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Abstract

Trauma patients produce a host of danger signals and high levels of damage-associated molecular 

patterns (DAMPs) after cellular injury and tissue damage. These DAMPs are directly and 

indirectly involved in the pathogenesis of various inflammatory and thrombotic complications in 

patients with severe injuries. No effective therapeutic agents for the removal of DAMPs from 

blood or tissue fluid have been developed. Herein, we demonstrated that nucleic acid binding 

polymers, e.g., polyethylenimine (PEI) and polyamidoamine dendrimers, immobilized onto 

electrospun microfiber mesh can effectively capture various DAMPs, such as extracellular DNAs 

and high mobility group box 1 (HMGB1). Furthermore, treatment with PEI-immobilized 

microfiber mesh abrogated the ability of DAMPs, released from dead and dying cells in culture or 

found in patients following traumatic injury, to activate innate immune responses and coagulation 

in vitro and in vivo. Nucleic acid scavenging microfiber meshes represent an effective strategy to 

combat inflammation and thrombosis in trauma.
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1. Introduction

Damage associated molecular patterns (DAMPs) are molecules released from damaged cells 

or extracellular matrix. Upon injury of tissues, DAMPs are released into the blood and tissue 

fluid. These DAMPs play a key role in healing damaged tissues and protecting against 

infection [1]. They are recognized by pattern recognition receptors (PRRs) expressed in 

mammalian cells. Upon binding to DAMPs, PRRs trigger intracellular signal cascades and 

lead to activation of transcription factors, including nuclear factor-kB (NF-kB), activator 

protein 1 (AP1) and interferon regulatory factor (IRF), which elicit expression of 

inflammatory cytokines, type I interferons (IFN) and IFN-inducible genes [2]. Elevated 

levels of plasma DAMPs have been observed in patients with traumatic injuries and were 

strongly correlated with the development of severe posttraumatic complications, e.g., 

systemic inflammatory response syndrome (SIRS), multiple organ dysfunction and 

thrombosis [3, 4].

Unlike other PRRs, toll-like receptors (TLRs) are membrane-associated proteins and 

predominantly expressed in immune and inflammatory cells [5]. A particular TLR is able to 

recognize a specific molecular pattern associated with a virus, bacteria and/or damaged 

tissues. For instance, TLRs 2, 4, 5, 6 and 11 bind to bacterial membrane-associated 

molecules (e.g., lipoprotein and lipopolysaccharide (LPS)), cellular membrane-associated 

molecules (e.g., heparan sulfate) and nuclear proteins (e.g., high mobility group box 1 

protein (HMGB1) and histones), whereas TLRs 3, 7, 8 and 9 recognize bacterial, viral and 

cellular DNAs and RNAs [6].

TLRs act as the sentinel of the innate immune system that protects against pathogens. 

Inappropriate activation of TLRs, on the other hand, contributes to the development of a 

variety of diseases, including autoimmune and inflammatory diseases [7, 8], cardiovascular 

diseases [9], sepsis [10], neuronal diseases [11] and cancer [12]. Thus, TLRs are attractive 

therapeutic targets. Inhibition of single or dual TLRs using receptor antagonists has been 

demonstrated to attenuate disease progression in some pre-clinical studies [13–15]. 

However, the interconnectedness and redundancy of TLR signaling is likely to limit the 

therapeutic efficacy of single or dual TLR inhibitors.

In previous studies, we and others demonstrated that certain types of nucleic acid-binding 

polymers (NABPs) such as third-generation polyamidoamine dendrimer (PAMAM-G3) are 

able to neutralize the ability of cell-free DNAs and RNAs to activate nucleic acid-sensing 

TLRs (e.g., TLR3, TLR7, TLR8 and TLR9) [16] and blood coagulation [17, 18]. One 

potential concern with soluble NABP therapy is that NABPs show dose-dependent toxicity 

in vivo [19]. Since NABPs are originally designed to deliver genes and siRNAs into cells, 

they are readily uptaken by cells, damage intracellular organelles, and can induce cell death 

[20–22]. Moreover, the NABPs cannot neutralize the ability of non-nucleic acid DAMPs to 

induce immune stimulation [16]. Therefore, we sought to immobilize NABPs on microfiber 

meshes to limit systemic exposure and improve the ability of NABPs to remove additional 

DAMPs. We observed that NABPs immobilized onto electrospun microfiber mesh removed 

extracellular DNAs as well as non-nucleic acid DAMP HMGB1 and neutralized the ability 

of DAMPs generated by ex vivo cell culture or DAMPs circulating in the blood of trauma 
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patients to stimulate multiple TLRs, e.g., TLRs 2, 3, 4 and 9, and coagulation in vitro and in 
vivo.

2. Materials and methods

2.1. Generation of NABP-immobilized PSMA/polystyrene microfiber meshes

Electrospinning is broadly used to form continuous fibers using a polymer solution with an 

applied voltage [23, 24]. It has been demonstrated that poly(styrene-alt-maleic anhydride) 

(PSMA) polymers formed microfibrous meshes by electrospinning [25], and these meshes 

have been demonstrated to functionally immobilize large molecules, e.g., enzymes, by 

covalent conjugation [26]. NABPs were immobilized onto the electrospun PSMA microfiber 

meshes. To increase the durability of microfiber meshes, a mixture of PSMA and 

polystyrene copolymers was used to generate microfibers. PSMA (0.3 g) (Sigma, Saint 

Louis, MO) and polystyrene (0.4 g) (Sigma) were dissolved by constant stirring for 24 h at 

room temperature in a 1:1:1 (v:v:v) mixture of tetrahydrofuran:acetone:dimethylformamide 

(3 mL) (Sigma). Microfibers were generated by electrospinning 2 mL of copolymer solution 

using a 2cc glass syringe (Cadence Science, Staunton, VA) at a dispensing rate of 2 ml/h 

with an applied voltage of ~17.3 kV, as described previously [25, 27]. To generate 

microfiber meshes, the microfibers were collected on a grounded cylindrical mandrel (~6.4 

cm wide with a ~21.6 cm circumstance) spinning at ~130 RPM at a distance of 17.3 cm 

away from the tip of the syringe needle. To generate NABP-immobilized meshes, the 

PSMA/polystyrene microfiber meshes were incubated with a solution of various NABPs in 

dH2O, including 1.8 kDa branched polyethylenimine (PEI) (Polysciences, Warrington, PA) 

(0.005 M) and PAMAM-G3 (0.004 M) (Sigma) for 72 h either at room temperature (PEI) or 

4°C (PAMAM-G3) with constant shaking, washed 6 times for 10 min with dH2O, and 

sterilized in 70% (v/v) ethanol for 30 min, followed by air drying. The levels of NABPs 

immobilized onto the PSMA/polystyrene meshes were determined by ninhydrin assay.

2.2. Electron microscopy

Dry PSMA/polystyrene meshes were placed on aluminum foil and mounted on a scanning 

electron microscope (SEM) stub. The filters were gold sputter-coated for 250 sec using the 

Denton Vacuum Desk IV sputter unit (Denton Vacuum, Moorestown, NJ) and imaged using 

a FEI XL30 SEM-FEG (FEI, Hillsboro, OR). Images were analyzed using Scandium 

(ResAlta Research Technologies, Golden, CO).

2.3. Cell culture

Human normal lung fibroblast (ATCC, Manassas, VA) and human melanoma cell line 

WM266-4 (ATCC) was maintained in Eagle’s Minimum Essential Medium supplemented 

with 10% FBS, 1X non-essential Amino Acid and 1mM sodium pyruvate (all from 

Invitrogen, Carlsbad, CA). Human pancreatic cancer cell line PANC-1 (kindly provided by 

Dr. Rebekah White, Duke University, Durham, NC), mouse melanoma cell line B16-F10 

(ATCC), mouse macrophage cell line RAW264.7 and mouse embryonic fibroblast (ATCC) 

were maintained in DMEM supplemented with 10% FBS. TLR reporter cell lines, including 

HEK-hTLR3, HEK-hTLR4 and HEK-hTLR9 cells (InvivoGen, San Diego, CA), stably 

express an NF-kB/AP-1-inducible secreted embryonic alkaline phosphatase (SEAP) and 
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corresponding TLR, and these reporter cells were maintained by following the 

manufacturer’s instructions. All cells were incubated at 37°C in a humidified atmosphere 

with 5% CO2.

2.4. Quantification of cell growth

Cell growth was quantified at 72 h after treatments using an Celltiter 96® MTS Cell 

Proliferation Assay Kit (Promega, Madison, WI), according to the manufacturer’s 

instructions.

2.5. Preparation of DAMPs

DAMPs were isolated from ex vivo killed cells. To generate doxorubicin-induced cell death, 

1×106 cells were incubated for 4 h with doxorubicin (10 mM) (Sigma) followed by washing 

5 times with fresh culture media. Cells were incubated for 2 days in 1 ml of culture media. 

Culture supernatants were collected, centrifuged for 5 min at 1200 RPM and stored at −80°C 

until use. To generate sonication-induced cell death, 1×106 cells in 1 ml of Dulbecco’s 

phosphate-buffered saline (DPBS) (Sigma) were sonicated for 1.5 min with Branson 

Sonifier 250 (Branson Ultrasonics, Danbury, CT). The levels of extracellular DNAs 

(exDNAs), HMGB1, adenosine triphosphate (ATP) and uric acid in the DAMPs were 

determined using Quant-iT PicoGreen DNA assay kit (ThermoFisher, Waltham, MA), 

HMGB1 ELISA kit (Tecan, Morrisville, NC), ATP determination kit (ThermoFisher) and 

Uric Acid Assay kit (Sigma), respectively, by following the manufacturer’s instructions. For 

circulating DAMPs in human blood, sera from citrated blood samples were collected from 3 

patients with polytrauma and 3 normal healthy volunteers. The use of human blood samples 

was approved by the Institutional Review Board of Duke University Medical Center.

2.6. Inhibition of DAMPs using NABP-immobilized meshes

A NABP-immobilized mesh (1.7×1.7 cm; surface area of approximately 2.9 cm2) was 

inserted into each well of 12-well plate. 1 ml of DAMPs were added into each well 

containing the NABP-immobilized mesh and incubated for 1 min at room temperature. 

Unbound DAMPs were harvested and added into a well containing a fresh NABP-

immobilized mesh. To increase the dose of NABPs, the surface area of NABP-immobilized 

mesh was increased by repeated exposure of NABP-immobilized mesh to the DAMPs.

2.7. Innate immune stimulation by DAMPs

DAMPs with or without pre-treatment with NABP-immobilized meshes were diluted to 25% 

(v/v) with fresh complete media. TLR reporter cells were incubated with these DAMPs in a 

96-well plate. Upon binding to their cognate ligands, TLR signaling activates NF-κB which 

leads to expression and release SEAP from TLR reporter cells. The level of SEAP release 

was determined using a colorimetric assay. Briefly, after overnight incubation, 40 µl culture 

supernatants were harvested and incubated for 3 to 5 h with 180 µl QUANTI-Blue™ 

(InvivoGen) in a flat-bottom 96-well plate. SEAP activity was accessed by reading the 

optical density (OD) at 650 nm with BioTek Power Wave XS2 ELISA plate reader (BioTek, 

Winooski, VT). To stimulate mouse macrophage cells, RAW264.7 cells were incubated 

overnight with the DAMPs. Tumor necrosis factor (TNF)-α and interferon (IFN)-β 
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production by RAW264.7 cells was determined by enzyme-linked immunosorbent assay 

(ELISA) using BD OptEIA™ TNF-α ELISA sets (BD Biosciences, Franklin Lakes, NJ) and 

IFN-β ELISA kit (PBL Biomedical Laboratories, Piscataway, NJ), respectively, by following 

the manufacturer’s instructions. Unmethylated cytosine-phosphodiester-guanine 

oligodeoxynucleotide (CpG ODN) (5 µM; TLR9 agonist) (InvivoGen), polyI:C (5 µg/ml; 

TLR3 agonist) (InvivoGen), Pam3CSK4 (100 ng/ml; TLR2 agonist) (InvivoGen), LPS (20 

ng/ml; TLR4 agonist) (Sigma) and bovine kidney heparan sulfate (50 µg/ml; TLR4 agonist) 

(Sigma) were used as TLR stimulator controls. Untreated culture media and DPBS were 

used as negative controls.

2.8. Plasma coagulation assay

Human and mouse plasma coagulation assays were performed by described previously with 

minor modifications [17]. 5 µl DAMPs with or without pre-treatment with NABP-

immobilized meshes were added to 50 µl normal pooled human plasma in sodium citrate 

(George King Bio-Medical Inc., Overland Park, KS) or normal pooled mouse plasma in 

sodium citrate (C57BL/6) (Biochemed services, Winchester, VA). The reaction was 

incubated for 3 min at 37 °C, followed by the addition of 50 µl CaCl2 (25 mM). Clotting 

times were recorded using STart® Hemostasis Analyzer (Diagnostica Stago, Parsippany, 

NJ).

2.9. Thromboelastography assay

To test the efficiency of whole blood coagulation, Thromboelastography (TEG) assay was 

performed as previously described [17], using citrated whole mouse blood. Untreated mouse 

DAMPs or PEI mesh-treated mouse DAMPs were added to the citrated mouse blood, 

together with CaCl2. Time to clot formation (R time, min) was recorded using TEG 500 

(Haemoscope Corporation, Niles, IL). Fresh culture media and DPBS were used as negative 

controls.

2.10. Heterotopic heart transplantation

CBA (H-2k) mice (Jackson Laboratory, Bar Harbor, ME) were housed in a specific 

pathogen-free barrier facility and used at 6–12 weeks of age. Heterotopic heart 

transplantation was performed as previously described [28]. Briefly, the CBA recipient 

mouse was anesthetized with isoflurane. A segment of descending aorta and vena cava 

below the renal vessels was dissected. The heart was immediately removed from the CBA 

donor, flushed with 5ml of Eurocollins preservation solution and placed in chilled 

Eurocollins solution on ice. Before transplantation, 2 ml of Eurocollins mixed with either 

mouse DAMPs or PEI mesh-treated mouse DAMPs was applied to the explanted donor heart 

via donor aorta and pulmonary artery. The CBA donor heart was then placed in the 

abdominal cavity of the recipient, and the donor aorta and pulmonary artery were 

anastomosed in an end-to-side manner to the recipient abdominal aorta and vena cava using 

10-0 nylon suture. Acute thrombosis in the transplanted heart was monitored and recorded. 

The animals were sacrificed at 30 min after unclamping for histological analysis. The 

explanted grafts were sagittally bisected and fixed in 10% formalin. Paraffin embedded 

tissue was cut into 5µm sections and stained with trichrome-based staining (Carstairs) to 

highlight platelet, fibrin and erythrocytes. All experimental procedures involving the use of 
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mice were performed in accordance with the guidelines and in compliance with the Animal 

Care and Use Committee of Duke University.

2.11. Statistical analysis

The paired two-tailed Student’s t test was applied for determination of statistical 

significance. A probability of less than 0.05 (P < 0.05) was used for statistical significance.

3. Results

3.1. NABP immobilized on a PSMA/polystyrene microfiber mesh inhibits nucleic acid and 
non-nucleic acid TLR ligands without adverse cytotoxic effects in cell culture

Non-woven electrospun PSMA/polystyrene microfibers were generated with an average 

diameter of 2.51 ± 0.06 µm (Fig. 1A). PEI or PAMAM-G3 serving as NABP was conjugated 

onto a 6.6×6.6 cm PSMA/polystyrene microfiber mesh. The potential of this NABP-

immobilized PSMA/polystyrene microfiber meshes to inhibit the ability of nucleic acids to 

stimulate nucleic acid-recognizing TLRs, e.g., TLR3 and TLR9 was compared with 

unmodified PSMA/polystyrene microfiber mesh of free NABP in scavenging nucleic acid 

TLR agonists, such as polyI:C and CpG ODN. Consistent with our previous study [16], free 

PAMAM-G3 but not free PEI inhibited both polyI:C and CpG ODN to stimulate TLR3 and 

TLR9, respectively, but they could not inhibit non-nucleic acid TLR agonists, Pam3CSK4, 

LPS and heparan sulfate (Fig. 1B). PEI- and PAMAM-G3-immobilized meshes also 

inhibited TLR activation by CpG ODN and polyI:C. Unlike free PAMAM-G3, PEI- and 

PAMAM-G3-immobilized microfiber meshes inhibit heparan sulfate-mediated activation of 

TLRs but did not inhibit LPS- and Pam3CSK4-mediaetd activation of TLRs (Fig. 1B). 

Furthermore, as expected free PEI and free PAMAM-G3 induced cytotoxicity of human 

fibroblasts in a dose-dependent manner (Fig. 1C and D). However, treatment with PEI- or 

PAMAM-G3-immobilized PSMA/polystyrene microfiber meshes did not engender 

significant cytotoxicity to various human and mouse cell lines and primary cells (Fig. 1E, F 

and Supplementary Fig. 1). These data demonstrate that NABPs immobilized on an 

electrospun PSMA/polystyrene microfiber mesh is able to inhibit both nucleic acid and 

certain non-nucleic acid TLR ligands without inducing significant cytotoxicity.

3.2. NABP-immobilized microfiber mesh inhibits DAMP- and PAMP-mediated stimulation of 
TLRs

To determine whether NABP-immobilized PSMA/polystyrene microfiber meshes are able to 

neutralize the ability of DAMPs to stimulate TLRs, we isolated DAMPs released from dead 

and dying human and mouse cells. The cells were killed by either sonication- or 

doxorubicin-induced cell death. DAMPs from either source activated both TLR4 and TLR9. 

The DAMPs treated with the PEI-immobilized microfiber meshes lost their ability to 

stimulate the TLR reporter cells in a surface size-dependent manner (Fig. 2A, B and C). 

Treatments with free PAMAM-G3 significantly, but weakly, inhibited the stimulation of 

TLR9 reporter cells but did not inhibit the stimulation of TLR4 reporter cells. Moreover, the 

free PAMAM-G3 was much less potent than the PEI-immobilized microfiber mesh. In 

addition, the PEI-immobilized microfiber meshes inhibited DAMP activation of mouse 
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macrophages (Fig. 3D and E) and also significantly reduced the ability of bacterial PAMPs 

to stimulate multiple TLR reporter cells (Fig. 3F).

3.3. NABP-immobilized microfiber mesh removes exDNA and HMGB1 from extracellular 
compartments

Extracellular DNAs (exDNAs) and HMGB1 released from damaged cells are known as 

potent inflammatory and thrombotic mediators. The levels of exDNAs and HMGB1 are 

markedly elevated in the blood of patients with traumatic injuries compared with healthy 

controls [29, 30]. The exDNA and HMGB1 are endogenous ligands of TLR9 and TLR4, 

respectively, and they are associated with posttraumatic coagulation abnormalities, activation 

of complement and severe systemic inflammatory responses [31–33]. To determine whether 

NABP-immobilized PSMA/polystyrene microfiber mesh can capture and remove exDNA 

and HMGB1 from extracellular fluids, the levels of exDNA and HMGB1 released from ex 
vivo killed human cells were determined before and after treatment with various surface 

sizes of the PEI-immobilized PSMA/polystyrene microfiber mesh. Both exDNA and 

HMGB1 was significantly removed from the extracellular milieu by the PEI-immobilized 

PSMA/polystyrene mesh in a surface size-dependent manner (Fig. 3A and B). Interestingly, 

PEI-immobilized PSMA/polystyrene mesh did not remove ATP and uric acid, metabolic 

products released from dead and dying cells [34], from the extracellular fluids (Fig. 3C and 

D).

3.4. NABP-immobilized microfiber mesh inhibits TLR stimulation by trauma patient DAMPs

Next, we asked whether the NABP-immobilized meshes can counteract pro-inflammatory 

DAMPs in the blood of patients with traumatic injuries. DAMPs in sera isolated from the 

blood of trauma patients significantly increased stimulation of multiple TLR reporter cells, 

e.g., TLR2, TLR3, TLR4 and TLR9, compared with sera isolated from the blood of normal 

healthy volunteers (Fig. 4A). The TLR stimulatory activities of trauma patient DAMPs were 

significantly abrogated by treatment with PEI-immobilized meshes (Fig. 4B). Consistent 

with DAMPs generated by ex vivo cell death of human and mouse cells, treatment with 

PAMAM-G3, however, only marginally inhibited patient DAMP-stimulated TLR9 signaling, 

but did not inhibit patient DAMP-stimulated TLRs 2, 3 and 4 signaling. These data indicate 

that treatment with NABP-immobilized microfiber meshes can remove multiple immune 

stimulatory mediators from the blood of patients with traumatic injuries.

3.5. PEI-immobilized microfiber mesh treatment prevents DAMP-induced thrombosis after 
heart transplantation

Cell-free DNAs, RNAs and HMGB1 released from injured tissues are known as potent 

activators of coagulation and platelets [35–37]. Such activation has been associated with 

thrombotic complications and graft rejection following solid organ transplantation [38, 39]. 

Moreover, transplantations with lung from traumatic brain injury mice have been shown to 

develop HMGB1-mediated acute graft rejection [40]. To determine whether NABP-

immobilized microfiber meshes could counteract DAMP-mediated coagulation and graft 

rejection, we performed in vitro coagulation and heart transplantation studies. DAMPs 

generated by sonication-induced human and mouse cells accelerated the clotting of human 

and mouse platelet-depleted plasmas (Fig. 5A and B). Treatments with PEI-immobilized 
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microfiber meshes abrogated the ability of the DAMPs to activate plasma coagulation. 

Furthermore, the DAMPs dramatically accelerated the clotting of mouse whole blood (Fig. 

5C). Consistent with plasma clotting analyses, the pre-treatment with PEI-immobilized 

microfiber meshes significantly reduced DAMP-induced whole blood coagulation. To access 

the pro-thrombotic effect of DAMPs in heart transplantation and anti-thrombotic effect of 

PEI-immobilized microfiber mesh in vivo, we treated donor hearts with DAMPs prior to 

transplantation. As shown in Figure 5D and F, donor hearts perfused with DAMPs rapidly 

developed occlusive thrombosis and stopped beating within 5 min after transplantation. In 

contrast, no acute thrombosis nor cessation of heart beating was observed in donor hearts 

from which DAMPs had been captured and removed for 10 minutes (Fig. 5E and F).

4. Discussion

This study demonstrates that electrospun PSMA/polystyrene microfiber meshes 

functionalized with NABPs neutralized the ability of nucleic acid as well as non-nucleic acid 

DAMPs and PAMPs to stimulate TLRs and coagulation pathways. Since NABPs are 

immobilized on a solid surface, they do not circulate in the blood and enter cells. Therefore, 

the immobilized configuration of NABPs would be of particular interest to scavenge DAMPs 

and PAMPs in scenarios of tissue damage and inflammation. Nevertheless, this study also 

demonstrates that a NABP-immobilized microfiber mesh is able to remove DAMPs, such as 

exDNA and HMGB1, from the blood of trauma patients, thereby inhibiting DAMP-

stimulated blood coagulation.

Because NABPs are highly positively charged, we initially speculated that all negatively 

charged DAMPs could be potential targets for the immobilized NABPs. NABPs 

immobilized on PSMA/polystyrene microfiber meshes inhibited negatively charged 

polymeric molecules such as DNA, RNA and heparan sulfate [41], but did not inhibit 

Pam3CSK4, a cationic amphiphilic lipopeptide, and anionic metabolic products (e.g., ATP 

and uric acid). Furthermore, the NABP-immobilized microfiber meshes captured and 

removed circulating HMGB1, a DNA-binding protein composed of two positively charged 

DNA-binding motifs and a C-terminal acidic tail [42]. This highly negatively charged C-

terminal domain likely binds to NABPs. However, the NABP-immobilized microfiber 

meshes are unable to inhibit negatively charged LPS. Moreover, treatment with NABP-

immobilized microfiber meshes did not change the growth supporting activity of serum-

supplemented culture media. Serum contains a diverse spectrum of anionic proteins (e.g., 

serum albumin), anionic amino acids (e.g. aspartate and glutamate) and anionic nutrients 

that are required for survival and growth of cells. These data suggest that NABP-

immobilized microfiber meshes may selectively bind to certain types of anionic DAMPs. 

Further studies are needed to elucidate the precise mechanisms by which NABP-

immobilized microfiber meshes neutralize the ability of DAMPs to stimulate TLRs and 

induce inflammatory response and thrombosis.

We have previously demonstrated that a prototypic molecular scavenger PAMAM-G3 

neutralized the ability of synthetic CpG DNA and polyI:C to stimulate TLRs and induce 

acute liver damage in mice [16]. However, pharmacokinetics and pharmacodynamics of 

PAMAM-G3 have not yet been determined. Moreover, many questions of mechanisms of 
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action of PAMAM-G3 remain to be answered, including whether the PAMAM-G3 inhibits 

DAMPs released from injured cells or tissues, how much negatively charged DAMPs are 

circulating in the blood of patients with injury, and how much DAMPs are needed to be 

inhibited by NABPs for the amelioration of inflammatory and thrombotic complications. 

Surprisingly, PAMAM-G3 marginally neutralized the ability of both DAMPs generated by 

death-induced cells and trauma patient sera to stimulate TLR9. The in vitro cell growth 

study suggested that the maximal tolerated dose of PAMAM-G3 was between 20 and 30 

µg/ml (Fig. 1D). The levels of exDNAs released from death-induced cells were 

approximately 17 µg/ml. The levels of exDNAs in the blood of trauma patients were varied 

between 1 and 16 µg/ml depending on disease severity [43]. Studies show that 200 to 600 

ng/ml of HMGB1 is circulating in the blood of patients with traumatic injury [29]. 

Comparable amounts of exRNAs, other than anionic DAMPs and negatively charged 

membranous vesicles are simultaneously circulating in the blood of trauma patients [44, 45]. 

Thus, the maximal tolerated doses of free PAMAM-G3 may be sub-optimal and lead to only 

marginal therapeutic effect. In contrast, either 288 µg/cm2 of PEI or 128 µg/cm2 of 

PAMAM-G3 can be immobilized onto the PSMA/polystyrene microfiber mesh and the dose 

of PEI and PAMAM-G3 immobilized onto the microfiber mesh are easily increased. 

Therefore, immobilized NABP is a more effective and safer therapeutic agent than free 

NABPs in this study.

DAMPs are potential biomarkers and attractive therapeutic targets for critically ill patients 

[46]. Cellular disruption by trauma releases DAMPs that are one of the key linkers between 

tissue damage, inflammation and systemic inflammatory response syndrome (SIRS) [32]. 

DAMPs influence not only disease progress in primary injured sites but also facilitate 

dysfunction of other organs and systemic complications [40]. Furthermore, negatively 

charged DAMPs, including hyaluronic acid, cell-free nucleic acids and heparan sulfate, 

released after allograft reperfusion induced inflammation and thrombosis, which have a 

negative impact on transplant outcomes [47] and facilitate pulmonary dysfunction and graft-

versus-host disease after allogeneic transplantation [41]. Moreover, elevated circulating 

DAMPs were shown to correlate with the onset of septic shock and organ failure in patients 

with sepsis [48].

Extracorporeal membrane oxygenation (ECMO) and hemofilters are often used in critically 

ill patients who have cardiac and pulmonary dysfunctions and who have a high risk of acute 

lung and kidney injuries [49]. In a dog model, early treatments with continuous veno-venous 

hemofiltration (CVVH) significantly decreased mortality and acute lung injury in animals 

with severe drowning accident [50]. The CVVH reduced the levels of circulating pro-

inflammatory cytokines and oxidative stress in these animals. Moreover, blood purification 

by hemofilters is broadly used to remove circulating pathologic mediators from the patients 

with critical illness, such as severe sepsis and acute respiratory distress syndrome [51].

Depending on surface modifications, hemofilters can remove specific molecules from 

patient’s blood. Cytokine-absorbing hemofilters decreased circulating pro-inflammatory 

cytokines, heart rate, blood lactate level, intra-abdominal pressure and mortality rate in 

patients with severe acute pancreatitis [52]. Fibers coated with endotoxin-binding polymyxin 

B [53, 54], opsonin [55, 56] or PEI [57] have been shown to remove endotoxin and 
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pathogens from patient’s blood and ameliorated sepsis and acute respiratory distress 

syndrome. However, no such hemofilters have been developed to remove DAMPs from the 

blood of patients with sterile inflammatory and thrombotic complications.

Certain types of DAMPs, including exDNAs and DNA-binding proteins (e.g., histone and 

HMGB1), are known to be potent pro-coagulants [58, 59]. Moreover, DAMP-stimulated 

TLRs on platelets and polymorphonuclear cells indirectly promote thrombosis [60, 61]. 

Activation of TLR4 on platelets enhanced microvascular thrombosis in endotoxemia and 

trauma animal models [37, 62]. Patients with severe traumatic brain injury (TBI) have 

increased risk of disseminated intravascular coagulation [63, 64]. Weber et al. demonstrated 

that TBI elevated the levels of circulating HMGB1 that caused systemic hypoxia, acute lung 

injury and pulmonary neutrophilia [40]. Lung transplantation from donor mouse with TBI 

induced acute pulmonary dysfunction, and treatments with HMGB1 neutralizing antibody 

ameliorated this pulmonary dysfunction [40]. Interestingly, in this study, a normal donor 

heart perfused with DAMPs developed acute thrombotic complications after transplantation, 

and treatment with NABP-immobilized microfiber meshes captured and removed DAMPs 

and prevented the development of thrombotic complications after transplantation (Fig. 5). 

Therefore, treatment with NABP-immobilized microfiber meshes can reduce systemic 

DAMP levels and ameliorate inflammatory and thrombotic complications in trauma and 

transplantation.

5. Conclusions

NABP-immobilized microfiber meshes have a potential use during ECMO, CVVH and 

continuous renal replacement therapy (CRRT) in intensive care units. Removing pro-

inflammatory and pro-coagulative mediators from circulation is an unmet need in the 

treatment of critically ill patients. NABP-immobilized microfiber meshes can be developed 

as safe and effective anti-inflammatory and anti-thrombotic therapeutics for the treatment of 

patients with traumatic injuries and the enhancement of grafts of organs derived from 

patients with traumatic injuries.
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Fig. 1. 
NABP-immobilized PSMA/polystyrene microfiber mesh scavenges multiple TLR agonists 

without cytotoxicity. A. scanning electron microscope (SEM) image of surface of PSMA/

polystyrene microfiber mesh. B. Complete culture media (1 ml) supplemented with TLR 

agonists Pam3CSK4, LPS, Heparan sulfate (HS), polyI:C or CpG ODN, were incubated for 

1 min with or without either PEI- or PAMAM-G3-immobilized microfiber mesh (2.9 cm2) at 

room temperature. The treatment was repeated once. TLR reporter cells were incubated for 3 

days in either untreated or treated complete culture media. For the treatment with free 

NABPs, TLR reporter cells in the complete culture media containing fetal bovine serum and 

TLR agonist were directly treated with either PEI (20 µg/ml) or PAMAM-G3 (25 µg/ml). 

The activation of NF-κB in TLR signaling pathway was determined by a colorimetric 

enzyme assay. C-F. Human primary fibroblasts were cultured in either complete culture 

media containing free (C) PEI or free (D) PAMAM-G3 at various concentrations or 

complete culture media pre-treated with (E) PEI-immobilized mesh or (F) PAMAM-G3-

immobilized mesh at various surface areas (0.288 mg/cm2 PEI on mesh; 0.128 mg/cm2 

PAMAM-G3 on mesh). After 3 days incubation, cell proliferation was determined by a MTS 

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H–

tetrazolium) assay. Error bars are S.D.. * Significant different (P < 0.05), vs untreated group.
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Fig. 2. 
Inhibition of DAMP and PAMP-mediated TLR activation by PEI-immobilized PSMA/

polystyrene microfiber mesh. A, B. DAMPs were generated from human and mouse cells 

that were killed by either sonication or doxorubicin. (A) TLR4 and (B) TLR9 reporter cell 

lines were stimulated overnight with human DAMPs (20 % v/v) with or without treatment 

with either PEI-immobilized mesh (5.8 cm2) or PAMAM-G3 (25 µg/ml). C. TLR9 reporter 

cells were stimulated with DAMPs pre-treated with PEI-immobilized mesh at various 

surface sizes. The activation of NF-kB in TLR signaling pathway was determined by a 

colorimetric enzyme assay. D, E. Mouse macrophage cell line was incubated overnight with 

mouse DAMPs pre-treated with PEI-immobilized DAMPs at various surface sizes. (D) TNF-

α and (E) IFN-β production by the cells were determined by ELISA. F. Bacterial PAMPs 

were pre-treated with or without PEI-immobilized mesh (5.8 cm2). TLR3, TLR4 and TLR9 

reporter cell lines were stimulated overnight with the untreated or treated PAMPs (5% v/v). 

Error bars are S.D.. * Significant different (P < 0.05), between indicated groups or compared 

with untreated.
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Fig. 3. 
PEI-immobilized PSMA/polystyrene microfiber mesh capture and remove exDNA and 

HMGB1. Human DAMPs generated by sonication-induced cell death were treated with PEI-

immobilized PSMA/polystyrene meshes at various surface sizes. The levels of (A) exDNAs, 

(B) HMGB1, (C) ATP and (D) uric acid in the DAMPs were determined by PicoGreen 

assay, ELISA, Bioluminescence assay and Fluorometric assay, respectively. Error bars are 

S.D.. * Significant different (P < 0.05), vs Untreated. ** Significant different (P < 0.01), vs 
Untreated.
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Fig. 4. 
PEI-immobilized microfiber mesh inhibits pro-inflammatory DAMPs from trauma patients. 

A. TLR2, TLR3, TLR4 and TLR9 reporter cells were incubated overnight with sera (20% 

v/v) isolated from either trauma patients or normal healthy volunteers. B. Undiluted serum 

was treated with or without either PEI-immobilized microfiber mesh (8.7 cm2) or PAMAM-

G3 (25 µg/ml). NF-κB activation in the TLR reporter cell lines was determined by a 

colorimetric assay. Error bars are S.D.. * P < 0.05. * P < 0.01.
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Fig. 5. 
Inhibition of DAMP-induced clotting by PEI-immobilized PSMA/polystyrene microfiber 

mesh. Human and mouse sonication-induced DAMPs were incubated for 1 min with or 

without PEI-immobilized PSMA/polystyrene microfiber meshes (2.9 cm2). The treatment 

was repeated four times. A, B. Platelet-depleted plasma from human and mouse normal 

blood were incubated with the DAMPs (10% v/v) and the clotting time measured. C. Mouse 

whole blood was incubated with the DAMPs at various dilutions with PBS. The coagulation 

(R) time was detected by Thromboelastography (TEG). D, E. Donor hearts isolated from 

normal mice (n=3) was perfused with the DAMP (2 ml), followed by heterotrophic heart 

transplantation. Heart beating and thrombosis of donor heart was monitored. The image was 

captured 30 min after unclamping. F. Representative sections from untreated, DAMP-

treated, and PEI-immobilized mesh-filtered DAMP-treated allografts harvested 30 min after 

unclamping. All were stained with Carstairs (modified Masson’s trichrome) to visualize 

platelets (purple), erythrocytes (clear yellow/orange), and fibrin (Bright red/orange) taken at 

x100 magnification. Data represent three independent experiments. Error bars are S.D.. NS: 

statistically non-significant. * P < 0.05. ** P < 0.01.
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