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A B S T R A C T   

In this work, we used chitosan as a raw material to synthesize carbon dots using fast microwave carbonization. 
We studied the influence of the synthesis time, doping agent, and the molar ratio between the reactants on the 
quantum yield of carbon dots. Chitosan-based carbon dots displayed stable blue fluorescence emission with 
excitation-dependent behavior and quantum yield values ranging from 1.16 to 7.07 %. ANOVA results showed 
that the interaction factor between the doping agent and the molar ratio of the reactants was a significant 
combination to produce carbon dots with higher quantum yield. The presence of the doping agent improved the 
carbon dots optical properties by obtaining higher fluorescence intensity values. Confocal laser microscope 
images showed that the carbon dots internalized in the Candida albicans cellular membrane, exhibiting blue, 
green, and red emissions, acting as a promising agent for bioimaging.   

1. Introduction 

Carbon dots (CDs) are the newest fluorescent carbon nanomaterials 
member [1]. CDs have attracted researchers’ attention because of their 
properties, such as high solubility and stability, biocompatibility, and 
low toxicity [2]. The applications in many fields, such as sensors, pho-
tocatalysis, drug delivery systems, and solar cell make them of great 
economic and technological value [3–5]. 

Several synthesis methods, such as hydrothermal, arc discharge, 
laser ablation, and carbonization are usually applied to produce CDs [6]. 
They are grouped into two approaches: top-down and bottom-up. Mi-
crowave pyrolysis, one of the bottom-up approaches, is an environ-
mentally friendly, cost-effective, and well-established method for CDs 
synthesis [7,8]. In contrast with other heating methods, this approach 
heats directly the target molecule, resulting in faster reaction times [9]. 
Also, uniform heating provided by microwaves could form particles with 
a uniform size distribution [10,11]. 

Different raw materials for microwave CDs synthesis may be used, 
such as eggshell membranes, citric acid, and glucose [12–14]. Because of 
its constitution with a high amount of hydroxyl (-OH) and amino 

(− NH2) functional groups, chitosan is a suitable raw material for CDs 
synthesis [15]. Chitosan is a natural linear polycationic polysaccharide 
comprising β-(1,4)- linked 2-amino-2deoxy-D-glucose residues, the sec-
ond most abundant natural polymer, and exhibits several physical 
properties such as viscosity, mucoadhesivity, and possible solubility in 
various media [16–18]. 

Applications of chitosan-based CDs in ion sensing, cell imaging, and 
drug delivery demonstrate the material’s versatility [19–22]. Also, 
compared with traditional bioimaging agents, like organic dyes, quan-
tum dots, and upconversion nanoparticles, previous research has 
established that CDs possess the desirable characteristics for use as a 
bioimaging agent, namely bright, non-toxic, and biocompatible mate-
rials, and are stable against photobleaching [23,24]. However, to the 
best of our knowledge, there is no existing report on the use of chitosan- 
based CDs for Candida albicans bioimaging. 

The origin of the CDs fluorescence is still under debate, where the 
intensity and the quenching mechanisms depend on the starting mate-
rial and the doping agent [25,26]. However, research to date has not yet 
determined the influence of synthesis factors on the CDs’ quantum yield, 
which is desirable to amplify bioimaging applications of CDs. 
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In this work, we evaluated the effect of synthesis parameters on the 
quantum yield and fluorescence intensity of chitosan-based carbon dots 
synthesized using a simple microwave method. We performed structural 
and optical analysis to understand the influence of parameters on the 
CDs’ properties. Moreover, the chitosan-based carbon dots were applied 
as a bioimaging agent for Candida albicans. In our findings, CDs 
exhibited excellent fluorescent properties and exhibit high affinity to 
fungal cellules, and successfully serve as effective fluorescent markers of 
biological cells. 

2. Materials and methods 

2.1. Materials 

Chitosan (Degree of deacetylation = 90.0 %, MW = 21,4 KDa, Êxodo, 
Brazil), glacial acetic acid (Neon, Brazil), and 1,2-ethylenediamine 
(Neon, Brazil) were the reactants. The reactants had analytical grade 
and were used without any further treatment. 

2.2. Factorial design and CDs synthesis 

We developed a 23 factorial design to investigate the synthesis pa-
rameters’ influence on the quantum yield and fluorescence intensity of 
chitosan-based CDs synthesized by microwave. The independent vari-
ables were doping agent (A), synthesis time (B), and the molar ratio of 
acetic acid/chitosan (C), which were measured at two levels (Table 1).  

• Factor A: Doping Agent. High level (+) = doping agent presence; low 
level (− ) = doping agent absence.  

• Factor B: Synthesis time. High level (+) = 15 min; low level (− ) =
9.5 min).  

• Factor C: Reactants’ molar ratio (nac:nchit). High level (+) = 22:1; 
low level (− ) = 5:1). 

The CDs synthesis was adapted from the report of Gong et al. [27]. 
Briefly, it was dissolved by stirring a specific amount of chitosan (0.5 or 
1.0 g) and 5 ml of doping agent (ethylenediamine) in 10 ml of the glacial 
acetic acid solution (1 or 8 %). After the dissolution, the product was 
placed in a domestic microwave at 700 W (Philco-PMO33B) and sub-
mitted to thermal treatment for a predetermined time. After treatment, 
all samples were redispersed in 20 ml of distilled water and centrifuged 
at 4000 rpm for 30 min. The supernatant was collected, filtered, and 
dialyzed (Spectra/Por®6 dialysis membrane − 1 kDa MWCO) against 
distilled water for three days to remove impurities. 

2.3. Characterization and data analysis 

The morphology of CDs was investigated by atomic force microscopy 
(Shimadzu SPM-9700). Samples were fixed on a glass coverslip. The 
analysis was performed in intermittent contact mode, constant force of 

42 N/m, frequency of 320 kHz, and scan rate of 1 Hz. 
The CDs main functional groups were analyzed by Fourier transform 

infrared spectroscopy (FTIR) in a Nicolet iS5 (Thermo Scientific). The 
samples were analyzed using an attenuated total reflection sensor in a 
spectrometer. The scanning was performed in the wavelength range of 
400 cm− 1 to 4000 cm− 1, with a resolution of 4 cm− 1. For the analysis of 
Zeta potential, 1 ml of the previously stirred dispersions was diluted in 
100 ml of deionized water, homogenized, and subjected to analysis in 
the Zetasizer NanoZS equipment (Malvern). The readings were per-
formed in triplicate. 

The elemental analysis of C, H, and N was performed in the CHNS/O 
Analyzer 2400 Series II equipment (Perkin Elmer). The samples were 
weighed adopting a range between 1 and 2 mg in tin capsules for solids, 
specific for elemental analysis. In the case of liquid samples, we used 
liquid containers with the same specificity. In both cases, we used an 
ultra-precision micro scale to measure the masses. The temperatures of 
the combustion and reduction columns were 950 ◦C and 640 ◦C, 
respectively. The gas pressures O2 and He were 140 KPa and 105 KPa, 
respectively. The filling time of the combustion column was 30s. The 
total analysis time was approximately 5 min. 

The absorption and fluorescence spectra of the CDs were recorded 
respectively in the spectrophotometer UV–VIS (Shimadzu UV-2600) and 
spectrofluorophotometer (Shimadzu RF-6000). The absorption spectra 
was performed to elucidate the wavelengths at which absorptions of 
carbon dots occur. The fluorescence spectra varied to observe the 
maximum fluorescence intensity of chitosan-based carbon dots [28]. 

The variance analysis (ANOVA), with 95 % reliability was performed 
in Microsoft Excel® software to evaluate the influence of parameters on 
the fluorescence intensity and quantum yield of CDs synthesized by 
microwave. 

2.4. Quantum yield (QY) determination 

In the CDs quantum yield measurements, the absorbance of samples 
was kept below 0,05 to avoid inner filter effects [29]. The QY was 
determined using Eq. 1: 

QY = QYref x
I

Iref
x

Aref

A
x

n2

n2
ref

(1) 

QY is the quantum yield of CDs; I is the integrated emission intensity; 
A is the absorbance measured at 350 nm; and n is the refractive index. 
The ref. subscript is related to the quinine sulfate. 

2.5. Cellular viability assay 

The cellular viability was quantified by the ability of living cells to 
reduce the yellow dye 3-(4,5-dimethyl-2-thiozolyl)-2,5-diphenyl-2H- 
tetrazolium bromide (MTT) to a purple formazan product [30]. For the 
experiments, cells were plated in 96-well plates (0.7 × 105 cells/ml). 
After 24 h, chitosan-based carbon dots was added to each well and the 

Table 1 
Quantum yields measurements obtained in different synthesis conditions.  

# Sample Independent variables Dependent variable 

Doping agent Aa Synthesis time [min] Bb Molar ratio [mol/mol] Cc Quantum yield [%] Fluorescence intensity [a.u] 

1 CDQ5S9  − 1  − 1  − 1  4.01 ± 1.17  5110.4 
2 CDQ5D9  +1  − 1  − 1  3.19 ± 0.29  28,343.7 
3 CDQ5S15  − 1  +1  − 1  2.98 ± 0.06  6289.1 
4 CDQ5D15  +1  +1  − 1  6.17 ± 2.87  16,471.8 
5 CDQ22S9  − 1  − 1  +1  7.07 ± 0.32  110,681.1 
6 CDQ22D9  +1  − 1  +1  4.46 ± 0.59  42,040.7 
7 CDQ22S15  − 1  +1  +1  1.16 ± 0.33  99,357.6 
8 CDQ22D15  +1  +1  +1  4.40 ± 0.11  43,174.9  

a (Factor A: Doping Agent. High level (+) = doping agent presence; low level (− ) = doping agent absence). 
b (Factor B: Synthesis time. High level (+) = 15 min; low level (− ) = 9.5 min) 
c (Factor C: Reactants’ molar ratio (nac:nchit). High level (+) = 22:1; low level (− ) = 6:1). 
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cells incubated for 24 h. Thereafter, the plates were centrifuged, and the 
medium was replaced by fresh medium (150 μl) containing 0.5 mg/ml 
MTT. Three hours later, the MTT formazan product was dissolved in 150 
μl DMSO, and the absorbance was measured using a multiplate reader 
(Spectra Count, Packard, Ontario, Canada). Drug effect was quantified 
as the percentage of control absorbance of the reduced dye at 595 nm. 
Methyl methanesulfonate (MMS) at 4 × 10− 5 M was used as positive 
control. 

2.6. Fluorescence imaging of Candida albicans 

The standard C. albicans strain was obtained from the American Type 
Culture Collection (ATCC 90028). The inoculum was prepared from 
C. albicans cells cultured on Sabouraud Dextrose Agar (SDA) and incu-
bated at 35 ◦C for 24 h. Yeast colonies were transferred to tubes con-
taining sterile PBS to obtain suspensions with a turbidity equivalent to 
0.5 on the McFarland scale (106 CFU ml− 1). These suspensions were then 
diluted at 1:2000 with an RPMI 1640 medium, supplemented with L- 
glutamine, and incubated with chitosan-based CDs (10 μg/ ml) for 1 h. 
The fluorescence images were captured by a confocal laser microscope 
(LM-710, Carl Zeiss) in three excitation levels, namely 405, 488, and 
561 nm. 

3. Results and discussion 

The suspensions of synthesized CDs presented distinct colors, 
ranging from light yellow and deep brown, showing sundry carboniza-
tion degrees, according to Wang et al. [31]. Samples displayed blue 
fluorescence under UV light at 360 nm. Fig. 1 shows the schematic 
representation of CDs synthesis, properties, and application for bio-
imaging. The potential mechanism for CDs formation from chitosan is 

described by Marinovic, which requires the hydrolysis of chitosan pre-
cursor to glucosamine, then dehydration, polymerization, and conden-
sation steps [32]. 

The degree of deacetylation is an important characteristic of chitosan 
since it is proportional to the number of free amino groups, which can be 
protonated in acid medium (NH3

+) [33]. Also, the number of free amino 
groups is significant in the properties of chitosan [34]. The functional 
groups shown in the structure of the carbon dots are linked to the 
starting material. The higher degree of deacetylation of chitosan (90 %) 
provides more amino groups available in the chitosan matrix. The amino 
groups, through covalent bonds, will be more easily incorporated into 
the core of the carbon dots, increasing the degree of functionalization 
and their quantum yield [35]. 

3.1. Fluorescence intensity and quantum yield variance analyses 

Table 2 indicates ANOVA results of the effects on the CDs fluores-
cence intensity. We observe by the superior median square (MQ) and the 
F0 values that the main factor in the fluorescence intensity of CDs is the 
molar ratio between chitosan and acetic acid (factor C). In addition, 
there was an interaction effect between doping agent and molar ratio 
(Interaction AC). The synthesis time did not indicate significant varia-
tion in the fluorescence intensity of the CDs. The different fluorescence 
intensities were due to modifications in the chemical structure of carbon 
dots. 

The doped sample has higher nitrogen content, consequently more 
surface states capable of increasing the fluorescence intensity of the CDs. 
[36,37]. The most widely accepted luminescence mechanism is the CD’s 
surface states. Also, different surface functional groups can introduce 
diverse fluorophore groups or energy levels in CDs [37]. 

We verified the effect of molar ratio acid:chitosan (factor C) through 

Fig. 1. Schematic representation of chitosan-based CDs synthesis and application for Candida albicans cells’ bioimaging.  

Table 2 
ANOVA analysis of the influence of synthesis parameters in the fluorescence intensity of chitosan-based carbon dots.  

Variance analysis 

A B C AB AC BC ABC Sqerror SQtotal   

− 91.41  − 20.88  239.04  − 0.59  − 158.24  0.50  25.51   Contrast  
− 22.85  − 5.22  59.76  − 0.15  − 39.56  0.13  6.38   Effect  
1044.41  54.51  7142.47  0.04  3129.95  0.03  81.33  135.92  11,452.75 SQ  
1.00  1.00  1.00  1.00  1.00  1.00  1.00  8.00  GL  
1044.41  54.51  7142.47  0.04  3129.95  0.03  81.33  16.99  MQ  
7.68  0.401  52.549  0.0003  23.02  0.0002  0.598   F0  

11.259  11.259  11.259  11.259  11.259  11.259  11.259   Fcritical  
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the fluorescence intensity average values. At the 22:1 molar ratio, the 
higher concentration of acetic acid caused protonation of the amino 
groups present in the chitosan structure [33]. N-containing functional 
groups will make CDs positively charged and obtained different 
passivation degree [38]. There may have been a greater degree of 
functionalization of the carbon dots with a greater number of amino 
groups on their surface. Also, N-surface states facilitate a high yield of 
radiative recombination improving their fluorescence [39]. 

In the higher molar ratio (22:1 acid:chitosan), the fluorescence in-
tensity achieved higher average values (73,814 a.u) than in the lower 
molar ratio (14,054 a.u). The higher fluorescence intensity obtained can 
be explained by the higher number of surface states generated by the 
functionalization of the carbon dots. By tunning the surface structure of 
CDs through functionalization, it is possible to change the electronic 
energy level and modulate the optical behavior [40]. In effect, the 
fluorescence intensity was improved, and this effect is desirable for 
bioimaging applications. 

We also observed a synergistic effect between the doping agent and 
the molar ratio (factor AC) on the fluorescence intensity. In our study, 
ethylenediamine as a doping agent significantly increased the fluores-
cence intensity (28,344 and 16,472 a.u) in contrast to the non-doped 
sample (5110 and 6289 a.u). However, this effect was observed only 
at the lower acid: chitosan molar ratio. According to the literature, 
introducing nitrogen groups changes the CDs’ composition, diminishing 
the oxygen content and increasing the CDs nitrogen content, corrobo-
rating our results [13]. Moreover, the synthesis parameters and nature 
of doping agents are crucial for dictating the CDs optical properties. 

In higher acid:chitosan molar ratio, we observed an inversion in the 
results of the fluorescence intensities. The presence of the doping agent 
decreased the fluorescence intensity, assuming values of 42,041, 43,175 
a.u and 110,681, 99,358 a.u for doped and non-doped samples, 
respectively. Here, the acid excess in the medium may function as a 
direct reactant with the ethylenediamine, a Lewis base, to produce an 
organic salt, which is an undesirable side product. This scenario partially 
prevented the insertion of the doping agent into the CD’s structure. Lima 
et al. related results with higher reactant levels and acetylation agents 
that could generate side products [41]. 

Table 3 indicates ANOVA results of the effects on the CDs quantum 
yield. We observe by the superior median square (MQ) and the F0 values 
(F0 > Fcritical) that the main effects on the quantum yield is the synthesis 
time (factor B), the interaction effect between the doping agent and 
synthesis time (factor AB), and the interaction effect between synthesis 
time and acid:chitosan molar ratio (factor BC). The main factors doping 
agent and molar ratio did not indicate significant variation in the CDs 
quantum yield, showing that there is a crucial combination between the 
parameters, which are more relevant than the isolated individual 
parameters. 

The effect of factor B, the synthesis time, was verified through the 
quantum yield average values. There is sufficient evidence showing that 
carbon dots retain the properties of molecular precursors under proper 
pyrolysis conditions [22]. In the shorter synthesis time (9.5 min), the 
quantum yield achieved higher values than with the longer synthesis 
time (15 min), with average values of, respectively, 4.68 % and 3.67 %. 

The highest quantum yield (7.07 %) was achieved using a shorter syn-
thesis time (9.5 min). 

In the study performed by Gong et al., chitosan-based CDs produced 
by microwave presented the highest quantum yield (5.50 %) with an 
intermediary synthesis time of 15 min, and the molar ratio acetic acid: 
chitosan obtained was approximately 8:1 [42]. The synthesis time after 
15 min could generate excessive sample carbonization, diminishing the 
quantum yield, observed in our study, and in accordance with the report 
of Gong et al [42]. 

However, our study advances this discussion by evaluating the three 
parameters (doping agent, synthesis time, and molar ratio) jointly by 
factorial design combined with variance analysis on the quantum yield 
of chitosan-based CDs. 

We observe a synergistic effect between the doping agent and syn-
thesis time (factor AB), which indicated the uppermost influence on the 
quantum yield (F0 > Fcritical). When the doping agent is present in the 
solution, the longer synthesis time produced CDs with higher quantum 
yield results (5.28 %). Without the addition of the doping agent, a longer 
synthesis time does not lead to an increase in the quantum yield; instead, 
a decrease in average quantum yield values is observed (2.07 %). The 
synergy between the doping agent and synthesis time leads to a higher 
quantum yield (7.07 %) in a shorter synthesis time (9.5 min). At the time 
of 9.5 min, the quantum yield is increased without the addition of the 
doping agent. However, with the addition of the doping agent, the in-
crease in quantum yield is observed only in the longer syntheses. 

Statistical analysis allowed the evaluation of the influence of the 
synthesis parameters on the quantum yield of the carbon dots. Our re-
sults pointed out that the combination of the absence of the doping agent 
and a longer synthesis time was more effective in achieving higher 
quantum yields compared to the effect of the doping agent alone. 

Manioudakis et al. reported a positive correlation between the 
quantum yield and the number of carboxylic groups during the 
condensation reaction with amines in the CDs synthesis [13]. 

We observed an inverse relationship between the synergy of syn-
thesis time and molar ratio (Factor BC). In a longer synthesis time, the 
highest molar ratio produced CDs with a higher average quantum yield 
(5.76 %). The combination of shorter synthesis time and higher molar 
ratio achieved the highest value (7.07 %). Probably, the higher acetic 
acid content caused more protonation of the amino groups of chitosan 
and generated more surface states, even in the shorter synthesis time 
[33]. Effective surface functionalization of carbon particles is a neces-
sary condition for high fluorescence performance of carbon dots [23]. In 
our experiments, the highest quantum yield was obtained under the 
conditions of no doping agent, 9.5 min synthesis, and 22:1 chitosan acid 
molar ratio. 

However, with a longer synthesis time, CDs with higher quantum 
yields were produced using lower acetic acid:chitosan molar ratio (4.57 
%). In higher concentrations of carbon sources, collateral reactions 
could happen and inhibit the formation of CDs [43]. 

Pal and coworkers performed a study with variation in the molar 
ratio of reactants in boron and phosphorus-doped CDs [43]. The higher 
molar ratios of boric acid and citric acid (above 11 % w/w) resulted in 
incomplete carbonization of the starting material, consequently 

Table 3 
ANOVA analysis of the influence of synthesis parameters in the quantum yield of chitosan-based CDs.  

Variance analysis 

A B C AB AC BC ABC Sqerror SQtotal   

18.00  − 24.20  4.52  59.12  − 10.52  − 47.40  − 11.16   Contrast  
0.75  − 1.01  0.19  2.46  − 0.44  − 1.98  0.47   Effect  
6.75  12.20  0.43  72.82  2.31  46.81  2.59  51.00  194.97 SQ  
1.00  1.00  1.00  1.00  1.00  1.00  1.00  41.00  48,00 GL  
6.75  12.20  0.43  72.82  2.31  46.81  2.59  1243  MQ  
5.43  9.81  0.34  58.57  1.85  37.65  2.09   F0  

7.30  7.30  7.30  7.30  7.30  7.30  7.30   Fcritical  
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decreasing the luminescent quantum yield of the nanomaterial. The 
excess of boron in the reaction mixture lowered the efficiency of the 
reaction. 

The quantum yield values varied from 1.16 to 7.07 % (Table 1). Our 
best quantum yield results are comparable or superior to other chitosan- 
based CDs synthesized in other reports (Table 4). Liu and coworkers 
produced CDs by chitosan carbonization with a synthesis time of 2 h 
without a doping agent with a quantum yield of 4.34 % [20]. By a 12 h 

solvothermal synthesis, Zhang et al. achieved chitosan-based CDs with a 
quantum yield of 5.70 % [44]. Dong and coworkers synthesized 
chitosan-based CDs by microwave approach using a synthesis time of 15 
min with a quantum yield of 6.80 % using 1,2-ethylenediamine as a 
doping agent [27]. Our approach resulted in a higher quantum yield 
(7.07 %) in a shorter synthesis time (9.5 min) without a doping agent. 

3.2. Structural and optical properties 

By one-step microwave synthesis, we synthesized doped and non- 
doped chitosan-based CDs, varying the synthesis time, and using 
different acetic acid/chitosan molar ratios. Results demonstrated a 
distinct pattern for doped samples and non-doped CDs. Characterization 
will be addressed by comparison of doped CDs with non-doped ones 
using CDQ5D15 (N-doped) and CDQ22S9 (undoped) samples due to 
their higher quantum yields. 

The CDs, after dialysis, are uniform and spheroidal with an average 
diameter of 15 nm for N-doped CDs and 9.7 nm for non-doped CDs. 
Fig. 2 shows the AFM images with self-assembling structures of nano-
material. The size of synthesized chitosan-based CDs is comparable to 
other reports in the literature [45–47]. 

We investigated the surface charge of chitosan-CDs by Zeta potential 
measurement (Fig. 3). In the non-doped sample, the zeta potential was 

Table 4 
Summary of chitosan-based CDs quantum yield.  

Synthesis 
method 

Synthesis 
time 

Doping agent Quantum 
Yield 

Reference 

Carbonization 2 h Absence  4.34 % [20] 
Solvothermal 12 h 1,2- 

Ethylenediamine  
5.70 % [43] 

Microwave 9.5 min Absence  6.40 % [44] 
Microwave 15 min 1,2- 

Ethylenediamine  
6.80 % [27] 

Microwave 15 min Absence  5.33 % [42] 
Microwave 9.5 min Absence  7.07 % This work 
Microwave 15 min 1,2- 

Ethylenediamine  
6.17 %  

Fig. 2. (a) Topographic and 3D (b) atomic force microscope images of doped chitosan CDs with ethylenediamine with a synthesis time of 15 min (CDQ5D15); (c) 
Topographic and 3D (d) image of chitosan CDs without dopant with a synthesis time of 9 min (CDQ22S9). 
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− 47.1 mV, and the doped was − 8.7 mV. We could attribute the different 
values to the ionization of oxygen-containing groups on the surface of 
non-doped CDs (–COOH, –OH functional groups) [48]. Doped CDs with 
ethylenediamine present amino groups (-NH2), which present a positive 
surface charge because of the protonation in an aqueous medium. 

These results confirm the pattern shown in AFM images; zeta po-
tential values close to zero show the tendency of CDs assembly. How-
ever, the existence of a higher number of functional groups may improve 
the optical and fluorescence properties [49]. 

Elemental analysis showed that the doped and non-doped CDs have 
different compositions, especially regarding O/N ratio (Table 5). Non- 

doped and doped CDs samples have an O/N ratio of respectively 14.5 
and 7.39. By comparison, the doping agent increased the nitrogen 
content twice in the samples. CDs with higher nitrogen content can 
present improvements in the optical properties of the CDs, for example, 
the fluorescence intensity [50]. 

FTIR spectra of chitosan-based CDs was conducted to evidence the 
main functional groups (Fig. 4). Doped and non-doped CDs showed 
depict peaks in 3350 cm− 1 attributed to O–H and N–H stretching vi-
brations, 2100 cm− 1, 1639 cm− 1 attributed to C–N and C––O stretching 
vibrations, and 601 cm− 1 corresponding to the aromatic stretching 
[44,48,51–55]. The doped sample showed higher intensity in the char-
acteristic peaks compared to the undoped sample, indicating a higher 
number of functional groups, which can be attributed to the successful 
insertion of ethylene-diamine in the CDs surface, increasing the relative 
nitrogen content of the CDQ5D15. 

The functional groups incorporated in the CDs core improve the 
solubility of chitosan-based CDs [56]. Compared to the spectrum of pure 
chitosan, we observe the disappearance of bands in 1130 cm− 1, which 
indicates the decomposition process of pyranose rings during carbon-
ization, which is in accordance with the study of Zhan et al [18]. We also 
noted a decrease in the absorption in the 3350 cm− 1 and 2985 cm− 1 

bands, which is consistent with other studies [20,48]. 
UV-VIS absorption spectra (Fig. 5) of the non-doped sample 

(CDQ5S9) depict a noticeable absorption peak at 278 nm assigned to the 
π-π* conjugate transition of the C––C sp2 bond in the carbon core of 
chitosan-based CDs. This peak is also present in the doped sample. Ab-
sorption peaks in the 200–350 nm range are characteristics of CDs [57]. 
Regarding the doped sample (CDQ5D9), we found a lower peak in the 
320–330 nm region attributed to the formation of excited defect surface 
states induced by the N-doping agent [58,59]. 

When looking at the fluorescence spectroscopy of the samples, a 
clear pattern is presented, which is the excitation-dependent behavior of 
fluorescence properties in the non-doped CDs (Fig. 6a-b). Excitation- 
dependent emission is standard behavior for CDs [58,59]. On the 
other hand, the N-doped CDs presented the independent-excitation 
behavior (Fig. 6c-d). The excitation-independent behavior suggests 
that the fluorescence properties of CDs are related to narrow size dis-
tribution and uniform surface chemistry, in accordance with Yu et al. 
[60]. Nitrogen doping caused the formation of new surface states. The 
electrons trapped by the surface states could facilitate radiative 
recombination leading to the CDs emission-independent behavior [61]. 

In the lower acid:chitosan molar ratio (Fig. 6c), the doping agent 
increased the fluorescence intensity to values above 30,000 a.u. This 
effect of improvement of fluorescence intensity is according to other 
literature reports [13,50]. Barman et al. relate the gain of fluorescence 

Fig. 3. Zeta potential of CDQ5S9 and CDQ5D9 samples.  

Table 5 
Properties of doped and non-doped chitosan CDs.   

Sample Size 
(nm) 

Zeta potential 
(mV) 

Elemental composition (%) 

C H N O 

1 CDQ22S9  9.7  − 47.1 ± 1.3  27.01  6.78  4.27  61.94 
2 CDQ5D15  15  − 8.7 ± 0.6  32.22  5.36  7.43  54.99  

Fig. 4. FTIR spectra of non-doped, doped chitosan-based CDs and 
pure chitosan. 

Fig. 5. UV absorption spectra of CDQ5S9 sample and CDQ5D9 sample.  
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properties to the surface state and functional groups inserted by incor-
porating the doping agent [62]. Furthermore, the emission wavelengths 
for doped samples (Fig. 6c) shifted to higher values in contrast with non- 
doped ones (Fig. 6a). We could explain this displacement behavior by 
the broad distribution of different emissive sites in the doped CDs, in 
accordance with the report by Sun et al. [63]. 

The non-doped sample, CDQ5S9, reached the maximum fluorescence 
intensity at 310 nm, and the observed emission was 394 nm. The doped 
sample, CDQ5D9, achieved the intensity maximum at the 350 nm 
excitation, and the observed emission shifted to the 444 nm range. 
Excitation after the UV region on the chitosan-based carbon dots 
resulted in the diminishing of fluorescent intensity. Bao et al. synthe-
sized CDs of several sizes, and they related that the emission peak shift 
was related to the decrease in carbon dot size [64]. Luo et al. stated that 
CDs with emissions at longer wavelengths could internalize into tissues 
and cells more effectively with brighter fluorescence emission in the 
red/near-IR regions [23,38]. 

3.3. Fungal cells fluorescence images 

The bioimaging capability evaluation of the chitosan-based CDs was 
performed by employing confocal laser microscopy (Fig. 7). In the 
samples without CDs, there is no clear fluorescence emission of the 
Candida albicans cell culture when excited at the three analyzed wave-
lengths (Fig. 7a-c). On the other hand, after a brief incubation period 
(one hour), the cell culture with CDs presented bright fluorescence 

emission in three different excitation wavelengths, namely blue (405 
nm), green (488 nm), and red (561) ranges (Fig. 7d-f). 

The images suggest that chitosan-based CDs easily enter into the 
cells, probably through passive diffusion, accumulating in the cytoplasm 
until they reach their maximum concentration in a brief time, 30 min 
[65–67]. The high distribution observed in the cell membrane and the 
cytoplasm implies that they can be a propitious candidate for bio-
imaging applications. Furthermore, chitosan-based carbon quantum 
dots showed no cytotoxic effects on keratinocyte (HaCat) cultures in the 
absence of an external metabolizing source (S9 fraction) in the MTT 
assay, even at high concentrations (40 μg/ml). The MTT assay proved 
that the chitosan-based carbon dots at the concentration used for bio-
imaging purposes show no cytotoxicity. 

Other biomarkers have been used in studies of Candida cells. Pep-
tides conjugated with fluorescein isothiocyanate (FITC) to confocal laser 
scanner microscope (CLSM) analysis and flow cytometry [68,69]. 
Confocal laser scanning microscopy (CLSM) studies were conducted to 
examine the viability of the Candida cells stained with Syto 9, a green- 
fluorescent nuclear and chromosome that penetrates viable cells [70]. 
However, the emission range of Syto 9 and fluorescein isothiocyanate is 
in the green region of the spectrum. On the other hand, the chitosan- 
based carbon dots showed red, green, and blue emissions. This carbon 
dots’ capability expands the possibilities of using carbon dots as a cell 
bioimaging agent. 

Bhamore and coworkers reported the endocytosis of CDs by the 
fungal cell membrane of Aspergillus aculeatus and Fomitopsis sp [65]. The 

Fig. 6. Fluorescence spectroscopy and normalized fluorescence intensity of (a) CDQ5S9 and (c) CDQ5D9 samples.  
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CDs are in the cell membrane and cytoplasm. Other cellular models were 
used to evaluate the CDs capability for bioimaging applications. Wey 
and coworkers used CDs for in vivo bioimaging of Zebrafish [71], Li et al. 
employed CDs as bioimaging probes for Hela cells [72], and Yan et al. 
applied CDs as a fluorescent reagent for biological imaging of bacteria 
that presented blue emission [73]. In all these reports, CDs are inter-
nalized in different cellular models, confirming their good capability as 
bioimaging agents. 

In the work of Yu et.al, carbon dots were used for the fluorescent 
detection of Candida albicans [74]. Effective binding with Candida albi-
cans cells was possible with the use of the antifungal drug amphotericin 
B. The binding between amphotericin B and Candida albicans cells occurs 
by hydrogen bonds between the carbonyl portion of the antifungal and 
the fungal cell membrane [75]. 

In our work, the chitosan-based carbon dots showed strong C––O 
stretching in the 1600 cm− 1 region. The high content of carbonyl, hy-
droxyl and amino groups allows the chitosan-based carbon dots to bind 
to the ergosterol of the Candida albicans cell membrane [76]. Through 
hydrogen bonds, the carbonyl groups could open pores in the cell 
membrane allowing the chitosan‑carbon dots to internalize and act as 
bioimaging agents. 

4. Conclusion 

We synthesized doped and non-doped chitosan-based CDs by one- 
step microwave synthesis and evaluated the influence of synthesis pa-
rameters on the CDs quantum yield. The association of factors molar 
ratio acetic acid/chitosan and the synergy of the doping agent and 
synthesis time was statistically more significant than individual pa-
rameters to obtain CDs with higher quantum yield. Our findings show 
that the 22:1 molar ratio with a synthesis time of 9.5 min showed the 

best quantum yield without the presence of the doping agent. In other 
words, it is statistically more favorable to combine the shorter synthesis 
time (9,5 min) and higher molar ratio (22:1) to obtain better quantum 
yields compared to the influence of the doping agent. More importantly, 
the chitosan-based carbon dots were able to specifically interact with the 
ergosterol of the Candida albicans cell membrane. This interaction 
allowed the carbon dots to internalize into the cytoplasm of the fungal 
cells. The chitosan-based carbon dots exhibited multicolor emission, 
corroborating their ability as a bioimaging agent. 
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M. S. Abreu: Conceptualization, Supervision, Formal analysis Writing- 
Reviewing and Editing; Project administration. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Fig. 7. Confocal microscope images. (a-c) Candida albicans cell culture excited at 405, 488, and 561 nm, respectively. (d-f) Candida albicans cell culture incubated 
with chitosan-based CDs excited in 405, 488, and 561 nm. 
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