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Abstract: Fluorescent nanomaterials have attracted much attention, due to their unique luminescent properties and promising applications in biomedical areas. In this study, lignin based fluorescent nanoparticles (LFNP) with high yield (up to 32.4%) were prepared from lignin nanoparticles (LNP) by one-pot hydrothermal method with ethylenediamine (EDA) and citric acid. Morphology and chemical structure of LFNP were investigated by SEM, FT-IR, and zeta potential, and it was found that the structure of LFNP changed with the increase of citric acid addition. LFNP showed the highest fluorescence intensity under UV excitation at wavelengths of 375–385 nm, with emission wavelengths between 454–465 nm, and exhibited strong photoluminescence behavior. Meanwhile, with the increase of citric acid content, the energy gap (ΔE) gradually decreased from 3.87 to 3.14 eV, which corresponds to the gradual enhancement of fluorescence performance. LFNP also exhibited excellent antioxidant activity, with DPPH free radical scavenging rate increased from 80.8% for LNP up to 96.7% for LFNP, confirming the great potential of these materials for application in biomedicine and cosmetic health care.
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1  Introduction

Lignin is a naturally occurring three-dimensional amorphous polymer with a unique aromatic ring structure, composed of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) linked by C-C and C-O bonds [1–4]. Lignin is mainly from wastewater from the pulp and paper industry, also known as papermaking black liquor, which is usually discharged into rivers or used as a low-value fuel to provide heat and electricity generation, resulting in considerable waste of this resource and environmental pollution. Various types of lignin with different amounts of monomers and bonds can be produced from different sources and pulping processes, such as milled wood lignin (MWL) [5], alkali lignin (AL), Kraft lignin (KL), and enzymatic lignin [6,7].

Fluorescent nanomaterials are mainly composed of small amounts of molecules or atoms of carbon, hydrogen, oxygen and other elements with good fluorescence properties. Compared to conventional semiconductor quantum dots, new fluorescent nanomaterials not only need to be chemically resistant, environmentally friendly, having long-range stable luminescence, tunable photoluminescence behavior, and easy to be chemically modified, but also need to be well dispersed in water, biocompatible, and biologically non-toxic. The materials can be applied in emerging fields, such as ionic detection [8], biomedicine, energy storage, display devices, and catalysis [9–11]. Both “top-down” and “bottom-up” approaches are often used to synthesize fluorescent nanoparticles [12,13]. Top-down methods include laser ablation, arc discharge and electrochemical oxidation, in which nanoparticles are generated or “fractured” from larger carbon materials [11]. Bottom-up methods involve obtaining fluorescent nanoparticles from small-molecule organic precursors, including plasma methods, ultrasonic methods, and hydrothermal treatment methods [14–16].

However, many of these synthetic methods involve the use of costly or toxic raw materials, long reaction times, high temperatures, and surface-passivation [17]. Also, high cost of raw materials and low yields hinder industrial applications. Recently, various biomass feedstocks (bananas, fruit juices, cherries, rice hulls, etc.) have been used as carbon precursors to address these issues [18,19]. So far, many researchers have reported different value-added methods for modifying lignin and synthesizing lignin-based polymers, such as phenolic resins [20,21], epoxy polymers, polyurethanes [22–24], and carbon fibers [25].

Currently, the relevant properties of lignin fluorescent nanomaterials have received extensive attention [26]. Chen et al. synthesized fluorescent nanomaterials for the first time by hydrothermal method by modifying lignin with hydrogen peroxide as an oxidizing agent, but the bioactive efficiency, quantum yield, and kind of lignin precursor used were not referred [27]. Ding et al. reported the gram scale synthesis of single crystal GQDs derived from lignin biomass using a two-step method of oxidative cracking and aromatic reduction using alkaline lignin molecules, but there are problems with long reaction time and high energy waste [28]. Liang et al. prepared fluorescent nanomaterials rich in surface amines using xylan as a carbon source, ammonia solution as a solvent, and passivation agent through hydrothermal method [29]. The quantum yield was improved after passivation modification. In addition, Liang et al. found that compared to commonly used amine end capping passivators such as ethylenediamine, ammonia can form more stable surface defects, thereby inducing stronger fluorescence emission. The degree of surface passivation also had a significant impact on the luminescence stability. Xie et al. modified lignin with different additions of ethylenediamine using highland barley as a carbon source [30]. They found that the quantum yield increased from 6.2% to 14.4% and the fluorescence performance remained stable. Pang et al. synthesized N-doped fluorescent nanomaterials from alkali lignin and diethylenetriamine (DETA) by a one-pot solvothermal method [31], it was found that the nanomaterials had better sensitivity and selectivity for Co2+ and Fe3+ ions as fluorescent nanosensors. Although these studies mentioned above can effectively improve the fluorescence performance of lignin, they are mainly based on lignin-fluorescent carbon quantum dots, which generally have low yields and small particle sizes, are not easy to collect, and neglect the exploration of lignin’s own bioactivity.

This paper presents a simple one-step hydrothermal method to synthesize lignin based fluorescent nanoparticles (LFNP) via the interaction of lignin, citric acid (CA), and ethylenediamine (EDA). We prepared nitrogen-doped modified lignin by doping nitrogen elements and biomass raw materials through hydrothermal reaction. And the effect of citric acid addition on the performance of modified lignin was explored, and attention was paid to the yield, particle size, and antioxidant activity of the prepared lignin. These induced amination reactions introduce hydrophilic amines and amide groups into the lignin structure, which possesses higher yields and larger particle sizes compared to lignin-based carbon quantum dots. The influence of different amounts of CA and EDA addition on the performance and morphology of LFNP was also discussed. Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), zeta potential and fluorescence spectroscopy are used to characterize LFNP, and the antioxidant activity of LFNP is investigated by using DPPH radical scavenging method.

2  Materials and Methods

2.1 Materials

Enzymatic lignin (Lignin, provided by Shandong Longli Bio-technology Co., Ltd., China), citric acid (CA) was purchased from Sinopharm Chemical Reagent Company (Shanghai, China) without further treatment, ethylenediamine (EDA) was purchased from Macklin to realize a 75% ethylenediamine solution. 1,1-Diphenyl-2-picrylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH) was purchased from Macklin. The other required materials or solvents were purchased from Sinopharm Chemical Reagent Company.

2.2 Preparation of Lignin Based Fluorescent Nanoparticles (LFNP)

Lignin nanoparticles (LNP) were prepared in accordance with previously available methods [32]. Lignin based fluorescent nanoparticles were prepared by a simple one-pot hydrothermal method by varying the ratios of different LNP, CA and EDA according to the formulations listed in Table 1, and the products were named as LFNP-1, LFNP-2 and LFNP-3, respectively. The specific experimental steps were as follows: lignin was dispersed in water of deionized water by stirring for 15 min, and then EDA was added. Added citric acid after the solution cools to room temperature. Finally, poured the mixed solution into a hydrothermal reactor for reaction at 180°C for 4 h. The products were purified by centrifugation for 30 min and dialyzed using a dialysis bag with a molecular weight of 3500 Da for 3 days: the resultant yellow solutions were obtained, and the yield of LFNP-1, LFNP-2 and LFNP-3 were found to be equal to 24.0%, 24.8% and 26.1%, respectively (Fig. 1).
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Figure 1: Process of modifying lignin with different amounts of citric acid and ethylenediamine

2.3 Characterizations

The infrared spectroscopic characteristics of LNP and LFNP were assessed throughout FT-IR (Nicolet iS50, Thermo Fisher Scientific, USA), by using a spectral width of 4000~800 cm−1 and 32 scans per sample. Zeta potential experiments were performed using a Zeta Potential and Nanoparticle Analyzer (Zeta PALS, Bruker, USA). The sample solution concentration was 1 mg/mL and all experiments were performed at room temperature. Each sample was measured three times and the average value was obtained.

Photoluminescence measurements using the Varian CARY Eclipse fluorescence spectrophotometer. The fluorescence test parameter is a scanning speed of 200 nm/min; slit width 5.0 nm; The response time is 0.5 s, and the reproducibility is ±0.2 nm. Equipped with a xenon lamp as the excitation source. The solvent used for fluorescence testing was water with a concentration of 0.1 g/mL. The solution was treated by ultrasonic dispersion before the measurements.

Antioxidant activity was evaluated in the range of 200-800 nm by using a UV spectrophotometer [33,34]. Radical scavenging activity (RSA) was measured by DPPH assay. DPPH solution (50 mg/L, 2 mL) and sample solution (1 mg/mL, 2 mL) were mixed and left in the dark for 1 h to ensure complete reaction, with the ethanol replacing the sample as a control. Subsequently, the absorbance at 517 nm of the blank control and samples was tested using a dual-beam UV-visible spectrophotometer (TU-1950, Presee, China) with a medium scanning speed, a scanning range of 200–800 nm and three scans for each sample.

The absorbance curves in the wavelength range of 500–530 nm were area fitted to calculate the area S. The RSA can be calculated according to the following equation:


RSA=Scontrol−SsampleScontrol×100% 
(1)

Scontrol and Ssample denoted the fitted area of the absorbance curves in the wavelength range of 500–530 nm for the blank control and the sample solution, respectively.

3  Results and Discussion

3.1 Morphology and Structure

Fig. 2 shows a comparison of SEM images of LNP and LFNP. SEM characterization of the LFNP sample revealed that the unmodified LNP exhibit aggregated and random shapes. In addition, the nanoparticles treated with citric acid and ethylenediamine gradually showed a more regular shape with a smoother surface, and the particle size gradually increased with the addition of citric acid. The comparison of LFNP samples prepared with different raw material ratios showed that the sizes of LFNP-1 and LFNP-2 still had smaller particle sizes dispersed, while the nanoparticle sizes of LFNP-3 were uniformly distributed in the range of 250–350 nm, with the most regular morphology. These results proved that the reaction between lignin and citric acid resulted to changes in the surface morphology and internal structure of the original lignin nanoparticles, thus manifesting the increase to larger diameter spherical nanoparticles, and this phenomenon was also related to a cross-linking reaction [35].
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Figure 2: SEM images and particle size distribution of modified lignin, (a1–a3) LNP; (b1–b3) LFNP-1; (c1–c3) LFNP-2; (d1–d3) LFNP-3

Zeta potential can corroborate the change in morphology of LFNP samples. As shown in Fig. 3, the Zeta potential of LNP was −24.5 mV, and the Zeta potential of LFNP tended to increase with the addition of citric acid. −OH is the main reason for the negative charge of lignin, and oxidation to carboxyl groups or acylation with citric acid and ethylenediamine leads to a decrease in negative charge, so a decrease in the absolute value of the Zeta potential could also be evidence for the synthesis of LFNP.
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Figure 3: The zeta potential of LNP and LFNP

The LFNP samples were further characterized for their chemical structures [36,37]. Fig. 4 shows the FTIR spectra of 4000~600 cm−1, as well as magnified regions that are particularly sensitive to structural changes between 1500 and 1800 cm−1. As shown in Fig. 4a, the broad peak at 3398 cm-1 was attributed to the stretching vibration of the O-H moiety, and the peak at 2945 cm−1 was attributed to the C-H stretching of the methyl or methylene group. The four peaks at 1593, 1511, 1462, and 1424 cm−1 were associated to the aromatic skeleton of lignin, with the characteristic absorptions of LNP [38,39]. Characteristic peaks of lignin at 1593 cm−1 were also present in sample LFNP compared to LNP. The peak located at 1651 cm−1 showed a vibration belonging to -CO-NH-, which proved that acylation reactions between certain polar groups occurred during the process [40,41]. By comparison, it was observed that the out of plane bending vibration of C-H increased at 820 cm−1, confirming that amine grafting caused a change in strength. Semi-quantitative analysis of the infrared maps in the range of 1630–1680 cm−1 was carried out to calculate the integral area, which increased from 2.755 for LFNP-1 to 5.478 for LFNP-3 as shown in Fig. 4b, amide-bonded moieties and luminescent cluster structures provide proof of the later fluorescent and antioxidant performance enhancement.
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Figure 4: (a) The FT-IR spectra of LNP, LFNP-1, LFNP-2 and LFNP-3; (b) Enlarged view of 1500–1800 cm−1 range

3.2 Fluorescence Properties

The excitation and emission spectra of LFNP were shown in Fig. 5. When the excitation wavelength was 380 nm, the emission intensity of all three LFNP reached the maximum, the maximum emission peak of LFNP-1 was located at 454 nm, the maximum emission peak of LFNP-2 was located at 455 nm, and that of LFNP-3 was located at 465 nm, with a maximum fluorescence intensity. These different fluorescence intensities could be attributed to the fact that, with the increase in citric acid content in the LFNP, the sp2 and sp3 hybridization in LFNP with increasing citric acid content was obtained [10,42]. It was also found that under UV irradiation, the prepared LFNP had high fluorescence stability at longer irradiation times.
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Figure 5: Fluorescence and CIE spectra of citric acid modified lignin with different qualities (a, a’) LNP; (b, b’) LFNP-1; (c, c’) LFNP-2; and (d, d’) LFNP-3

The energy gap (ΔE) is an important parameter of photoluminescent materials, which refers to the energy difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in the material [43–45]. Therefore, the energy gap determines whether the photoluminescent material can be excited by a specific wavelength of light and what color luminescence is produced. It can be considered that fluorescence is one of the manifestations of a molecule’s transition between the ground and excited states after absorbing energy.

The common methods used to calculate the energy gap are spectroscopic testing and conductivity testing. The common methods used to calculate the energy gap are spectroscopic testing and conductivity testing. The optical gap of LFNP is obtained by measuring the absorption spectrum of the sample using a UV-Vis spectrophotometer Eq. (2).


(αhv)2=B(hv−ΔE)
(2)

where α is the absorbance,
 hv 
is the photon energy, 
h
is Planck constant (
h
≈ 4.136 × 10−15 eV·s), and v is the incident photon frequency (
v=cλ),
where c is the speed of light, λ is the wavelength of the incident light, B is the proportionality constant, and ΔE is the energy gap of the material.

The optical properties of LNP and LFNP were investigated by UV-Vis spectrophotometer [31,46]. As shown in Fig. 6, due to the structure of LNP, its UV-vis absorption spectrum had a clear absorption band at 280–290 nm, and the results may be attributed to the typical absorption of aromatic π-systems and the n–π* leaps of carbonyls and other oxygen-containing groups [33,47]. The included figure is a schematic diagram of energy level transitions. The UV jumps of the LFNP modified by citric acid and ethylenediamine were shown in Figs. 6a–6d and the optical band gap was calculated by combining Eq. (2) [48]. A simplified variation of Eq. (2) yields 
(αhv)2
vs. 
hv
, where 
hv=hcλ≈1240λ
. The converted curve was shown as a’–d’ in Fig. 6, the image was roughly a turn first, and then there was a section of nearly straight line. We need to intercept this section of the approximate straight-line part of the linear fit, the linear equation in the x-axis intercept was the value of the desired forbidden bandwidth. The energy gap ΔE of the sample can be obtained from a’–d’ in Fig. 6. It can be seen that the fluorescence spectra and fluorescence properties of the three samples were very different. In order to find the reason for this phenomenon, the fluorescence mechanism of the three samples of LFNP was explored. As shown in the accompanying figure in Fig. 6, it can be found that the ΔE between the Lowest Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO) orbitals of LNP, LFNP-1, LFNP-2, and LFNP-3 were 3.87, 3.70, 3.56, and 3.14 eV, respectively, with the gradual increase of the citric acid addition and a gradual decrease of ΔE. This corroborated with the previous fluorescent properties [49–53].
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Figure 6: UV Spectra and Transitions of different particles, (a, a’) LNP; (b, b’) LFNP-1; (c, c’) LFNP-2; and (d, d’) LFNP-3

In fact, some articles had reported on the photoluminescence behavior of lignin in different solvents, such as DMSO, ethanol, THF, chloroform, or γ‑valerolactone, it was found that solvents also have a certain influence on the fluorescence behavior of lignin [54–56]. Due to the addition of ethylenediamine and citric acid, some structural changes occurred. This is the primary factor should be taken into consideration. nitrogen-containing groups enhance the luminescence behavior of various materials by forming conjugated structures, meanwhile the abundant electron rich atoms and structures in lignin form luminescent clusters. Both effectively promote the photoluminescence behavior of lignin.

It can be hypothesized that the charge transfer between the amine and amide groups and the benzene ring suggests the presence of a donor-acceptor structure and the formation of luminescent clusters through spatial interactions promotes luminescence, which is consistent with previous speculations. In the LFNP, the electron cloud was mainly distributed on the nitrogen-containing groups, whereas in the unmodified nano-lignin, the electron cloud and was mainly distributed on the benzene ring and hydroxyl group. As shown in Fig. 7, the high electron density and nucleophilicity of the modified nitrogen-containing groups induced charge transfer, which implied that the nucleophilic amine attacked the C-O and formed the amide group, thereby inducing formation of the amide group. This can be confirmed by calculating the semi quantitative analysis of -CO-NH- in the FT-IR. and the amine groups directly attached to the benzene ring enhanced the conjugation, and the electron cloud was mainly distributed on the amine groups, amide groups, and cyclic luminescent clusters, leading to a decrease in band gap energy. This also proves that the introduction of amine groups is a key factor to improve the photoluminescence performance. The grafting of amide groups and luminescent clusters onto the lignin benzene ring brings the atoms closer to each other, thus facilitating intramolecular charge transfer, which is enhanced by bonding and/or spatial interactions [57–61]. Luminescent clusters promote luminescence through the formation of spatial interactions. Nitrogen-containing groups and carboxyl groups on citric acid effectively shorten the distance between atoms and are improved by spatial interactions in LFNP, resulting in more stable structures. With the increase of citric acid addition, the content of amide structures and luminescent cluster structures increased, effectively promoting luminescence of lignin. In the FT-IR peak analysis, vibrations belonging to -CO-NH- indicate the presence of acylation reactions between functional groups. At the same time, through semi-quantitative analysis, both the changes in group strength caused by the participation of EDA and CA in the reaction and the increase in calculated integral area are important reasons for the performance changes. It is worth mentioning that due to the presence of two primary amine groups in EDA, it may also undergo various subsequent reactions (namely the bifunctional groups of EDA).
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Figure 7: Possible reaction of LFNP synthesized by lignin, CA and EDA

3.3 Antioxidant Properties

The antioxidant properties of LNP and LFNP were tested by the DPPH method and their RSAs were calculated using Eq. (1), as shown in Fig. 8. The RSA of LNP was 80.8%, and the antioxidant activity of LFNP became stronger with the increase of citric acid addition, and the RSA of LFNP-3 reached 96.7%.
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Figure 8: Antioxidant properties of lignin treated with different qualities of citric acid (a, a’) 0 h; (b, b’) 0.5 h; (c, c’) 4 h; and (d, d’) 12 h

Fig. 8 shows the corresponding image where the color of the DPPH solution changes from purple to light purple or yellow. The RSA values at different moments were listed in Table 2, and it can be found that the free radical scavenging ability of LFNP-1 and LFNP-2 at 4 h was lower than that of LNP, but the RSA value of LFNP-3 reached 96.5%, which was already better than that of LNP (69.2%). The lower RSA values of LFNP-1 and LFNP-2 at 0h and 4 h compared to LNP may be related to the dispersion of particles in the solvent and the degree of group exposure. It can be seen that the RSA values of LFNP were higher than those of LNP at 12 h, which was enough to prove that the antioxidant ability of LFNP was higher than that of LNP. The antioxidant mechanism of lignin mainly depends on the capture of reactive radicals by phenoxy radicals and H· by lignin [62,63]. Therefore, the main reason for the enhanced antioxidant activity of modified lignin is that nitrogen-containing groups as electron donors are more likely to form stable phenoxyl radicals and reduce the enthalpy of cleavage of phenolic hydroxyl groups, which in turn makes it easier to form stable phenoxyl radicals and H· in the phenolic structure of LNP [64]. In modified lignin molecules, the behavior of lone pairs of marginal nitrogen atoms, electron transfer, and other behaviors that cause electron cloud arrangements all lead to enhanced antioxidant activity.
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4  Conclusions

In summary, we proposed a one-step hydrothermal reaction method for the rapid synthesis of LFNP using LNP in the presence of CA and EDA, and the newly synthesized LFNP had good dispersion in water. The LFNP were mainly composed of aromatic ring structures containing amide groups, and they exhibited excitation-related fluorescence behaviors under excitation of 375–385 nm, with the maximum emission wavelengths in the range of 454–465 nm, and it was found that the fluorescence intensity increased with the increase of CA addition. With the gradual increase of excitation wavelength, the maximum fluorescence emission of LFNP remained essentially constant, reflecting the fluorescence stability. The antioxidant activity assay was performed using the DPPH radical scavenging method and the RSA value of LFNP-3 was found to be 96.7%. This study provides a new strategy for the preparation of multifunctional nanoparticles with fluorescence and high bioactivity, and offers a new idea for expanding their applications in biomedical fields.
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Table 1: Formulations of the LFNP

Samples LNP EDA (75%) CA

LFNP-1 0.1¢g 4.625 g 192 ¢
LFNP-2 0.1¢g 4.625 g 384 ¢g
LFNP-3 0.1¢g 4625 ¢ 576 g
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Table 2: RSA rate with different time of LENP-1, LFNP-2 and LFNP-3 samples

Samples LNP (%) LFNP-1 (%) LFNP-2 (%) LFNP-3 (%)
0.5 36.8 8.2 16.3 59.0
4.0 69.2 37.7 48.9 96.5

12.0 80.8 93.1 94.7 96.7
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