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a b s t r a c t 

There is an urgent need for treatments that not only reduce bacterial infection that occurs during wound- 

ing but that also target the accompanying excessive inflammatory response. TCP-25, a thrombin-derived 

antibacterial peptide, scavenges toll-like receptor agonists such as endotoxins and lipoteichoic acid and 

prevents toll-like receptor-4 dimerization to reduce infection-related inflammation in vivo . Using a com- 

bination of biophysical, cellular, and microbiological assays followed by experimental studies in mouse 

and pig models, we show that TCP-25, when delivered from a polyurethane (PU) material, exerts anti- 

infective and anti-inflammatory effects in vitro and in vivo . Specifically, TCP-25 killed the common wound 

pathogens, Pseudomonas aeruginosa and Staphylococcus aureus , in both in vitro and in vivo assays. Fur- 

thermore, after its release from the PU material, the peptide retained its capacity to induce its helical 

conformation upon endotoxin interaction, yielding reduced activation of NF- κB in THP-1 reporter cells, 

and diminished accumulation of inflammatory cells and subsequent release of IL-6 and TNF- α in subcu- 

taneous implant models in vivo . Moreover, in a porcine partial thickness wound infection model, TCP-25 

treated infection with S. aureus , and reduced the concomitant inflammatory response. Taken together, 

these findings demonstrate a combined antibacterial and anti-inflammatory effect of TCP-25 delivered 

from PU in vitro , and in mouse and porcine in vivo models of localized infection-inflammation. 

Statement of significance 

Local wound infections may result in systemic complications and can be difficult to treat due to increas- 

ing antimicrobial resistance. Surgical site infections and biomaterial-related infections present a major 

challenge for hospitals. In recent years, various antimicrobial coatings have been developed for infection 

prevention and current concepts focus on various matrices with added anti-infective components, includ- 

ing various antibiotics and antiseptics. We have developed a dual action wound dressing concept where 

the host defense peptide TCP-25, when delivered from a PU material, targets both bacterial infection and 

the accompanying inflammation. TCP-25 PU showed efficacy in in vitro and experimental wound models 

in mouse and minipigs. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The use of prophylactic systemic antibiotics can reduce the in- 

idence of wound and surgical infections [1] . However, a rise in 
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nfections caused by antibiotic resistant strains of Staphylococcus 

ureus and Pseudomonas aeruginosa, bacterial species commonly 

ound in wound and biomaterial-related infections, presents a ma- 

or challenge [ 2 , 3 ]. In recent years, various antimicrobial coatings 

ave been developed for infection prevention [4] . Current concepts 

ocus on various matrices, such as synthetic or endogenous poly- 

ers, with added anti-infective components, including various an- 

ibiotics, or antiseptics, such as iodine, silver, polyhexamethylene 

iguanide, or chlorhexidine [ 5 , 6 ]. 
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Wound repair involves multiple biological processes, in which 

n initial hemostatic and inflammatory phase is followed by a re- 

enerative phase and wound maturation. In most cases, the wound 

epair process leads to restoration of tissue integrity and function. 

t is well established that macrophages and neutrophils are critical 

or proper infection control and wound-healing responses. How- 

ver, excessive recruitment of these leukocytes can negatively in- 

uence wound repair by increasing proteolysis and matrix degra- 

ation and causing cell senescence [ 7 , 8 ]. Inflammation is a com-

lex process involving chemokines, growth factors, cytokines, pro- 

eases, antiproteases, and multiple cell types that all work in a 

ontrolled manner during the healing process. If this timely pro- 

ess is interrupted, a dysfunctional inflammatory phase occurs that 

s not seen in normally healing wounds. Toll-like receptors (TLR), 

o crucial for normal wound repair, can become over-activated in 

ounds and induce local dysfunctional inflammation which delays 

ound healing [9] . This may impair healing, increase susceptibility 

o infections, worsen scarring at a local level, and induce a sys- 

emic acute response [ 10 , 11 ]. There is compelling experimental ev- 

dence suggesting that control of dysfunctional inflammation might 

e therapeutically useful [12–15] . Current anti-infective treatments, 

ither being incorporated in wound dressings for external appli- 

ation, or biomaterials and sutures for internal use, primarily tar- 

et microbes and do not address the excessive inflammation that 

s associated with bacterial infection. However, this inflammation 

as the potential to cause various negative outcomes in patients 

uch as delayed healing, erythema, pain, and fibrosis, despite com- 

lete microbial eradication. Hence, there is an unmet need for new 

reatment concepts that not only target the microbe, but also the 

ccompanying early inflammatory process. 

Thrombin-derived C-terminal peptides (TCP) are generated in 

esponse to wounding. Multiple TCPs exist in wounds, from larger- 

0 kDa forms which aggregate bacteria and endotoxins [16] , to 

maller forms of about 2 kDa [ 17 , 18 ], which exert dual anti-

nfective and anti-endotoxic effects [ 19 , 20 ]. A prototypic 25-amino 

cid TCP sequence (TCP-25, GKYGFYTHVFRLKKWIQKVIDQFGE), 

ncompassing previously detected endogenously generated C- 

erminal peptides [21] showed therapeutic potential in experimen- 

al models of infection and endotoxic shock [ 19 , 20 ]. The peptide’s

ode of action involves direct binding to endotoxin and simultane- 

us interactions with monocytes and macrophages in vitro and in 

ivo , preventing CD-14 mediated signaling, toll-like receptor (TLR)- 

 dimerization, and subsequent downstream endotoxin-induced 

ro-inflammatory cytokine responses [ 18 , 22 ]. Moreover, the pep- 

ide also inhibits TLR4- and TLR2-induced NF- κB activation in re- 

ponse to several other microbe-derived agonists, including lipote- 

choic acid (LTA), peptidoglycan (PGN), and zymosan [22] . Previous 

tudies investigated the effects of systemic administration of TCP- 

5 on invasive infection and related systemic inflammation [ 19 , 20 ]. 

n a recent study, using a neutral polymer (hydroxyethyl cellulose, 

EC), we developed a hydrogel functionalized with TCP-25 [23] . 

e showed that the hydrogel enabled the dual function of TCP- 

5, targeting both bacteria and the accompanying inflammatory re- 

ponses. Hydrogels provide hydration to the wound, can easily be 

sed on larger surface areas, and may protect the drug from the 

ostile environment. 

However, as many surgical and wound indications employ the 

se of biomaterials including dressings, it remained to be ex- 

lored whether TCPs could be delivered from a biomaterial, thus 

onferring the material an ability to reduce localized infection- 

nflammation in vivo. If successful, this would provide a proof of 

oncept whereby a given biomaterial or dressing can be function- 

lized enabling modulation at the tissue level of critical steps in- 

olved in the infection process. Here, in the context of surgery and 

ounding, utilizing mouse models of subcutaneous S. aureus and P. 

eruginosa infections and a porcine partial thickness wound infec- 
315 
ion model, we therefore set out to explore whether localized de- 

ivery of TCP-25 via a hydrophilic polyurethane (PU) dressing mate- 

ial could constitute a new method for reducing both bacteria and 

nflammation, subcutaneously or when applied on wounds. Coated 

ressings are suitable for a prolonged drug release and are clini- 

ally useful where less frequent dressing changes are needed. Hy- 

rogels are less suitable on exudative wounds, while PU dressing is 

n absorbent dressing which is clinically useful for acute or chronic 

xudative wounds. We here demonstrate a proof of concept that 

CP-25 can indeed act as a d́ual-function ́local anti-infective thera- 

eutic when delivered from a PU material, targeting both bacteria 

nd the accompanying inflammatory response. 

. Materials and methods 

.1. Peptides 

The peptide TCP-25 (GKYGFYTHVFRLKKWIQKVIDQFGE) was 

ynthesized by Ambiopharm (North Augusta, CS, USA). Tetram- 

thylrhodamine (TAMRA)-, cyanine 3 (Cy3)-, cyanine 5 (Cy5)-, 

nd cyanine 7 (Cy7)-labeled TCP-25 peptides were synthesized by 

iopeptide Co. (San Diego, CA, USA). The purity (95%) of each pep- 

ide was confirmed by mass spectral analysis (MALDI-ToF Voyager). 

.2. Microorganisms 

Bacterial strains used included Escherichia coli (ATCC 25922), 

seudomonas aeruginosa PAO1 and Staphylococcus aureus (ATCC 

9213). For subcutaneous in vivo infection, bioluminescent P. aerug- 

nosa Xen41 (PerkinElmer, Akron, OH, USA), and S. aureus SAP229 

kindly provided by Dr. Roger D. Plaut, Division of Bacterial, Para- 

itic, and Allergenic Products, FDA, Bethesda, Maryland, USA) were 

sed. For wound infection in minipigs, S. aureus (ATCC 29213) was 

sed. 

.3. Preparation of TCP-25 PU discs 

A hydrophilic polyurethane (PU) foam dressing coated with a 

oft silicone layer was used for the study (Mepilex® Transfer, 

ölnlycke Heath Care, Gothenburg, Sweden). Under sterile condi- 

ions, PU discs of 4 mm or 6 mm in diameter were generated using 

 biopsy punch (Kai). The peptide was solubilized in sterile water 

nd stock solutions were made (5, 2.5, 2 and 1mg/mL). For coating, 

U discs were kept in a petri dish and 20 μL from the stock solu-

ion was added to each PU disc. Control discs were coated with 

nly 20 μL of sterile water. The petri dish was kept open in a class

I biosafety cabinet while discs were air dried at room temperature 

20 °C ±1 °C) for 12 h. Unless otherwise indicated, the final amount 

f peptide per 4 and 6 mm disc was 50 and 100 μg, respectively. 

o study the effects of coating time on antimicrobial properties, PU 

iscs were coated with 20 or 100 μg TCP-25 for 2, 4, 8, 24, or 48

 at room temperature. To study the effect of coating temperature 

n antimicrobial properties, PU discs were coated with 20 or 100 

g TCP-25 at 20, 37 or 50 °C for 2 h. After coating, discs were im-

ediately stored at −80 °C in a moisture free box. 

For the wound study in minipigs, 4.5 × 4.5 cm pieces of PU 

ressing were cut under sterile conditions. Each PU piece was then 

ransferred to a petri dish. TCP-25 was solubilized in sterile water 

nd added to the PU dressing pieces (7.2 mg TCP-25 in 3 mL wa- 

er for each piece). PU dressings were air dried overnight at room 

emperature (20 °C ±1 °C) in a class II biosafety cabinet. Three mL 

f sterile water was added to control PU dressings. 

.4. Radial diffusion assay (RDA) 

Bacteria were grown to mid-logarithmic phase in 10 mL of full- 

trength (3% w/v) tryptic soy broth (TSB; Becton Dickinson) and 
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ashed once in 10 mM Tris, pH 7.4. Bacteria (4 × 10 6 bacterial 

olony forming units [CFU]) were added to 15 mL of an under- 

ay agarose gel consisting of 0.03% (w/v) TSB, 1% (w/v) low elec- 

roendosmosis type (EEO) agarose (Sigma-Aldrich, St Louis, MO) 

nd 0.02% (v/v) Tween 20 (Sigma-Aldrich), and the mixture was 

oured into 144 mm petri dishes. Once the agarose underlay had 

olidified, 4 mm-diameter wells were punched and 6 μL of test 

ample was added to each well. 4 mm PU discs coated with 0, 2, 

, 10, 20, 50 and 100 μg TCP-25 were used in this assay. Three

ypes of samples were used: freshly made TCP-25 PU discs, TCP- 

5 PU discs stored in dark for seven days at room temperature, 

nd as control TCP-25 in buffer. To elute the peptide, TCP-25 PU 

iscs were soaked in 200 μL of Tris buffer containing NaCl (10 mM 

ris, pH 7.4, 0.15 M NaCl) and placed at 37 °C in an incubator on

haking. After incubation for either 10 min or 2 h, 6 μL of each 

ample was used in the RDA assay. RDA plates were incubated at 

7 °C for 3 h to allow diffusion of the peptides. The underlay gel

as then covered with 15 mL of molten overlay (6% TSB and 1% 

ow-EEO agarose in distilled H 2 O). Antibacterial activity of a pep- 

ide was visualized as a clear zone around each well after 18–24 h 

f incubation at 37 °C. The activities of the peptides are presented 

s clear zone-to-well diameter (excluding the 4 mm well). 

.5. Peptide release assays 

Two in vitro assays were used to measure the release of TCP-25 

rom the PU discs. In the first in vitro release assay, PU discs were

oated with 50 μg TCP-25 (mixed with 2% TAMRA-labeled TCP- 

5). TCP-25 PU discs were eluted in a range of elution solutions. 

umulative release of TCP-25 was measured in the elution solu- 

ion after taking out discs. In a 96-well black polystyrene plates 

plate A), 4 mm PU discs coated with 50 μg TCP-25 (mixed with 2%

AMRA-labeled TCP-25) were placed in 200 μL of Tris buffer con- 

aining NaCl (10 mM Tris, pH 7.4, 0.15 M NaCl), deionized water, or 

0% human plasma in Tris-NaCl buffer. Plates were covered, sealed 

ith film to prevent evaporation and kept at 37 °C with shaking 

500 rpm). At the indicated time points, using tweezers, PU discs 

ere taken out of the well and placed in a new empty 96-well 

lack polystyrene plate (plate B). Immediately after, fluorescence 

ntensity in the wells of both plates (plate A and plate B) was mea-

ured using the In vivo Imaging System (IVIS, PerkinElmer). Data 

as acquired using 560 nm excitation paired with a 600/20 nm 

arrowband filter. PU discs from plate B were then immediately 

eturned to the elution solution in their respective wells in plate A. 

gain, plate A was kept at 37 °C with shaking (500 rpm). This pro-

ess was repeated for the indicated time points (i.e. 3, 6, 10, 20, 30, 

0, 120, 180, 360 min). Each time, a new plate B was used to mea-

ure disc fluorescence. Plate A was used repeatedly and therefore 

howed cumulative TCP-25 TAMRA release in the elution solution. 

alues were expressed as a percentage of the relative fluorescence 

n the PU-disc and cumulative release in the elution solution af- 

er washing, compared to the fluorescence of the same peptide in 

tandard solution (i.e. 50 μg peptide in 200 μL of medium was de- 

ned as 100%). The standard solution was treated in the same way 

s the elution buffer sam ples and fluorescence was measured with 

he same wavelengths. 

In second in vitro release assay, a wound scenario was mim- 

cked as described previously with some modifications [ 24 , 25 ]. In a

4-well plate, a transwell insert system (ThinCerts TM , greiner bio- 

ne, 3μm pore size) was used and a TCP-25 PU disc (coated with 

00 μg TCP-25) was placed on top of the porous membrane in the 

pper compartment. The lower compartment was filled with 300 

L of elution solution (10 mM Tris, pH 7.4). Elution solution was in 

ontact with porous membrane and the lower side of the TCP-25 

U (as illustrated in the cartoon in Fig. 1 B). The plate was covered

ith a lid and sealed to prevent evaporation. The whole setup was 
316 
ept at 37 °C on a shaker (60 rpm). From the lower compartment, 

 20 μL sample was taken at each time point and immediately re- 

lenished with 20 μL of fresh elution solution. Samples were ana- 

yzed by measuring absorbance at 280 nm (A280) in a spectropho- 

ometer (NanoDrop, Thermofisher) for the released TCP-25. Results 

ere expressed as cumulative TCP-25 release (mg/mL). Complete 

lution of the peptide (0.33 mg/mL) was defined as the maximum 

oncentration (C max ). 

.6. Circular dichroism (CD) spectroscopy 

The change in secondary structure of free or LPS-bound TCP- 

5 was assessed by using a Jasco J-810 spectropolarimeter (Jasco, 

SA) equipped with a Jasco CDF-426S Peltier set to 25 °C. The cell 

ath length was 0.2 cm (Hellma, GmbH & Co, Germany). The spec- 

rum was recorded in the far-UV range between 190–260 nm (20 

m/min scan speed). Each spectrum was the average of five scans 

ith the background of the buffer solution subtracted. The concen- 

ration of the peptide was 10 μM, and the LPS concentration was 

00 μg/mL. Before acquiring the spectrum, TCP-25 was incubated 

ith LPS for 30 min at 37 °C. Raw spectra were corrected for buffer 

ontribution, with or without LPS, and converted to mean residue 

llipticity, θ (mdeg cm 

2 dmol −1 ). The amount of α-helical struc- 

ure was determined following the equation as reported previously 

26] . 

.7. Intrinsic fluorescence analysis 

The binding of LPS to TCP-25 was measured by recording the 

ntrinsic fluorescence of the peptide. 10 μM TCP-25 eluted from 

U as reported above then diluted in sterile water at 10 μM and 

itrated with increasing lipid concentration (from 0.2 to 50 μg/mL). 

fter excitation at 280 nm, the emission fluorescence spectra were 

ecorded in the range 300–450 nm. Measurements were carried 

ut at 25 °C in a 3 × 3 mm cell by using a Jasco J-810 spectropo-

arimeter equipped with a FMO-427S fluorescence module. Emis- 

ion spectra were acquired at a scanning speed of 150 nm/min, 

ith 5 nm slit width and then smoothed by using 5 passes of bino- 

ial Gaussian. The LPS-binding affinity to the peptide was assessed 

y plotting the change in emission maxima ( λmax ) as a function of 

ifferent LPS concentrations. K d was calculated by using GraphPad 

rism v8.3.0 assuming a single binding site. 

.8. Viable-count assay (VCA) 

Bacteria were grown to mid-logarithmic phase in Todd-Hewitt 

TH) media, washed, and diluted with 10 mM Tris, pH 7.4 contain- 

ng 0.15 M NaCl. Bacteria were then incubated at 37 °C for 2 h with

U discs coated with or without TCP-25 (50 μg) in buffer only (10 

M Tris, 150 mM NaCl, pH 7.4) or with buffer supplemented with 

ither 20% human plasma or 20% acute wound fluid. To quantify 

ntimicrobial activity, various dilutions of reaction mixtures were 

lated on TH broth agar and incubated overnight at 37 °C. Viability 

as quantified by counting CFU; the survival of treated bacteria is 

xpressed in comparison to bacteria incubated with buffer, with or 

ithout supplements. To determine TCP-25 mediated killing of bi- 

luminescent P. aeruginosa and S. aureus, P. aeruginosa Xen41 and 

. aureus SAP229 bacteria were grown to mid-logarithmic phase in 

odd-Hewitt (TH) media, washed and diluted with 10 mM Tris, pH 

.4 to obtain 2 × 10 7 CFU/mL. P. aeruginosa PAO1 and S. aureus 

TCC 29213 were included for comparison. The bacteria were in- 

ubated at 37 °C for 2 h with or without TCP-25 (100 μg) in 10

M Tris, pH 7.4 and were then plated on THA (Todd-Hewitt Agar) 

lates and incubated overnight at 37 °C. 
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Fig. 1. Release, stability and antibacterial profile of TCP-25 peptide-coated PU dressing. (A) Peptide release profile from PU discs coated with fluorescently labeled TCP-25. 

PU discs were completely submerged in the buffer during the experimental setup. Release was measured by analysis of fluorescence intensity of the run off samples after 

serial washing. The relative amount of peptide remaining in the supernatant after washing compared to the corresponding peptide in solution only is indicated as % of 

relative fluorescence intensity. Data are represented as the mean ± SEM ( n = 3). (B) Cumulative release profile of TCP-25 peptide from PU discs in vitro . As shown in the 

cartoon, a transwell insert with 3 μm pore size membrane was used to obtain conditions mimicking a wound, with fluid only in contact with one side of the PU disc. C max , 

concentration at which 100 % of TCP-25 is eluted. (C) Release of TCP-25 from PU discs in vivo . PU discs coated with Cy5-labeled TCP-25 were subcutaneously implanted in 

mice and release was evaluated by measuring fluorescence intensity using an IVIS bioimaging system. Representative light emission intensity heat-map overlays are shown 

( n = 3). (D) Peptide activity and release from TCP-25-coated PU discs as determined by radial diffusion assay. The representative figure illustrates the zones of clearance ( n = 3). 

(E) SDS-PAGE analysis of released peptide from PU discs. TCP-25 dissolved in water was used as a positive control. A representative image is shown ( n = 3). 
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.9. Antibacterial effects of TCP-25 PU on bioluminescent bacteria 

Bioluminescent P. aeruginosa Xen41 and S. aureus SAP229 were 

rown to mid-logarithmic phase in TH media. The bacteria were 

ashed for 20 min at 5600 rpm in 10 mM Tris (pH 7.4) and

.3% glycerol buffer. The pellet was resuspended in 10 mM Tris 

uffer, and 200 μL from each strain (2 × 10 8 CFU/mL) was added 

o the 6 mm TCP-25 PU discs in a 96 well plate and incu- 

ated at 37 °C. Bioluminescence was measured at 1, 5, 30, 60 
w

317 
nd 120 min using an in vivo bioimaging system, IVIS R © (Perkin 

lmer). 

.10. NF- κB/AP-1 assay 

NF- κB and AP-1 activation was assessed using THP1-Xblue TM - 

D14 reporter cells (here denoted as THP-1 cells) (InvivoGen, San 

iego) according to the manufacturer’s instructions. In brief, cells 

ere grown in RPMI 1640 with 10% (v/v) heat-inactivated FBS, 1% 
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ntibiotic-Antimycotic (Invitrogen, Carlsbad, CA), 100 μg/mL G418 

InvivoGen, San Diego), and 200 μg/mL of Zeocin (InvivoGen, San 

iego). After washing, 1 × 10 6 cells/well were placed into 24-well 

lates. 4 mm PU discs coated with 0, 2, 5, 10, 20, and 50 μg TCP-

5 were used in this assay. TCP-25 PU discs were incubated in 500 

L buffer with E. coli LPS (O111:B4) (Sigma-Aldrich; approximate 

oncentration 50 ng/mL) at 37 °C for 1 h. After incubation, 20 μL 

rom each sample was transferred into wells containing THP-1 cells 

nd incubated at 37 °C overnight. After overnight incubation, 20 μL 

f the media was transferred in a new 96-wells plate containing 

80 μL QUANTI-Blue reagent (InvivoGen) and incubated at 37 °C for 

-2 h. The level of secreted embryonic alkaline phosphatase (SEAP), 

n indicator of activation of transcription factors NF- κB and AP-1, 

as measured at OD 600 nm. 

.11. MTT assay 

Sterile filtered MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl- 

H-tetrazolium bromide; Sigma-Aldrich) solution (5 mg/mL in 

BS) was stored at -20 °C protected from light until usage. 

wenty μl/well of the MTT solution was added to the THP-1 cells 

rom the abovementioned NF- κB/AP-1. Plates were incubated for 

0 min in 5% CO 2 at 37 °C. After incubation, the plates were cen-

rifuged at 300 × g for 10 min and MTT-containing media was 

emoved by aspiration. The blue formazan product was dissolved 

y the addition of 100 μL of 100% DMSO (Applichem, Germany) 

er well. The plates were then gently swirled for 30 min at room 

emperature to dissolve the precipitate and absorbance was read 

t 550 nm. Results represent mean values from triplicate measure- 

ents. 

.12. SDS-PAGE 

4 mm PU discs coated with 100 μg TCP-25 were stored in dark 

t room temperature for 2 weeks. To elute the peptide, 200 μl of 

0 mM Tris buffer with 1.3% glycerol was added to the tubes con- 

aining one disc and tubes were then agitated at 1400 rpm for 10 

in at room temperature. Discs were placed inside 2 mL syringes 

nd squeezed to extract buffer. Discs were then transferred to new 

ubes with 200 μL buffer, agitated at 1400 rpm for 10 min at room 

emperature, and again squeezed to extract buffer. This extraction 

rocess was repeated once more. From each washing, 4 μL of ex- 

racted buffer (equal to approximately 2 μg of TCP-25) was run on 

 10–20% Tris-Tricine gel for 65 min at 125 V. As a control, 2 μg of

CP-25 was used. Gels were stained with Coomassie Brilliant Blue 

nd visualized using a Gel Doc Imager (Bio-Rad Laboratories, Her- 

ules, CA) 

.13. Scanning electron microscopy (SEM) 

Bacteria were grown to mid-logarithmic phase in Todd-Hewitt 

TH) medium, washed, and diluted with 10 mM Tris, pH 7.4 con- 

aining 0.15 M NaCl. Bacteria (100 μL, 2 × 10 7 CFU/mL) were then 

ncubated at 37 °C for 15 min with 4 mm PU discs coated with

r without TCP-25 (50 μg). Samples were first washed twice in 

.1 M Sorensen ́s phosphate buffer pH 7.4 to remove media, then 

xed in approximately 10 times the sample volume of “SEM fix”

0.1 M Sorenson ́s phosphate buffer pH 7.4, 2% formaldehyde and 

% glutaraldehyde) at room temperature for 15-20 min. After fix- 

tion, samples were washed twice in 0.1 M Sorenson ́s buffer pH 

.4 to remove excess fixative. Samples were then dehydrated in a 

raded series of ethanol (50, 70, 80, 90 and twice in 100%), critical 

oint dried and mounted on 12.5 mm aluminum stubs and subse- 

uently sputtered with 10 nm Au/Pd (80/20) in a Quorum Q150T 

S turbo pumped sputter coater and examined in a Jeol JSM-7800F 

EG-SEM. 
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.14. Release of TCP-25 from PU discs in vivo 

SKH-1 hairless mice (10–12 weeks old males) were anesthetized 

sing a mixture of 2% isoflurane (Baxter) and oxygen. Under asep- 

ic conditions, an approximately 10 mm cut was made on the skin 

f mouse’s back and the tip of the scissors was used to create a 

mall pocket. To image in vivo peptide release, discs coated with 

y5-labeled TCP-25 were inserted in the subcutaneous pocket and 

he wound was closed with suture (VICRYL TM , Johnson & Johnson, 

elgium). The release of peptide was evaluated by measuring fluo- 

escence intensity using an in vivo imaging system (IVIS). To study 

he effect of LPS contamination on TCP-25 release, wounds were 

ontaminated by adding 1 mg LPS/kg body weight in 50 μL of PBS 

uffer to each PU disc. 

.15. Pharmacokinetics in mouse model of deep partial-thickness 

urn wounds 

Female BALB/c mice, 10-11 weeks old, were used to study 

harmacokinetics of TCP-25 PU in a deep partial-thickness burn 

ound model. Burn wounds were induced as described previously 

ith minor modifications [27] . 30 min before the induction of the 

njury, for pain relief, the mouse was given buprenorphine (0.1 

g/kg) subcutaneously. The mouse was anaesthetized with combi- 

ation of ketamine (80 mg/kg) and xylazine (10 mg/kg) intraperi- 

oneally. The hair on the back of the mouse were removed using 

epilatory cream and then cleaned with a damp gauze. The mouse 

as placed in a polypropylene template that exposed the shaved 

ack and 6% of the body surface. The template was then placed 

n 54 °C water for 20 s in such a way that only the exposed area

n the back came into contact with the water. The mouse was 

emoved from the template and the burn area was dabbed with 

oistened paper towels and dried with gauze. For resuscitation, 

he mouse was given 1 mL of pre-warmed Ringer’s lactate solution 

ubcutaneously. The mouse was allowed to recover on a heating 

ad. PU discs coated with 50 μg of TCP-25 were placed on the burn 

ound and covered with a secondary dressing (Tegaderm, 3M 

TM ). 

CP-25 PU discs were removed from the wound 2, 6, 24, 48 and 

2 h after their application and eluted in Tris buffer (10 mM Tris, 

H 7.4). Elution samples were frozen at −80 °C and used for further 

nalysis by HPLC, Western blot and RDA. 

For longitudinal in vivo fluorescence imaging, PU discs coated 

ith 50 μg of TCP-25 (mixed with 2% Cy3-labeled TCP-25) were 

laced on the burn wound and covered with Tegaderm secondary 

ressing. The pharmacokinetics of peptide was evaluated by mea- 

uring fluorescence intensity using the IVIS spectrum. Whole body 

VIS imaging was performed under isoflurane anesthesia 6, 24 and 

8 h after the application of TCP-25 PU. The mice were imaged 

ith the dressing and after removal of the dressing. In addition, 

he removed dressing was also imaged. After each time point, the 

ice were sacrificed and wound biopsies were snap frozen and 

ounted in optimal cutting temperature (OCT) compound (Sakura 

inetek) for cryosectioning. Cryosections were washed once in PBS 

or 5 min at room temperature (RT) and counterstained with 4 ′ ,6- 

iamidino-2-phenylindole (DAPI) solution (0.5 mM in PBS; 1 min, 

T). Slides were washed once in PBS for 5 min at RT and mounted 

ith antifade mounting medium (PermaFluor, ThermoFisher Scien- 

ific). Sections were imaged using fluorescence microscopy (Axio- 

cope.A1, Carl Zeiss). 

.16. Mouse model of subcutaneous infection 

Bioluminescent strains of S. aureus and P. aeruginosa were used 

or the in vivo subcutaneous infection experiments. To prepare the 

acterial inoculum, bacteria were grown to mid-logarithmic phase 
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n 10 mL of TB medium, washed, and resuspended to obtain sus- 

ensions of 10 5 CFUs in 50 μL. BALB/c mice (8–10 weeks old males) 

ere anesthetized using a mixture of 2% isoflurane (Baxter) and 

xygen. Under aseptic conditions, an approximately 10 mm cut was 

ade on the skin of mouse’s back and the tip of the scissors was

sed to create a small pocket. PU disc (6 mm) with or without 

CP-25 was inserted in the pocket and 50 μL of bacterial suspen- 

ion was then added to each PU disc. Skin wound was then closed 

ith suture (VICRYL TM , Johnson & Johnson, Belgium). At various 

ime points, in vivo status of bacterial infection was longitudinally 

valuated by measuring bioluminescence using the IVIS bioimag- 

ng system. At termination, tissue surrounding the PU material and 

U discs were collected for further analyses. For CFU analysis, col- 

ected tissue and PU discs were homogenized and serial dilutions 

ere plated on TH broth agar and incubated overnight at 37 °C. 

.17. Mouse model of subcutaneous inflammation 

BALB/c tg(NF- κB-RE-Luc)-Xen reporter mice (Taconic Bio- 

ciences, Albany, NY, USA), 10–12 weeks old males, were used to 

valuate the anti-inflammatory effects of TCP-25 PU. Under asep- 

ic conditions, an approximately 10 mm cut was made on mouse’s 

orsum and the tip of the scissors was used to create a small 

ocket. PU disc (6 mm) with or without TCP-25 was inserted 

n the pocket. Wounds were then contaminated by adding 1 mg 

PS/kg body weight in 50 μL of PBS buffer to each disc implant 

nd the wound was closed with suture. IVIS bioimaging was used 

or the longitudinal determination of NF- κB activation as a mea- 

ure of inflammation. 15 min prior to IVIS imaging, mice were in- 

raperitoneally injected with 100 μL of D-luciferin (PerkinElmer, 

50 mg/kg body weight). Bioluminescent signals from the mice 

ere acquired and quantified using Living Image 4.0 Software 

PerkinElmer). 

.18. Preparation of cell suspension from skin tissue and implanted 

U material 

24 h post disc implantation, mice were sacrificed, fur was re- 

oved using a trimmer and 1 cm 

2 skin samples were collected. 

ubcutaneous fat and muscles were removed from the skin by 

craping. Separation of the epidermis and dermis was accom- 

lished by floating the skin tissue overnight in DMEM media con- 

aining 0.2% dispase at 4 °C. Dermal sheets were peeled off of the 

pidermis and washed in PBS for 10 min. Tissue was minced into 

mall pieces using surgical scissors and digested in 1 mL DMEM 

edia containing 0.25% collagenase type I (Worthington, Lake- 

ood, NJ, USA) for 45 min at 37 °C. Samples were vortexed ev- 

ry 15 min. The dermal cell suspension was filtered through a 70 

m cell strainer and washed twice in 500 μL of cold PBS (with 

entrifugation at 500 × g for 5 min between wash steps) before 

mmunolabeling. Cell viability of dermal cell suspension was rou- 

inely found to be 70 to 80%, as determined by trypan blue exclu- 

ion. 

To recover cells from PU, discs were removed from the subcu- 

aneous space of the mice. Discs were collected in 1 mL PBS and 

ept on a shaker (200 rpm, 1 h, RT). Discs were discarded and in-

ltrating cells were collected by centrifugation of the supernatant 

500 × g, 5 min). The cell pellet was resuspended in 500 μL of PBS 

nd cells were counted in a Bürker chamber. 

.19. Flow cytometry 

Cells recovered from skin were suspended in 50 μL of stain- 

ng buffer (PBS buffer with 0.02% sodium azide and 5% heat- 

nactivated fetal calf serum) containing fluorochrome-conjugated 
319 
ntibodies (purchased from BD, Franklin Lakes, NJ, USA; eBio- 

cience, Grand Island, NY, USA; or BioLegend, San Diego, CA, 

SA). The CD11b-AlexaFluor 647 (BioLegend) and Gr-1-AlexaFluor 

88 (BioLegend) antibodies were used. Cells were incubated in 

he dark at room temperature for 30 min and washed once in 

taining buffer with centrifugation at 500 × g for 5 min. There- 

fter, cells were incubated in staining buffer containing 0.25 μg 

-aminoactinomycin D (7-ADD) for 15 min in the dark and fixed 

ith 0.5 % paraformaldehyde. Cells were separated using a FACS- 

erse flow cytometer (BD Biosciences, San Jose, CA, USA) and data 

ere analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, 

SA). The relative proportion of neutrophils or macrophages was 

xpressed as a percentage of total viable cells. For the identifica- 

ion of various cell populations (gating scheme described in sup- 

lementary Fig. 9), forward versus side scatter (FSC Vs SSC) gat- 

ng was used to identify cells and exclude debris. This was fol- 

owed by excluding doublets (FSC-H Vs FSC-A). Next, 7-AAD neg- 

tive cells were gated as live cells which were then followed by 

ating CD11b + cells. Finally, GR-1 high (neutrophils) and GR-1 low 

macrophages, monocytes) populations were gated. 

.20. Western Blot 

TCP-25 PU discs (6 mm, coated with 100 μg TCP-25) removed 

rom burn wounds in mice were placed in 50 μL of 10 mM Tris at

H 7.4 and stored at −20 °C until analysis. Five μL from each sam- 

le was loaded on a 10–20% Tris-Tricine gel and run for 65 min at 

25 V. PU disc coated with 100 μg TCP-25 and placed in 50 μL of

0 mM Tris at pH 7.4 was used as a control. At the end of the run,

he material was transferred to a PVDF membrane using a Trans- 

lot Turbo system (Bio-Rad, Laboratories, Hercules, CA, USA). TCP- 

5 was detected using polyclonal rabbit antibodies against the C- 

erminal thrombin epitope VFR17 (VFRLKKWIQKVIDQFGE; diluted 

:10 0 0, Innovagen AB, Lund, Sweden), followed by porcine anti- 

abbit HRP-conjugated antibodies (1:10 0 0, Dako, Glostrup, Den- 

ark). The peptide was visualized by incubating the membrane 

ith SuperSignal West Pico Chemiluminescent Substrate (Thermo 

cientific, Rockford, IL, USA) for 5 min, followed by detection using 

 ChemiDoc XRS Imager (Bio-Rad Laboratories, Hercules, CA, USA). 

.21. High-Pressure liquid chromatography (HPLC) 

TCP-25 eluted from PU discs which had been removed from 

urn wounds in mice were analyzed by reverse-phase chromatog- 

aphy as reported previously [28] . Briefly, a Phenomenex Kinetex 

18-column (50 × 2.1 mm 2.6 μM, 100 Å pore size, Torrance, CA, 

SA) was equilibrated using 95% of buffer A containing 0.25% of 

rifluoroacetic acid (TFA) in MilliQ and 5% of buffer B containing 

.25% of TFA in acetonitrile. The peptide was dissolved in buffer 

 (1:4) and 10 μL was injected into the system. The elution pro- 

le was monitored during the gradient (35% of B at 5 min, 45% at 

0 min), and the spectrum at 215 nm was recorded. The flow rate 

hrough the column was 0.5 mL/min, and all runs were performed 

t room temperature. 

.22. Hemolytic activity 

PU discs (6 mm, coated with 100 μg TCP-25) were placed in 

ubes containing 225, 450 or 900 μL of RPMI-1640- GlutaMAX-I 

ithout phenol red (Gibco). After 10 min, fresh venous blood from 

ealthy donors (collected in 50 μg/mL lepirudin tubes) was added 

t a final concentration of 25%. Hemolytic activity of uncoated PU 

as analyzed by putting a 6 mm PU disc in 225 μL of RPMI. Blood

25%) in RPMI with no disc was used as negative control, while 75 

L of blood mixed with 225 μL of 5% Tween-20 was a positive con- 

rol. After incubation at 37 °C with 5% CO for 1 h, the tubes were
2 
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entrifuged at 800 × g. One-hundred-and-fifty μL of each sample 

as transferred to a flat-bottom transparent 96-well plate and the 

bsorbance at 450 nm was measured. The percentage of hemolysis 

as calculated using the following formula: 

Abs 450 nm ( Sample − control ) 

Abs 450 nm ( Posivite control − control ) 
× 100 

.23. Biological materials 

Sterile wound fluids were obtained from surgical drainages after 

urgery. The collection of samples was performed 24–48 h after 

urgery. The wound fluids were centrifuged, aliquoted, and stored 

t −20 °C. 

.24. Minipig partial thickness wound model 

A minipig partial thickness wound model was used to study 

. aureus wound infection in vivo . Surgical and infection proce- 

ures were performed by qualified veterinarians under strict asep- 

ic conditions. Female Göttingen minipigs (14–16 kg body weight) 

ere acclimatized for 1 week and off-fed the night before wound- 

ng. Using a hair trimmer, hair on their back was clipped 24 h 

efore surgery. Procedures on the day of wounding and infection 

ere performed under general anesthesia. For general anesthesia, 

inipigs were given Tiletamine and Zolacepam (Zoletil 50, Virbac, 

weden). Induction dose of anesthetic (Zoletil 1 mL/10 kg body 

eight) was given intramuscularly and maintained intravenously 

Zoletil 0.5 mL/10 kg body weight). For respiratory support, minip- 

gs were supplemented with oxygen via a facemask. Just before the 

urgery for wounding, the minipig’s back was thoroughly cleaned 

ith chlorhexidine (MEDI-SCRUB sponge; Rovers, Oss, Netherlands) 

nd lukewarm water. Using a razor, the dorsum was shaved and 

isinfected with chlorhexidine solution (4%). Sterile gauze was then 

sed to dry the area completely. A sterile scale ruler and tissue pen 

as used to mark wound outlines. An electric dermatome (Zim- 

er) was used to make 12 partial thickness (750 μm deep) wounds 

2.5 × 2.5 cm) on the back (six wounds on each side). For the 

ase of dressing and to avoid cross contamination, a minimum dis- 

ance of 4 cm was maintained between the wounds. Immediately 

fter wounding with dermatome, wounds were covered with ster- 

le gauze to prevent bleeding. To prepare bacterial inoculum for 

ound infection, overnight S. aureus (ATCC 29213) cultures were 

efreshed and grown to mid-logarithmic phase in TH medium. Af- 

er washing bacteria for 15 min (5.6 × 10 0 0 rpm), they were di- 

uted with 10 mM Tris buffer (pH 7.4) to achieve a concentration 

f 2 × 10 8 CFU/mL. Inoculum was prepared by suspending bac- 

eria in a 2% neutral polymer hydroxyethyl cellulose (HEC) hydro- 

el (10 7 CFU/100 μL hydrogel) and applied directly onto the fresh 

ound. After an interval of 15 min, TCP-25 PU or only PU dress- 

ng was applied to the wounds. The dressing was then covered 

ith a transparent breathable fixation dressing (Mepore R © Film; 

ölnlycke, Gothenburg, Sweden) and secured using skin staples 

SMI, St. Vith, Belgium). To provide better protection, the wound 

rea was then covered with two layers of sterile cotton gauze and 

ecured with adhesive tape. A final layer of flexible self-adhesive 

andage (Vet Flex, Kruuse, Denmark) was applied over the dress- 

ngs and around the body to secure the dressings underneath. 

inipigs were housed individually and monitored daily. Dressing 

ere changed every day under general anesthesia and observa- 

ions were made. Wounds were documented by imaging and clini- 

al scoring [23] was performed by a qualified veterinarian. For CFU 

nalysis, swab samples were taken from the wound surface. Pri- 

ary PU dressings were collected every day and wound fluid was 

ecovered and further analyzed for cytokines. Minipigs were sacri- 

ced 4 days after wounding and infection. Wound tissue samples 

ere collected from minipigs on the day of termination. 
320 
.25. Cytokine assay 

To measure cytokine levels from the mouse model of subcuta- 

eous inflammation, mice were euthanized at 8 and 24 h after PU 

isc implantation. PU discs were surgically recovered from the sub- 

utaneous space. Discs were centrifuged in a modified spin column 

10 0 0 rpm) to retrieve fluid. The levels of IL-6, IL-10, IL-12, MCP-1, 

FN- γ , and TNF- α were assessed in murine plasma or PU disc fluid 

sing the Mouse Inflammation Kit (Becton Dickinson AB, Franklin 

akes, NJ, USA) according to the manufacturer’s instructions. IL- 

 and TGF- β were assessed using ELISA DuoSet R © kits (R&D Sys- 

ems, Minneapolis, MN, USA) according to the manufacturer’s in- 

tructions. For minipig wound fluid analysis, PU dressings from the 

orcine wounds were transferred to a 5 mL pre-chilled tube and 

ept on ice. To extract wound fluid, dressings were soaked in 500 

L of cold 10 mM Tris buffer at pH 7.4 and centrifuged for 5 min

20 0 0 × g, 4 °C). Extracted wound fluids were aliquoted into pre- 

hilled Eppendorf tubes and stored at −80 °C. To determine TNF- 

concentrations in wound fluid, porcine TNF- α DuoSet R © ELISA 

it (R&D Systems, Minneapolis, MN, USA) was used according to 

anufacturer’s recommendations. If cytokine concentrations were 

igher than the maximum quantifiable level of the assay, samples 

ere diluted (10 , 20 and 100 ×) and measured again. 

.26. Histology 

Harvested skin derived from the implantation site on the mouse 

as placed on absorbent paper to prevent curling, then trimmed 

o 6-7 mm thick sections, which were fixed overnight in 4% 

araformaldehyde and stored in 70% ethanol. For minipig wounds, 

issue samples were fixed overnight in neutral buffered forma- 

in and then stored in 70% ethanol. After serial dehydration, the 

issue was embedded in paraffin blocks, sectioned at 5 μm, and 

tained with hematoxylin and eosin (H&E). Samples were imaged 

ith bright field microscopy (Axioplan2, Zeiss, Germany) under 

00 × and 200 × magnifications. For mouse tissue, four random 

icroscopic views (100 ×) from each H&E-stained skin tissue sec- 

ion were scored for the extent of cellularity. Scoring was based 

n a scale of 0–5, with 0 being the lowest and 5 being the high-

st tissue cellularity. For minipig tissue, H&E-stained sections were 

xamined and scored on a scale of 0-5 (where 0 is worse and 5 is

est score) [23] . The histological scoring was based on epitheliza- 

ion, granulation tissue, inflammatory cells, abscesses and tissue 

rchitecture. For each wound tissue section, five areas were exam- 

ned under 100 × magnification which covered 90–100% wound. 

.27. Immunohistochemistry 

Skin tissue sections were deparaffinized, blocked in 1% BSA 

Sigma-Aldrich), and stained with primary antibodies against neu- 

rophils (NIMP-R14, ab2557, Abcam, Cambridge, MA, USA) and 

acrophages, respectively (RM0029-11H3, sc-101447, Santa Cruz, 

allas, TX, USA). Alexa 568 anti-rat IgG (Life Technologies, Carls- 

ad, CA) was used as the secondary antibody. Nuclei were coun- 

erstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI; 0.05 mM, 

igma-Aldrich). Sections were imaged by fluorescence microscopy 

AX60, Olympus Optical). Four random microscopic views (100 ×) 

rom each immunostained skin tissue section were scored for the 

xtent of neutrophilic infiltration. Scoring was based on a scale of 

–10, where 0 represented no neutrophil invasion and 10 repre- 

ented the highest neutrophil infiltration. For macrophage count, 

our random microscopic views (100 ×) from each immunostained 

kin tissue section were used. 
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.28. Ethics statement and gender considerations 

All animal experiments were performed according to Swedish 

nimal Welfare Act SFS 1988:534 and were approved by the An- 

mal Ethics Committee of Malmö/Lund, Sweden (permit num- 

ers M252-11, M131-16, M88-91/14, M5934-19, 8871-19, M5935- 

9, 8643-20). The use of human wound materials was approved by 

he Ethics Committee at Lund University (LU 708-01 and LU 509- 

1). Informed consent was obtained from all of the donors, and 

he use of human blood was approved by the Ethics Committee at 

und University (permit no. 657–2008). 

In the current animal experiments, robust models of infection 

nd inflammation were used, and we expected potential gender 

ifferences in responses to microbial infection and endotoxins to 

e subtle. We used both male and female mice for different ex- 

eriments. We have used female minipigs for our porcine wound 

odel and do not expect significantly different responses in males. 

.29. Data analyses 

Differences in the mean between two groups were statistically 

etermined using Student’s t test for normally distributed data and 

ann-Whitney test otherwise. Means of more than two groups 

ere compared using a one-way ANOVA with post hoc (Tukey) 

or normally distributed data or Kruskal-Wallis test with post hoc 

Dunn’s) were used otherwise. Data are presented as means ± SEM 

r SD. Clinical scoring of minipig wounds is shown as medians. De- 

ails of statistical analysis are indicated in each figure legend and 

raphPad Prism software v8 was used. P values < 0.05 were con- 

idered to be statistically significant. 

. Results 

.1. Functionalization of PU material with TCP-25, in vitro peptide 

elease and structure 

In a previous study, a human acellular dermal substitute was 

ound to bind TCP-25, conferring the material anti-bacterial and 

nti-endotoxic effects, as well as reducing material-induced con- 

act activation [29] . However, this work was in vitro based, and 

CP-25 was significantly, and also to various extent, bound to the 

iological material. In an effort to design a topical dressing capable 

f fast, reproducible, and localized TCP delivery for subsequent in 

ivo studies, polyurethane (PU) discs were coated with TCP-25 pep- 

ide. PU was selected because of its hydrophilic characteristics, cur- 

ent use in foam dressings, and importantly, inert character [30] . 

n order to study the release of TCP-25, coated PU discs (spiked 

ith TAMRA-labeled TCP-25) were eluted with either deionized 

ater, isotonic Tris-buffer alone, or Tris-buffer with human citrate 

lasma. The results showed that the peptide was instantaneously 

eleased from the PU disc, yielding over 90% release after 10 min 

 Fig. 1 A). Release of the peptide did not significantly differ be- 

ween washing solutions ( Fig. 1 A). In this release assay, TCP-25 PU 

ressing was completely submerged in the elution buffer and did 

ot represent the in vivo scenario where the dressing is applied 

opically on the wound and peptide exchange occurs only from 

he contact surface of the dressing. Therefore, next, we used an 

n vitro model that better mimics a skin wound scenario [ 24 , 25 ].

 transwell insert system was used and TCP-25 PU was kept on 

he porous membrane in the upper compartment. The lower com- 

artment was filled with elution buffer. Elution buffer remained in 

ontact with the porous membrane and the lower part of the TCP- 

5 PU (as illustrated in Fig. 1 B). The TCP-25 was released contin- 

ously for 72 h ( Fig. 1 B). To determine release in vivo , PU discs

ere coated with Cy5-labeled TCP-25 peptide and subcutaneously 

mplanted into hairless SKH-1 mice. The results showed that the 
321 
eptide was released into the immediate implant surroundings and 

ersisted for up to 24 h at the site, as assessed by bioimaging 

 Fig. 1 C and Supplementary Fig. 1). Because TCP-25 shows a strong 

ffinity to bacterial endotoxin and can act as a scavenger by bind- 

ng to LPS [22] the effect of LPS on TCP-25 at the implanted PU 

aterial site was evaluated. The presence of LPS did not affect ei- 

her the release of the peptide from the disc or its local retention 

 Fig. 1 C and Supplementary Fig. 1). 

A radial diffusion assay was employed to determine the activ- 

ty and stability of the peptide released from the PU disc ( Fig. 1 D).

acterial inhibition zones of discs incubated for 10 min and 2 h 

ere similar in size, results indeed compatible with the rapid re- 

ease of the peptide observed in Fig. 1 A. Furthermore, the activity 

f the released peptide was similar to that of the peptide assayed 

n buffer alone, suggesting quantitative release of the peptide (Sup- 

lementary Fig. 2). In addition, sodium dodecyl sulfate polyacry- 

amide gel electrophoresis (SDS PAGE) analysis confirmed the re- 

ease of TCP-25 from the PU material and demonstrated that re- 

eased TCP-25 was not degraded ( Fig. 1 E and Supplementary Fig. 

). Moreover, influence of coating time and temperature on the an- 

ibacterial capacity of TCP-25 PU was investigated. Coating times 

f 2, 4, 8, 24, and 48 h showed significant antibacterial activity 

Supplementary Fig. 4A). There were no significant differences in 

ntibacterial activity between the different coating times. PU discs 

repared at coating temperatures of 20, 37 and 50 °C showed sig- 

ificant antibacterial activity and no significant change in activity 

as observed with change in coating temperatures (Supplementary 

ig. 4B). PU discs coated with the higher amount (100 μg /PU disc) 

f TCP-25 showed relatively higher antibacterial activity than the 

iscs coated with 20 μg of TCP-25 (Supplementary Fig. 4). 

In order to determine if TCP-25 delivered from PU was still able 

o bind to LPS, the structural changes of the peptide were analyzed. 

ircular dichroism (CD) analysis showed that TCP-25 eluted from 

U acquired a helical structure in the presence of LPS ( Fig. 2 A).

his LPS-induced structural change determines the change in in- 

rinsic fluorescence of the peptide when excited at 280 nm. Indeed, 

 shift in emission maximum ( λmax ) to the left was observed, in- 

icating the binding of LPS to the peptide ( Fig. 2 B). K d (11.15 ±1.76

g/mL) determined by fitting the λmax of TCP-25 in function of dif- 

erent concentrations of LPS ( Fig. 2 C) was in agreement with pre- 

ious results [18] . 

.2. In vivo pharmacokinetics of TCP-25 PU in a mouse model of 

urn wounds 

To investigate the in vivo pharmacokinetics of TCP-25 in a real 

ound situation, we used a mouse model of partial-thickness 

urn wounds which heals through slow contraction and re- 

pithelization and exhibits similarities to human partial-thickness 

urn wounds [31] . A deep partial-thickness burn wound was made 

n the dorsum of each BALB/c mouse. The wound was then 

ressed with TCP-25 PU. Thereafter, longitudinal IVIS imaging, 

PLC, western blot, and tissue sectioning was employed to me- 

hodically investigate the pharmacokinetics of TCP-25 in vivo . The 

esults from fluorescence IVIS imaging show that TCP-25 was re- 

eased to and retained at the wound surface for at least 48 h 

 Fig. 3 A). 

Released TCP-25 was detected on the surface of the wound and 

n the wounded tissue at 6, 24 and 48 h ( Fig. 3 B). Furthermore,

CP-25 PU dressings were recovered from the wound and eluted 

or further analysis. The results show that a significant amount of 

ntact TCP-25 was present in the PU discs even 48 h after appli- 

ation to the wound ( Fig. 3 C, D). Importantly, when eluted from 

he PU dressings recovered 6, 24, 48, and 72 h after application to 

he wounds, TCP-25 showed significant bioactivity ( Fig. 3 E). Taken 

ogether, these findings demonstrate that TCP-25 PU discs continu- 
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Fig. 2. Structural changes of TCP-25 determined by CD spectroscopy. (A) CD spectra of 10 μM TCP-25 eluted from PU disc alone or after incubation with 100 μg/mL LPS (left 

panel). α-helical content of TCP-25 calculated from molar ellipsometry at 222 nm (right panel). Data are represented as the mean ± SEM ( n = 3). P value was determined 

using an unpaired t test. (B) Representative spectra of intrinsic fluorescence of 10 μM TCP-25 eluted from PU discs, indicating shifts in the emission maximum of the 

peptides upon incubation with increasing concentration of LPS in deionized water (left panel). (C) Fitting of the emission maximum wavelength ( λmax ) of TCP-25 in function 

of different concentrations of LPS. Data are represented as the mean ± SEM ( n = 3). ∗∗∗P < 0.001. 
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usly release a significant amount of TCP-25 to the wound site for 

t least 48 h. Moreover, results show that TCP-25 is retained in PU 

iscs for at least 72 h and remains bioactive. 

.3. TCP-25-functionalized PU-discs exert antibacterial properties in 

itro 

The antimicrobial efficacy of TCP-25 PU was then evaluated in 

itro using a viable count assay with reference strains of S. au- 

eus and P. aeruginosa and a laboratory strain of E. coli that had 

een incubated with PU discs with or without TCP-25. The assay 

as performed in buffer alone or buffer supplemented with 20% 

uman plasma or 20% acute wound fluid. Importantly, the TCP-25 

U discs displayed significant antimicrobial activity in both plasma 

nd wound fluid when compared with the control discs without 

eptide ( Fig. 4 A). Next, bioluminescent P. aeruginosa and S. aureus 

ere used to demonstrate antibacterial efficacy. As illustrated us- 

ng luminescence imaging ( Fig. 4 B), the peptide-functionalized PU 

ielded a rapid reduction in P. aeruginosa and S. aureus biolumi- 

escence already after 1 min of incubation. Scanning electron mi- 

roscopy was employed to further study effects of TCP-25 PU on P. 

eruginosa or S. aureus . In contrast to the untreated PU discs, bacte- 

ia on PU functionalized with TCP-25 showed clear morphological 

hanges and a significant amount of bacterial intracellular mate- 

ial was present extracellularly, indicating bacterial lysis ( Fig. 4 C 

nd Supplementary Fig. 5). In TCP-25 PU discs, bacterial clump- 

ng and debris were observed, which were absent in control PU 

iscs. Bacteria in control PU discs showed smooth cell wall sur- 

aces whereas small perturbations were observed on bacterial sur- 

aces in the TCP-25 PU group. These morphological changes were 

onsistent with our previous observations [ 20 , 32 ]. Taken together, 

hese results demonstrate that TCP-25 retains its antibacterial ac- 

ivity in the PU material, exerting a rapid killing effect. 
322 
.4. TCP-25-functionalized PU-discs are antibacterial in an 

xperimental mouse model of subcutaneous infection 

Next, we employed a mouse model mimicking a situation 

f surgical contamination [23] with bioluminescent strains of P. 

eruginosa and S. aureus. Similar to the isolates used above, these 

acteria were killed by TCP-25 in vitro (Supplementary Fig. 6). PU 

iscs alone or those coated with TCP-25 were subcutaneously im- 

lanted into BALB/c mice. Discs were contaminated at the site of 

mplantation with 10 5 CFU of bioluminescent P. aeruginosa and 

. aureus . To study the effects of TCP-25 at the early phase of 

nfection, longitudinal in vivo imaging was performed using IVIS 

ioimaging. Bioluminescence intensity decreased significantly in all 

ice that received TCP-25 compared with control mice ( Fig. 5 A, B). 

fter an incubation period of 24 h, significantly reduced levels of 

iable P. aeruginosa and S. aureus bacteria were observed in the 

urrounding tissue as well as the implanted PU discs ( Fig. 5 C) after

reatment with TCP-25. 

.5. TCP-25 functionalized PU material blocks endotoxin-induced 

nflammation in vitro and in vivo 

The ability for TCP-25-coated discs to suppress LPS-triggered in- 

ammation was then explored using both in vitro and in vivo mod- 

ls. THP1-XBlue TM -CD14 cells [ 22 , 33 ] were stimulated with E. coli 

PS in the presence of TCP-25-coated PU discs, resulting in a signif- 

cant dose-dependent inhibition of LPS-induced TLR-driven inflam- 

atory cascade ( Fig. 6 A). Importantly, the concentration of TCP-25 

hat yielded these results did not cause cell toxicity as assessed by 

TT assay. 

For evaluation of local anti-endotoxic effects of TCP-25 PU in 

ivo , PU discs alone or those coated with TCP-25 were contami- 
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Fig. 3. In vivo pharmacokinetics of TCP-25 PU in a mouse model of burn wounds. A mouse model of deep partial-thickness burn wounds was employed to study in vivo 

release and pharmacokinetics. A burn wound was made on the dorsum of BALB/c mice, dressed with TCP-25 PU or TCP-25 (labeled with Cy3) PU, and covered with a 

transparent film dressing. (A) For study of pharmacokinetics in vivo , wound dressed with TCP-25 (labeled with Cy3) PU were analyzed by longitudinal in vivo fluorescence 

imaging using the IVIS spectrum. The mice were imaged with the dressing and after removal of the dressing. The removed dressing was also imaged. Representative images 

show distribution of TCP-25-Cy3 6, 24, and 48 h after application of the dressing. The bar chart shows fluorescence measured from the dressed wound, from the wound 

after removal of the dressing and from the separate, removed dressing. Data are presented as the mean ± SEM ( n = 3). (B) In vivo tissue uptake of TCP-25 from PU discs. 

Mouse burn wounds were dressed with TCP-25-Cy3 PU. Dressings were removed 6, 24, and 48 h after application and wound tissue was collected. Fluorescence imaging of 

cryosections was used to detect TCP-25-Cy3 (red). Nuclei (blue) were counterstained with DAPI nuclear stain ( n = 3). (C) TCP-25 PU dressings were removed from the burn 

wounds 2, 6, 24, 48 and 72 h after application and eluted in Tris buffer. HPLC was used to detect TCP-25 from the elution. Elution from an unused TCP-25 PU was used as a 

control. Arrow indicates peak of monomers of TCP-25. (D) Western blot analysis was used to detect TCP-25 in elutions from dressings recovered 2, 6, 24, 48 and 72 h after 

the application. Purified TCP-25 (1, 2 and 4 μg) was used as a control ( n = 3). (E) A radial diffusion assay was used to assess bioactivity of TCP-25 in elutions from dressings 

recovered 2, 6, 24, 48 and 72 h after the application ( n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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ated with LPS and implanted subcutaneously into mice reporting 

F- κB activation. Local inflammatory response was observed when 

PS was added to the PU disc, which was abrogated by the PU 

isc coated with TCP-25 ( Fig. 6 B). Further, cytokine concentrations 

ere measured in fluid recovered from PU discs and plasma. Discs 

oated with TCP-25 yielded a significant decrease in the local in- 

ammatory response to the LPS challenge after incubation periods 

f 8 and 24 h ( Fig. 6 C). Reductions in plasma levels of TNF- α (af-
323 
er 8 h) and IL-6 and IL-10 (after 24 h) were identified in samples 

aken from mice implanted with TCP-25-coated discs. Of note, local 

ytokine levels measured from the fluid recovered from implanted 

iscs were significantly higher than cytokine levels in correspond- 

ng plasma. This result clearly demonstrates the importance of as- 

essing local immune responses in addition to systemic/peripheral 

esponses, and also illustrates the feasibility of using PU discs for 

ollection of localized inflammatory exudates. Local and systemic 
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Fig. 4. TCP-25-functionalized PU-discs exert antibacterial properties in vitro . (A) Viable count assay for E. coli ATCC 25922, S. aureus 29213 , and P. aeruginosa PAO1 after 

incubating with PU discs with or without TCP-25. Data are represented as the mean ± SD ( n = 3-4). P values were determined using an unpaired t test. (B) Bioluminescent 

P. aeruginosa or S. aureus bacteria were incubated with TCP-25 PU for various time points and the bioluminescent signal was analyzed using bioimaging (IVIS Spectrum). 

Representative images are shown. Data are represented as the mean ± SEM ( n = 3). P values were determined using a two-way ANOVA with Sidak’s test. (C) Scanning electron 

microscopy of TCP-25 PU surface with bacteria. Representative SEM images showing the TCP-25 PU surface contaminated with P. aeruginosa and S. aureus . Arrowhead shows 

PU surface, arrow shows bacterial cells and open arrowhead shows bacterial lysis and clumping. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.0 01, ∗∗∗∗P < 0.0 0 01. TCP-25 PU are compared 

with their respective PU controls. E. c., E. coli; S. a., S. aureus; P. a., P. aeruginosa . 
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evels of IL-1 β , TGF- β , IL12, and IFN- γ did not show any signifi-

ant changes. 

.6. TCP-25 blocks endotoxin induced neutrophil and 

onocyte/macrophage infiltration to the implantation site 

The majority of cells isolated from the tissues surrounding the 

iscs were viable even after 24 h ( Fig. 7 A). However, cells recov-
324 
red from the PU discs showed poor viability, which might be 

ue to the harsh method for recovering the cells from porous 

U discs. The percentage of CD11b-positive cells among the viable 

ells recovered from the PU discs was 5-10 times lower than in 

hose recovered from the surrounding tissue. The low proportion 

f CD11b-positive cells in PU disc might be due to the inability of 

ur method to retrieve adhered cells from PU discs. The presence 

f TCP-25 in the implanted PU discs was associated with reduc- 

ions in neutrophils and monocytes to levels observed in groups 
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Fig. 5. TCP-25-functionalized PU-discs show antibacterial properties in an experimental mouse model of implant infection (A) Bacterial bioluminescence intensity visualized 

using IVIS bioimaging. Representative light emission intensity heat-map overlays are shown for the 3 h time point. (B) Bioluminescence intensity emitted by the bacteria 

was measured by IVIS imaging. Data are represented as the mean ± SD ( n = 4-5 mice per group). P values were determined using unpaired t tests. TCP-25 PU are compared 

with their respective PU controls. (C) PU discs alone or coated with TCP-25 were implanted subcutaneously and contaminated with 10 5 CFUs of P. aeruginosa Xen41 or S. 

aureus SAP229. Mice were sacrificed 24 h after implantation and CFUs were determined in PU discs and the surrounding tissue, respectively. Data are represented as the 

mean ± SEM ( n = 8 mice per group). P values were determined using unpaired t tests. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 
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hat were not treated with LPS. The presence of TCP-25 yielded no 

hange in cell infiltration between the groups ( Fig. 7 A). 

A reduction in neutrophil and macrophage invasion in the skin 

urrounding the implanted TCP-25 PU discs was demonstrated us- 

ng immunofluorescence microscopy ( Fig. 7 B). No apparent adverse 

issue reactions, such as soft tissue necrosis or vascular changes 

n response to the TCP-25-coated discs were identified by histol- 

gy analysis ( Fig. 7 B). The skin surrounding the LPS-contaminated 

U discs showed a minor increase in cellularity, which was not 

etected in the skin surrounding the TCP-25 PU material. A sim- 

lar degree of surgery-related adipocyte damage (fat necrosis) was 

bserved in all three groups (sham treated controls, LPS + PU, 

PS + PU TCP-25). 

.7. Effects of TCP-25 PU discs in a porcine partial thickness wound 

odel 

After demonstrating anti-infective and anti-inflammatory prop- 

rties of TCP-25 PU in vitro and in experimental mouse models, 

e next wanted to evaluate effects of TCP-25 PU in a model that 

imics a clinical situation in which treatment is applied in rela- 

ion to surgery and bacterial contamination. The major pathogen 

ausing surgical site infections in those clinical situations is S. au- 

eus [1] . Of relevance is that TCP-25 targets this bacterium as well 
325 
s its extracellular TLR-agonists, LTA and PGN [ 22 , 23 ]. With this

s background, we decided to use a wound model in Göttingen 

inipigs which was inoculated with S. aureus , thus simulating a 

urgical situation of wound contamination followed by treatment 

23] . Dermatome-induced surgical wounds were inoculated with 

. aureus , followed by application of the PU dressing coated with 

CP-25 ( Fig. 8 A). PU dressing alone was used for control. Dressings 

ere changed every day until the end of study at day 4 ( Fig. 8 B).

fter 4 days, untreated control wounds showed clear signs of infec- 

ion and inflammation ( Fig. 8 C). Application of TCP-25 PU treated 

he bacterial infection resulting in improved clinical score ( Fig. 8 C), 

educed wound bacterial counts and lower levels of TNF- α ( Fig. 8 D, 

). TCP-25 PU dressings recovered from the wounds had a sig- 

ificant reduction in bacterial load (Supplementary Fig. 7). His- 

ological analysis of TCP-25 PU-treated wounds showed reduced 

nflammatory signs and significantly better histology score at the 

issue compared to the infected untreated wounds ( Fig. 8 F). No- 

ably, reduction of the levels of TNF- α occurred even before the an- 

ibacterial effects of TCP-25 PU were observed in treated wounds, 

ighlighting that TCP-25 PU treatment could reduce cytokines in- 

ependently of bacterial presence. This may be because TCP-25 

inds to and neutralizes bacterial LPS [18] , interacts directly with 

onocytes and macrophages and inhibits NF- κB activation in re- 

ponse to several microbe-derived agonists [ 18 , 22 ], and also binds 
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Fig. 6. TCP-25 coated PU discs block endotoxin-induced pro-inflammatory responses in vitro and in vivo . (A) Activation of NF- κB and AP-1 as determined by measuring 

the production of secreted alkaline phosphatase using THP1-Xblue TM -CD14 reporter cells (upper panel). The percentage of viable cells quantified with MTT assay (lower 

panel). Lysed cells were used as a positive control for MTT assay. Data are represented as the mean ± SEM ( n = 3). P values were determined using a one-way ANOVA. (B) 

In vivo inflammation imaging by IVIS in NF- κB reporter mice. TCP-25 PU discs were contaminated with LPS and subcutaneously deposited on the back of transgenic BALB/c 

Tg(NF- κB-RE-luc)-Xen reporter mice. In vivo bioimaging of NF- κB reporter gene expression was performed using the IVIS Spectrum system. Representative images show 

bioluminescence at 3, 6, and 24 h post subcutaneous deposition. Bar charts show measured light intensity emitted from these reporter mice. Data are presented as the mean 

± SEM ( n = 6-7 mice per group). P values were determined using unpaired t tests. (C) Cytokine levels in plasma and fluid extracted from implanted PU discs after 8 or 24 

h. The discs were subcutaneously implanted and contaminated by addition of LPS. Animals were sacrificed at 8 and 24 h after implantation. Data are presented as the mean 

± SD ( n = 3-4 mice per group). P values were determined using a one-way ANOVA with Tukey’s test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0 0 01. NS, non-significant. 
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Fig. 7. TCP-25 blocks endotoxin induced neutrophil and monocyte/macrophage infiltration to the implantation site. (A) Flow cytometry analysis of cells recovered from the 

implanted PU material and surrounding skin tissue 24 h post-implantation of LPS contaminated PU-discs. Cells were stained with 7-AAD stain and CD11b-Alexa fluor-647, 

and Gr-1-Alexa fluor-488 antibodies. Graphs represent live cells (% of total cells), CD11b + cells (% of live cells), CD11b high Gr-1 low (monocytes/macrophages; % of live cells), 

and CD11b high Gr-1 high cells (neutrophils; % of live cells). Data are presented as the mean ± SD ( n = 3). P values were determined using a Mann-Whitney U test. ∗P < 0.05, 
∗∗P < 0.01. (B) Histological analysis of the tissue surrounding the implanted PU 24 h post-implantation of LPS-contaminated PU discs. Immunofluorescence staining of the 

skin tissue surrounding the PU material. Sections were stained with primary antibodies against neutrophils (upper panel) and macrophages (middle panel). DAPI was used 

as a nuclear counterstain (blue). Representative images at 40 × magnification of sections stained with hematoxylin and eosin (lower panel). Arrow indicates inflammatory 

infiltrates. Histogram shows neutrophil infiltration score and macrophage count from immunostaining and cellularity score from H&E stained tissue. Data are presented as 

the mean ± SD ( n = 3-4 mice per group). P values were determined using an unpaired t test. Scale bar, 50 μm. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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Fig. 8. Effects of TCP-25 PU in a porcine partial thickness wound model. (A) Schematic illustrating the wounding and wound dressing plan in Göttingen minipigs. Using 

a dermatome, partial thickness wounds were created on the backs of minipigs, followed by inoculation with S. aureus (10 7 CFU per wound). After inoculation, wounds 

were covered with TCP-25 PU followed by a transparent breathable fixation dressing secured with skin staples. Finally, two layers of sterile cotton gauze were secured with 

adhesive tape and topped with a layer of flexible self-adhesive bandage. (B) Treatment regimen for minipig wounds. (C) Representative photographic images of wounds after 

the treatment regimen. Wounds infected with S. aureus were treated every day with TCP-25 PU. Control wounds were treated with PU without TCP-25 (Scale bar, 1 cm). Bar 

chart shows clinical scoring of wounds after the treatment regimen. Data are presented as the medians with 95% confidence intervals ( n = 6 wounds for PU, n = 6 wounds 

for TCP-25 PU from 2 pigs). P values were determined using a Mann-Whitney U test. (D) Microbiological analysis of wounds from days 2, 3, and 4. Data are presented as 

the mean ± SEM ( n = 6 wounds for PU, n = 6 wounds for TCP-25 PU from 2 pigs). P values were determined using a Mann-Whitney U test. (E) Analysis of wound fluid 

cytokine collected on days 2, 3, and 4. Data are presented as the mean ± SEM ( n = 6 wounds for PU, n = 4 wounds for TCP-25 PU from 2 pigs). P values were determined 

using a Mann-Whitney U test. (F) Representative photomicrographs of wound biopsy sections stained with H&E. Arrowhead show hyper-inflammatory condition and severe 

tissue destruction of the wound. Arrow shows wound re-epithelization. The bar chart shows histological scoring of H&E stained sections. Data are presented as the mean ±
SEM ( n = 4 wounds for PU, n = 4 wounds for TCP-25 PU from 2 pigs). P values were determined using a Mann-Whitney U test. ∗P < 0.05, ∗∗P < 0.01; NS, non-significant. 
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o the LPS-binding hydrophobic pocket of CD14 [18] . Finally, the 

emolytic activity of TCP-25 PU was investigated and the results 

howed that hemolysis even at highest concentration was less than 

0% suggesting that the TCP-25 PU is biocompatible (Supplemen- 

ary Fig. 8). 

. Discussion 

Taken together, this study demonstrates for the first time that 

t is possible to target both bacteria, as well as the accompany- 

ng infection-induced inflammation at the local tissue level with 

he delivery of host defense peptide TCP-25 from a PU-based ma- 

erial. Importantly, TCP-25 reduced excessive levels of local cy- 

okines, demonstrating its capacity to not only reduce bacterial 

oads, but also the local inflammatory response. This is of high rel- 

vance, since it is well established from a clinical and experimental 

erspective that bacterial infection complicates and delays wound 

ealing in acute as well as non-healing wounds [ 34 , 35 ]. Of impor-

ance is also that studies have shown that presence of low level 

f bacterial products in the wound bed causes increased leukocyte 

nfiltration and activation [ 36 , 37 ] as well as role of TLR-4 activation

n the wound healing process [ 9 , 38 ]. 

Long-term wound models in small rodents are sub-optimal due 

o the anatomical and physiological differences between mouse 

nd human skin, but allow for easy and robust testing of antimi- 

robial and anti-inflammatory properties in acute settings [ 39 , 40 ]. 

e therefore used an experimental mouse model of subcutaneous 

nfection, rather than an open wound, which enabled us to main- 

ain a controlled environment and quantify the immediate local 

mmune response by recovery of the implanted discs and mea- 
328 
uring levels of cytokines as well as cellular influx to the site of 

mplantation. In this context, it is noteworthy that Schutte et al. 

etected increased cytokine levels in response to implanted steel 

ages with LPS-impregnated PU material [41] , further motivating 

he use of a subcutaneous model. Sterile sub-cutaneous implanta- 

ion was particularly useful in order to separately demonstrate an- 

imicrobial and anti-endotoxic properties of the TCP-25 functional- 

zed PU material. Detection of significantly higher cytokine levels 

ocally in the PU discs compared with the observed systemic levels 

ay be due to the obvious localization of the inflammatory pro- 

ess, resulting in a high local release of inflammatory cytokines. 

n agreement, we noticed infiltration of inflammatory cells in the 

U material. Moreover, due to the absorptive properties of the PU, 

ncreased accumulation of inflammatory fluid may also have con- 

ributed to the observed effects. The finding that TCP-25 PU had 

 stronger antibacterial effect against S. aureus than it did against 

. aeruginosa confirms our previous observation that MIC values of 

CP-25 for S. aureus are significantly lower than that for P. aerug- 

nosa [23] and can be attributed to the differences in bacterial 

lasma membrane characteristics between the two species [42] . 

Wound healing requires a coordinated effort of immune re- 

ponse and regeneration, going through phases of inflammation, 

roliferation, and remodeling/scar formation. In the event of in- 

ection, inflammation, an important part of the wound-healing re- 

ponse, is exacerbated and prolonged leading to excessive cytokine 

roduction and neutrophil and macrophage infiltration. Collateral 

issue damage associated with the neutrophil activity and release 

f an array of proteases and other enzymes affect later events in 

he repair process with long-lasting effects on the speed of re- 

air, re-epithelization and scarring. Additionally, these proteases 
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an also degrade the extracellular matrix to a point where tis- 

ue destruction causes persistent inflammation and perpetuating 

issue damage [43–46] . In the same context there is ample evi- 

ence of connection between presence of LPS [47] as well as a 

ustained presence of pro-inflammatory monocytes, with compro- 

ised wound repair [46] . In this perspective, it is therefore notable 

hat TCP-25-coated PU significantly reduced the numbers of neu- 

rophils and macrophages being recruited to the site after stimu- 

ation with endotoxins. In contrast to the previous findings, where 

yclooxygenase inhibitors were used to ameliorate the endotoxin- 

nduced excessive inflammation, TCP-25 did not reduce the amount 

f cellular infiltrates below the levels occurring in a sterile and en- 

otoxin free environment [ 37 , 46 ]. This finding, together with the 

n vitro toxicity data altogether implies that presence of TCP-25 in 

he implanted disc is well tolerated and does not skew local re- 

ction to the material. Tolerance of TCP-25 PU is important since 

he majority of antimicrobial agents that are not antibiotics, can 

e cytotoxic or poorly tolerated by bystander cells [ 4 8 , 4 9 ]. 

While the need to ameliorate excessive inflammation in in- 

ected wounds is not debated, there are conflicting reports sur- 

ounding the use of anti-inflammatory agents like non steroid 

nd steroid kinase inhibitors and their impact on the healing 

rocess [ 36 , 50–54 ]. Though steroid and non-steroid inhibitors 

NSAID) are highly effective, their application as acute wound 

nti-inflammatory therapy has major drawbacks including inhibi- 

ion of a physiological antimicrobial response and reduction of re- 

pithelization and tissue regeneration. The fact that TCP-25 selec- 

ively binds to bacterial products such as LPS, LTA, and PGN and 

locks the resulting TLR interaction, and does not have the in- 

ibitory effects on other downstream signaling pathways [ 18 , 22 ] 

s observed for steroids or NSAID [55–57] , should therefore reduce 

he risk for unwanted side-effects. 

In the present work we used a high dose of LPS, far higher 

han low dose described by other reports [58] in order to demon- 

trate a proof of principle that TCP-25 functionalized PU material 

an scavenge high amounts of LPS rapidly. The LPS levels in an in- 

ected wound bed are likely lower, however, the continuous release 

f bacterial compounds after a single TCP-25 application to an in- 

ected area needs to be considered and accounted for. As we show 

ere and in previous studies, TCP-25 efficiently kills a broad range 

f bacteria by cell wall lysis [ 20 , 32 ], and the simultaneous neutral-

zing action on bacterial wall products such as LPS, LTA, and PGN 

f the peptide prevents excessive inflammatory responses both in 

itro and in vivo [ 19 , 59 ]. This is crucial, as bacterial toxins released

uring this process would additionally increase and prolong the in- 

ammatory reaction at the infection site. 

Porcine wound models are considered as the most relevant pre- 

linical models for human translation [60] . In a minipig short-term 

artial thickness contaminated wound model, we observed that 

he TCP-25 PU was efficient in abrogating infection with S. aureus . 

mportantly, TCP-25 PU treated wound showed a decrease in the 

evels of TNF- α. Notably, these data are in agreement with pre- 

ious observations that TCP-25 does not only block endotoxin re- 

ponses, but also TLR 2 and 4 activations in response to stimu- 

us with PGN and LTA, respectively [ 19 , 22 ]. This finding, however,

rguably could depend on the concomitant reductions in bacte- 

ial numbers in the wound which may lead to reduced toxin re- 

ease into the wound area causing less inflammation. However, the 

bservation that TNF- α concentrations were reduced even before 

acterial numbers were affected lends support for a separate anti- 

nflammatory action of TCP-25 PU in vivo , acting in parallel with 

ts antibacterial effects. 

From a peptide delivery perspective, it was important that 

U should not interfere with the flexible conformation of TCP-25 

hich is essential for its interaction with bacteria and host cells 

 18 , 32 , 61 ]. To study the impact of PU on TCP-25, we employed a
329 
ombination of bioassays and structural analysis using CD and in- 

rinsic fluorescence analysis. The results showed that TCP-25 re- 

eased from PU retained both its flexible conformation in buffer 

nd helix inducing-capacity in presence of LPS, compatible with its 

ntibacterial and anti-inflammatory actions. Moreover, TCP-25 PU 

iscs continuously released TCP-25 to the wound site for at least 

8 h. We also show that TCP-25 is retained in PU discs for at least

2 h and remains bioactive during this time. 

Various antimicrobials such as antibiotics or antiseptics are cur- 

ently in clinical use for the treatment and prevention of wound 

nd implant-related infections [5] . However, anti-infective treat- 

ents also targeting specific microbial products are not currently 

vailable. Nevertheless, there is a great interest in developing new 

nti-inflammatory compounds to aid in wound healing [ 62 , 63 ]. The 

resent study demonstrates a proof of concept that TCP-25, ex- 

ibiting dual antimicrobial and anti-inflammatory functions, could 

e a compound of interest in the development of functionalized 

aterials for wound and surgical infections. Future studies in rele- 

ant preclinical models of bacterial wound infection are mandated 

n order to investigate the dose-response relationship related to 

arious TCP-25 coating concentrations. 

. Conclusion 

We here demonstrate a dual action wound dressing concept 

here a PU material coated with the peptide TCP-25 is able to 

ounteract bacterial infection and the accompanying inflammation 

n vitro and in experimental infection models in mice and minipigs. 
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