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Spectral properties of chiral carbon nanoparticles based on glutathione
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In this work, carbon nanoparticles (C-dots) were obtained from solution of chiral L-glutathione molecules in

formamide. The resulting C-dots have photoluminescence (PL) in the red region of the spectrum at 370−470 nm

and a high quantum yield for this band, reaching 10.8%. In the circular dichroism spectra of these C-dots, a

signal in the optical transition region of 370−470 nm, associated with s p2-hybridized carbon domains doped with

nitrogen and oxygen atoms was observed.
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Introduction

In the last decade, luminescent carbon nanoparticles (C-
dots) have attracted increasing attention due to their unique

properties, such as low toxicity, high photoluminescence

(PL) quantum yield (QY) values, and the possibility of

tuning the position of optical transitions throughout the

entire visible spectrum [1]. The simplicity and low cost

of synthesis and the possibility of production of stable

colloidal solutions in various media make C-dots attrac-

tive for use as active materials in optoelectronics [2,3],
photovoltaics [4], sensorics [5], catalytic systems [6], and

biomedical applications [7,8]. In biomedicine (specifically,
bioimaging), nanoparticles with optical transitions in the

regions of tissue transparency (red and near-infrared (NIR)
spectral regions) [9] are of particular interest. Methods

for synthesis of C-dots with transitions in the spectral

ranges of interest involving organic dyes [10], mixtures

of citric acid and urea in dimethylformamide [11,12],
citric acid in formamide [13,14], etc., have been devel-

oped. Another important parameter of the interaction of

nanoparticles with biological objects is chirality [15,16].
The methods for preparation of chiral C-dots can be

divided into two classes: one-step approaches, where

chiral molecules are used as precursors in solvothermal

or microwave heating [17], and two-step ones, where

chiral molecules are covalently attached to the surface

of C-dots as a result of their chemical treatment in

solution [18].
Taking the above into account, the most attractive objects

for biological applications are C-dots that feature both

optical transitions in the red/NIR region of the spectrum

and a chiral surface for controlled interaction with biological

objects. Glutathione (an organic molecule with chiral

groups) is one of the most suitable precursors for such

nanoparticles. It has been shown that heating glutathione in

a formamide solution in an autoclave leads to the formation

of C-dots with a photoluminescence band positioned in the

650−710 nm region [19,20]. However, the chiral properties

of such C-dots have not been studied yet. The aim of

this work was to investigate the spectral characteristics

of C-dots obtained solvothermally from glutathione in

formamide. These 4-nm-sized nanoparticles exhibit bright

photoluminescence with a band maximum at 690 nm and a

circular dichroism signal in the 370−470 nm region, where

the optical transition of the C-dot core is located.

Materials and research methods

Materials

Formamide (≥ 99.0%), L-glutathione (≥ 98.5%), and

polyethylene glycol (molecular weight 2000, PEG-2000)
were used in this work. All chemical reagents were used

without further purification. Deionized (DI) water (Milli-Q

water) was used in experiments.

Synthesis of carbon nanoparticles

C-dots were synthesized by a one-step solvothermal

method from L-glutathione (94mg) in formamide (10mL)
in a closed stainless steel autoclave at 160◦C within 6 h.

After the reaction, the mixture was cooled to room temper-

ature naturally and dialyzed in DI water using dialysis bags
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Figure 1. High-resolution XPS spectra of the CD-Glu-Ref sample: (a) C1s, (b) N1s, (c) O1s, and (d) S2p. Experimental (exp., black
lines) and approximation (fit, colored lines) data with characteristic bands of different chemical groups indicated.

with a molecular weight cut-off (MWCO) of 3.5 kDa for 4

days. The sample was filtered using a syringe filter with a

pore size of 0.22µm and lyophilized. A green powder of

CD-Glu-Ref C-dots was obtained as a result.

To obtain C-dots with more stable properties, it is

common to add polymer to the reaction mixture during

synthesis. In order to verify this statement, an additional

13mg of PEG-2000 were added to the basic precursors.

Further synthesis was carried out similarly to the previous

sample. The obtained C-dots are designated as CD-Glu-PEG

below.

Research methods

The sample sizes were analyzed by atomic force mi-

croscopy (AFM) with a Solver PRO-M microscope (NT-

MDT, Moscow, Russia) in the semi-contact mode. Infrared

(IR) spectra were measured with a Tenzor II spectropho-

tometer (Bruker, Billerica, USA). X-ray photoelectron

spectroscopy (XPS) was used for elemental analysis of

the obtained nanoparticles. Spectra were measured using

an ESCALAB 250Xi photoelectron spectrometer (Thermo

Fisher Scientific, Waltham, USA) (AlKα radiation, the

photon energy was 1486.6 eV). Absorption spectra of the

solutions were obtained using a UV-3600 spectrophotome-

ter (Shimadzu, Kyoto, Japan); maps of the photolumines-

cence (PL) intensity distribution as a function of sample

excitation wavelength (PL-PLE maps) were recorded with

a Cary Eclipse spectrofluorimeter (Agilent, Santa Clara,

USA). Circular dichroism (CD) absorption spectra were

recorded by a J-1500 spectrophotometer (Jasco, Tokyo,

Japan).
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Figure 2. AFM images (a, c) and corresponding height distributions (b, d) of the CD-Glu-Ref (a, b) and CD-Glu-PEG (c, d) samples. IR

spectra of samples with marked areas typical of the vibrations of different bonds (e).

200 400 600 800

A
b

so
rp

ti
o

n

550 600 700 750 800 5
300

400

500

600

700

Wavelength, nm

CD-Glu-ref
CD-Glu-PEG

a
800

CD-Glu-Ref

E
x

ci
ta

ti
o

n
 w

av
el

en
g

th
, 
n

m

650
Emission wavelength, nm

b

1.0

0.5

0

550 600 700 750 800
300

400

500

600

700

800
CD-Glu-PEG

E
x

ci
ta

ti
o

n
 w

av
el

en
g

th
, 
n

m

650
Emission wavelength, nm

c

1.0

0.5

0

Figure 3. (a) Absorption spectra and (b, c) PL-PLE maps of aqueous solutions of CD-Glu-Ref (b) and CD-Glu-PEG (c).

Results and discussion

XPS spectra were recorded to investigate the chemical

structure of C-dots based on glutathione and formamide.

The panoramic XPS spectrum revealed that CD-Glu-Ref is

composed of the following major elements: carbon (C1s,
55.28%), oxygen (O1s, 24.97%), nitrogen (N1s, 19.61%),
and a small amount of sulfur (S2p, 0.14%). High-resolution
spectra for the C1s, N1s, O1s, and S2p bands and their de-

composition into peaks corresponding to different bonds are

shown in Fig. 1. Based on the analysis of the C1s band, the

presence of bonds C−C/C−H (285.2 eV), C−OH/C−O−C

(286.7 eV), and C−N/R−C=O (288.8 eV) (Fig. 1, a) was

established. C-dots contain a large amount of nitrogen

(19.61%), primarily in the forms of pyrrole / pyridone

(400.7 eV), pyridine, and in the composition of amides and

amines (399.1 eV). The sample also contains a small amount

of graphite-like carbon nitride (401.8 eV) (Fig. 1, b). The

XPS spectrum for the O1s band shows that C=O bonds

prevail in the composition of amides and carboxylic groups

(peaks at 531.3, 532.2, and 533.6 eV Fig. 1, c). A small

amount of sulfur in the form of thiol (164.4 eV, Fig. 1, d)
was also found in the sample.

Figure 2, a−d shows typical AFM images and the

corresponding particle height distribution diagrams. The

average height of CD-Glu-Ref particles was estimated

at 4.1−1.5 nm (Fig. 2, a,b). When polyethylene glycol

was added to the reaction mixture, larger nanoparticles
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Quantum PL yield of aqueous solutions of C-dots

Sample Quantum yield, %

λex = 400 nm λex = 620 nm

CD-Glu-Ref 9.5 10.8

CD-Glu-PEG 8.4 10.2

formed. Specifically, a broad distribution with an average

value of 6± 3 nm was observed for CD-Glu-PEG, and

aggregates up to 15 nm in size were present in the sample

(Figs. 2, c, d). The analysis of IR spectra showed that the

addition of polymer in the synthesis practically does not

affect the formation of bonds in C-dots: all characteristic

bands in the IR spectra are repeated for both samples

(Fig. 2, e). A small number of S−H= bonds were detected,

as indicated by the peak at 2535 cm −1. The broad

absorption band at 3000−3400 cm−1 corresponds to H-

bond vibrations, and the peaks at 3200 cm−1 correspond

to N−H valence vibrations. The peaks at 2848 and

2930 cm−1 represent the C− H bonds of aliphatic groups,

and they are more intense in the CD-Glu-PEG sample,

indicating the presence of a polymeric aliphatic chain.

The peaks at 1346 and 3040 cm−1 correspond to valence

vibrations of C−N and C−H bonds in the aromatic ring.

The peaks at 1295, 1230, and 1085 cm−1 may indicate

the presence of (NH)−C=O groups and C−O vibrations

within C-dots, respectively. Narrow intense peaks at 1667,

1590, and 1530 cm−1 correspond to valence vibrations

C=O and deformation vibrations of N−H in amides. In

addition, C=C vibrations of aromatic rings may be present

in this region (1660 − 1550 cm−1). The absorption around

1150 and 1134 cm−1 can be explained by C−O−CC

vibrations, and the peak at 1150 cm −1 can be related

to the deformation vibrations of N −H in (NH 2)−C=O.

Consequently, aromatic domains doped with nitrogen and

oxygen are present in the samples, and there is a multitude

of amino groups on the surface of C-dots, which correlates

with the XPS results. A significant number of aliphatic

carbon groups are observed in the CD-Glu-PEG sample due

to the presence of polymer, which also correlates with the

AFM results and explains the larger size of CD-Glu-PEG

compared to CD-Glu-Ref.

Analysis of the spectral characteristics of the samples

showed that the addition of polymer does not lead to the

formation of new optical centers, as can be seen from

Fig. 3. In the absorption spectrum of both samples, a

weakly intense peak at 260 nm is observed, which can be

attributed to the presence of benzene and its derivatives

(Fig. 3, a). The most intense absorption peak is observed

at 405−417 nm, and the vibrational structure is pronounced

in the long-wavelength band with peaks at 578, 603, 627,

675, and 734 nm. Optical transitions in the 400−415 nm

and 600−690 nm regions represent the long-wavelength PL

band with a maximum at 690 nm (Fig. 3, b, c). The PL QY

was 8−11%, its value depending on excitation wavelength
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Figure 4. Absorption spectrum (gray line) and averaged circular

dichroism signal (black squares and blue line) for the CD-Glu-Ref

sample in water.

λex and the sample (see the table). As expected, the use of

polymer during synthesis enhances the PL QY; however,

as can be seen from the table, the PL intensity of the

unmodified sample is slightly higher, indicating that in this

case PEG-2000 does not interact with the PL centers of

C-dots.

The analysis of literature data showed that the PL band

of glutathione-based C-dots almost always has a maximum

at 690 nm and is independent of the excitation wavelength,

which is typical of organic luminophores. Y. Ganjkhanlou

et al. [21] showed that this PL band has a similar nature

to the Q-band emission of macromolecules — derivatives

of porphyrin. The authors of this work demonstrated that

macromolecules form amorphous aggregates when drying

on substrates. In our experiments, no large aggregates were

observed; rather, the nanoparticle height distribution in both

samples did not exceed 10 nm. Having performed thin-

layer chromatography, we did not detect separation of the

sample into several nanoparticle fractions. Therefore, the

synthesis process forms a single type of C-dots. Thus, it can

be assumed that the observed long-wavelength PL is caused

by optically active centers similar to porphyrin derivatives

embedded in an amorphous carbon matrix of C-dots.

Since L-glutathione is a chiral molecule, we assumed that

as a result of synthesis, either entirely chiral nanoparticles

or C-dots with chiral groups on the surface would form.

Measurements of the circular dichroism signal showed that

there is a low-intensity signal in the 300−500 nm region.

Its spectrum is presented in Fig. 4. In the spectral regions

of 200−300 and 500−800 nm, the signal-to-noise ratio was

too low, indicating a lack of circular dichroism signal in

these regions. It can be seen from Fig. 4 that in the

350−450 nm region, which corresponds to the absorption

of N,O-doped s p2domains of C-dots, a negative Cotton

Optics and Spectroscopy, 2023, Vol. 131, No. 12



1644 E.A. Stepanidenko, M.D. Miruschenko, A.V. Koroleva, E.V. Zhizhin, A.M. Mitroshin, P.S. Parfenov,...

effect is observed with a maximum at 386 nm, a minimum

at 432 nm, and a circular dichroism value of +0.5 and

−0.5mdeg, respectively. Dissymmetry factor factor g was

+0.8 and −1.2 · 10−5 for the positive and negative peaks,

respectively. This value is 1−2 orders of magnitude smaller

than the previously published values for C-dots obtained

by the one-step method (1.6 · 10−3 [17] and Fx43xE [22]).
We predict that the presence of this signal is associated

with the decomposition of glutathione molecules during

solvothermal synthesis in the presence of formamide and

the formation of N,O- doped s p2 domains with a small

number of chiral centers due to possible racemization at

high synthesis temperatures. In most published studies into

the synthesis of chiral C-dots, circular dichroism signals

are observed in the region up to 350 nm and are mostly

associated with the initial chiral precursor molecules or

their aggregates covalently bound to the surface of C-

dots [23–26]. The detection of circular dichroism signals

due specifically to the internal structure of C-dots in the

region above 350 nm is a rare observation and requires

further research. It should also be noted that chiral C-

dots synthesized in this work feature the longest-wavelength

PL band known to date. In previous studies, the PL band

was observed at 601 [24], 620 [25], and 630 nm [26] with

quantum yields of 10.8, 6.8, and 16.2%, respectively.

Conclusion

In this work, chiral C-dots based on glutathione and

formamide, which emit in the red region of the spectrum

with a relatively high QY, were studied. The use of

polymer in the synthesis did not affect the formation of

optical centers of C-dots, but contributed to an increase in

the size and number of aliphatic chains on the surface.

C-dots possess their own chirality, which is caused by

the formation of chiral centers inside N,O-doped aromatic

domains when glutathione interacts with formamide. The

nature of luminescence is associated with the formation

of optical centers similar to macromolecules — derivatives

of porphyrins embedded into the C-dot matrix. Thus,

nanoparticles synthesized in this work are promising for

further studies and application in biology and medicine as

luminescent markers.
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