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Introduction

At the present time much attention is devoted to carbon dots (CDs), which along with natural biocompatibility demonstrate stable intense fluorescence sensitive to changes in the environment [START_REF] Fan | Group IV nanoparticles: synthesis, properties, and biological applications[END_REF]. These properties open up prospects for the utilization of these nanoparticles as optical sensors for various impurities in liquid and gaseous media [START_REF] Yang | Convenient and sensitive detection of norfloxacin with fluorescent carbon dots[END_REF][START_REF] Lu | Economical, green synthesis of fluorescent carbon nanoparticles and their use as probes for sensitive and selective detection of mercury(II) ions[END_REF][START_REF] Guo | Hydrothermal synthesis of highly fluorescent carbon nanoparticles from sodium citrate and their use for the detection of mercury ions[END_REF][START_REF] Salinas-Castillo | Carbon dots for copper detection with down and up conversion fluorescent properties as excitation sources[END_REF], and as theranostic nanocomplexes that simultaneously act as luminescent biomarkers and drug carriers [START_REF] Miao | Recent advances in carbon nanodots: synthesis, properties and biomedical applications[END_REF][START_REF] Nä J E. H D. Ş K S | Functionalization of graphene oxide nanostructures improves photoluminescence and facilitates their use as optical probes in preclinical imaging[END_REF][START_REF] Sarmanova | A h d f p imaging and monitoring of the excretion of fluorescent nanocomposites from the body using artificial neural networks[END_REF][START_REF] Haartman | Core-shell designs of photoluminescent nanodiamonds with porous silica coatings for bioimaging and drug delivery I: fabrication[END_REF].

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 medical nano-agents are becoming increasingly acute [START_REF] Yao | Carbon dots: a small conundrum[END_REF].

The CDs can be synthesized by a variety of physicochemical methods from various carbon-based starting materials [START_REF] Yang | Carbon dots for optical imaging in vivo[END_REF][START_REF] Zhong | Efficient and scalable synthesis of highly aligned and compact two-dimensional nanosheet films with record performances[END_REF][START_REF] Li | Water-soluble fluorescent carbon quantum dots and photocatalyst design[END_REF][START_REF] Lu | One-pot synthesis of fluorescent carbon nanoribbons, nanoparticles, and graphene by the exfoliation of graphite in ionic liquids[END_REF]. In most cases, the end product of CDs synthesis is a complex mixture of compounds with significantly different properties. Unfortunately, at present, there is no exact way to certify the compositon, which significantly complicates the development of a methodology for their application in specific tasks. The major drawback limiting the application of CDs in the life sciences is their not fully understood 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 insights for understanding the optical properties of CDs synthesized by a strong oxidation process. The isolation of homogeneous fluorescent CDs free of non-fluorescent compounds will significantly increase the quantum yield, sensitivity, and, consequently, the operational efficiency of CD-based nanosensors.

Currently, a number of methods were suggested for CDs separation and purification including electrophoretic techniques, ultrafiltration and dialysis, solvent extraction, density gradient centrifugation or differential centrifugation, reverse phase, and anion exchange highperformance liquid chromatography [START_REF] Kokorina | Luminescent carbon nanoparticles separation and purification[END_REF][START_REF] Hu | Characterization and analytical separation of fluorescent carbon nanodots[END_REF][START_REF] Lu | Separation of carbon quantum dots on a C18 column by binary gradient elution via HPLC[END_REF][START_REF] Hu | Capillary electrophoretic study of amine/carboxylic acid-functionalized carbon nanodots[END_REF][START_REF] Wu | Multi-mode application of graphene quantum dots bonded silica stationary phase for high performance liquid chromatography[END_REF]. 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 reason, various SEC methods with different combinations of solid and mobile phases including conventional lowpressure size-exclusion chromatography (conventional SEC) [START_REF] Zheng | Enhancing the luminescence of carbon dots with a reduction pathway[END_REF][START_REF] Wang | Bandgap-like strong fluorescence in functionalized carbon nanoparticles[END_REF][START_REF] Anilkumar | Toward quantitatively fluorescent carbon-b d ''qu u[END_REF][START_REF] Jiang | Presence of photoluminescent carbon dots in Nescafe® original instant coffee: applications to bioimaging[END_REF][START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF][START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF] and high-performance size-exclusion liquid chromatography (HPSEC) [START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF] have been used previously for purification and fractionation of CDs mixtures. However, 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 fluorescent CDs from uncolored reagents in mixtures, prepared from carbon soot by Hammers method and reduced by NaBH 4 [START_REF] Zheng | Enhancing the luminescence of carbon dots with a reduction pathway[END_REF], passivated by PEG 1500N [START_REF] Wang | Bandgap-like strong fluorescence in functionalized carbon nanoparticles[END_REF], doped by ZnS or TiO 2 [START_REF] Anilkumar | Toward quantitatively fluorescent carbon-b d ''qu u[END_REF], without online 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 several times [START_REF] Zheng | Enhancing the luminescence of carbon dots with a reduction pathway[END_REF][START_REF] Wang | Bandgap-like strong fluorescence in functionalized carbon nanoparticles[END_REF][START_REF] Anilkumar | Toward quantitatively fluorescent carbon-b d ''qu u[END_REF]. The CDs mixture, extracted from instant coffee 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 [START_REF] Jiang | Presence of photoluminescent carbon dots in Nescafe® original instant coffee: applications to bioimaging[END_REF].

Arcudi et al. [START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF] divided the CDs mixture obtained from arginine 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 hydrophobic, ionic or other interactions with the solid phase. Kokorina et al. [START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF] 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. [START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF] used HPSEC on three Cosmosil CNT-columns connected with online absorbance 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 nanoparticles become smaller, the fluorescence energies are blue-shifted to higher energies [START_REF] Ye | Coal as an abundant source of graphene quantum dots[END_REF]. However, some blue shift has been observed only in [START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF] and, on the contrary, the emission maxima of CD fractions increased with decreased nanoparticles size in [START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF] or were independent on size in [START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF]. The authors [START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF] believed that the surface state emission can play a predominant role in the fluorescence properties of CDs, leading to size-independent emission. 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 [START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF][START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF][START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF], but some questions about the role of adsorption of analyte on the solid phase still needs explanation. In addition, in studies discussed above SEC-experiments have been performed without detectors [START_REF] Zheng | Enhancing the luminescence of carbon dots with a reduction pathway[END_REF][START_REF] Wang | Bandgap-like strong fluorescence in functionalized carbon nanoparticles[END_REF][START_REF] Anilkumar | Toward quantitatively fluorescent carbon-b d ''qu u[END_REF][START_REF] Jiang | Presence of photoluminescent carbon dots in Nescafe® original instant coffee: applications to bioimaging[END_REF][START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF][START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF] or with an absorbance detector at one wavelength [START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF], and fractions were collected by color or by V e 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 online 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 clarifying their nature.

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

Materials and methods

Synthesis of NGO-MIX

The CDs mixture was synthesized by the Hammers method from natural nanographite (NG) according to [START_REF] Hens | Photoluminescent nanostructures from graphite oxidation[END_REF]. 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 carried out at 130 ºC during 150 min. After cooling to room temperature 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 hydroxide (Fisher). The neutralized CDs mixture, named NGO-MIX was purified from salts on Spectra/Por regenerated cellulose dialysis 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.

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).

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 cm quartz cuvette 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 (Varian, Cary, USA) in a 1-cm foursided quartz cuvette. To minimize the inner filter effect, the solutions were diluted with water 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.

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 G2000SW XL (7.8 mm ID, 300 mm L, particles size 5.0 µm, 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 -1 . The void column volume (V o ) and the permeation volume (V p ) were 5.6 and 13.1 ml, respectively. 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 absorbance 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.

Results and Discussion

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 fraction NGO (3.5-10K) were found to be quite different. A gradual featureless decrease of absorption with an increasing wavelength was observed in the NGO-MIX spectrum, while the absorption spectrum 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 samples was performed with excitation-emission matrix (EEM) measurements. 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 excitation wavelengths, usually starting from 300 nm or more to 500 nm [START_REF] Zheng | Enhancing the luminescence of carbon dots with a reduction pathway[END_REF][START_REF] Wang | Bandgap-like strong fluorescence in functionalized carbon nanoparticles[END_REF][START_REF] Anilkumar | Toward quantitatively fluorescent carbon-b d ''qu u[END_REF][START_REF] Jiang | Presence of photoluminescent carbon dots in Nescafe® original instant coffee: applications to bioimaging[END_REF][START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF][START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF]. Meanwhile, the detection of new emission centers excited 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 increment 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 (λ exс /λ em ) 230/440, 240/500, 290/500, and 310/435 nm/nm (Fig. 1b), while the highest emission intensity was found for the pair 230/440 nm/nm. The fraction NGO (3.5-10K) showed similar emission centers, however, the fluorescence intensity of longwavelength emitting centers (λ exc /λ em 240/500 and 290/500 nm/nm) was much higher than the fluorescence intensity of short-wavelength ones (λ exc /λ em 230/440 and 310/435 nm/nm) (Fig. 1d). The long-wavelength emitting centers 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 addition to local centers with high emission, both samples contained lowintensive excitation-dependent long-wavelength emitters (see Fig. 1c and1e 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.

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 [START_REF] Hens | Photoluminescent nanostructures from graphite oxidation[END_REF][START_REF] Laptinskiy | Absolute luminescence quantum yield for nanosized carbon particles in water as a function of excitation wavelength[END_REF], we used column TSKgel G2000SW XL 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 fluorescent negatively charged compounds from natural dissolved organic carbon of various origins [START_REF] Trubetskaya | Evaluation of aliphatic/aromatic compounds and fluorophores in dissolved organic matter of contrasting natural waters by SEC-HPLC with multi-wavelength absorbance and fluorescence detections[END_REF][START_REF] Trubetskoj | Molecular size distribution of fluorophores in aquatic natural organic matter: application of HPSEC with multi-wavelength absorption and fluorescence detection following LPSEC-PAGE fractionation[END_REF]. 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. In the previous SEC-studies, CDs fractions differing in size were collected based on their elution volumes using both visual observation [START_REF]Sy h separation, and characterization of small and highly fluorescent nitrogen-doped carbon nanodots[END_REF][START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF] and absorbance detection at 254 nm [START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF] and CDs material has been eluted as one broad peak. This approach does not allow one to show reliably the presence of individual fluorescent 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 [START_REF] Kokorina | Dispersion of optical and structural properties in gel column separated carbon nanoparticles[END_REF][START_REF] Fuyuno | Drastic change in photoluminescence properties of graphene quantum dots by chromatographic separation[END_REF]. Thus, according to the principle of SEC, it is not clear how CDs fractions have been separated according to their sizes or fractions distribution 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 mobile 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 individual monomodal chromatographic peaks were obtained, some of which exhibited fluorescence.

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 operating 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 absorbance spectra of the bulk NGO-MIX and NGO (3.5-10K) samples (Fig. 3a,b, Table 1).

Th V p V p d g p k' p w x d f h u -
wavelength absorbance detector data. The absorbance spectra of bulk NGO-MIX and chromatographic peak #8 appeared to be largely similar, the contribution of other chromatographic peaks to NGO-MIX absorbance spectrum was consequential only in the region 230-320 nm (Fig. 2a). After normalization at 200 nm, we found that the absorbance spectrum of peaks #1-#8 demonstrated different combinations of absorbance maxima (Fig. 3a-Inset, Table 1). It means that all different chromatographic 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 pronounced 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 

Conclusions

The NGO-MIX sample and its fraction NGO 

2 .

 2 The UV chromatogram of NGO-MIX detected at 210 nm (Fig.2a, solid black line) showed four resolved peaks, labeled #1, #3, #6, and #8; the last one h h g ' g 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 #of NGO-MIX at λ exc /λ em 270/450 nm/nm (Fig.2a, red line) showed several additional peaks, labeled #1, #2, #4, #5, and #7. The peaks #1-8 were eluted between the void (V o 5.6 ml) and permeation (V p 13.1 ml) volumes of the column (Fig.2a) and no absorbance or fluorescence peaks after V p 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 organic 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, primarily, #8. The fluorescent compounds (peaks #1, #2, #4, #5, #7) seem to constitute an insignificant part of the bulk NGO-MIX sample. After 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 chromatogram of NGO (3.5-10K) revealed peaks #1 and #4 (Fig. 2b, red line). In the NGO (3.5-10K) chromatogram the absorbance intensity 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 ultrafiltration and dialysis. The centrifugation on the Pall filter 10K cut off the nanographite oxide portion with NMW more than 10kDa, 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 after 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.

  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).

  (3.5-10K) were analyzed 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 between 150 to 5 kDa (for globular proteins) and absorption spectra, five of which were fluorescent. In NGO (3.5-10K) sample processed 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 intensity 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 detector, demonstrated different combinations of absorbance maxima. It means that different chromatographic peaks correspond to sized and chemically different CDs fractions. Thus, a combination of HPSEC with simultaneous multi-wavelength absorbance and fluorescence measurements allowed the separation and identification of CDs fractions within NGO samples and monitoring of their change upon sample processing. The isolation of CDs free of nonfluorescent material will be useful for obtaining CDs with improved optical properties and sensitivity.

Figure 1 .

 1 Figure 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.

Figure 2 .

 2 Figure 2. HPSEC chromatograms of NGO-MIX (a) and NGO (3.5-10K) (b) on TSKgel G2000SW XL column in 30 mM phosphate buffer (pH 6.5) with absorbance detections (at 210 nm, solid black lines, and at 270 nm, dashed black lines) and fluorescence detection (at λ exc /λ em -270/450 nm/nm, solid red lines).

Figure 3 .

 3 Figure 3. Absorbance spectra of NGO-MIX and its HPSEC peaks #1-#8 (a), of NGO (3.5-10K) and its HPSEC peaks #1, #3, and #4 (b). Insets: normalized at 200 nm absorbance spectra of NGO-MIX peaks #1-#8 (a) and NGO (3.5-10K) peaks #1, #3, and #4 (b).

Table 1 .

 1 Elution volumes (V e ) and absorbance maxima in UV-vis region of the bulk NGO-464 MIX, NGO (3.5-10K) and HPSEC peaks. The absorbance spectra were extracted from the 465 data of the multi-wavelength absorbance detector at V e corresponded to the chromatographic

	466			
	467	peaks' tops.		
				Absorbance maxima, nm
		Peak number V e , ml	NGO-MIX NGO (3.5-10K)
		Bulk sample	-	No max	228 sh*300
		1	9.89	224 260	221 sh 270
				231
		2	10.03	260	-
				sh 365
		3	10.15	232 sh 290 sh 365	232 sh 290
		4	10.29	230 sh 300	230 sh 300
				230
		5	10.59	sh 260	-
				sh 350
		6	11.31	238 sh 280	-
		7	11.59	242 320	-
		8	12.00	206	-

468

*sh-shoulder
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