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ABSTRACT  

Oxidative phosphorylation is an important biological process of the body to produce energy, 

during which oxygen free radicals are generated as by product. Excessive oxygen free radicals 

cause cell death and reduce the rate of tissue regeneration and healing in wound. Lignin is a natural 

antioxidant derived from plants, but its biomedical application is restricted due to the uncertain 

biocompatibility. In this work, we developed a lignin-incorporated nanogel and explored its 
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application for wound healing. Lignin was extracted from coconut husks and was determined to 

have strong antioxidant activity (IC50 = 25.7 ppm). Various amounts of lignin were incorporated 

into thermo-responsive nanogels, which were produced from polyurethane copolymers of 

polyethylene glycol (PEG), polypropylene glycol (PPG), and polydimethylsiloxane (PDMS). It 

was shown that the addition of lignin had minimal effects on the gelation and rheological properties 

of the nanogel but slightly increased the critical micelle concentration (CMC) of poly 

(PEG/PPG/PDMS urethane) copolymer from 3.38×10-4 g·mL-1 to 4.61×10-4 g·mL-1. The lignin-

incorporated nanogels did not display detectable cytotoxicity. The lignin-incorporated nanogel 

possessed antioxidant activity as it reduced active oxygen level, protecting the LO2 cells from 

apoptosis caused by oxidative stress. More importantly, in vivo studies demonstrated that the 

lignin-incorporated nanogels accelerated the healing of burn wounds in mice as proved by the 

increased expression of Ki67, one marker of cell proliferation. Present work demonstrates that 

lignin-incorporated nanogel could serve as an antioxidant wound-dressing material and facilitate 

the wound healing. 
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INTRODUCTION 

  Wounds are defined as skin defects or ruptures caused by physical/thermal damage or 

underlying medical/physiological activity.1-3 A large amount of oxygen free radicals is produced 

by the wounds4 and this can increase the permeability of the cell capillary wall, leading to damage 

of vascular endothelial cells and wider cell necrosis and tissue dissolution.5-7 Although most 

wounds heal gradually over time, the presence of external oxidative stimuli and bacterial infections 
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often impede wound healing.4 Therefore, antioxidants that can block or delay the oxidation process 

by scavenging free radicals8 are believed to be promising strategy for promoting wound recovery. 

Lignin is a scavenger of oxygen free radical and is thought to be able stabilise the reactions 

initiated by oxygen radicals.9, 10 Lignin contains a large amount of aromatic compounds.11-14 It 

consists of up to three different phenylpropane monomers15, 16 and contains a large amount of 

benzene rings and phenolic hydroxyl groups.17-19 These aromatic moieties not only make lignin 

resistant to oxidation, but also enable lignin to be an ultraviolet protective agent as the aromatic 

moieties allow lignin to absorb ultraviolet radiation.9, 20, 21 The antioxidant activities of lignin have 

been investigated by other research groups previously. Xue et al. demonstrated a response surface 

method to prepare a variety of organosolv lignin samples under different conditions22 and 

evaluated their antioxidant properties. The results showed that lignin with smaller molecular 

weight and more phenolic hydroxyl groups had higher antioxidant activity. Xin et al. studied the 

antioxidant and antibacterial activities of lignin extracted from corn straw in alcohol production.11 

The extracted lignin showed high antioxidant activity as assessed by the hydrophilic oxygen 

radical absorbance capacity assay and modified Folin–Ciocalteu test. 

Due to lignin’s attractive antioxidant property, recent studies have begun to explore its potential 

application as antioxidant agent for healthcare.23 Our group have designed and developed several 

lignin-based materials with excellent antioxidant properties and biocompatibility.24-26 By using 

solvent-free ring-opening polymerization, Wang et al. synthesized copolymers composed of lignin 

and polycaprolactone (PCL), and combined these lignin-PCL polymers with pure PCL to make 

nanofiber scaffolds, which showed antioxidant activity.27 Using the same method, Liang et al. 

prepared a PCL-grafted lignin (PCL-g-lignin),28 in which lignin offers antioxidant activity while 

PCL tailors its mechanical properties. Then, nanofibers were fabricated with this PCL-lignin via 
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electrospinning, and both H2O2-stimulated human chondrocytes and an osteoarthritis rabbit model 

were used to demonstrate the remarkable antioxidant activity, tiny cytotoxicity, and splendid anti-

inflammatory properties of the obtained nanofiber. Although lignin has started to be used as 

biomaterial, its applications in tissue engineering and biomedical fields are still limited, due to its 

not fully understood biocompatibility.27, 29, 30 

For effective wound healing, a biocompatible carrier is needed to secure the lignin to the wound 

site. To this end, hydrogels are excellent candidates. Compared with traditional hemostatic 

materials such as pad and bandage, hydrogels exhibit high biocompatibility and similar 

physicochemical properties to natural tissues due to their high water content.31 This feature also 

allows them to be non-adherent and cooling to the wound surface, thus promoting moist wound 

healing with marked reduction in pain.2,32 Moreover, hydrogels are known for their ability to 

encapsulate a wide variety of molecules and nanoparticles.33, 34 Thus, a hydrogel can be utilized as 

a reservoir to localize lignin to the wound site for effective antioxidant activity. As a type of 

hydrogel, nano-sized gels (nanogels) have been of great interest as nanocarriers in drug delivery 

systems.35, 36 Thermo-responsive nanogels are particularly attractive because of their facile 

temperature controlled sol-gel transitions.37 The thermo-responsive nanogels are supramolecular 

hydrogels formed via the self-assembly of amphiphilic copolymers,38 and the gelation of the 

nanogel is achieved via micellization of the amphiphilic copolymers in aqueous solution followed 

by the aggregation of these micelles into a three-dimensional nanogel network.39 They are in the 

sol phase at low temperatures and transit to the gel phase when the temperature is increased beyond 

the gelation temperature.38 Therefore, thermo-responsive nanogels with the appropriate gelation 

temperature can be applied as liquid to the wound site and would gelate based on the shape of the 

wound, as they absorb physiological heat and transit to the gel phase. In addition, lignin can be 
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easily incorporated to the thermo-responsive nanogels in the sol phase, thus allowing facile 

production of lignin-incorporated nanogels. 

Herein, we prepared lignin-incorporated nanogels and evaluated its application as antioxidant 

biomaterials to promote the wound healing and tissue regeneration. Lignin was extracted from 

coconut husks, and the antioxidant activity of the extracted lignin was evaluated via 1,1-diphenyl-

2-pyridylmethylhydrazine test. The nanogel copolymer was synthesized by the polyaddition of 

macromonomer-diols (polyethylene glycol (PEG), polypropylene glycol (PPG), and 

polydimethylsiloxane-diol (PDMS-diol)) with hexamethylene diisocyanate (HMDI). Lignin was 

incorporated into the nanogel to produce lignin-incorporated nanogel composite (Figure 1). The 

micelle properties of the lignin-incorporated nanogel were studied, and dynamic rheological 

analysis of the nanogel was carried out. The biocompatibility of lignin-incorporated nanogel was 

assessed in vitro with LO2 cells via thiazolyl blue tetrazolium bromide (MTT) assay. Furthermore, 

the lignin-incorporated nanogel was implanted into mice wound models to evaluate its 

performance as an antioxidant wound dressing biomaterial. In summary, in present study a lignin-

incorporated nanogel was prepared which functionally promoted wound healing, suggesting a 

novel strategy for wound care with the functional biomass nanogel. 
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Figure 1. Schematic diagram of the preparation of lignin-incorporated nanogel for wound healing. 

①  Extraction of lignin from coconut husk; ②  synthesis of thermo-responsive nanogel; ③

preparation of lignin-incorporated nanogel; and ④ application of the nanogel to treat wounds. 

RESULTS AND DISCUSSION 

Lignin is naturally abundant in wood and grass, but ways to extract lignin are still debatable. 

Currently, the widely adopted methods to extract lignin include soda process,40 kraft process,41 

and sulfte pulping.42 In this work, we used the organic solvent extraction method to extract lignin 

from coconut husks. This extraction method used less toxic chemical reagents and the extracted 
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lignin had a high purity. An organosolv lignin was obtained. The molecular weights (MW) of lignin 

was determined to be 6.1 kDa by gel permeation chromatography (GPC) and the polymer 

dispersity (Ð) is 5.91. Two characteristic chemical displacement shifts of lignin, 3.85 ppm and 

6.85 ppm, were observed in 1H NMR spectrum, which correspondence to the methoxy protons and 

the protons of phenyl rings, respectively (Figure 2A). As shown in the 31P NMR spectrum of lignin 

(Figure 2B), the peaks of aliphatic OH groups, syringyl OH groups, guaiacyl OH groups, and p-

hydroxyphenyl OH groups of the lignin located at 150-145 ppm, 144-141 ppm, 141-138.5 ppm 

and 138.5-136 ppm, respectively. These results match the three basic structures of lignin. By 

calculation, aliphatic OH groups are of 5.727 mmol·g-1, syringyl OH groups are of 0.245 mmol·g-

1, guaiacyl OH groups are of 1.368 mmol·g-1, and p-hydroxyphenyl groups are of 1.2 mmol·g-1. 

The total OH groups is thus 8.54 mmol g-1. Figure 2C shows the FT-IR spectrum of the lignin. 

The broad peak at 3437 cm-1 is assigned to OH stretching. The strong bands at 1634 cm-1
, 1512 

cm-1 and 1463 cm-1 are assigned to the conjugated carbonyl stretching, asymmetric aryl ring 

stretching, and asymmetric C-H deformation, respectively. The bands at 1198 cm-1 and 1114 cm-1 

are assigned to the C-O-C stretching of ether bond. The functional band distribution of the sample 

is in accordance with known lignin. 
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Figure 2. Characterization of lignin. (A) 1H NMR spectrum of lignin. (B) 31P NMR spectrum of 

lignin. (C) FT-IR spectrum of lignin. (D) Free radical scavenging capacity of lignin (inset: photos 

of different concentrations of lignin reacting with DPH). 

It is known that phenol hydroxyl has strong reducing ability and lignin possesses three typical 

phenylpropane structures, which are the p-hydroxylphenyl, syringl, and guaiacyl units.9 These 

endow lignin with strong antioxidant property, which is quantified via DPPH free radical 

scavenging test. Figure 2D shows the antioxidant activity of the extracted lignin. As the 

concentration of lignin increases, its free radical scavenging capacity also increases, and the overall 

trend is increasing. The free radical scavenging capacity of lignin exceeds 90% when the lignin 

concentration is greater than 0.2 g·L-1. Therefore, the IC50 (the half maximal inhibitory 

concentration) of the lignin was calculated as 25.7 ppm. In comparison, the IC50 of common 

antioxidants such as vitamin C, (+)-catechin hydrate, and Trolox are 15 ppm, 0.43 ppm, and 2.75 
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ppm respectively. These molecules are classified as strong antioxidants and have been explored as 

antioxidative agents to combat against cellular oxidative stress for biomedical applications. 

The nanogel of poly (PEG/PPG/PDMS urethane) (PDMS-PU) random multi-block amphiphilic 

copolymer was synthesized from the polyaddition reaction of the respective macromonomer-diols 

with hexamethylene diisocyanate (HMDI) in the catalysis of dibutyltin-dilaurate (DBT) in 

anhydrous toluene. The scheme for synthesis of this polyurethane copolymer is shown in Figure 

S1. The molecular weight (Mw) of the copolymer was measured via GPC to be 49.6 kDa with Ð 

of 1.47. Figure S2 shows the 1H NMR spectrum of copolymer and the specific peaks from each 

component were present. In detail, the proton peak of PEG was observed at 3.52 ppm, while the 

proton peaks of PPG were observed at 3.5-3.3 ppm & 1.1 ppm, and the proton peaks of PDMS 

were observed at 0.06 ppm. As shown in the FT-IR spectrum of the poly (PEG/PPG/PDMS 

urethane) copolymer (Figure S3), all PDMS characteristic peaks at 1702, 2917 and 3414 cm-1 

were present in final polyurethane spectra and the characteristic peaks of PEG and PPG were also 

observed at 1106, 947 and 843 cm-1. This further confirms the composition and successful 

synthesis of poly (PEG/PPG/PDMS urethane) copolymer. The introduction of PDMS in the 

copolymer increased the hydrophobicity of the nanogel, which reduced the possibility of the 

nanogel adhering to the wound site, avoiding pain and hurt during pad changing or removing 

process. 

Afterward, a series of lignin-incorporated nanogels were prepared by incorporating lignin into 

PDMS-PU nanogel, namely PPL1, PPL2, PPL3, PPL3, PPL4, PPL5 (Table 1). The critical micelle 

concentration (CMC) of the PDMS-PU copolymer was determined at 25℃ using 1,6-diphenyl-

1,3,5-hexatriene (DPH). DPH can be employed to determine CMC as its absorption coefficient 

increases much more significantly in a hydrophobic environment than in an aqueous environment. 
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The characteristic absorption wavelengths of DPH were at 344, 358, and 378 nm and the intensity 

of absorption increased as the polymer concentration increased (Figure S4). The concentration at 

which the absorbance of DPH increases significantly corresponds to the CMC. Micelles are first 

formed at the CMC and DPH are preferentially encapsulated into the hydrophobic core of the 

micelles, therefore resulting in the sudden increase in absorbance. The CMC was obtained by 

subtracting the absorbance at 400 nm from the absorbance at 378 nm and plotting the values against 

log (concentration). Two best fit lines are drawn in the unimer and micellar regions, and their 

intersection of the best fit lines is the CMC (Figure 3A). The CMC of different samples are shown 

in Table 1 and it is found that higher lignin composition results in increased CMC; CMC increased 

from 4.23 × 10-4 to 10.2 × 10-4 g·mL-1 (Table 1) as lignin content increased from 0.05% to 1%. 

 

Figure 3. Characterization of lignin-incorporated nanogels. (A) Determination of the CMC of 

lignin-incorporated nanogels by extrapolating the difference in absorbance at 378 nm and 400 nm. 

(B) Particle size of lignin-incorporated nanogels (inset: TEM images of lignin-incorporated 
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nanogel). (C) Dynamic rheological analysis of aqueous solution of lignin-incorporated nanogels 

as a function of temperature. (D) Storage modulus (G') and loss modulus (G") as a function of 

strain amplitude for lignin-incorporated nanogels. 

Figure 3B shows the size distribution of the lignin-incorporated nanogel micelles as determined 

by DLS. The micelles of the PDMS-PU nanogel are 67.89 nm and the polydispersity index (PDI) 

is 0.22. The addition of various amounts of lignin to the nanogel micelles does not lead to 

significant changes in micelle sizes as the micelle sizes remain approximately 70 nm. The sizes 

and PDI of the nanogel micelles incorporated with varying amounts of lignin are shown in Table 

1. Under the transmission electron microscope (TEM), it is observed that 1% (w/v%) lignin-

incorporated nanogel had a micelle particle size of about 10-500 nm (Figure 3B) while the lignin 

nanoparticles themselves had a uniform particle size of ~100 nm. The addition of lignin did not 

affect the micellar shape and size and did not affect the gelation ability of the PDMS-PU nanogel. 

The PDMS-PU nanogel encapsulated and maintained the fine dispersion of the lignin particles 

such that the lignin nanoparticle size remained at 100 nm. Without the nanogel to maintain the 

dispersion of the lignin nanoparticles, these nanoparticles could form aggregates of sizes exceeding 

250 nm and with PDI = 0.461 (Table 1).  
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Table 1. Particle size, PDI, CMC and zeta potential of lignin-incorporated nanogel micelles at 

different lignin concentration. 

 

The rheological properties and thermo-gelling behavior of the lignin-incorporated nanogel was 

measured using a temperature-controlled rheometer. As the temperature rose from 4 to 55°C, a 

crossover of the storage modulus (G′) and loss modulus (G′′) was observed at 22°C (Figure 3C 

and Table 2), indicating a sol-gel transition at this temperature. At low temperature of 4-25°C, the 

lignin-incorporated nanogel was in liquid form, which was indicated by the higher G" compared 

to G'. When the temperature was above the gelation temperature, the lignin-incorporated nanogel 

transited to the gel phase and became a non-flowable physical gel with G′ exceeding G′′. The 

addition of lignin to PDMS-PU only resulted in slight changes to the crossover temperature from 

22.9℃ to 21.9℃ (Table 2), thus the incorporation of lignin does not reduce the thermo-gelation 

ability of the nanogel. 

Further rheological investigations were carried out on the lignin-incorporated nanogels by 

conducting oscillation amplitude sweep measurements at 37℃ (Figure 3D). It is observed that the 

modulus of PDMS-PU nanogel (PP) is strain independent initially at small oscillation amplitudes, 

but reaches a yield point at 23% strain before collapsing at higher oscillation amplitudes. The 
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incorporation of lignin into the nanogel improves the yield strain of the nanogel. As lignin content 

increases from 2 mg to 40 mg (PPL1 to PPL5, Table 2), the lignin-incorporated nanogel yield 

strain increases from 28% to 42% before collapsing as the strain amplitude increases further. This 

suggests that the lignin nanoparticles encapsulated in the nanogel improves the mechanical 

properties of the nanogel. Furthermore, it is observed that the viscoelastic properties of the lignin-

incorporated nanogels are recovered once the external strain is removed. The rigid lignin 

macromolecules may be able to form entanglements and physical crosslinks with the flexible 

PDMS-PU nanogel copolymer leading to enhanced mechanical properties of the nanogel. The 

storage and loss moduli of the nanogel samples increase as lignin content increases such that PPL5 

with the highest lignin content has the highest moduli (G' = 34 Pa and G" = 14 Pa). Due to the 

facile sol-gel phase transition of the nanogel, the nanogel in sol phase can accommodate the shape 

of the wound well before gelation and localizing the antioxidant lignin to the wound and promote 

healing.4 Moreover, the softness of the nanogel improves patient comfort and reduce pain to the 

patient.43  
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Table 2. Dynamic rheological analysis of lignin-incorporated nanogel. 

 

LO2 cells (human hepatocyte cells) were used to assess the biological toxicity of lignin. The 

LO2 cell line is considered an ideal cell model to test drug toxicity and protection in organisms.44 

LO2 cells are co-cultured with different concentrations of lignin (0.001-5%) for 24 hours and cell 

viability after treatment is quantified via MTT assay (Figure 4A). Lignin demonstrates high 

biocompatibility at all tested concentrations as cell viability remained above 90% for all tested 

lignin concentrations. This suggests that lignin-incorporated nanogel can be regarded as a non-

cytotoxic biomaterial in accordance to ISO 10 993.45 The biocompatibility of lignin has also been 

evaluated in literature. Oihana et al. extracted lignin from hazelnut and walnut shells and evaluated 

its cytotoxicity via MTT assay on mouse fibroblast 3T3 cell line. Their results suggest good 

biocompatibility of lignin as cell viability is assessed to be 85% when cultured with 0.5% lignin.46 

Xu et al. synthesized polysiloxane-based polyurethane/lignin elastomers and found that the 

incorporation of 1wt% lignin to the elastomers improved the cell viability of HeLa cells to 65.2% 

as quantified by MTT assay.47 Therefore, comparing our results to that in literature suggests that 

our organic solvent extracted lignin from coconut husks also possesses good biocompatibility and 

thus suitable for wound treatment applications. 
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Figure 4. In vitro assessment of lignin-incorporated nanogel. (A) Toxicity of lignin-incorporated 

nanogel to LO2 cells at different concentrations. (B) Protective effect of different concentrations 

of lignin-incorporated nanogel on rotenone (ROT)-induced oxidative stress model of LO2 cells. 

(C) Catalase activity test of lignin-incorporated nanogel. (D) The change of intracellular reactive 

oxygen species (ROS) level was assessed by using the reactive oxygen species fluorescence assay 

kit (DCFH-DA) in ROT-induced oxidative stress model of LO2 cells with and without pre-

incubation with lignin. 

In addition, the antioxidant activity of lignin is assessed using the Rotenone (ROT) induced 

oxidative stress cell model and the results are shown in Figure 4B. Compared with the blank group 

(DMSO), the group pretreated with 1 μM ROT for 24 h showed a survival rate of 64%. The 

administration of different concentrations of lignin (0.001%-5%) prior to the 1 μM ROT exposure 

resulted in dose-dependent improved survival rates with a maximum survival rate of 83%. This 
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result suggested that lignin is able to protect cells against oxidative stress associated cytotoxicity 

due to the ROT treatment. Catalase is another antioxidant defense enzyme produced by cells to 

scavenge reactive oxygen species (ROS).48 In response to a highly oxidative environment, cells 

increase production of catalase to protect themselves against oxidative stress. We further evaluated 

the antioxidant capacity of lignin by assessing the amount of catalase produced in cells incubated 

with varying amounts of lignin prior to ROT exposure. The antioxidant activity of lignin is 

expected to offer oxidative protection to cells and thus cells would respond by producing less 

catalase. As shown in Figure 4C, a significant increase in catalase level was observed in the group 

with 1 μM ROT administration as compared with the DMSO-only group, indicating that the 

excessive ROS caused by ROT led to increased expression of catalase in LO2 cells. However, the 

addition of lignin (0.01%, 0.1% and 2%) resulted in significantly reduced catalase production in 

cells.  

In addition to catalase production in cells, the intracellular ROS level is also assessed as this 

indicates the extent of oxidative damage induced in cells. The DCFH-DA assay was used to assess 

the ROS level and it was found that exposure of LO2 cells to 1 μM ROT led to a significant 

increase in green fluorescent signal, suggesting significant oxidative cell damage compared to the 

control (Figure 4D). However, pre-treatment of the LO2 cells with lignin prior to ROT exposure 

led to significantly reduced DCF fluorescence signal, this suggests that lignin effectively reduced 

the level of intracellular ROS. This demonstrates lignin is an effective antioxidant possessing 

beneficial effects associated with regulation of cellular redox balance. Moreover, we believe that 

lignin, being a macromolecule antioxidant extracted from plants, is chemically more stable as 

compared to small-molecule antioxidants such as vitamin C, and thus we expect lignin to exert 

longer-lasting antioxidant effects on wounds.14 
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The performance of lignin-incorporated nanogel on promoting wound healing was evaluated by 

applying the lignin-incorporated nanogel on a mice burn model and assessing the macroscopic 

wound surface over time.49 According to reports, ROS could hinder the wound healing, thus the 

application of antioxidant ROS scavengers such as lignin to the wound area is expected to 

accelerate the healing process.50 The performance of lignin-incorporated nanogel at promoting 

wound recovery in mice burn wound model is compared to the performance of other antioxidants 

such as Vitamin C (VC), Trolox, and (+)-catechin hydrate ((+) CE) applied to the wound (a photo 

showing how the nanogel was initially applied as a wound dressing is presented in Figure S5). As 

shown in Figure 5 and Figure 6, the burn wound of the mice treated with lignin-incorporated 

nanogel completely healed by 25 days. In contrast, the mice of model group that received no 

antioxidant treatment exhibited a slower recovery rate. The rate of healing of the mice treated with 

lignin-incorporated nanogel was comparable to that of the mice treated with nanogels containing 

VC and Trolox. This demonstrates that the lignin-incorporated nanogel possesses strong 

antioxidant activity and is highly effective at promoting wound recovery. However, when 

compared to the mice treated with (+) CE, it was found that the application of (+) CE allowed for 

the fastest rate of recovery. 

The wound healing process was further investigated by conducting Ki67 staining and H&E 

staining on wound skin tissue sections. As shown in Figure 7, Ki67 protein increased in lignin-

incorporated nanogel group (brown area increased) by Day 5, indicating that cell proliferation 

activity was higher and that the wound began to recover in a shorter period of time as compared 

to the model group with no antioxidant. This is similar to the results obtained from mice treated 

with (+) CE, as mice treated with (+) CE also exhibited higher Ki67 expression than the mice 

treated with no antioxidant by Day 5. It is found that the expression of Ki67 in the mice treated 
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with (+) CE and lignin-incorporated nanogel decreased by Day 15, indicating decreased cell 

proliferation activity which may be due to the good recovery already achieved in these two groups. 

In contrast, the Ki67 expression level in the mice of model group and Trolox group only began to 

increase after five days, suggesting a delayed recovery process as compared to the mice of (+) CE 

group and lignin-incorporated nanogel group. This result suggests that the lignin-incorporated 

nanogel is highly effective at promoting wound recovery. 

 

Figure 5. Images of skin wounds of the mice treated with nanogels containing VC, Trolox, (+) CE, 

and lignin group on day 1, 5, 15, and 25, respectively (model group: mice treated with no 

antioxidant). Scale bar: 1 cm. 
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Figure 6. Statistics of the change in wound area. A graph showing the change in wound area over 

time on the mice treated with nanogels containing VC, Trolox, (+) CE, and lignin (model group: 

mice treated with no antioxidant). 

Results from the H&E staining (Figure S6) show that there were more inflammatory cells in the 

model group and fewer inflammatory cells in the mice treated with various antioxidants. In 

addition, regenerated hair follicles and epithelium were observed for the mice treated with Trolox, 

(+) CE, and lignin-incorporated nanogels. These results demonstrate that lignin-incorporated 

nanogel is highly effective at reducing wound inflammation and promoting wound tissue 

regeneration. Therefore, lignin-incorporated nanogel has high potential to be developed into an 

antioxidant wound dressing biomaterial. 
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Figure 7. Ki67 stained sections of the mice granulation tissue. Images of model group, VC group, 

Trolox group, (+) CE group and lignin-incorporated nanogel group on day 1, 5, 15, and 25, 

respectively. Scale bar: 200 μm. 

CONCLUSIONS 

In this study, antioxidant lignin was extracted from coconut husks and incorporated into poly 

(PEG/PPG/PDMS urethane) nanogel to obtain lignin-incorporated nanogel composites. The 

lignin-incorporated nanogel possesses both the antioxidant property of lignin and the nanogel 

ability of the PDMS-PU nanogel. It is able to scavenge the ROS at the wound site and also able to 

accommodate the shape of the wound, making it an excellent candidate biomaterial to promote 

wound recovery. In vitro assessment demonstrates that the lignin-incorporated nanogel had good 

biocompatibility and was non-cytotoxic, thus suggesting that lignin-incorporated nanogel is safe 

for skin application. The high biocompatibility of lignin-incorporated nanogel is essential such 

that it does not cause skin irritation when applied to the wound. Lignin-incorporated nanogel was 

assessed in mice burn wound models and was proved to accelerate wound recovery. This 
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demonstrates that lignin-incorporated nanogel has the potential to be developed into an effective 

antioxidant wound dressing biomaterial. Noteworthily, an added advantage of lignin is that it is 

highly abundant in nature and this would potentially allow for facile production of lignin-

incorporated nanogels. Present study paves the way to obtain more comprehensive wound dressing 

materials by applying different bioactive molecules. 

 

MATERIALS AND INSTRUMENTS 

Materials. Coconut husk was dried at 110°C for 16 h before use. Unless otherwise stated, all 

chemicals were purchased from Sigma-Aldrich Chemicals and used as is. Human normal liver 

cells (LO2) were purchased from the American Type Culture Collection (ATCC). SPF mice were 

purchased from Qinglongshan Animal Breeding Field (Nanjing, China). All mice studies were 

performed following the appropriate guidelines (no. 20170201) and approved by the Institutional 

Animal Care and Use Committee at Nanjing Tech University (Nanjing, China). 

Extraction and characterization of lignin. Solvent used for extraction was ethanol and 

deionized water (V:V=65:35) containing 1.5% H2SO4 as catalyst. 300 mL of the solvent was added 

to a 500 mL round bottom flask containing 15 g of coconut husk. The reaction mixture was stirred 

and heated under reflux at 70°C for 4 days before being filtered to give an extract, which was 

further adjusted to pH 7. The ethanol is removed by rotary evaporation and the obtained lignin was 

freeze-dried.  

The molecular weight of lignin was analyzed by gel permeation chromatography (GPC) and the 

details were provided in our previous report.27, 51 Thermogravimetric analysis (TGA) was  

performed using a thermogravimetric analyzer (Q500, TA Instruments, USA).27 In a dynamic 

nitrogen atmosphere (flow rate = 60 mL·min-1), the samples were heated from room temperature 
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to 700°C at 20°C/min. The transmittance FT-IR spectra were obtained on a spectrophotometer 

(FT-IR-Spectrum 2000, Perkin Elmer). Samples prepared in KBr pellet were analyzed from 4000 

to 600 cm−1 at a resolution of 1 cm−1 and 64 scans. DSC thermal analysis was performed using 

DSC (Q100, TA Instruments, USA) equipped with automatic cooling accessory and calibrated 

with indium.51 The particle size of lignin at different concentrations was measured on Malvern 

Dynamic light scattering (DLS) instrument with Zetasizer Software. The morphology and size of 

the particle were observed on a transmission electron microscope (TEM) (JEOL JEM-2100). The 

1H and 31P NMR was carried out on a Bruker NMR spectrometer (400 MHz and 162 MHz). 

Antioxidant activity of lignin was assessed by 1, 1-diphenyl-2-picryl hydrazine (DPPH) assay 

and repeated three times.51 By measuring the drop of absorbance compared to that of control 

solution, the free radical inhibition rate was obtained, which was used to determine the anti-radical 

activity of lignin. The phosphorylation of lignin was carried out by using a reported method.52, 53  

Synthesis and characterization of nanogel. Poly (PDMS/PEG/PPG urethane)s were 

synthesized from the polyaddition reaction of EG(PDMS-OH)2, PEG, and PPG with 

hexamethylene diisocyanate (HMDI). The molar ratio of PEG and PPG was set as 2:1, and the 

feed ratio for EG(PDMS-OH)2 was 2 wt%. The operation details refer to a previous work.54, 55 The 

precipitate was then air dried overnight before being dissolved in 200 mL of isopropanol (IPA) at 

50℃. Dialysis was done to further purify the copolymer where the polymer IPA solution was 

poured into a dialysis membrane tubing (3.5-5 KD) and fully immersed in DI water. DI water was 

replaced every 2 h for a duration of 2 days. The obtained polymer solution was collected into 

falcon tubes and freeze dried. The obtained polymer was characterized by NMR, FT-IR, TGA and 

DSC. Nanogels were prepared by dissolving the purified copolymer into DI water. 
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Preparation and characterization of lignin-incorporated nanogel. Lignin-incorporated 

nanogels were prepared via a one-step method as shown in Table 1. Certain amount of lignin was 

added into 6 mL of 6% nanogels to achieve final concentration of 0.05%, 0.1%, 0.2%, 0.5%, and 

1%. The CMC of lignin thermal gel was determined by dye dissolution method.54 The absorbance 

spectrum was recorded by Shimazu UV-2501 PC UV-VIS spectrophotometer (Kyoto, Japan) at 

25℃ from 320-420 nm. The absorbance difference at 378 nm and 400 nm (A378 - A400) was plotted 

against the log(concentration). The CMC value of copolymer was determined by extrapolating 

linear fitting of non-monomer system and micelle system. The transmittance of the lignin-

incorporated nanogel from 200 nm to 600 nm was measured by Shimazu UV-2501 PC UV-VIS 

spectrophotometer (Kyoto, Japan). The particle size of lignin-incorporated nanogels with different 

lignin content was measured using Malvern Dynamic light scattering (DLS) instrument with 

Zetasizer Software. The rheological behaviors of the polyurethane nanogels were determined on a 

Discovery DHP-3 hybrid rheometer.54, 55  

Cell culture and cytotoxicity activity assay. The cytotoxic assay of lignin was determined 

using an MTT assay (Beyotime Biotechnology) by using a reported procedure.56  

Intracellular antioxidation experiments. Intracellular ROS level was measured using the 

oxidation sensitive fluorescent probes DCFH-DA by following a reported procedure.57  

Intracellular catalase activity assay. LO2 cells were grown on 6-well plates with 1640 medium 

containing gradient concentrations of lignin (0.1-2%) and rotenone (1 μM) for 24 h.58 The catalase 

analysis kit (Beyotime Biotechnology) was used to evaluate catalase activity of LO2 cell lysates. 

The absorbance at 520 nm was measured using the microplate reader (Synergy 2, BioTek 

Instruments Inc).48 Finally, the catalase activity was calculated through the formula in the manual.  
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Mice burned skin model. The treatment effect of lignin-incorporated nanogels on wound 

healing was validated using a mouse burn wound model. 4-6 weeks old healthy male Balb/C SPF 

mice with a weight of 18-20 g were adopted. The mice were divided into six groups, namely 

normal, model, lignin-incorporated nanogel, VC, Trolox, and (+)-catechin hydrate ((+) CE) (Each 

group contains 15 mice). After anesthetized with isoflurane, the fur on the back of mice was 

removed with hair removal cream. The mice were secured on a clean bench limbs stage. A wet 

tissue with a hollowed rectangular area was used to confine the burning area (1.0 cm × 1.0 cm). 

Absolute ethanol was dropped to the 1 cm2 fur of mice and the rest area was covered with thick 

wet tissue. Ethanol was ignited to cause skin burning and after 10 seconds the fire was extinguished 

with wet tissue.59, 60 The six groups of mice were subjected to different treatments for their burn 

wounds. The various antioxidants were all dissolved at 1% concentration in the nanogel and 

applied to the burn wounds but the model group of mice received blank nanogels with no 

antioxidants. Three mice of each group were sacrificed successively on the 1st, 5th, 10th, 15th, and 

25th day after burning. The wound skin tissues were collected and stained for H&E and Ki67. 

Changes in body weight of the mice and surface area of the wound were constantly monitored and 

photographed (representative pictures of mice in each group are taken at the same photography 

angle). 
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