude to each other. 

These observations indicate that the hindering of nanoparticle growth during the synthesis 

process may have also hindered the growth of the nanoparticle surface charge layer.

3.3. Interpreting particle brightness by single-particle imaging analysis

Bulk measurements of each type of CDots showed that they display a wide range of particle 

brightness. To better understand their photophysics, we proceeded to analyze single-particle 

imaging data. By employing a changepoint data analysis algorithm [44,45], we parsed 

individual trajectories of each type of particle into “on” and “off” segments. The “on” 

segment was defined by intensity thresholding with the mean value of the darkest segment 

plus three times the standard deviation of that segment.

We first determined if different precursor materials and temperatures affect particle 

brightness. There are two parameters that can be used to quantify particle brightness: 1) 

the instantaneous brightness, which is the mean value of intensity in all the “on” segments, 

and 2) the on-time duty cycle, which determines the probability of a particle staying in the 

emissive state during the data acquisition time. We first calculated the instantaneous particle 
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intensity (Fig. 6A). Although different particles showed different instantaneous intensities, 

their variation is much less than those measured in bulk. This result indicates that, before 

photobleaching, each type of particle has a comparable capacity in emitting photons, an 

observation that seems to contradict the bulk fluorescence measurement.

We then further determined the on-time duty cycle of each type of particle. Different 

particles displayed a variety of on-time duty cycles, with the largest duty cycle (20%, 

β-D-gluc at 200 °C) almost doubling the smallest one (9%, D-glucuronic acid, 200 °C). We 

reason that fluorescence intensity measured by bulk measurement is determined by both the 

instantaneous intensity and the on-time duty cycle. Indeed, if both factors are considered, the 

product of instantaneous intensity and on-time duty cycle (Fig. 6B) much better resembles 

the bulk fluorescence measurement.

Consideration of both the instantaneous intensity and on-time duty cycle helped us better 

understand the photophysics of different types of particles. For instance, β-D-gluc 200 

°C displayed the largest instantaneous intensity, as well as the largest on-time duty 

cycle, therefore standing out as the brightest type of particle, consistent with the bulk 

measurement. On the other hand, although sucrose 150 °C, β-D-gluc 150 °C, and α-D­

gluc 200 °C CDots show a similar instantaneous intensity, the on-time duty cycle of 

sucrose 150 °C CDots is only 9%, much less than that of β-D-gluc 150 °C (15%) or 

α-D-gluc 200 °C (14%). Consequently, sucrose 150 °C CDots are dimmer than β-D-gluc 

150 °C or α-D-gluc 200 °C CDots. Thus, single-particle imaging allows for delineation 

of photophysical mechanisms underlying carbon dot emission. In general, the intensity at 

different synthesis temperatures within the same precursor remains comparable, whereas the 

intensity difference is more significant between different precursor materials.

3.4. Comparing the photobleaching kinetics between bulk and single-particle 
measurements

Bulk photobleaching experiments determined that the photobleaching curves (Figure S3 A) 

could be best fit with a second order exponential (Equation (2)), implying that there may be 

more than one nanoparticle population present for each composition and temperature. This 

led to obtaining two time constants for each nanoparticle (Figure S3 B).

For all nanoparticle compositions, the second time constant was greater in the low 

temperature synthesis than in the higher temperature synthesis. This trend held true for 

the first time constant for α-D-gluc, β-D-gluc, and D-glucuronic acid CDots as well, 

indicating an overall decrease in resistance to photobleaching with an increase in synthesis 

temperature.

In single-particle photobleaching experiments (Fig. 7A), the photobleaching curves (Fig. 

7B) were again best fit with second order exponential functions. All fit results were 

tabulated in Table S5. However, the single particle time constants (Fig. 7C) displayed a 

trend that was different than that of the bulk photobleaching experiments. α-D-gluc and 

Sucrose CDots had a higher first time constant for nanoparticles synthesized at 200 °C 

than those synthesized at 150 °C, while the first time constant for β-D-gluc was lower for 

nanoparticles synthesized at 200 °C than those synthesized at 150 °C. The first time constant 
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did not change very much from one synthesis temperature to another for D-glucuronic 

acid CDots. The second time constant was found to decrease with a decrease in synthesis 

temperature for α-D-gluc and β-D-gluc CDots but increased with a decrease in temperature 

for D-glucuronic acid and sucrose CDots. We note that the bulk blinking lifetime is 

subjected to the “intensity-dependent” artifact. Indeed, densely packed particles can modify 

the local emission properties via e.g. secondary absorption of the emitted light. Thus, we 

focus on quantification of the photophysical properties of CDots at the single-particle level.

3.5. Quantification of CDot photoblinking

The double exponential components in the bleaching lifetime motivates us to pay closer 

attention to particle photophysics. A detailed examination of single-particle trajectories 

revealed two types of photophysical behaviors: 1) a single-step photobleaching and 2) 

a multiple-step photoblinking. Although the emission mechanism underlying these two 

distinct photophysics remains to be elucidated, these two types of optical behaviors may 

correspond to two types of nanoparticles with distinct photobleaching characteristics. In 

particular, the single-step bleaching should contribute primarily to the fast decay constant, 

whereas the multiple-step photoblinking may account for the prolonged decay constant.

To better understand the photoblinking of single CDots, we proceeded to analyze their 

distribution of time on (ton) and time off (toff). It has been shown that carbon nanoparticles, 

like other types of nanosized emitters such as quantum dots, display a power-law distribution 

of ton and toff. Indeed, by using a changepoint algorithm to identify bright and dark state, 

we assigned each segment of the single-particle trajectories to either an “on” or “off” state. 

Consistent with previous studies [47], both ton and toff of nanoparticles showed a linear line 

in the log-log plot of probability vs. durations of ton and toff (Fig. 8A and B). We observed 

that the slopes of ton and toff do not vary significantly over temperature or precursor material 

(Fig. 8 C–D, Fig. S4, Tables S6–S7). At first sight, this result seems to be contradictory 

to the observation that the on-time duty cycle between each type of particles significantly 

varies (e.g. from 9% to 20%) because a similar ton slope implies that the probability 

distribution of each on-time duration remains the same. In fact, we can estimate the mean 

duration of on-time by a weighted average from each ton power-law plot. The resulted mean 

values between each particle were indeed very consistent within a small range of 0.42–0.65 

s, with the maximum value occurring for D-glucuronic acid 150 °C CDots, whose on-time 

duty cycle is at the lower end of 10%.

This discrepancy can be explained by considering that the on-time duty cycle not only 

depends on the probability distribution of on-time duration but also depends on the blinking 

frequency. Indeed, when we calculated the average blinking frequency for each type of 

particle, which is defined as the number of blinking events per unit time, we observed a 

significantly different range across all samples, ranging from 0.11 Hz (D-glucuronic acid 

150 °C CDots) to 0.26 Hz (β-D-gluc 200 °C) (Fig. 8E). The transition rate of each type of 

particle quantitatively determines the capacity of a particle to recover from an off state to 

an on state. Thus, for particles with similar instantaneous intensity (e.g. α-D-gluc 200 °C, 

β-D-gluc 150 °C, and sucrose 150 °C), the increase of particle brightness, which primarily 

arises from an increase of on-time duty cycle, arises from an increase of blinking frequency 
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rather than a change in the distribution of on-time duration. Within all four precursor 

materials, an increase of the synthesis temperature leads to a slight increase of the blinking 

frequency. A summary of all results is provided in Fig. 9.

We note that the on- and off-time power-law distribution curves down at the timescale of 

10–100 s. The downward curving of the power-law distribution may indicate competing 

physical processes that interrupt power-law blinking at this timescale. Indeed, this 

phenomenon has also been reported in early studies of quantum dots [48] and nanowires 

[49]. A slightly better fit can be achieved with a “truncated power law”. Because such 

modification does not change the conceptual description of photoblinking behaviors in this 

work, we chose to use the ordinary power-law distribution.

4. Conclusion

α-D-gluc, β-D-gluc, D-glucuronic acid, and Sucrose CDots with inherent surface-abundant 

functional groups were obtained through a single-step synthesis method. A higher synthesis 

temperature led to a higher quantum yield, smaller particle size, blue-shifted and narrower 

fluorescence emission, and lower magnitude zeta potential. A lower synthesis temperature 

led to a greater UV–visible absorbance, an increase in nanoparticle stability as determined 

by zeta potential measurements, red-shifted fluorescence, and a greater resistance to bulk 

photobleaching. Overall, carbon source and synthesis temperature in relation to the solvent 

boiling temperatures played a large role in modulating the photophysical properties of 

CDots. These findings suggest that a higher synthesis temperature may be more desirable for 

applications such as sensing or intracellular imaging, in which a blue-shifted fluorescence 

would be acceptable as long as a high quantum yield can be obtained. On the other hand, 

low synthesis temperatures may be more desirable for carbon dots that will be used for in­

vivo bioimaging applications, where a red-shifted fluorescence may be more desirable. This 

lower synthesis temperature may also be applicable for situations in which chromatographic 

separation of carbon dots of a single carbon source into multiple colors is desired, as the 

broader range of fluorescence emission will allow for separation of varied colors. At the 

single-particle level, an increase in synthesis temperature led to an increase in photoblinking 

frequency, which in turn contributed to increased particle brightness. This finding further 

suggests the utility of high synthesis temperatures for in-vitro and single-particle imaging 

applications. Thus, the end application is of utmost importance in selection of CDot 

synthesis temperature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Bulk state vs. single particle imaging. (A) Bulk state imaging provides a snap shot average 

of all particles in the sample. The particle blinking in the bulk sample is non-synchronous, 

leading to a lack of information about the influence of temperature and composition on 

particle brightness. (B) Single particle imaging captures information about the instantaneous 

intensity of individual particles, allowing for evaluation of particle brightness based on 

individual particle “on” and “off” characteristics.
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Fig. 2. 
(A) TEM micrographs of CDots for each composition and synthesis temperature. Particles 

synthesized at 150 °C appear visually larger than those synthesized at 200 °C. Scale bar 

represents 200 nm. (B) UV–Vis spectra for CDots of each carbon source (i) α-D-gluc, (ii) 

β-D-gluc, (iii) D-glucuronic acid, and (iv) sucrose, at each synthesis temperature. A lower 

synthesis temperature led to higher absorbance. (C) Fluorescence spectra for CDots of each 

carbon source (i) α-D-gluc, (ii) β-D-gluc, (iii) D-glucuronic acid, and (iv) sucrose, at each 

synthesis temperature. An excitation wavelength of 365 nm was used. α-D-gluc, β-D-gluc, 
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and Sucrose CDots had an increase in fluorescence intensity with an increase in synthesis 

temperature.
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Fig. 3. 
(A) Quantum yield for CDots at each synthesis temperature. Quantum yield was determined 

using quinine sulfate as a reference dye. A higher synthesis temperature was found to lead 

to higher quantum yields for all carbon sources evaluated. (B) Location of fluorescence peak 

for CDots at an excitation wavelength of 365 nm. α-D-gluc, D-gluc, and Sucrose CDots 

exhibit a red-shifted fluorescence for the lower synthesis temperature. (C) Full width at half 

maximum values calculated for fluorescence spectra collected at an excitation wavelength of 

365 nm. A higher temperature leads to narrower fluorescence emission peaks.
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Fig. 4. 
(A) XPS Spectra for CDots at each composition and synthesis temperature. (B) Heatmap 

representation of percent concentration of each element. N 1s was present in high 

concentrations in β-D-gluc CDots, while K 2p and P 2p were present in high concentrations 

in α-D-gluc CDots. S 2p was present in many of the nanoparticle compositions, indicating 

possible incorporation of sulfur from DMSO in CDots.
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Fig. 5. 
Deconvolved XPS C1s peak for CDots of each composition and synthesis temperature. 

(A) α-D-gluc CDots have peaks for C–C, C=C, C–O, COOH, and C–K. (B) β-D-gluc 

CDots have peaks for C–C, C=C, C–O, C–N, and COOH. (C–D) D-gluc, and sucrose C1s 

deconvolution resulted in peaks for C–C, C=C, C–O, and COOH.
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Fig. 6. 
Single particle analysis of particle brightness. (A) Average particle intensity. All particle 

types have comparable intensities. (B) The product of average intensity and ton duty cycle. 

This appears more comparable to the bulk results than just examining intensity alone.
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Fig. 7. 
Single-particle photobleaching. (A) Single-particle images. (B) Time to photobleaching 

curves for single particles (n = 4 for each type). (C) Time constants determined from a 

second order exponential fit of the time to photobleaching curves.
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Fig. 8. 
ton and toff photoblinking data based on many single-particle trajectories. Data was fit with 

a power law distribution. (A) Time on distributions for each carbon source and synthesis 

temperature. (B) Time off distributions for each carbon source and synthesis temperature. 

(C) Slopes of time on power law fits. (D) Slopes of time off power law fits. (E) Blinking rate 

(transition rate) for each particle type and synthesis temperature.
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Fig. 9. 
Summary of Results. (A) At the bulk level, a higher synthesis temperature was found to lead 

to a blue-shifted fluorescence, a smaller fluorescence full-width at half maximum (FWHM), 

and a higher quantum yield. (B) At the single-particle level, a higher temperature was found 

to lead to a greater photo-blinking frequency, which led to brighter signals from particles. 

(C) Evaluation at the single-particle level elucidates the effects of precursor and synthesis 

temperature on particle brightness.
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Table 1

Nanoparticle size (average ± standard deviation) as determined by analysis of TEM images.

Carbon Source Synthesis Temperature

200 °C 150 °C

α-D-gluc 5 nm ± 3 nm 11 nm ± 2 nm

β-D-gluc 8 nm ± 4 nm 10nm ± 4nm

D-gluc 4 nm ± 1 nm 22 nm ± 19nm

Sucrose 8 nm ± 3 nm 16nm ± 11 nm
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