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The carbon dots (CDs) from natural nanographite oxide mixture (NGO-MIX) and from its fraction NGO
(3.5-10K) recovered after ultrafiltration and dialysis were analyzed by 3D-excitation/emission matrix and
high-performance size exclusion chromatography (HPSEC) combined with online fluorescence and ab-
sorbance detections. HPSEC chromatograms obtained simultaneously with absorption within the wave-
length range 200-500 nm and fluorescence detection at Aexc/Aem = 270/450 nm/nm showed that NGO-
MIX sample is not homogeneous and consist of well resolved CDs fractions with different sizes, absorp-
tion spectra and distinct fluorescence and non-fluorescence properties. Despite the twice higher fluores-
cence intensity of fraction NGO (3.5-10K) compared to the NGO-MIX, some impurity of non-fluorescent
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Absorbance components was detected by HPSEC. The absorbance spectra of chromatographic peaks, extracted from
El;l\c/’lfe]j;es']‘;ce the data of multi-wavelength absorbance detector, demonstrated different combinations of absorbance

maxima. It means that different chromatographic peaks correspond to sized and chemically different CDs
fractions. This study demonstrated for the first time the possibility of separating oxidized nanographite
into homogeneous free from non-fluorescent material CDs fractions with their simultaneous spectroscopic
characterization.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

At the present time much attention is devoted to carbon dots
(CDs), which along with natural biocompatibility demonstrate sta-
ble intense fluorescence sensitive to changes in the environment
[1]. These properties open up prospects for the utilization of these
nanoparticles as optical sensors for various impurities in liquid and
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gaseous media [2-5], and as theranostic nanocomplexes that simul-
taneously act as luminescent biomarkers and drug carriers [6-9].
The relevance of using such CDs is primarily associated with the
active development of science and technology, where the issue of
controlling the content of various substances in multicomponent
media, monitoring the occurrence of chemical reactions in various
technological processes, and the need to create luminescent medi-
cal nano-agents are becoming increasingly acute [10].

The CDs can be synthesized by a variety of physicochemical
methods from various carbon-based starting materials [11-14]. In
most cases, the end product of CDs synthesis is a complex mix-
ture of compounds with significantly different properties. Unfortu-
nately, at present, there is no exact way to certify the compositon,
which significantly complicates the development of a methodology
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for their application in specific tasks. The major drawback limiting
the application of CDs in the life sciences is their not fully under-
stood structure and relatively low quantum yield. Obtaining pure
CDs, devoid of various non-fluorescent impurities, should help to
reveal their natural chemical structure and provide important in-
sights for understanding the optical properties of CDs synthesized
by a strong oxidation process. The isolation of homogeneous flu-
orescent CDs free of non-fluorescent compounds will significantly
increase the quantum yield, sensitivity, and, consequently, the op-
erational efficiency of CD-based nanosensors.

Currently, a number of methods were suggested for CDs sep-
aration and purification including electrophoretic techniques, ul-
trafiltration and dialysis, solvent extraction, density gradient cen-
trifugation or differential centrifugation, reverse phase, and anion
exchange high-performance liquid chromatography [15-19]. Due to
the fact that most as-prepared CD mixtures contain nanoparticles
of different sizes, size-exclusion chromatography (SEC) becomes
one of the most promising methods for the task. For this rea-
son, various SEC methods with different combinations of solid and
mobile phases including conventional low-pressure size-exclusion
chromatography (conventional SEC) [20-25] and high-performance
size-exclusion liquid chromatography (HPSEC) [26] have been used
previously for purification and fractionation of CDs mixtures. How-
ever, detailed size-dependent fluorescence properties of CDs have
not been clearly understood and sometimes controversial. Several
research groups used preparative conventional SEC on the column
with Sephadex G-100 in water as eluent for purification of fluo-
rescent CDs from uncolored reagents in mixtures, prepared from
carbon soot by Hammers method and reduced by NaBH4 [20], pas-
sivated by PEGqsgon [21], doped by ZnS or TiO, [22], without on-
line detectors. The fluorescence emission and excitation spectra of
CDs mixtures before and after purification were found to be rather
similar, while their fluorescence quantum yields increased by sev-
eral times [20-22]. The CDs mixture, extracted from instant cof-
fee powder, were cleaned without online detectors from uncolored
non-fluorescent compounds by conventional SEC on Sephadex G-
25 in water and the mixture of CDs of different sizes has been
obtained [23].

Arcudi et al. [24] divided the CDs mixture obtained from argi-
nine and ethylenediamine by the microwave method into three
fractions based on the elution volumes (Ve) using fractionation on
Sephadex LH-20 in methanol as the eluent. However, the authors
have shown neither the chromatographic column size nor the Ve
of fractions. Therefore, it is not clear if fractions were eluted from
the column due to the size exclusion effect or due to hydropho-
bic, ionic or other interactions with the solid phase. Kokorina et al.
[25] used a ready-made PD-10 desalting column with Sephadex G-
25 in water as eluent for fractionation of CDs synthesized from
dextran sulfate sodium salt by the hydrothermal method and three
fractions with different size were detected offline at Ve more than
total column volume (Vt). Some reversible adsorption of analytes
on the Sephadex G-25 gel seems to take place. The reason is likely
to be the similar dextran nature of Sephadex gel and the source
of the CDs mixture that was prepared. Fuyuno et al. [26] used
HPSEC on three Cosmosil CNT-columns connected with online ab-
sorbance detection for fractionation of graphene CDs mixture and
several different average size fractions were collected within the
one broad absorption chromatographic peak, eluted after a total
column volume of three columns. Typically, as the CD nanoparti-
cles become smaller, the fluorescence energies are blue-shifted to
higher energies [27]. However, some blue shift has been observed
only in [26] and, on the contrary, the emission maxima of CD frac-
tions increased with decreased nanoparticles size in [25] or were
independent on size in [24]. The authors [24] believed that the sur-
face state emission can play a predominant role in the fluorescence
properties of CDs, leading to size-independent emission.
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Thus, the efficiency of conventional SEC and HPSEC to increase
the fluorescence quantum yields of CD mixtures as compared to
as-prepared synthesized in various ways was shown. The SEC-
separation of CD mixtures into fractions with different sizes and
fluorescence properties was shown to be possible as well [24-
26|, but some questions about the role of adsorption of analyte
on the solid phase still needs explanation. In addition, in stud-
ies discussed above SEC-experiments have been performed with-
out detectors [20-25] or with an absorbance detector at one wave-
length [26], and fractions were collected by color or by Ve with
subsequent offline analysis. These approaches do not allow one
to be sure that the obtained fluorescent CDs are completely free
of non-fluorescent components. Meanwhile, SEC coupling with on-
line simultaneous fluorescence and absorbance measurements may
be useful for application to CDs separation; however, we are not
aware of any data in the literature about the isolation of CDs by
this approach. Additionally, such coupling should be valuable for
the understanding of CDs optical properties and could help in clar-
ifying their nature.

In this study, the possibility of isolation of high-purity CDs frac-
tions, free of non-fluorescent material, from natural nanographite
oxide by HPSEC combined with online fluorescence and multi-
wavelength absorbance measurements for the first time has been
shown.

2. Materials and methods
2.1. Synthesis of NGO-MIX

The CDs mixture was synthesized by the Hammers method
from natural nanographite (NG) according to [28]. To this end,
200 mg of NG was added to 50 ml of 95% sulfuric acid (Aldrich)
and 68% nitric acid (J.T. Baker) mixture (proportion 3:1) in a 200
ml three-neck round-bottom flask. The NG oxidation was car-
ried out at 130 °C during 150 min. After cooling to room tem-
perature the supernatant was separated from insoluble graphitic
residues by centrifugation at 5000 rpm for 10 min, diluted 10
times with distilled water, and neutralized with 1M sodium hy-
droxide (Fisher). The neutralized CDs mixture, named NGO-MIX
was purified from salts on Spectra/Por regenerated cellulose dialy-
sis tubing with molecular weight cut off (MWCO) 1 kDa for three
days against distilled water and recovered by drying under vacuum
at 50°C. Ten milligrams of dry NGO-MIX were dissolved in distilled
water at a concentration of 2 mg/ml (optical density of about 2.2
at 270 nm) and used as a stock solution for further spectroscopic
and HPSEC analyses.

2.2. Separation of fraction NGO (3.5-10K) from the bulk NGO-MIX

Twenty milligrams of dry NGO-MIX were dissolved in 5 ml of
distilled water and size separated by centrifugation on Pall filter
10K (MWCO 10kDa). Then the ultrafiltrate with nominal molecular
weight (NMW) < 10 kDa was dialyzed in Spectra/Por regenerated
cellulose dialysis tubing with MWCO 3.5 kDa for three days against
distilled water. The resulting aquatic solution with optical density
of about 1.9 at 270 nm containing a part of NGO-MIX with NMW
between 10 and 3.5 kDa was named fraction NGO (3.5-10K).

2.3. UV-visible absorption and 3D-fluorescence excitation/emission
spectroscopy of NGO-MIX and fraction NGO (3.5-10K)

The UV-visible absorption spectra of aqueous NGO-MIX and
its fraction NGO (3.5-10K) were recorded in a 1 ¢m quartz cu-
vette using a Cary 3 spectrophotometer (Varian, Cary, USA). The
3D-fluorescence excitation/emission matrix (EEM) of both samples
were recorded using a Cary Eclipse fluorescence spectrophotometer
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(Varian, Cary, USA) in a 1-cm four-sided quartz cuvette. To min-
imize the inner filter effect, the solutions were diluted with wa-
ter to reach an absorbance of 0.05+0.01 at 270 nm. The excitation
wavelength range was 200-520 nm and the emission one 250-800
nm. Stepwise increments of 10 and 1 nm were used for excitation
and emission wavelengths, respectively.

2.4. High-performance size exclusion chromatography (HPSEC) with
online fluorescence and multi-wavelength absorbance detections of
NGO-MIX and fraction NGO (3.5-10K)

The HPSEC of NGO-MIX and NGO (3.5-10K) was conducted on
a HPLC system with multi-wavelength absorbance detector SPD-
M20A (Shimadzu, Japan), operational in the 200-500 nm range.
The fluorescence detector RF-20A, connected directly to the line
of the absorbance detector, was set to an excitation wavelength
270 nm, emission wavelength 450 nm, and used for measurements
of fluorescence emission. The column TSKgel G2000SWy; (7.8 mm
ID, 300 mm L, particles size 5.0 pm, average pore size 12.5 nm)
equipped with a guard column (Tosoh Bioscience, Japan) with a
fractionation range from 150 to 5 kDa for globular proteins was
used. The 30 mM phosphate buffer (pH 6.5) was used as eluent.
The flow rate was set to 1.0 ml min~!. The void column volume
(Vo) and the permeation volume (V) were 5.6 and 13.1 ml, re-
spectively. The solutions of NGO-MIX and NGO (3.5-10K) applied
on the column had an absorbance of 1.0 at 270 nm in 30 mM
phosphate buffer, and the volume of injection was 0.02 ml. The
phosphate buffer used as the mobile phase did not show any ab-
sorbance or fluorescence peaks. The entire HPSEC procedure was
repeated three times and the deviations did not exceed 3%. The
absorbance spectra of chromatographic peaks #1-8 were extracted
from the data of the multi-wavelength absorbance detector.

3. Results and discussion

3.1. Absorbance and 3D-fluorescence spectroscopies of NGO-MIX and
fraction NGO (3.5-10K)

The bulk NGO-MIX and its NGO (3.5-10K) fraction, obtained by
ultrafiltration and dialysis from the bulk sample, were subjected
to UV-visible absorption and 3D-fluorescence excitation/emission
analysis. The absorbance spectra of the NGO-MIX sample and frac-
tion NGO (3.5-10K) were found to be quite different. A gradual fea-
tureless decrease of absorption with an increasing wavelength was
observed in the NGO-MIX spectrum, while the absorption spec-
trum of fraction NGO (3.5-10K) had a maximum at 228 nm and
a shoulder at 300 nm (Fig. 1a).

The investigation of different fluorescence centers in NGO sam-
ples was performed with excitation-emission matrix (EEM) mea-
surements. Unexpectedly, after reviewing the scientific literature,
we found that the vast majority of researchers, when studying the
fluorescence properties of CDs, used a rather narrow range of exci-
tation wavelengths, usually starting from 300 nm or more to 500
nm [20-25]. Meanwhile, the detection of new emission centers ex-
cited by UV light would be undoubtedly useful for both studying
CDs structural peculiarities and their practical use. For this reason,
the excitation region from 200 to 520 nm with a 10-nm incre-
ment was used in our EEM measurements. The EEM spectra were
recorded for NGO-MIX and its fraction NGO (3.5-10K) in diluted
aqueous solutions with absorbance at 270 nm adjusted to 0.05 to
eliminate the inner filter effect and provide an emission intensity
proportional to the number of emitting centers (Fig. 1). The NGO-
MIX fluorescence spectra exhibited four peaks with the following
excitation-emission wavelength maxima pairs (Aexc/Aem) 230/440,
240/500, 290/500, and 310/435 nm/nm (Fig. 1b), while the high-
est emission intensity was found for the pair 230/440 nm/nm. The
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fraction NGO (3.5-10K) showed similar emission centers, however,
the fluorescence intensity of long-wavelength emitting centers
(Aexc/rem 240/500 and 290/500 nm/nm) was much higher than the
fluorescence intensity of short-wavelength ones (Aexc/Aem 230/440
and 310/435 nm/nm) (Fig. 1d). The long-wavelength emitting cen-
ters seem to be much more concentrated in the fraction NGO (3.5-
10K) than in the original NGO-MIX meaning that the essential part
of fluorescence centers with short-wavelength emission was lost
during the purification procedure of filtering and dialysis. In addi-
tion to local centers with high emission, both samples contained
low-intensive excitation-dependent long-wavelength emitters (see
Fig. 1c and 1e with conventional emission spectra extracted from
EEMs). The fluorescence intensity of NGO (3.5-10K) fraction was
twice or more higher than the NGO-MIX sample. Thus, the results
of the absorption and 3D-fluorescence spectroscopy demonstrated
that the original NGO-MIX sample and its fraction NGO (3.5-10K)
are not homogeneous and can be split into individual compounds
with different fluorescence properties.

3.2. HPSEC with online fluorescence and multi-wavelength
absorbance detections of NGO-MIX and fraction NGO (3.5-10K)

To confirm this assumption, we for the first time in the case
of CDs used HPSEC with simultaneous fluorescence and multi-
wavelength absorbance measurements for separation of NGO-MIX
and its fraction NGO (3.5-10K). Taking into account that NGO-MIX
CDs nanoparticles sizes are less than 10 nm [28-29], we used col-
umn TSKgel G2000SWy; with an average pore size of 12.5 nm to
achieve a satisfactory size-separating effect. The 30 mM phosphate
buffer (pH 6.5) was used as eluent to suppress the possible over-
exclusion effect due to the negative charge of CDs. This approach
was successfully used recently for isolation of different in size flu-
orescent negatively charged compounds from natural dissolved or-
ganic carbon of various origins [30-31]. The excitation/emission
pair 270/450 nm/nm was set for the fluorescence detector on the
basis of the EEM analysis of NGO-MIX and fraction NGO (3.5-10K).
At an excitation wavelength of 270 nm the fluorescence intensity
of both samples was high and both different emission maxima
in NGO-MIX well defined (Fig. 1c). The emission at 450 nm was
used to detect all fluorophores emitting in the range 420-550 nm
(Fig. 1b,d) during one chromatographic run.

The HPSEC chromatograms of NGO-MIX and NGO (3.5-10K)
are presented on Fig. 2. The UV chromatogram of NGO-MIX de-
tected at 210 nm (Fig. 2 a, solid black line) showed four resolved
peaks, labeled #1, #3, #6, and #8; the last one on the chro-
matogram’s tailing edge, #8, was considerably more intense than
the other ones. On the UV chromatogram with detection at 270
nm (Fig. 2a, dashed black line) the intensities of peaks #1, #3,
and #6 were considerably lower and peak #8 was absent. The
corresponded chromatogram’s fluorescence profile of NGO-MIX at
Aexc/Aem 270/450 nm/nm (Fig. 2a, red line) showed several addi-
tional peaks, labeled #1, #2, #4, #5, and #7. The peaks #1-8 were
eluted between the void (Vo 5.6 ml) and permeation (Vp 13.1 ml)
volumes of the column (Fig. 2a) and no absorbance or fluorescence
peaks after V, were found. This result means that fractionation
was based mostly on size differences. The NGO-MIX sample was
found to be heterogeneous, consisting of several size-different or-
ganic compounds, and only some of them possessed fluorescence
properties. It is obvious that the main part of NGO-MIX consists of
non-fluorescent compounds focused in peaks #3, #6, and, primar-
ily, #8. The fluorescent compounds (peaks #1, #2, #4, #5, #7) seem
to constitute an insignificant part of the bulk NGO-MIX sample. Af-
ter HPSEC separation of NGO (3.5-10K) the UV chromatogram at
210 nm exhibited peaks #1 and #3 (Fig. 2b, solid black line). The
UV chromatogram at 270 nm was similar in shape to that at 210
nm but less intense (Fig. 2b, dashed black line). The fluorescence
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Fig. 1. The absorbance spectra of NGO-MIX and NGO (3.5-10K) samples (a). The EEM of NGO-MIX (b) and NGO (3.5-10K) (d), the sets of conventional emission spectra of
NGO-MIX (c) and NGO (3.5-10K) (e). The absorbance and fluorescence spectra were recorded for NGO aqueous solutions with absorption of 0.05 at 270 nm.

chromatogram of NGO (3.5-10K) revealed peaks #1 and #4 (Fig. 2b,
red line). In the NGO (3.5-10K) chromatogram the absorbance in-
tensity of peak #3 and fluorescence intensity of peak #4 increased
considerably in comparison with peak #1; peaks #2 and #5 were
present as shoulders; peaks #6, #7, and #8 were absent. This result
could be attributed to the fractionation of NGO-MIX using ultrafil-
tration and dialysis. The centrifugation on the Pall filter 10K cut
off the nanographite oxide portion with NMW more than 10 kDa,
and during dialysis, the compounds with NMW less than 3.5 kDa
were lost. The considerable increase of the fluorescence intensity

in about 5 times with the unchanged absorbance of peak #4 in
the NGO (3.5-10K) chromatogram in comparison to the NGO-MIX
chromatogram showed the essential increase of quantum yield af-
ter purification of the NGO (3.5-10K) fraction and thus the higher
fluorescence purity of this material. However, in the NGO (3.5-10K)
sample some admixture of non-fluorescent matter located in peak
#3 was still present.

In the previous SEC-studies, CDs fractions differing in size were
collected based on their elution volumes using both visual obser-
vation [24-25] and absorbance detection at 254 nm [26] and CDs
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G2000SWy; column in 30 mM phosphate buffer (pH 6.5) with absorbance detec-
tions (at 210 nm, solid black lines, and at 270 nm, dashed black lines) and fluores-
cence detection (at Aexc/Aem — 270/450 nm/nm, solid red lines).

material has been eluted as one broad peak. This approach does
not allow one to show reliably the presence of individual fluo-
rescent or non-fluorescent components in the CDs mixture and to
accurately determine their place on the chromatographic profile.
Moreover, fractions were collected out of the fractionation range
of the column, i.e. after the total column volume [25-26]. Thus, ac-
cording to the principle of SEC, it is not clear how CDs fractions
have been separated according to their sizes or fractions distribu-
tion were additionally influenced by interactions (i.g. hydrophobic
or ionic) between the gel matrix and fractionated materials. On the
other hand, by using our combination of HPSEC-column and mo-
bile phase with simultaneous online fluorescence and absorbance
detections, the fractionation of graphene CDs mixture was done
based solely on size differences. For the first time several indi-
vidual monomodal chromatographic peaks were obtained, some of
which exhibited fluorescence.

3.3. Comparative analysis of absorbance spectra of bulk NGO-MIX,
fraction NGO (3.5-10K), and their HPSEC peaks

The HPSEC with a multi-wavelength absorbance detector oper-
ating in the spectral range of 200-500 nm allowed us to get the
absorbance spectra of CDs chromophoric fractions corresponding
to each chromatographic peak and to compare them with the ab-
sorbance spectra of the bulk NGO-MIX and NGO (3.5-10K) samples
(Fig. 3a,b, Table 1).
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Table 1

Elution volumes (V.) and absorbance maxima in UV-vis region of the bulk NGO-
MIX, NGO (3.5-10K) and HPSEC peaks. The absorbance spectra were extracted
from the data of the multi-wavelength absorbance detector at V. corresponded
to the chromatographic peaks’ tops.

Absorbance maxima, nm

Peak number Ve, ml
NGO-MIX NGO (3.5-10K)
228
Bulk sample - No max sh* 300
224 221
1 9.89 260 sh 270
231
2 10.03 260 -
sh 365
232 232
3 10.15 sh 290 sh 290
sh 365
230 230
4 1029 sh 300 sh 300
230
5 10.59 sh 260 -
sh 350
238
6 11.31 sh 280 -
242
7 11.59 320 -
8 12.00 206 -

* sh- shoulder



O.E. Trubetskaya, O.A. Trubetskoj, C. Richard et al.

The UV spectra at Ve, corresponding to peak’s tops, were ex-
tracted from the multi-wavelength absorbance detector data. The
absorbance spectra of bulk NGO-MIX and chromatographic peak
#8 appeared to be largely similar, the contribution of other chro-
matographic peaks to NGO-MIX absorbance spectrum was conse-
quential only in the region 230-320 nm (Fig. 2a). After normaliza-
tion at 200 nm, we found that the absorbance spectrum of peaks
#1-#8 demonstrated different combinations of absorbance max-
ima (Fig. 3a-Inset, Table 1). It means that all different chromato-
graphic peaks correspond not only to differently sized homogenous
particles but to chemically different CDs fractions. The bulk NGO
(3.5-10K) sample demonstrated the absorbance spectrum with the
maximum at 228 nm and shoulder at 300 nm (Fig. 3b, Table 1).
The shapes of absorbance spectra of peaks #3 and #4 were more
or less similar to that of bulk NGO (3.5-10K) but had more pro-
nounced maxima at 232 nm (peak #3) and 230 nm (peak #4)
and different shoulders. The absorbance spectrum of peak #1 was
rather different from that of peaks #3 and #4, had a maximum
at 221 nm and a shoulder at 270 nm. We attributed the material
coming with peaks #1 and #4 as containing different fluorescent
CDs fractions. Thus, we achieved the separation of fluorescent CDs
with different sizes corresponding to the material in peaks #1, #2,
#4, #5, and #7 on NGO-MIX chromatogram and in peaks #1 and
#4 on the chromatogram of its fraction NGO (3.5-10K).

4. Conclusions

The NGO-MIX sample and its fraction NGO (3.5-10K) were ana-
lyzed for the first time by analytical HPSEC with a combination of
online fluorescence and multi-wavelength absorbance detections. It
was found that the as-prepared NGO-MIX sample was distributed
in eight well-resolved CD fractions with different sizes ranged be-
tween 150 to 5 kDa (for globular proteins) and absorption spec-
tra, five of which were fluorescent. In NGO (3.5-10K) sample pro-
cessed by ultrafiltration and dialysis, the three fractions with the
lowest size were removed, decreasing the number of detected
fluorescent CDs fractions but also removing the dominant non-
fluorescent fraction. Despite the twice higher fluorescence inten-
sity of fraction NGO (3.5-10K) compared to the NGO-MIX sample,
some impurity of non-fluorescent components was detected in this
fraction by HPSEC. The absorbance spectrum of chromatographic
peaks, extracted from the data of multi-wavelength absorbance de-
tector, demonstrated different combinations of absorbance max-
ima. It means that different chromatographic peaks correspond
to sized and chemically different CDs fractions. Thus, a combi-
nation of HPSEC with simultaneous multi-wavelength absorbance
and fluorescence measurements allowed the separation and iden-
tification of CDs fractions within NGO samples and monitoring of
their change upon sample processing. The isolation of CDs free of
non-fluorescent material will be useful for obtaining CDs with im-
proved optical properties and sensitivity.
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