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ABSTRACT 

Although delayed wound healing is an important clinical complication in diabetic patients, few 

targeted treatments are available, and it remains challenging to promote diabetic wound healing. 

Impaired neovascularization is one of the prime characteristics of the diabetic phenotype of 

delayed wound healing. Additionally, increased levels of reactive oxygen species (ROS) and 

chronic low-grade inflammation and hypoxia are associated with diabetes, which disrupt 

mechanisms of wound healing. We developed lignin composites with multiple wound healing-

promotive functions, including pro-angiogenesis, sustained oxygenation from calcium peroxide-

based nanoparticles and ROS–scavenging with thiolated lignosulfonate that captures the elevated 

ROS in diabetic wounds. The sustained release of oxygen and ROS-scavenging lignin 

composites promoted endothelial cell branching and their reorganization into characteristic 

network formation in vitro, and promoted vascular endothelial growth factor (VEGF) expression 

and capillary lumen formation in full thickness skin wounds in a diabetic murine model of 

delayed wound healing (db/db), with decreased HIF-1 expression. These effects significantly 

increased the granulation tissue deposition and tissue repair. Our findings demonstrate that lignin 

composites promote diabetic wound healing without use of other drugs and show the potential of 

functionalized lignosulfonate for wound healing applications requiring balanced antioxidation 

and controlled oxygen release. 

 

 

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 20, 2022. ; https://doi.org/10.1101/2022.06.18.496670doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.18.496670


INTRODUCTION 

Over eight million people suffer from non-healing wounds every year in the United 

States (1, 2). Chronic wounds with impeded healing occur either due to infection or underlying 

conditions such as obesity, diabetes or aging, which are on the rise (3). Recurrence of wounds in 

diabetic patients due to poor healing significantly increases their morbidity, risk for amputations, 

and mortality (4),and diabetes-related lower extremity complications are among the top 10 

leading causes of the global burden of disability.  

While acute, physiologic wounds progress through a series of wound healing stages of 

coagulation, inflammation, migration and proliferation, and remodeling, diabetic wounds are 

known to deviate from this wound healing pattern (5). Diabetic wounds have a reduced ability to 

mount the effective immune response required for pathogen control due to reduced migration of 

leukocytes, neutrophils, and macrophages to the wound (6, 7). The accumulation of advanced 

glycation end products in diabetic wounds increases reactive oxygen species (ROS) formation 

and reduction of macrophage efferocytosis, thereby impinging their ability to transition to M2 

phenotype and impairing inflammation resolution (8). This results in increased proteolytic 

activity along with a decrease in proteolysis inhibitors (9), culminating in insufficient 

accumulation of granulation tissue and neovascularization. Recent evidence further links 

excessive production of ROS and/or impaired detoxification of ROS to the pathogenesis of 

chronic wounds (10-12).  

ROS are essential regulators of the wound healing process, as they facilitate defense 

against invading pathogens, and at low levels, are necessary for cellular functions such as 

proliferation, migration, and apoptosis (13). ROS are produced as a result of normal cellular 

respiration, mitochondrial electron transfer chain (14), nicotinamide adenine dinucleotide 
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phosphate, nitric oxidase enzyme, and myeloperoxidase. Excess ROS are scavenged by enzymes 

such as superoxide dismutase and antioxidants that regulate the redox environment in healing 

skin wounds. However, excess ROS accumulation disrupts cellular homeostasis and causes non-

specific damage to critical cellular components and function, leading to impairment such as 

abberant fibroblast collagen synthesis (15) and cell apoptosis. Antioxidants scavenge or 

neutralize free radical formation and inhibit the deleterious downstream effects of ROS, which 

can serve as potential therapeutic interventions to fight oxidative stress (16-23). Strategies 

including nanoparticles made up of inorganic materials such as mesoporous silica, cerium oxide, 

and fullerene which exhibit antioxidant activities, have been evaluated in vitro and in animal 

models to determine their ability to scavenge free radicals and decrease ROS concentrations to 

protect cells against oxidative stress (24-27). However, most antioxidants, taken orally, have 

limited absorption profile, leading to low bioavailability and insufficient concentrations at the 

target site (28, 29). 

Toward the goal of tissue regeneration, ROS-responsive biomaterials have been 

identified as a type of promising therapeutic avenue to alleviate oxidative stress in tissue 

microenvironments (30). Engineered biomaterials can also address the issue of the wound 

exudates that make healing a challenge, because incessant release of elevated levels of exudates 

in chronic wounds promote microbial infection and free radicals that oxidize biomolecules and 

activate the inflammatory extracellular matrix (ECM) production cascades. We and others have 

shown that hydrogels create a provisional wound matrix with good biocompatibility, nutrient 

supply, and swelling that allows absorption of excess exudates and maintenance of optimal 

moisture (31-35). Thus, appropriate design of these biomaterials renders resistance to excess 

wound hydrolysis and can provide missing cues such as antioxidation and ROS scavenging, 
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thereby jump-starting healing by redirecting the wounds from the state of inflammation to the 

next stages. Furthermore, when large wounds are considered, lack of nutrient supply and O2 

generation beyond the limits of diffusion in tissue (100 to 200μm) have been a major limiting 

factor for biomaterial-based therapies (36). These deficiencies and the simultaneous disruption of 

several pathways involved in diabetic wound healing response may in part explain why some of 

the current therapies to treat diabetic wound healing are not entirely successful. Therefore, we 

aimed to address this gap by altering the diabetic wound microenvironment with novel lignin-

based composites.  

Lignin is a class of complex organic molecules that are present in the cell wall of higher 

terrestrial plants. The use of lignin in wound healing dressings is an emerging field. Lignin in 

dressings is known for its antimicrobial activity (37, 38), diabetic wound treatment (39), drug 

delivery (40), antioxidant properties (41, 42), anticoagulation properties (43), enhanced 

mechanical properties and wound compatibility (44), anti-inflammatory properties by reducing 

gene expression of inducible nitric oxide synthase and IL-1β of inflamed mouse macrophages 

(45), enhanced biocompatibility without toxicity (42), and enhanced mechanical properties and 

viability of human dermal fibroblasts for direct ink writing 3D bioprinting (46). However, the 

majority of applications for lignin in wound healing rely on its antioxidation porperties (17, 47-

55). Thus, we have sought to apply lignin in this application to diabetic wounds. We have 

produced a novel, dual action lignin-composite biomaterial incorporating 1) thiolated 

lignosulfonate (TLS) nanoparticles for antioxidation (56) and 2) sodium lignosulfonate (SLS)-

based, calcium peroxide (SLS/CPO) nanoparticles for controlled release of oxygen that not only 

scavenges ROS but also produces oxygen, without increasing detrimental byproducts (i.e. H2O2 

or O2
2-), to serve as a correcting, provisional matrix for diabetic wounds. We hypothesized that 
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optimal lignin composite constituents will improve delivery of beneficial oxygen and 

antioxidation to the infiltrating cells, resulting in improved neovascularization and granulation 

tissue, necessary for improved healing and tissue regeneration in murine diabetic wounds. 

 

METHODS 

Synthesis of lignin composites 

Synthesis of thiolated sodium lignosulfonate (TLS). To produce TLS, sodium lignosulfonate 

(SLS, TCI Chemicals) was functionalized with 3-mercaptopropionic acid (MPA) in hydrochloric 

acid (56). We confirmed the thiolation is dominant on aliphatic hydroxide of SLS and the extent 

of thiolation of TLS was tunable by modulating stoichiometry of MPA. 

 

Synthesis of CPO and CPOc nanoparticles. The coupling of SLS to PLGA (poly(lactic-co-

glycolic) acid) was performed by acylation reaction in a mass ratio of 2 to 1 (57). CPO and 

CPOc nanoparticles were prepared using the same method of synthesis (58). We also confirmed 

the integration of CPO in SLS/CPO nanoparticles by Particle Induced X-ray Emission 

spectrometry (58). 

 

Formation of lignin composites. Lignin composites were formed with 50 mg/mL methacrylated 

gelatin (GelMA) (56, 58) plus i) TLS (3 mg/mL), ii) CPOc (4 mg/mL, CPO control – 

nanoparticles formed without CPO) or iii) CPO (4 mg/mL) reconstituted in PBS. Lithium phenyl 

2,4,6-trimethylbenzoylphosphinate (LAP) photo-initiator (1mg/mL) was added to the composites 

for crosslinking with UV illumination for 1 min (365 nm, fixed). 
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Endothelial cell tube formation assay 

Murine dermal microvascular endothelial cells (MVECs) were purchased from Cell Biologics 

and cultured in T-25 flasks coated with 0.1% gelatin (Boston Bioproducts, Milford, MA). 

Control MVECs were cultured in Endothelial Cell Medium (Sciencell, Carlsbad, CA) with 5% 

FBS. MVECs in the test group were treated with 30 mM dextrose diluted in Endothelial Cell 

Medium with 5% FBS. Cells in the test group were cultured in 30 mM dextrose for 5-7 days 

prior to the tube formation assay. On the night prior to the assay, both control and test MVECs 

were cultured under the previously stated conditions but with Endothelial Cell Medium 

containing only 1% FBS for cell starvation. On the day of the assay, a 96-well plate was coated 

with 50µL of hydrogels under four different conditions: 1- GelMA + LAP; 2 - GelMA + LAP + 

TLS; 3 - GelMA + LAP + TLS + CPOc; 4 - GelMA + LAP + TLS+ CPO. These precursors were 

then photopolymerized under UV light for 1 minute. MVECs were seeded onto the lignin 

composites in each well at 5.0  104 cells per well. The MVECs were then placed in the Incucyte 

Live Cell Analysis System for incubation at 37ºC and collection of images of each well at 1-hour 

intervals for a 24-hour period. 

 

VEGF and HIF-1 protein expression in in vitro endothelial cell cultures 

Following the tube formation assay, supernatant was collected, and protease and phosphatase 

inhibitors were added to the medium before freezing it. Expression levels of murine vascular 

endothelial growth factor (VEGF) (Quantikine ELISA kit, R&D Systems, Minneapolis, MN, 

USA) and HIF-1 (SimpleStep ELISA kit, Abcam ab275103, Cambridge MA, USA) were 

determined in the culture medium using ELISA as per manufacturers’ protocols. Absorbance 
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was read on a BioTek Gen5 TM Microplate Reader and standard curves were generated to 

determine cytokine concentrations using Imager Software. 

 

In vivo model of diabetic wound healing 

A mouse model of diabetic wound healing was used to validate that the in vitro results for lignin 

composite angiogenic responses of endothelial cells by lignin composites can be translated to 

improved healing in vivo in diabetic wound conditions. This model is characterized by a delayed 

wound healing with reduced neovascularization (59) and increase in ROS and inflammation. All 

procedures were approved by the Institutional Animal Care and Use Committee. Eight-week-old 

female, diabetic B6.BKS(D)-Leprdb/J (db/db) mice were obtained from Jackson Laboratories 

(Bar Harbor, ME). Two full thickness 6mm circular excisional wounds were created side-by-side 

on the bilateral flanks of the dorsum of each animal, leaving the underlying muscle (panniculus 

carnosus) intact, as previously described (59). A silicone stent was sutured around the wound 

with inner diameter of 8mm to prevent wound contraction of loose skinned murine wounds. A 

sterile transparent dressing (Tegaderm3M) was applied to the skin to cover the wounds and held 

in place with benzoin tincture. Lignin composites containing GelMA and GelMA with either 

TLS, CPO, or CPOc (n=3, per each group) were injected into one wound immediately after 

wounding and crosslinked in situ. The PBS treatment on the contralateral wound served as an 

internal control for every animal. The animals were euthanized at days 7 and 14; wound tissues 

were harvested, fixed, and paraffin embedded.   

 

Immunohistochemistry 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 20, 2022. ; https://doi.org/10.1101/2022.06.18.496670doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.18.496670


Skin tissue was harvested, fixed in 10% neutral buffered formalin and paraffin embedded. 5-µm 

thick sections were cut and mounted onto slides. Slides were deparaffinized and rehydrated to 

PBS following standard protocol and immunohistochemistry staining was performed on a Dako 

Auto-stainer Link 48 (DakoLink version 4.1, edition 3.1.0.987; Agilent, Santa Clara, CA). 

Primary antibodies against CD31 for endothelial cells (ab28364; 1:100; Abcam, Cambridge, 

MA), VEGF (MA5-3208; 1:300, ThermoFisher Scientific, Waltham, MA) and HIF-1 

(ab179483; 1:100; Abcam, Cambridge, MA), CD45 for pan leukocytes (ab10558; 1:5000; 

Abcam, Cambridge, MA), F4/80 for pan-macrophages (ab111101; 1:100: Abcam, Cambridge, 

MA) were detected by EnVision+System-HRP (DAB) kits (Dako North America, Carpinteria, 

CA) and hematoxylin counter staining. Histology slides were imaged with Leica DM 2000® 

with Leica Application Suite X® version 3.0.4.16529. Percentage of positive cells and capillary 

lumens per high powered field (HPF) (40x) within the granulating wound bed were quantified in 

6 random fields distributed along the wound bed. 

 

Protein extraction and VEGF and HIF-1α quantification in the wound homogenates 

To determine protein expression of VEGF and HIF-1α in the db/db mice wounds treated with our 

hydrogel conditions, wounds from day 7 post wounding were harvested. 10-50 mg each of the 

wound tissues were homogenized with 300 µL of freshly prepared RIPA buffer (Thermo Fisher 

Scientific 89900, Waltham, MA, USA). The digested samples were centrifuged and only the top 

supernatant was used in the quantification of expression levels of murine vascular endothelial 

growth factor (VEGF) (Quantikine ELISA kit, R&D Systems, Minneapolis, MN, USA) and HIF-

1 (SimpleStep ELISA kit, Abcam ab275103, Cambridge MA, USA) as per manufacturers’ 

protocols. Optical density were read on a BioTek Gen5 TM Microplate Reader and standard 
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curves were generated to determine cytokine concentrations using Imager Software. The growth 

factor expression was normalized to total protein quantified in the same homogenates using 

Pierce™ Coomassie Plus (Bradford) Assay Kit (ThermoFisher Scientific, Waltham, MA. 

 

Statistical Analyses 

Statistical comparisons between groups were performed by one-way ANOVA. For 

multiple comparisons, one-way ANOVA with Tukey’s post hoc comparison was carried out. p 

values <0.05 were considered statistically significant. All bar graphs represent mean ± standard 

deviation. 

 

RESULTS 

Endothelial tube formation was improved in antioxidant and oxygen-generating dual 

acting lignin hydrogels. 

Following 7 days of treatment with 30 mM dextrose, MVECs exhibited poor network formation 

at 24 hr under GelMA, GelMA+TLS, and GelMA+TLS+CPOc conditions. Indeed, cells were 

still spread in a monolayer. However, there was a significant improvement in the network 

formation of the 30 mM glucose-treated MVECs in the GelMA+TLS+CPO condition. (Figure 

1).  

 

VEGF and HIF-1 expression of MVECs was altered in vitro in lignin composites. 

VEGF and HIF-1α are two important growth factors involved in neovascularization of the 

wounds, and they are also highly susceptible to ROS-mediated variations in the wound milieu 

that ultimately guide angiogenic responses. Hence, we sought to determine their expression in 
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both control and test group of MVECs cultured in high glucose conditions. Compared to control 

cells, VEGF expression increased in MVECs under high glucose conditions. VEGF was 

expressed highest in the serum of high glucose MVECs on the GelMA gel (30.1 pg/mL). 

Compared to the GelMA condition, VEGF expression in the serum of high glucose MVECs was 

relatively decreased, though not significantly on TLS (17.5 pg/mL), CPOc (19.0 pg/mL), and 

CPO (16.4 pg/mL). This same trend was seen in the serum of control MVECs (Figure 2 A). 

HIF-1 was expressed highest in the serum of high glucose MVECs on the GelMA gel (353.4 

pg/mL). The MVECs on the TLS, CPOc and CPO had a downward trend of HIF-1 expression 

with CPO being the lowest at 243.4 pg/mL. This same trend was present in control MVECs, 

though with lower values as compared to those under high glucose conditions (GelMA: 276.1 

pg/mL, TLS: 272.7 pg/mL, CPOc: 256.2 pg/mL, CPO:248.3 pg/mL) (Figure 2 B). 

 

Antioxidant and oxygen-generating dual acting lignin composite hydrogels improved 

granulation tissue and capillary lumen formation in db/db wounds at day 7.  

We evaluated wound healing in 8-week-old db/db mice with blood glucose >350 mg/dl 

with 6 mm wounds treated with lignin composite TLS, CPO or CPOc immediately after 

wounding and compared to healing in untreated wounds (UNTX). H&E staining of wound 

sections at day 7 show that, as compared to untreated wounds, TLS-treated, and CPOc-treated 

wounds, wounds treated with CPO appeared to have more granulating tissue present at day 7 

(Untreated: 0.5 ± 0.1 mm2, TLS: 0.6 ± 0.4 mm2, CPOc: 0.4 ± 0.2 mm2, CPO: 1.7 ± 0.8 mm2). 

Though not significantly different, these data indicate a notable trend with improvement in 

wound morphology in dual acting CPO hydrogel treated wounds. However more animals are 

needed to achieve statistical significance. There was also no difference in endothelial gap 
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amongst all treatment conditions (UNTX: 4.7 ± 1.2 mm, TLS: 4.9 ± 0.4 mm, CPOc: 4.0 ± 1.6 

mm, CPO: 4.5 ± 1.2 mm) (Figure 3 B, C).  

CD31 staining of wound sections from day 7 showed a significant increase in capillary 

lumen density in CPO treated wounds (11 ± 1.2 vessels/HPF), when compared to UNTX (6 ± 0.1 

vessels/HPF, p<0.01), TLS (6 ± 1.7 vessels/HPF, p=0.02), and CPOc (6 ± 2.4 vessels/HPF, 

p=0.049) (Figure 4 A, D).  

Interestingly, we noted striking differences in VEGF and HIF-1α expression with 

immunohistochemistry at the leading epidermal margins in CPO vs. other treatments. Consistent 

with previous literature on normal wound healing in murine skin wounds, db/db mice leading 

epidermal edges in untreated (UNTX) wounds displayed abundant VEGF and HIF-1 at day 7 

post wounding that is upregulated in response to injury-induced oxidative stress (Figure 4 B, C). 

Similar expression patterns were noted in TLS and CPOc wounds. Strikingly, the oxygen 

generating lignin composite CPO did not elicit this response at day 7. Histological staining for 

VEGF and HIF-1 showed reduced expression in the hyperproliferative leading epidermis of 

CPO-treated wounds at day 7 post wounding. While immunohistochemical staining of VEGF 

was reduced in the epidermis, quantification of VEGF expression in the homogenized wound 

tissue using ELISA showed an increase in the VEGF expression at day 7 in the wound bed 

(Figure 4 E), suggesting dermal angiogenesis is promoted by CPO lignin composites. HIF-

1 quantification of the homogenized wounds showed significantly reduced expression in CPO 

wounds at day 7 as compared to UNTX, TLS and CPOc wounds (Figure 4 F). 

In addition, we did not see any significant difference in the expression of CD45+ (pan-

leukocyte) cells across all tested lignin composites when compared to untreated wounds at day 7. 

CD45 staining displayed a slight decreased in CPO wounds (13 ± 10 % CD45+ cells/HPF) 
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compared to untreated (24 ± 10 % CD45+ cells/HPF, p=0.26), TLS (10 ± 2 % CD45+ cells/HPF, 

p=0.60), and CPOc (16 ± 9 %CD45+ cells/HPF, p=0.72) conditions, although this decrease was 

not statistically significant (Figure 5 A, B).  F4/80 staining displayed a significant decrease in 

macrophages in CPO-treated wounds compared to TLS-treated wounds (17 ± 2 % 

F4/80+cells/HPF vs. 41 ± 6 % F4/80+cells/HPF, p<0.01). F4/80 staining was decreased in CPO-

treated wounds compared to both untreated (26 ± 12 % F4/80+cells/HPF, p=0.26) and CPOc-

treated (20 ± 10 % F4/80+cells/HPF) wounds, however these differences did not reach 

significance (Figure 5 C, D), indicating minimal inflammatory response from CPO or CPOc 

nanoparticles in lignin composites. 

 

CPO Lignin composites promoted capillary lumen formation and robust granulation tissue 

remodeling over 14 days in db/db wounds.  

To determine the effect of the lignin composite treatment on remodeling in db/db wounds, we 

tested the effect of treatment at additional time point of 14 days post wounding. At day 14, we 

noted visibly improved healing in CPOc and CPO wounds from gross images, which was 

supported by the presence of a robust granulating wound bed in representative hematoxylin and 

eosin-stained wounds sections (Figure 6 A). Day 14 wounds treated with CPO  also displayed 

significantly increased lumen density with CD31 staining (24 ± 4 CD31+ lumens/HPF), 

compared to TLS (12 ± 5 CD31+ lumens/HPF) and CPOc (14 ± 2 CD31+ lumens/HPF) but did 

not approach significance compared to UNTX (19 ± 0.33 CD31+ lumens/HPF) (Figure 6 B, C). 
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DISCUSSION 

Diabetes is known to activate the ROS system and inactivate antioxidation including enzymes 

such as superoxide dismutase (60, 61) . This leads to impaired wound healing (62-65) via 

impairment of multiple pathways resulting in increased inflammation, decreased granulation 

tissue formation, and poor blood supply (66). We sought to determine whether optimal lignin 

constituents would promote diabetic wound healing by rescuing these effects of impaired ROS. 

We tested whether antioxidant and oxygen-generating lignin composites can promote endothelial 

cell functions under hyperglycemic conditions. We utilized murine MVEC from the skin and 

exposed them to high glucose (30 mM) for 5-7 days, and then cultured them on lignin 

composites of TLS, CPO, CPOc, and GelMA-only control. We noted a significant improvement 

in EC network formation with CPO (Figure 1), suggesting that oxygen-generating lignin 

composites may correct cellular dysfunctions in diabetic endothelial cells. However, recent 

reports suggest that an in vitro acute hyperglycemic model may not be ideal for mechanistic 

studies of the effects of diabetes on EC responses, due to a phenomenon called “hyperglycemic 

memory” (67-71). Thus, experimental evidence suggests that oxidative stress results in sustained 

activation of antiangiogenic, proinflammatory pathways in MVECs even after glycemia is 

normalized (i.e., the endothelial cell phenotype becomes altered permanently, although the exact 

mechanisms are not well understood), as shown in our previous studies (34). In addition, 

previous studies have shown an increase in VEGF expression in diabetic endothelial cells and 

endothelial cells under excessive ROS, which was also noted in our cell culture experiments with 

MVEC under high glucose. Culture of these cells on the CPO composites reversed these effects 

induced by high glucose (72, 73). The important implication of these findings is that there is a 

need for novel therapies that can reverse hyperglycemic memory of endothelial cell and 
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fibroblast, promote endothelial cell-fibroblast interactions, and neovascularization, a gap that 

could be filled with our lignin composite design.  

 We then harvested wounds from 8-week-old db/db mice with 6mm wounds treated with 

lignin composites containing GelMA with TLS, CPO, or CPOc. We found that the leading edges 

of all wounds exhibited HIF-1 induction, which is expected. However, when there are oxygen 

generating particles, as with CPO, we do not see significant upregulation of HIF-1 at the edges, 

though we do see granulation tissue – signifying that the wound is indeed healing. This suggests 

that when hypoxia-induced pathways are eliminated from diabetic wounds the wound is altered 

in a way that reduces HIF-1 expression at wound edges. Further understanding of these 

pathways leading to HIF-1 expression in diabetic mice treated with lignin composites will be 

the focus of future projects.  

VEGF, which is well-known for its proangiogenic abilities (74, 75), also plays a 

significant role in cutaneous wound healing and has also been shown to be involved in hair 

growth (76), skin diseases (77-80), and cutaneous cancers (81, 82). Interestingly, despite the 

known connection between HIF-1 and VEGF (83-85) we see that VEGF expression is 

increased at the wound edges of CPO-treated wounds, suggesting that CPO scavenges ROS in 

the wound and increases VEGF in pathways independent of HIF-1. The mechanism by which 

this occurs is not well described and could be a future area of study, however, increased oxygen 

levels in diabetic wounds have previously been shown to increase wound VEGF levels. In a rat 

wound model, hyperbaric oxygen treatment resulted in increased VEGF in wound fluid (86). We 

have shown that this increase in VEGF in CPO-treated wounds is accompanied by expected 

increased vessel density and improved wound healing. Further understanding of the role CPO 
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lignin composites play in VEGF will help to improve the design of our hydrogels to increase 

their wound healing efficacy.  

Diabetic wounds are plagued by decreased granulation tissue formation (66), however, 

we see that granulation tissue was significantly improved at days 7 and 14 in the db/db mouse 

with CPO-treated wounds. This robust granulation issue formation in the CPOc and CPO 

composites suggests that scavenging the free radicals and ROS via lignin in the wound rescues 

the alterations caused by hyperglycemic memory and restores robust tissue formation. We do not 

yet know the mechanism by which this occurs, and it is an area of further research. Further 

understanding of the pathways to this restoration of robust granulation tissue may give insight in 

how to improve diabetic wounds and decrease the incidence of wound recurrence. 

There are several limitations to this study. We use the db/db mouse as a model for 

diabetic wounds. The excisional wounds were made manually rather than spontaneously as in 

diabetic wounds/ulcers on human skin. Additionally, contraction plays a significant role in 

healing of excisional wounds in the mouse model, in contrast to human skin, requiring stent 

placement to limit this effect as previously described (87, 88). Pig models are a superior model 

for studying wound healing, as the skin architecture is akin to that of humans; thus, pig models 

will be used in future studies.  

 

CONCLUSION 

We have shown that ROS scavenging by lignin composite constituents along with loco regional 

oxygen generation in the form of a hydrogel decreases HIF-1 expression, increases VEGF 

expression, and increases granulation tissue formation in a wounded db/db mouse model. This 

data supports the well-known notions that oxidative stress cause impaired wound healing and 
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suggests a solution of improving diabetic wound healing by increasing oxygen levels in the 

wound via free radical scavenging by our CPO lignin composite. Future studies will be focused 

on optimization of the CPO lignin composite to further improve the diabetic wound 

microenvironment with the goal of transition to large animal studies and translation to human 

diabetic wounds.  
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ABBREVIATIONS 

ROS - Reactive Oxygen Species 

db/db - B6.BKS(D)-Leprdb/J 

HIF-1- Hypoxia-inducible factor 1-alpha 

ECM - Extracellular matrix 

O2 - Oxygen 

IL-1Beta - Interleukin-1β 

3D - Three dimensional 

TLS - Thiolated lignosulfonate 

SLS - Sodium lignosulfonate 

CPO - Calcium peroxide 

CPOc - Calcium peroxide control 

H2O2 - Hydrogen peroxide 

MPA - 3-mercaptopropionic acid 

PLGA - Poly(lactic-co-glycolic) acid 

PDL - Polydispersity index 

GelMA - Gelatin methacrylate 

PBS - Phosphate buffered saline 

LAP -  lithium phenyl2,4,6-trimethylbenzoylphosphinate 

UV - Ultraviolet 

FBS - Fetal Bovine Serum 

VEGF - Vascular endothelial growth factor 

RNAse - Ribonuclease 

RNA - Ribonucleic acid 

ELISA - Enzyme-linked immunosorbent assay 

PECAM - Platelet endothelial cell adhesion molecule 

ABC-DAB - 3,3′-Diaminobenzidine 

WES - automated capillary-based immunoassay system 

ANOVA - Analysis of variance 

H&E - Hematoxylin and eosin 

MVEC - Murine microvascular endothelial cells 

PDGF - Platelet-derived growth factor 

HPF – High power field 
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FIGURES 

 
 

Figure 1: Representative images from GelMA, GelMA+TLS, GelMA+TLS+CPOc, and 

GelMA+TLS+CPO at 10h captured from the Incucyte Live Cell Analysis System. Images 

show differences in capillary network morphogenesis. Scale bar = 400 µm. 

 

 

 

 
 

Figure 2: Analysis of levels of A. VEGF and B. HIF-1α in cell culture medium taken from 

murine dermal microvascular endothelial cells (MVECs) cultured in standard endothelial cell 

medium (control) or in high glucose medium with 30mM dextrose added in endothelial cell 

medium. MVECs were cultured on different composites, including GelMA only, GelMA+TLS 

(TLS), GelMA+TLS+CPOc (CPOc) and GelMA+TLS+CPO (CPO) under these conditions for 

24 hr.  
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Figure 3: Healing progression of db/db mouse wounds treated with lignin composite TLS, 

CPO or CPOc immediately post-wounding at 7 days post-wounding compared to untreated 

(UNTX) wounds. A. Gross images taken at indicated intervals post-wounding, with 

representative H&E staining of post-wounding day 7 wounds. B. H&E staining of D7 wounds. 

Scale bar = 50µm C. Quantification of epithelial gap and granulation tissue area at day 7 post 

wounding. n=3 wounds per treatment group, mean±SD, p-values: *<0.05, **<0.01.  
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Figure 4: Neovascularization panel in db/db mouse wounds treated with lignin composite TLS, 

CPO or CPOc immediately post-wounding compared to untreated (UNTX) wounds. Staining of 

day 7 wound sections with antibodies against A. CD31, B. VEGF, and C. HIF-1. Scale bar = 

50 µm.  D. CD31 staining of wound sections showed a significant increase in lumen density per 

high per field (HPF) in CPO wounds at day 7. Day 7 wound ELISA revealed an E. increasing 

trend of VEGF expression and F. significantly decreased HIF-1 expression. n=3 wounds per 

treatment group, mean±SD, p-values: *<0.05, **<0.01. 
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Figure 5: Inflammatory panel in db/db mouse wounds treated with lignin composite TLS, 

CPO or CPOc immediately post-wounding. A, C. Representative images of stained day 7 

wound sections with antibodies against CD45 (top) and F4/80 (bottom). Scale bar = 250 µm. 

B, D. Quantification of % of CD45 and F4/80 + cells in high power fields (HPF) in the wound 

sections showed no significant increase in inflammatory markers in CPOc or CPO wounds at 

day 7. n=3 wounds per treatment group, mean±SD. p-values: *<0.05, **<0.01. 
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Figure 6: Healing progression of db/db mouse wounds treated with lignin composite TLS, 

CPO or CPOc immediately post-wounding at 14 days post-wounding as compared to untreated 

(UNTX) wounds. A. Gross images taken at time of tissue collection at day 14 post-wounding, 

with representative H&E staining of the wound sections. Scale bar = 50µm. B. Staining of day 

14 wound sections with antibodies against CD31. Scale bar = 50 µm. C. CD31 staining of 

wound sections showed an increase in visible lumens in the CPO treated group at day 14. n=2 

wounds per treatment group, mean±SD. 
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