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Abstract

During the acute inflammatory response, the release of neutrophil extracellular traps (NETs) is a 

pro-inflammatory, preconditioning event on a biomaterial surface. Therefore, regulation of NET 

release through biomaterial design is one strategy to enhance biomaterial-guided in situ tissue 

regeneration. In this study, IgG adsorption on electrospun polydioxanone biomaterials with 

differing fiber sizes was explored as a regulator of in vitro human neutrophil NET release. The 

propensity to release NETs was increased and decreased by modulating adsorbed IgG, suggesting 

a functional link between IgG and NET formation. Fiber-size dependent NET release was reduced 

by blocking FcγRIIIb, but not FcγRI, FcγRIIa, or Mac-1 (CD11b/CD18), indicating a specific 

receptor mediated neutrophil response. Inhibition of transforming growth factor-β-activated kinase 

1 (TAK1), which is activated downstream of FcγRIIIb, significantly reduced the release of NETs 

in a fiber size-independent manner. These results indicate that in vitro electrospun biomaterial-

induced NET release is largely regulated by IgG adsorption, engagement of FcγRIIIb, and 

signaling through TAK1. Modulation of this pathway may have beneficial therapeutic effects for 

regulating neutrophil-mediated inflammation by avoiding the adverse effects of NETs and 

increasing the potential for in situ tissue regeneration.
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1. Introduction

For several decades, electrospun biomaterials have been used to create extracellular (ECM) 

analogs for a variety of tissue engineering applications [1–3]. Because electrospinning 

systems are relatively easy to build and adapt to large-scale production, electrospinning is a 

cost-effective fabrication technique for producing non-woven substrates of continuous fibers 

in large quantities. Furthermore, electrospun biomaterials offer vast versatility and 

adaptability for tissue engineering, including in vitro and in situ tissue regeneration. For in 
situ tissue regeneration, the purpose of the electrospun biomaterial is to guide the body as a 

bioreactor to stimulate the regenerative capacity of autologous cells, tissues, and organs [4]. 

Given the reliance on autologous cells to infiltrate the biomaterial, the inflammatory and 

immune response to the electrospun biomaterial are of utmost importance for biomaterial-

guided in situ tissue regeneration [5].

In recent years, our group has focused on characterizing and understanding the neutrophil 

response to electrospun biomaterials [6–11]. Peaking in numbers near 24 to 48 hours after 

implantation, neutrophils are the first dynamic cell population recruited to an electrospun 

biomaterial [12]. Their rapid and abundant recruitment suggests an important role in 

preconditioning the inflammatory state of the local environment, which may have a long-

term impact on the potential for tissue regeneration [13, 14]. At an inflammatory site, 
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neutrophils influence the tissue milieu through several effector functions, including the 

release of neutrophil extracellular traps (NETs) [15].

NETs are extracellular structures composed of chromatin filaments, histones, and proteolytic 

enzymes normally found within the cytoplasm and granules [15]. Although they are integral 

to pathogen containment [15–17], NETs can also be tissue destructive, resulting in 

prolonged inflammation and pathogenesis due to aberrant enzyme release and histone 

toxicity [18, 19]. In fact, NETs have been implicated in several non-infectious inflammatory 

diseases, such as autoimmune disorders, thrombosis, cancer, and tissue fibrosis [20–25]. 

Because of this, the potential deleterious effects of NETs have recently garnered attention in 

the field of biomaterials. Our group and others have shown that the release of NETs on the 

surface of a biomaterial is a significant preconditioning event that promotes inflammation 

and fibrosis [7, 26, 27]. In particular, we found that the fiber size of electrospun 

polydioxanone (PDO) regulates NET release with small fiber diameters (fiber diameter 0.4 ± 

0.2 μm) significantly up-regulating NET release in vitro and in vivo and fibrotic 

encapsulation in vivo relative to large fiber diameters (fiber diameter 1.9 ± 0.7 μm). 

Together, these data suggest that one potential strategy to enhance biomaterial-guided in situ 
tissue regeneration is to regulate NET formation and its adverse effects through biomaterial 

design.

A variety of artificial and physiological stimuli have been shown to regulate NET release, 

including pharmacological compounds like phorbol 12-myristate 13-acetate (PMA) that act 

intracellularly and ligands that initiate outside-in signaling through various receptors [28–

30]. Previously, we evaluated the adsorption of eight serum proteins on the surface of the 

electrospun PDO to begin elucidating the fiber size-dependent stimuli regulating NET 

formation on our biomaterials [31]. We found that nearly 2-times more IgG adsorbs to the 

surface of small fiber biomaterials compared to the large fiber biomaterials within 15 

minutes when normalized to the mass of the biomaterials and that IgG adsorption was 100- 

to 200-times greater than any other protein, suggesting IgG signaling may increase the 

propensity to form NETs on small fibers. In fact, neutrophils constitutively express two 

fragment crystallizable gamma receptors (FcγR) for IgG, FcγRIIa (CD32a) and FcγRIIIb 

(CD16b) [32]. Both have been found to participate in the release of NETs stimulated by IgG 

immune complexes (ICs) [33–37]. Moreover, activated neutrophils express FcγRI (CD64) 

within 4–6 hours of activation [38–40], and Mac-1 (CD11b/CD18) can cooperate with 

FcγRs in the release of IC-induced NETs [34]. Given the prominent surface adsorption of 

IgG on our electrospun biomaterials, we hypothesize that IgG and FcγR signaling may be 

intimately linked to biomaterial-induced NET release.

In this work, we explored the role of IgG and FcγR signaling in electrospun biomaterial-

induced NET release with human neutrophils. The propensity to release NETs was increased 

and decreased by increasing and decreasing adsorbed IgG, respectively, suggesting a 

functional link between IgG and NET formation. Then, blocking of FcγRIIIb, but not 

FcγRI, FcγRIIa, or Mac-1 (CD11b/CD18), resulted in a decrease in fiber-size dependent 

NET release, indicating a specific receptor mediated neutrophil response. Finally, incubation 

with 5Z-7-oxozeaenol, an inhibitor of FcγRIIIb signaling through transforming growth 

factor-β-activated kinase 1 (TAK1) [35], led to a decrease in NET formation on both 
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biomaterials. Together, these data show for the first time that surface adsorbed IgG, ligation 

of FcγRIIIb, and activation of TAK1 are involved in biomaterial-induced NET release. Our 

results indicate that regulation of IgG adsorption and FcγR signaling in neutrophils may be 

used to modulate NET release in biomaterial-guided tissue regeneration applications.

2. Materials and Methods

2.1 Electrospinning Biomaterials

Biomaterials were fabricated from PDO by electrospinning as previously described [31]. 

Briefly, PDO (Cat. No. 6100, Bezwada Biomedical, Hillsborough, NJ, USA) was dissolved 

overnight in 1,1,1,3,3,3-hexafluoro-2-propanol (Cat. No. 003409-1KG, Oakwood Products, 

Estill, SC, USA) at 50 and 120 mg/mL and electrospun with optimized parameters (Table 1) 

from a 5 mL syringe connected to an 18-gauge and 5 cm long blunt needle. Fibers were 

collected on a stainless steel, 100 mm long × 25 mm diameter cylindrical mandrel that was 

grounded and rotating at 1250 rpm while oscillating horizontally at 6.5 cm/s over 13 cm. For 

experiments, 8-mm diameter discs of the biomaterials, ranging in thickness from 0.05 to 

0.10 mm, were cut using a biopsy punch (Cat. No. P825, Acuderm Inc., Fr. Lauderdale, FL, 

USA) and stored in a desiccator until use. Prior to cell culture, the biomaterials were 

disinfected by ultraviolet irradiation using an 8 W lamp (Cat. No. EN280L, Spectroline, 

Westbury, NY, USA) at a working distance of 9.5 cm. The samples were disinfected for 10 

minutes on each side in a sterile, laminar flow hood and kept disinfected for cell culture.

2.2 Biomaterial Characterization

Scanning electron micrographs (SEMs) were acquired and analyzed in FibraQuant 1.3 

software (nanoTemplate Technologies, LLC) to quantify fiber diameter as previously 

described [8]. Briefly, 150 semi-automated random measurements per SEM were taken to 

determine the average and corresponding standard deviation for fiber diameter.

2.3 Isolation and Culture of Primary Human Neutrophils

Heparinized, whole peripheral blood was obtained by venipuncture from unidentified, 

healthy donors from Tennessee Blood Services. Since purchased or donated samples are not 

traceable back to the donor, it does not qualify as human subjects research as determined by 

the University of Memphis Institutional Review Board on November 22, 2016. Neutrophils 

were then isolated by density separation as previously described [7, 8, 41]. Once isolated, 

neutrophils were resuspended in Hank’s Balanced Salt Solution (HBSS) without calcium, 

magnesium, or phenol red (Cat. No. 14175095, Thermo Fisher Scientific, Waltham, MA, 

USA) and with 10 mM HEPES and 0.2% autologous serum at a concentration of 1 million 

neutrophils/mL. After placing the disinfected biomaterials (n = 4) in a 96-well plate, 40 μL 

of the cell culture media were added to each well to hydrate the biomaterials. For tissue 

culture plastic (TCP) wells (n = 4), 30 μL of the cell culture media were added prior to cell 

seeding. Subsequently, 100 μL of the cell suspension containing 100,000 neutrophils were 

added to each well. All wells then received 10 μL of heparin (Cat. No. H3393, Sigma 

Aldrich, St. Louis, MO, USA) at a final well concentration of 10 U/mL to dissociate NET-

associated myeloperoxidase (MPO) as previously described [10, 17]. The positive and 

negative controls were TCP with 100 nM PMA (Cat. No. P8139, Sigma Aldrich, St. Louis, 
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MO, USA) and TCP with 0.15% dimethylsulfoxide (DMSO), respectively. The neutrophils 

were cultured on the biomaterials at 37°C and 5% CO2 for 3 hours, and the TCP wells were 

cultured for 6 hours. Following culture, the samples were placed on ice for 10 minutes to 

inhibit neutrophil stimulation prior to fixing in 10% buffered formalin (Cat. No. SF1004, 

Thermo Fisher Scientific, Waltham, MA, USA) for 1 hour at room temperature. Three 

experiments were performed with unique donors (2 males, between 18 and 40 years of age, 

and 1 female, 25 years of age), and the results were pooled for analysis.

2.4 Addition of IgG to Biomaterials

To examine the dose-dependent effects of IgG on NET release, the biomaterials (n = 4) were 

hydrated with 1, 100, or 440 μg of human IgG (Cat. No. 31154, Thermo Fisher Scientific, 

Waltham, MA, USA) in 40 μL of HBSS for cell culture, equating to 0.025, 2.5, and 11 μg/

μL, respectively. The mass of 1, 100, and 440 μg of IgG were selected to mimic the mass of 

IgG in 40 μL of cell culture media as the control, the mass of IgG needed to saturate the 

biomaterial surfaces, and the mass of IgG at physiological concentration, respectively. 

Controls were biomaterials hydrated with 40 μL of cell culture media.

2.5 Depletion of IgG from Biomaterials

To reduce the mass of surface-adsorbed IgG, IgG was depleted from autologous serum using 

Dynabeads™ Protein G (Cat. No. 10004D, Thermo Fisher Scientific, Waltham, MA, USA) 

[42]. Prior to use, Dynabeads™ Protein G were dialyzed in 12,000–14,000 molecular weight 

cutoff dialysis tubing in 1 L of phosphate buffered saline (PBS) for 48 hours at 4°C with 

gentle agitation. The PBS was refreshed every 12 hours. After dialysis, 100 μL of 

Dynabeads™ were added to the wells on a 96-well plate, placed on a handheld magnetic 

plate washer (Cat. No. NC1403679, Thermo Fisher Scientific, Waltham, MA, US), and 

washed five times with 250 μL of HBSS. Once the final wash was removed, 250 μL of 0.2% 

autologous serum in cell culture media was added to the Dynabeads™ and incubated for 30 

minutes at room temperature with gentle agitation. Human IgG (Cat. No. 31154, Thermo 

Fisher Scientific, Waltham, MA, USA) diluted to a concentration of 0.2% in HBSS was used 

as an isotype control to validate the depletion. After incubation, the IgG-depleted 

supernatant was collected and sterile filtered with a 0.2 μM sterile filter. Subsequently, the 

biomaterials (n = 4) were hydrated with 40 μL of the IgG-depleted cell culture media prior 

to seeding the neutrophils. Controls were biomaterials hydrated with 40 μL of complete cell 

culture media containing 0.2% serum.

2.6 Validation of IgG Depletion

The depletion of IgG from autologous serum and the biomaterial surface was validated using 

immunodetection to quantify IgG as previously described [31]. Briefly, 30 μL of 0.2% 

autologous serum, IgG-depleted autologous serum, 0.2% isotype control IgG, and IgG-

depleted isotype control (n = 3) were vacuum blotted on Immobilon-FL PVDF membrane 

(IPFL00005, EMD Millipore Corporation, Burlington, MA, USA) and dried overnight 

before processing and immunodetection. Free aldehyde groups on the fixed biomaterials 

were quenched with 100 mM glycine, and the PVDF membranes and biomaterials were then 

blocked and incubated with rabbit anti-IgG (ab109489, Abcam, Cambridge, MA, USA) 

followed by IRDye 800CW goat anti-rabbit (Part No. 925-32211, LICOR Inc., Lincoln, NE, 
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USA). After washing, the PVDF membranes and biomaterials were scanned on the 800 nm 

channel of the Odyssey CLx IR Imaging System (LICOR Inc.). The relative fluorescence of 

biomaterials incubated with HBSS only was subtracted from the relative fluorescence of the 

biomaterials from cell culture to remove background fluorescence, and the mass of IgG was 

interpolated from a standard curve. For the biomaterials, IgG adsorption was normalized to 

the mass of the 8-mm diameter sample.

2.7 Receptor Blocking

To block receptors, neutrophils were incubated with 10 μg/mL Fab blocking fragments for 

FcγRI (Cat. No. 216-580, Ancell, Bayport, MN, USA), FcγRIIa (Cat. No. 181-580, Ancell, 

Bayport, MN, USA), and FcγRIIIb (Cat. No. 165-580, Ancell, Bayport, MN, USA) and a 

blocking antibody for CD11b (Cat. No. BDB553308, Fisher Scientific, Waltham, MA, USA) 

at 37°C for 10 minutes. IgG Fab (Cat. No. 278-580, Ancell, Bayport, MN, USA) and IgG 

(Cat. No 401401, BioLegend, San Diego, CA, USA) were used as isotype controls. After 

resuspending, neutrophils were seeded on the biomaterials (n = 4) that were hydrated with 

40 μL of cell culture media. Untreated cells seeded on the biomaterials (n = 4) served as 

controls.

2.8 Inhibition of TAK1

In order to inhibit signaling through TAK1, neutrophils were incubated with 10 nM 5Z-7-

oxozeaenol (Cat. No. 49-961-01MG, Fisher Scientific, Waltham, MA, USA) or 0.1% DMSO 

as a negative control on ice for 30 minutes [35]. After resuspending, neutrophils were seeded 

on the biomaterials (n = 6) that were hydrated with 40 μL of cell culture media. Untreated 

cells seeded on the biomaterials (n = 4) served as controls.

2.9 Quantification of NET Release

The release of NETs was quantified by measuring the concentration of NET-dissociated 

MPO in the cell culture supernatant using an MPO Human Instant ELISA Kit (Cat. No. 

BMS2038INST, Thermo Fisher Scientific, Waltham, MA, USA) [10, 17, 43]. Briefly, the 

cell culture supernatants were transferred to a clean cell culture plate and centrifuged at 500 

xg for 5 minutes to pellet any free neutrophils. Then, 50 μL of the centrifuged supernatant 

was collected and assayed using the MPO Human Instant ELISA Kit following 

manufacturer instructions. To quantify percent NET release on the biomaterials, the 

concentration of MPO was normalized to the concentration of MPO in the TCP positive 

control at 6 hours, representing maximum NET release.

2.10 Fluorescence Microscopy

Samples were stained with 5 μM SYTOX orange (Cat. No. S34861, Thermo Fisher 

Scientific, Waltham, MA, USA) and NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI, 

Cat. No. R37606, Thermo Fisher Scientific, Waltham, MA, USA) and imaged as previously 

described [10]. Samples were incubated sequentially for 5 minutes at room temperature with 

each stain. Three washes with PBS for 5 minutes each were performed between each stain. 

The stained cells and NETs were visualized on an Olympus BX43 fluorescent microscope, 
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and images were acquired in cellSens Standard 1.9 (Olympus Corp.). After image 

acquisition, contrast was enhanced using the automated function in cellSens.

2.11 Statistical Analysis

Statistically significant differences between fiber diameters were determined using a Mann-

Whitney test. Statistical differences for the depletion of IgG were determined using a 

Kruskal-Wallis test with Dunn’s multiple comparisons procedure. All other differences were 

tested with an ANOVA and Holm-Sidak’s multiple comparisons test. Statistical analyses 

were performed in Prism version 8.4.3 (GraphPad Software, San Diego, CA, USA) at a 

significance level of 0.05. Data are reported as mean ± standard deviation.

3. Results

3.1 Electrospun PDO Biomaterials Were Fabricated with Small and Large Fibers

PDO was electrospun to create small and large fibers (Figure 1A). The average fiber 

diameters for the small and large fibers are 0.4 ± 0.1 μm and 2.1 ± 0.4 μm, respectively 

(Figure 1B). The small fiber biomaterials up-regulate the release of NETs while absorbing 2-

times more IgG on their surface compared to large fibers when normalized to the biomaterial 

mass, suggesting a role for increased IgG signaling in biomaterial-induced NET release [7, 

31]. As in our prior work, these small and large fiber electrospun biomaterials allow us to 

further probe the role of IgG in biomaterial-induced NET release.

3.2 IgG Increases NET Release

Neutrophils were isolated from the whole blood of healthy donors and seeded on electrospun 

biomaterials with increasing masses of IgG in the absence of other surface-adsorbed proteins 

to examine the potential stimulatory role of IgG in biomaterial-induced NET release (Figure 

2A). As expected, the addition of IgG resulted in an increased adsorption of IgG to the 

biomaterial surfaces prior to seeding the neutrophils (Figure 2B). For the control 

biomaterials, the neutrophils had an increased propensity to release NETs on the small fibers 

compared to the large fibers (Figure 2C) with nearly 2-times the release of NETs on small 

fibers. With the addition of 1 μg of IgG, the release of NETs was similar to the level of the 

controls on both small and large fibers. With the addition of 100 μg of IgG to saturate the 

surface of the biomaterials, NET release was significantly increased on both the small and 

large fiber biomaterials. Moreover, the release of NETs on the large fibers was increased to 

the level of the small fibers, indicating a stimulatory effect for IgG independent of fiber size 

when experimentally increased. The trends were similar with the addition of 440 μg of IgG, 

or IgG at physiological concentration, but there was no further increase in NET release 

observed. Together, these dose-response data indicate that IgG stimulates biomaterial-

induced NET release when artificially increased in the absence of other surface-adsorbed 

proteins.

3.3. Depleting IgG Decreases Adsorption and Modulates NET Release

In addition to stimulating NET release with the addition of IgG, we also examined if the 

depletion of IgG from autologous serum would modulate NET release. First, we developed a 

method to deplete IgG using Dynabeads™ protein G (Figure 3A). For both an isotype 
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control of IgG and the autologous serum, our depletion protocol resulted in greater than 97% 

reduction in IgG concentration. For the isotype control, the concentration dropped from 11.1 

± 4.0 mg/mL to 0.30 ± 0.03 mg/mL. For the autologous serum, the concentration was 

reduced from 10.9 ± 2.8 mg/mL to 0.08 ± 0.05 mg/mL. To verify that this reduction 

translated to a reduction in biomaterial surface-adsorbed IgG, we quantified IgG adsorption 

on the small and large fibers both prior to seeding the neutrophils (Figure 3B) and after 

culture with neutrophils (Figure 3C). As expected, nearly 2-times the mass of IgG was 

adsorbed on the small electrospun fibers compared to the large fibers when the biomaterials 

were hydrated with cell culture media containing 0.2% autologous serum. However, when 

the biomaterials were hydrated with the IgG-depleted serum, the adsorption of IgG was 

significantly reduced on both small and large fibers to 0.4 ± 0.3 ng and 0.9 ± 0.6 ng, 

respectively, verifying that the depletion of IgG from the cell culture media translates to 

reduced surface adsorption. Interestingly, although surface-adsorbed IgG was reduced by 

nearly 95% on both biomaterials prior to cell seeding, the reduction in surface-adsorbed IgG 

was less apparent after culturing the neutrophils for 3 hours (Figure 3C) due to the addition 

of IgG within the cell culture media and the dynamic nature of protein adsorption on our 

biomaterials [31]. We then quantified the release of NETs in response to the modulated IgG 

adsorption (Figure 3D) and found that the release of NETs trended towards a decrease on the 

small fibers (p < 0.1), but did not change on the large fibers (Figure 3E). These data suggest 

that decreasing surface-adsorbed IgG modulates NET release, but the data are not significant 

because of the rapid adsorption of IgG from autologous serum.

3.4 Blocking FcγIIIb Decreases Biomaterial-Induced NET Release

Next, we blocked FcγRI, FcγRIIa, FcγRIIIb, and CD11b to test their potential contribution 

to NET release. On the small fiber biomaterials (Figure 4A and C), blocking of FcγRIIIb led 

to a significant reduction in NET release to approximately half of the control, similar to the 

findings of others [34, 35], whereas blocking of FcγRI, FcγRIIa, and CD11b resulted in no 

change in NET release. Contrastingly, NET release was near equivalent on the large fiber 

biomaterials with no change in NET release upon blocking any of the receptors (Figure 4B 

and D). Given that blocking of FcγRIIIb on the small fiber biomaterials reduced NET 

release to the level of the large fiber biomaterials, the data suggest that ligation of FcγRIIIb 

and its subsequent signaling are involved in biomaterial-induced NET release.

3.5 Inhibition of FcγRIIIb Signaling through TAK1 Attenuates NET Release

To further verify the involvement of FcγIIIb in biomaterial-induced NET release, we 

inhibited TAK1, an enzyme required for FcγIIIb signaling in NET release [35]. Inhibition of 

TAK1 with the selective inhibitor 5Z-7-oxozeaenol led to a significant reduction in NET 

release on both the small and large fiber biomaterials (Figure 5A and B). On the small fibers, 

NET release decreased from 13.5 ± 4.7% to 4.3 ± 2.7%, a two-fold decrease. On the large 

fibers, the release of NETs was reduced from 7.2 ± 2.0% to 3.3 ± 0.6%, which is roughly the 

same level of NET release as the TCP control. Taken together, these data indicate ligation of 

FcγIIIb with IgG and subsequent signaling through TAK1 participate in electrospun 

biomaterial-induced NET release.

Fetz et al. Page 8

Acta Biomater. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

Electrospun biomaterials offer putative advantages for in situ tissue engineering applications 

because of their versatile biomimetic structure, relatively simple fabrication, and cost-

effectiveness. However, understanding the inflammatory and immune response to these 

biomaterials for guided tissue regeneration is a challenge that requires further investigation 

for translation into the clinical environment. Recently, our group and others have 

investigated the activation of neutrophils and release of NETs in response to biomaterials [7, 

26, 27, 44]. The dysregulated release of NETs contributes to inflammation and fibrosis in 

several pathologies due to the release of toxic cargo and the localization of inflammatory 

adjuvants, like tissue factor, and has been described for thrombosis, cancer, and biomaterials 

in vivo, including our electrospun biomaterials [7, 20–26, 44–45]. In addition, multiple 

inflammatory diseases are linked to IC-induced NET release, including systemic lupus 

erythematosus [46], rheumatoid arthritis [47], anaphylaxis [48], and small vessel vasculitis 

[49]. Previously, we showed that greater IgG adsorption occurs on high surface area 

biomaterials that up-regulate NET release [31], but it remained unclear whether this surface-

adsorbed IgG is responsible for stimulating biomaterial-induced NET formation similar to 

IC-induced NET release. Here, we demonstrate for the first time that IgG adsorption, 

binding to FcγRIIIb, and signaling through TAK1 stimulates and regulates the in vitro 
release of NETs from human neutrophils on the surface of electrospun PDO biomaterials.

The binding of neutrophils to ICs and biomaterials is an important mechanism for innate 

immunity, the activation of neutrophils, and inflammation. IC-induced NET release requires 

opsonization of the antigen or pathogen with IgG to mediate FcγR binding and has been 

shown to occur in vitro in the context of soluble and immobilized ICs and IgG-coated beads 

[33, 34, 50]. In this work, we found that increasing the surface-adsorbed IgG in the absence 

of other proteins on our biomaterials up-regulated the release of NETs, which occurred 

independent of electrospun fiber size. When the concentration of IgG exceeded the mass 

needed to saturate the material surface, no further increase in NET release was observed, 

indicating that the IgG must be bound to the material surface to have a stimulatory effect. 

Indeed, the high concentration of IgG in circulation does not stimulate NET release from 

circulating neutrophils, and others have shown that free Fc fragments not bound to a 

substrate and free IgG were unable to stimulate NET formation in the context of ICs [51, 

52]. Likewise, we also showed that a transient decrease in surface-adsorbed IgG down-

regulated the release of NETs, but this occurred in a fiber size dependent manner and the 

results were not significant due to the small sample size and biological variability (see 

Supplementary Spreadsheet 1). Transient reduction of IgG adsorption on the small fibers, 

but not the large fibers, trended towards a reduction in NET release, suggesting that other 

adsorbed proteins may also participate in stimulating or regulating NET release on our 

biomaterials [28, 31]. Nonetheless, given the magnitude of IgG adsorption on the 

biomaterial surface, our data provide evidence for IgG as a stimulatory and regulatory 

protein in electrospun biomaterial-induced NET release.

Several FcγRs can bind IgG and induce outside-in signaling to trigger the release of NETs. 

Both FcγRIIa and FcγRIIIb have been implicated in IC-induced NET release through their 

independent engagement and cooperative signaling [33, 34, 37]. Additionally, Mac-1 has 
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been found to participate in FcγRIIIb-induced NET formation both through its activation 

and crosstalk with other receptors through shared signaling molecules [34]. Although it is 

not constitutively expressed, FcγRI is up-regulated within several hours of neutrophil 

activation, indicating it may also bind IgG during an inflammatory response [38–40]. In our 

experiments, we found that blocking of FcγRIIIb significantly attenuated NET release on 

the small fiber biomaterials to the level of the large fibers whereas blocking of FcγRI, 

FcγRIIa, or CD11b had no significant effect. Despite the decrease observed on the small 

fiber biomaterials, we found that blocking of FcγRIIIb had no effect on the large fiber 

biomaterials, suggesting potential confirmation or valency differences, or the presence of 

another stimulus and compensatory mechanism of NET release when FcγRIIIb is blocked 

[28, 33]. Multiple stimuli or a compensatory mechanism may also explain why NET release 

was reduced but not completely abrogated on the small fiber biomaterials upon blocking 

FcγRIIIb. Moreover, the release of NETs is an active process that occurs after direct 

neutrophil contact with the stimulus, and others have demonstrated the ability of the 

neutrophil to modulate its response based on the stimuli, their size, and their valency [16, 

33].

FcγRIIIb is a glycosylphosphatidylinositol (GPI)-linked receptor that lacks transmembrane 

and cytoplasmic domains [53]. Compared to FcγRIIa, FcγRIIIb is 4- to 5-fold more 

abundant on the neutrophil membrane and is highly mobile with the ability to protrude 

further due to its GPI anchor [54, 55]. Despite lacking a transmembrane and cytoplasmic 

domain, FcγRIIIb signaling for NET release occurs through TAK1 and is dependent on 

NADPH oxidase (NOX) and ERK activation [34, 35, 56]. To further demonstrate the 

involvement of FcγRIIIb in biomaterial-induced NET release, we blocked TAK1 and 

showed a significant decrease in NETs on both small and large fiber biomaterials. The 

decrease in NET release on both biomaterials was unexpected because we did not observe a 

decrease in NETs on the large fibers when surface adsorbed IgG was reduced. However, 

TAK1 can be activated by other receptors, including Toll like receptors, indicating that 

multiple signaling pathways may participate in biomaterial-induced NET release [28, 57]. 

When NOX is activated downstream of TAK1, reactive oxygen species are produced, which 

can in turn activate peptidyl arginine deiminase 4 (PAD4) to citrullinate histones and 

enhance NET generation [58]. We previously showed that citrullinated histones are found in 

biomaterial-induced NETs and that we could inhibit biomaterial-induced NET release using 

Cl-amidine, an inhibitor of PAD4, but were unable to explain the pathway leading to PAD4 

activation [7, 8]. Given that ligation of FcγRIIa has been found to activate PAD4 [37], our 

present study suggests that for our electrospun biomaterials, PAD4 activation is linked to 

IgG engagement of FcγRIIIb and signaling through TAK1, although the precise mechanism 

remains to be explored.

The adsorption of IgG to the surface of biomaterials has long been considered significant in 

the design of biocompatible biomaterials that regulate inflammation, and IgG adsorption is 

consistently observed on many different biomaterial surfaces [59–63]. Prior work has 

focused on the adsorption of IgG as an activator of complement and monocytes [59, 63], but 

one group has explored IgG adsorption on expanded polytetrafluoroethylene and its impact 

on neutrophil activation and phagocytosis for preventing infection [60, 61]. To our 

knowledge, we are the first to explore the role of IgG adsorption in biomaterial-induced 
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NET release in tissue engineering applications. Because we now know that neutrophils are 

important effector cells in the response to biomaterials [6], our work highlights the 

importance of considering IgG adsorption in the context of preconditioning biomaterial-

neutrophil interactions that could nucleate fibrosis, thrombosis, or chronic inflammation. 

Future investigations are needed to determine if protein adsorption can be regulated 

independent of fiber size and how altering the protein adsorption profile impacts NET 

release and subsequent inflammation, thrombosis, fibrosis, and the potential for tissue 

healing in vivo. Ultimately, we have demonstrated that surface adsorbed IgG, ligation of 

FcγRIIIb, and activation of TAK1 are involved in electrospun biomaterial-induced NET 

release, and modulation of this pathway may have beneficial therapeutic effects for 

regulating neutrophil-mediated inflammation, fibrosis, and in situ tissue regeneration.

5. Conclusion

Electrospun biomaterials have great potential for a variety of in situ tissue engineering 

applications, but regulating the neutrophil-driven inflammatory response to promote tissue 

regeneration remains a challenge. In our prior work, we found that IgG adsorption on 

electrospun PDO is 100- to 200-times greater than the adsorption of other serum proteins 

and that it may be linked to the increased propensity to form NETs on electrospun 

biomaterials. The results presented here demonstrate that in vitro IgG adsorption does in fact 

stimulate and regulate biomaterial-induced NET release through FcγRIIIb and activation of 

TAK1. While the present study only investigated electrospun PDO with differing fiber sizes 

in the context of tissue engineering, these data garner important insights that are applicable 

to the design of other biomaterials, including degradable and non-degradable devices. More 

broadly, an understanding of how adsorbed proteins regulate NET formation during the 

acute inflammatory response can facilitate the design of new biomaterials for the desired 

biological outcome, set in motion by the neutrophil and its effector functions.
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Statement of Significance:

Electrospun biomaterials have great potential for in situ tissue engineering because of 

their versatility and biomimetic properties. However, understanding how to design the 

biomaterial to regulate acute inflammation, dominated by neutrophils, remains a great 

challenge for successful tissue integration and regeneration. In this work, we demonstrate 

for the first time how protein adsorption on the biomaterial surface and engagement of a 

specific neutrophil receptor induces intracellular signals that regulate the pro-

inflammatory release of neutrophil extracellular traps (NETs). Given the deleterious 

effects of NETs during the acute inflammatory response to a biomaterial, our work 

highlights the importance of considering biomaterial-neutrophil interactions on 

degradable and non-degradable biomaterials to achieve the desired biological outcome.
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Figure 1. 
Electrospun PDO biomaterials were fabricated with small and large fibers. (A) 

Representative SEMs of the small and large fiber biomaterials. Micrographs were acquired 

at 1000x magnification and scale bars are 30 μm. (B) Fiber diameters of the electrospun 

biomaterials. Measurements (n = 150) were taken in FibraQuant 1.3 software. * p < 0.0001 

was determined using a Mann-Whitney test. Raw data are available in Supplementary 

Spreadsheet 1.
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Figure 2. 
Increasing IgG on the electrospun biomaterials increases NET release. (A) Fluorescent 

micrographs of neutrophils on the electrospun biomaterials at 3 hours after seeding. Staining 

of NETs (red) and nuclei (purple) reveals that increasing IgG up-regulates NET release 

independent of electrospun fiber size. Scale bar is 50 μm. (B) IgG adsorption on the 

electrospun biomaterials prior to seeding the neutrophils. (C) Percent NET release at 3 hours 

as quantified by the ELISA for NET-disassociated MPO. The quantification of percent NET 

release (n = 4) indicates that increasing IgG on the biomaterials stimulates NET release with 

a maximum stimulatory effect upon saturation of the material surface with 100 μg of IgG. 

The data represent the mean ± standard deviation of three independent experiments with 

unique donors. * p < 0.05 and ** p < 0.0001 were determined using an ANOVA and Holm-

Sidak’s multiple comparisons test. Raw data are available in Supplementary Spreadsheet 1.
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Figure 3. 
Decreased IgG adsorption decreases NET release on the small but not large fiber electrospun 

biomaterials. (A) Concentration of IgG in isotype control (n = 3) and serum (n = 3) before 

and after depletion with Dynabeads™ protein G. The depletion procedure reduced the 

concentration of IgG by 97.4% and 99.3% for the isotype control and serum, respectively. 

The stock concentration of the isotype control was 11 mg/mL. * p < 0.05 was determined 

using a Kruskal-Wallis test with Dunn’s multiple comparisons procedure. (B) IgG 

adsorption on the electrospun biomaterials prior to seeding the neutrophils. (C) IgG 

adsorption on the electrospun biomaterials after 3-hour culture with neutrophils. The 

controls hydrated with cell culture media (n = 4) adsorbed significantly more IgG compared 

to the samples hydrated with IgG-depleted cell culture media (n = 4) both prior to neutrophil 

seeding and after 3-hour culture. ** p < 0.0001 was determined using an ANOVA and 

Holm-Sidak’s multiple comparisons test. (C) Fluorescent micrographs of neutrophils on the 

electrospun biomaterials at 3 hours after seeding. Staining of NETs (red) and nuclei (purple) 

reveals that decreasing IgG down-regulates NET release on small fibers. Scale bar is 50 μm. 

(D) Percent NET release at 3 hours as quantified by the ELISA for NET-disassociated MPO. 

The quantification of percent NET release (n = 4) indicates that decreasing IgG on the small 

fiber biomaterials decreases NET release. * p < 0.05 was determined using an ANOVA and 

Holm-Sidak’s multiple comparisons test. For all graphs, the data represent the mean ± 

standard deviation of three independent experiments with unique donors. Individual donor 
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data are shown in Supplementary Figure 1. Raw data are available in Supplementary 

Spreadsheet 1.
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Figure 4. 
Blocking FcγIIIb decreases biomaterial-induced NET release on small but not large fiber 

biomaterials. (A and B) Fluorescent micrographs of neutrophils on the electrospun 

biomaterials at 3 hours after seeding. NETs are shown in red and nuclei in purple. Scale bars 

are 50 μm. (C and D) Percent NET release at 3 hours as quantified by the ELISA for NET-

disassociated MPO. The quantification of percent NET release (n = 4) indicates that 

blocking FcγIIIb on the small fiber biomaterials significantly reduces NET formation 

whereas no effect is observed on the large fiber biomaterials. The data represent the mean ± 

standard deviation of three independent experiments with unique donors. * p < 0.05 was 

determined using an ANOVA and Holm-Sidak’s multiple comparisons test. Raw data is 

available in Supplementary Spreadsheet 1.

Fetz et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Inhibition of FcγIIIb signaling through TAKI attenuates NET release on both small and 

large fiber biomaterials. (A) Fluorescent micrographs of neutrophils on the electrospun 

biomaterials at 3 hours after seeding. NETs are shown in red and nuclei in purple. The scale 

bar is 50 μm. (B) Percent NET release at 3 hours as quantified by the ELISA for NET-

disassociated MPO. The quantification of percent NET release (n = 6) indicates that 

inhibition of TAKI reduces NET formation on both the small and large fiber electrospun 

biomaterials. The data represent the mean ± standard deviation of three independent 

experiments with unique donors. * p < 0.05 and ** p < 0.0001 were determined using an 

ANOVA and Holm-Sidak’s multiple comparisons test. Raw data is available in 

Supplementary Spreadsheet 1.
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Table 1.

Electrospun biomaterials were fabricated with optimized parameters.

Fiber Size PDO Concentration (mg/mL) Flow Rate (mL/h) Airgap Distance (cm) Applied Voltage (+ kV)

Small Fibers 50 0.55 28 25

Large Fibers 120 4.0 28 28

Acta Biomater. Author manuscript; available in PMC 2022 August 01.


	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Electrospinning Biomaterials
	Biomaterial Characterization
	Isolation and Culture of Primary Human Neutrophils
	Addition of IgG to Biomaterials
	Depletion of IgG from Biomaterials
	Validation of IgG Depletion
	Receptor Blocking
	Inhibition of TAK1
	Quantification of NET Release
	Fluorescence Microscopy
	Statistical Analysis

	Results
	Electrospun PDO Biomaterials Were Fabricated with Small and Large Fibers
	IgG Increases NET Release
	Depleting IgG Decreases Adsorption and Modulates NET Release
	Blocking FcγIIIb Decreases Biomaterial-Induced NET Release
	Inhibition of FcγRIIIb Signaling through TAK1 Attenuates NET Release

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

