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ABSTRACT 

Objective: Traditional negative pressure wound therapy systems can be large and           

cumbersome, limiting patient mobility and adversely affecting quality of life. PICO™, a no             

canister single-use system offers a lightweight, portable alternative to traditional negative           

pressure wound therapy, with improved clinical performance. The aim of this study was to              

determine the potential mechanism(s) of action of single-use negative pressure wound           

therapy versus traditional negative pressure wound therapy. 

Approach: Single-use negative pressure wound therapy and traditional negative pressure          

wound therapy were applied to an in vivo porcine excisional wound model, following product              

use guidelines. Macroscopic, histological and biochemical analyses were performed at          

defined healing time-points to assess multiple aspects of the healing response.  

Results: Wounds treated with single-use negative pressure displayed greater wound closure           

and increased re-epithelialisation versus those treated with traditional negative pressure. The           

resulting granulation tissue was more advanced with fewer neutrophils, reduced          

inflammatory markers, more mature collagen and no wound filler-associated foreign body           

reactions. Of note, single-use negative pressure therapy failed to induce wound edge            

epithelial hyperproliferation, while traditional negative pressure therapy compromised        
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peri-wound skin, which remained inflamed with high transepidermal water loss; features not            

observed following single-use treatment.  

Innovation: Single-use negative pressure was identified to improve multiple aspects of           

healing versus traditional negative pressure treatment. 

Conclusion: This study provides important new insight into the differing mode of action of              

single-use versus traditional negative pressure and may go some way to explaining the             

improved clinical outcomes observed with single use negative pressure therapy.  

INTRODUCTION 

Our skin has evolved an innate ability to rapidly and efficiently repair injury and damage.               

This wound healing response is both complex and dynamic, requiring initial inflammation            

followed by granulation tissue formation, angiogenesis, re-epithelialisation and dermal         

remodelling (1). In the elderly and diabetic these normal reparative processes are            

substantially impaired, increasing the risk of developing non-healing, “chronic” skin wounds           

(2). Chronic wounds are a significant socio-economic and clinical burden, estimated to cost             

the UK’s National Health Service more than £5 billion per year (3). The development and               

clinical implementation of therapies designed to address this ever-increasing and largely           

underappreciated area of clinical need remains a challenge (4, 5). 

Negative pressure wound therapy (NPWT) is one of the most effective and widely-used             

interventions for problematic wounds (6). In traditional application, foam or gauze is used to              

fill the wound to allow negative pressure transmission through to the wound bed. A drape is                

then applied to form a sealed system. NPWT devices generate negative pressure between -50              

and -175 mmHg (7), removing excess wound exudate via a drainage tube and preventing              

bacterial contamination (8,9). Early studies demonstrated that traditional NPWT (tNPWT)          
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promotes granulation tissue formation in pigs (10) and in the clinical setting (11,12).             

Additional, healing promoting effects of NPWT also include pulling wound margins together            

to accelerate contraction, stimulating cellular proliferation via microdeformation (13,14) and          

increasing tissue perfusion (15). Thus, NPWT is indicated for a plethora of wound types,              

including acute surgical, chronic, trauma, burns and skin grafts (7). 

Despite its versatility, traditional NPWT (tNPWT) is not without limitations (16). For            

example, tNPWT devices can be seen as cumbersome, requiring large canisters, power            

supplies and drainage tubes. The utilisation of wound fillers (e.g. foam) add complexity of              

use, create longer application times and can cause discomfort and pain upon dressing             

changes. Indeed, it has been noted that there is potential for filler fragments to remain in the                 

wound bed (17). Recently, lightweight negative pressure modalities have been developed to            

overcome some of these challenges inherent to larger tNPWT devices. One such example is a               

single-use NPWT system (sNPWT, PICO™, Smith & Nephew Wound Management, Hull           

UK), which is canister-free, portable and disposable.  

Here, we present a direct comparison of sNPWT to tNPWT in an in vivo porcine injury                

model, with a focus on elucidating the effects of sNPWT on specific aspects of the wound                

repair response.  
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CLINICAL PROBLEM ADDRESSED 

tNPWT has been shown to influence multiple aspects of the wound repair process, but comes               

with clinical limitations. sNPWT has been developed to overcome these limitations, but the             

mode of action remains poorly understood. Here a standardised and reproducible in vivo             

porcine wound model is used to explore the effects of sNPWT on specific aspects of the                

healing response, with direct comparison to tNPWT. This porcine study, in a close model of               

human wound repair, provides significant new insight into the effects of sNPWT on healing              

and should inform future treatment innovations.  
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MATERIALS AND METHODS 

Animal Experimentation: Young (12-14 weeks) female Landrace x Large White x Duroc            

farm pigs (n=12, ~40 kg) were prepared for surgery via intramuscular injection of Azaperone              

(2 mg/kg) and Midazolam (0.3 mg/kg) and anaesthetised with isoflurane and oxygen.            

Prophylactic amoxicillin (15 mg/kg) was administered subcutaneously on the day of           

wounding, and buprenorphine (0.01 mg/kg) was given intramuscularly post-operatively and          

subsequently according to clinical need. Back and flank skin was clipped, wet-shaved and             

disinfected with 5% chlorhexidine, and the skin wound site swabbed with 70% ethanol             

immediately prior to the creation of full-thickness, 3 cm diameter excisional wounds (two             

wounds per flank on each pig). Digital photographs were then taken for macroscopic wound              

analysis.  

Contralateral wounds were treated with sNPWT (PICO™ system with no filler, Smith &             

Nephew Wound Management, Hull, UK; -80 mmHg) or tNPWT (V.A.C Via™ system with             

Granufoam™ wound filler, KCI Medical Ltd., West Sussex, UK; -125 mmHg continuous            

mode). The PICO™ sNPWT system consists of a silicone wound interface dressing to             

transmit even pressure across the wound bed, while negative pressure in the traditional device              

was transmitted from the wound filler. sNPWT was changed every 6 days, while tNPWT was               

changed every 3 days, as per the ‘Instructions for Use’ provided with each device              

(Supplemental Figure 1A). A purpose made swine jacket with pockets (Lomir Biomedical            

Inc., Quebec, Canada) was used to support the NPWT device pumps on the animals.  

Wound Planimetry Analysis: Wounds were digitally photographed at day 0 (n=12 pigs/24            

wounds per treatment group), day 6 (n=12 pigs/24 wounds per treatment group) and day 12               

(n=8 pigs/16 wounds per treatment group). Macroscopic wound closure analysis was           
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performed using Image Pro Plus v.4.1.0 (Media Cybernetics, Maryland, USA). The wound            

area remaining open, and the contribution of re-epithelialisation and contraction to overall            

wound closure were measured as described below (see also Figure 1A): 

% wound area remaining open =                                                    X 100  

% contraction =                                                           X 100 

% re-epithelialisation =                                                                                                     X 100  

Skin and Wound Assessment: Surface wound damage was determined at each dressing            

change, where 0 = no bleeding, 0.5 = removal of surface tissue without bleeding, 1 = minimal                 

bleeding, 2 = moderate bleeding and 3 = substantial bleeding. Skin colour measurements             

were taken using a spectrophotometer (X-Rite Sp68 Sphere, Manchester, UK) and expressed            

using the CIELAB colour notation system. A Tewameter® TM 300 was used to measure              

transepidermal water loss (TEWL) and skin hydration, and a Mexameter® MX 18 probe             

(both Courage and Khazaka, Germany) was used to measure erythema (using a redness             

index). These measurements were made, after sNPWT dressing or tNPWT drape removal, in             

two regions around the wound: a) the peri-wound (approximately 0.5-1 cm away from wound              

edge) and; b) the extended zone (2.5-3 cm away from wound edge). For TEWL, an average                

of the first 30 readings was taken following skin acclimatisation post-dressing removal. For             

skin hydration (skin surface moisture), a reading was taken immediately following dressing            

removal with no acclimatisation (at the extended zone site only). Wound depth was assessed              

in three defined wound regions using a depth gauge. These measurements were taken on              

n=12 pigs (24 wounds) at day 6 and n=8 pigs (16 wounds) at day 12. 

Tissue Collection: Histological samples were collected from n=4 pigs harvested at day 6             

(n=8 wounds per treatment group) and n=4 pigs harvested at day 12 (n=8 wounds per               
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treatment group), pre-selected during study planning. Strips (1 cm wide) of wound tissue and              

marginal skin (cranio-caudal orientation) were harvested and placed in 10% buffered formal            

saline for histological analysis. Wound tissue (n=4, one wound per pig per time-point) was              

placed in RNAlater™ (Thermo Fisher Scientific, Paisley, UK) and frozen at -80ºC for PCR              

Array profiling. Normal skin, peri-wound skin (immediately adjacent to the wound) and            

extended zone skin (under the sNPWT dressing island, or tNPWT drape) was also collected              

for comparison. 

Histology: Paraffin embedded sections (6 µm thick) were dewaxed and rehydrated prior to             

staining. Haematoxylin and eosin (H&E) was used to visualise trapped filler material and to              

quantify granulation tissue depth and re-epithelialisation via Aperio ImageScope image          

analysis software (Leica Biosystems, Milton Keynes, UK). Picrosirius Red (PSR) colour           

analysis allowed histological assessment of matrix maturity, where immature (green          

birefringence) and mature (red birefringence) fibres were visualised via polarising light and            

quantified (as in 18). For BrdU analysis, proliferating cells were labelled 1 hour prior to               

culling via i.p. injection of 1 mg 5-Bromo-2’-deoxyuridine (BrdU, B5002, Sigma-Aldrich) in            

100 mL physiological saline. BrdU was traced using an anti-BrdU (Bromodeoxyuridine)           

antibody (GE Life Sciences, Buckinghamshire, UK). Neutrophils were stained using an           

anti-NGAL (neutrophil gelatinase-associated lipocalin) antibody (Enzo Life Sciences Inc,         

New York, USA). Bound antibodies were detected via ABComplex and          

3,3′-Diaminobenzidine (DAB; Vector Laboratories Ltd., Peterborough, UK). The number of          

BrdU+ve and NGAL+ve cells were determined using Image Pro Plus.  

Transcriptional Profiling: Porcine skin and wound tissue was homogenised (T10 basic,           

IKA, Oxford, UK) in TRIzol® reagent (Thermo Fisher Scientific). Chloroform was added for             

8 
Brownhill et al. 



phase separation and RNA removed and purified using a PureLink RNA Mini Kit (Thermo              

Fisher Scientific) following manufacturer’s instructions. RNA concentration was determined         

using a SimpliNano nanodrop (Biochrom, Cambridge, UK) and adjusted to 1 µg/µL. Reverse             

transcription was performed with Random Primers (Promega, Southampton, UK) and          

Bioscript reverse transcriptase (Bioline, London, UK). cDNA was diluted in nuclease free            

water and each sample plated in RT2 Profiler™ PCR array plates (Pig Wound Healing;              

Qiagen, Manchester, UK) with 2X Takyon SYBR mastermix (Eurogentec, Hampshire, UK).           

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed and data was           

analysed in CFX Manager software on a CFX connect thermocycler (Biorad Laboratories            

Ltd., Hertfordshire, UK). 

Statistical Analyses: All data are presented as mean +/- standard error of the mean (SEM).               

Pair-wise t tests were performed on data sets comparing sNPWT and tNPWT at one              

time-point. One-way ANOVA was performed on qRT-PCR data comparing normal skin and            

day 12 treatments. Two-way ANOVA was performed on all other data sets with appropriate              

post-hoc analysis (Tukey or Sidak). Statistical analysis was performed in GraphPad Prism            

v.7.0 (GraphPad Software, CA, USA). Data were considered significant at the P < 0.05 level. 
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RESULTS 

sNPWT leads to greater wound closure than tNPWT. Planimetric analysis was performed            

on scaled macroscopic wound images taken at day 0, day 6 and day 12 (Figure 1A). The area                  

of the wound remaining open, determined as a percentage of day 0 wound area, was               

significantly smaller following sNPWT than tNPWT at both day 6 (70.06% vs 78.55%; P <               

0.001) and day 12 (18.56% vs 33.36%; P < 0.001) post-injury (Figure 1B). Similarly,              

macroscopic quantification demonstrated significantly greater re-epithelialisation with       

sNPWT compared to tNPWT at days 6 (4.46% vs 0.55%; P < 0.01) and 12 (22.73% vs 8.4%;                  

P < 0.001; Figure 1C). Wound contraction was greater at day 6 for sNPWT treated wounds                

(P < 0.05; Figure 1D) versus tNPWT, and was found to be similar between treatments at day                 

12. Accelerated re-epithelialisation following sNPWT treatment was confirmed by         

histological analysis of H&E stained tissue sections at day 12 (P < 0.001; Figure 1E-F).               

Interestingly, the neo-epidermis of wounds under tNPWT was extremely hyperproliferative at           

day 12, as demonstrated by increased numbers of proliferative (BrdU+ve) cells (P < 0.001;              

Figure 1G, I) and increased peak epidermal thickness (Figure 1H-I). Collectively, these data             

demonstrate that sNPWT accelerates wound closure compared to tNPWT, with increased           

epithelial migration and reduced wound edge hyperproliferation.  

Reduced wound bed inflammation following sNPWT treatment. Immunohistochemistry        

for neutrophils was performed to assess the level of early inflammatory cells in porcine              

NPWT-treated wounds. Quantification showed significantly higher neutrophil numbers in         

tNPWT treated wounds compared to sNPWT at day 12 post-wounding (Figure 2A; P <              

0.001). Transcriptional profiling revealed statistically significant upregulation of a number of           

pro-inflammatory cytokines including CXCL11 (Day 6), CSF2, IL-1α and IL-1β (day 12) in             
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tNPWT treated wounds (Figure 2B-H). Collectively, these findings support higher wound           

bed inflammation in tNPWT versus sNPWT treated wounds. 

sNPWT promotes granulation tissue maturation and causes less damage to the wound            

bed than tNPWT. Similar wound filling was observed between sNPWT and tNPWT at day              

6. However, by day 12 tNPWT led to significantly reduced macroscopic wound depth (P <               

0.001; Figure 3A) and increased wound granulation tissue deposition (measured by           

histology; P < 0.001; Figure 3B) compared to sNPWT. While wounds filled faster under              

tNPWT, the quality and maturity of granulation tissue formed in these wounds was inferior to               

that following sNPWT application. Picrosirius red (PSR) staining determined granulation          

tissue extracellular matrix maturity in discrete upper wound regions (Figure 3C-F). Here,            

sNPWT led to significantly increased total collagen deposition (brightfield; P < 0.05; Figure             

3E). Polarising light microscopy revealed that sNPWT treatment increased both immature           

(green birefringence) and mature (red birefringence) collagen fibre deposition compared to           

tNPWT (P < 0.001; Figure 3D, F).  

Wound maturation was evaluated by measuring the level of granulation tissue cellular            

proliferation. Here, sNPWT treated upper wound tissue contained fewer BrdU+ve cells           

versus tNPWT (P < 0.001; Figure 3G-H). qRT-PCR array analysis further substantiated            

increased maturity of sNPWT wounds, with higher expression of wound matrix components,            

COL1A2 (P < 0.01; Figure 3I) and COL3A1 (P < 0.001; Figure 3J), granulation-promoting              

factors, CTGF (P < 0.001; Figure 3K), and proteoglycans, DCN (Figure 3L), in sNPWT              

wounds. By contrast, tNPWT treated wounds displayed substantially elevated levels of the            

tissue remodelling matrix metalloproteinases, MMP3 (P < 0.01; Figure 3M) and MMP9 (P <              

0.05; Figure 3N), but not MMP2 (Supplementary Figure 2A). 
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Evaluation of H&E stained sections revealed trapped filler material/foreign body reactions in            

50% of tNPWT treated wounds (representative images in Figure 4A). By contrast, no             

trapped filler material or foreign body reactions were detected in any sNPWT treated wounds.              

Additionally, tNPWT dressing removal resulted in significantly more wound surface damage           

with noticeable bleeding compared to removal of sNPWT dressing at day 6 (P < 0.001) and                

day 12 (P < 0.001; Figure 4B). Overall, these data reveal that sNPWT increased granulation               

tissue maturation, without the trapped filler and damage observed following tNPWT. 

Reduced surrounding skin disruption with sNPWT versus tNPWT. Skin barrier function           

and erythema were assessed in the peri-wound skin and the extended zone (schematic,             

Supplementary Figure 1B) to determine whether NPWT application affected the function of            

skin surrounding the wound. Extended zone skin hydration, measured immediately after           

dressing or drape removal, revealed significantly higher moisture content in skin under            

tNPWT compared to skin under sNPWT (P < 0.001 at days 6 and 12; Figure 5A). In                 

addition, TEWL, a direct measure of skin barrier, was significantly elevated in peri-wound             

skin under the tNPWT drape compared to that under the sNPWT dressings (P < 0.001;               

Figure 5B). The redness (erythema) of tNPWT treated peri-wound skin was significantly            

greater than sNPWT treated skin (P < 0.001; Figure 5C), with a non-significant trend              

towards an increased erythema index (Figure 5D). Collectively, these in vivo data suggest             

that sNPWT causes far less disruption to the skin surrounding a wound.  

tNPWT, but not sNPWT, causes heightened proliferation and inflammation in          

peri-wound skin. Next, the cellular correlates to the observed reduced redness and TEWL in              

sNPWT treated peri-wound skin were assessed histologically. Reduced epidermal BrdU+ve          

(proliferating) cells were observed in the sNPWT treated peri-wound tissue at day 6 (P <               
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0.05) and day 12 (P < 0.05; Figure 6A-B), commensurate with reduced tissue damage.              

Transcriptional analysis revealed elevated inflammation in tNPWT treated peri-wound skin          

with upregulation of the inflammatory markers CSF2 (P < 0.05; Figure 6C), IL-1α (Figure              

6D), IL-1β (P < 0.05; Figure 6E). In addition, MMP2 was specifically upregulated at day 6                

(P < 0.05; Figure 6F; Supplementary Figure 2). Taken together, these data suggest that              

tNPWT treatment adversely influences the peri-wound skin region, while sNPWT supports a            

pro-healing wound edge environment.  

DISCUSSION 

Traditional NPWT devices were successfully implemented in wound treatment over 20 years            

ago (11,19). In these applications a wound filler (foam or gauze) is required to deliver               

negative pressure to the wound bed and to serve as a fluid conduit. As previously mentioned,                

the PICO™ sNPWT system uses a very different technology, a silicone wound interface             

dressing with an incompressible airlock layer that transmits pressure evenly across the wound             

bed, peri-wound and wider skin region (20). Interestingly, a recent randomised control trial             

demonstrated that sNPWT achieved greater wound closure (45%) compared to tNPWT           

(22%) with fewer adverse events, such as wound maceration (21). Concurrent cost-based            

analysis revealed that sNPWT was more cost-effective than tNPWT (22), suggesting benefits            

that extend beyond the patient. 

The current study was specifically designed to explore the mode of action of sNPWT              

compared to tNPWT using an in vivo porcine wound repair model. Note, previous studies              

(e.g. 23) have performed direct porcine side-by-side comparison of tNPWT devices           

demonstrating relative equivalence. Here we report, for the first time, detailed macroscopic            

and histological comparison of sNPWT and tNPWT in vivo. We show that sNPWT             
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accelerated wound closure, promoted wound re-epithelialisation and increased granulation         

tissue maturity when compared with tNPWT. In fact, tNPWT actively prevented           

re-epithelialisation, inducing substantial wound edge epidermal hyperproliferation. tNPWT        

treated wounds also displayed extensive filler material trapped in the granulation tissue            

(observed in earlier studies; in pigs (24,25) and in patients (26-28)), which may contribute to               

heightened local tissue inflammation (29).  

NPWT-associated healing has previously been linked to dampened pro-inflammatory         

cytokines, TNFα and IL-1β, compared to non-NPWT treatment (30,31). In our study, tNPWT             

treated wound granulation tissue displayed increased inflammation and upregulation of the           

pro-inflammatory the cytokines, CSF2, CXCL11, IL-1α and IL-1β, compared to sNPWT           

treatment. The heightened damage response following tNPWT extended to the peri-wound           

skin region, which also contained increased pro-inflammatory marker expression and          

increased redness, indicative of erythema (32). This local damage likely results from both the              

differential forces experienced by tNPWT and sNPWT treated wounds, and the differences in             

frequency of dressing change. Interestingly, Karaback et al. (33) report that compressional            

injury from tNPWT drape drainage tubes can cause spontaneous wound formation in            

compromised skin surrounding a wound. 

Higher TEWL and excessive hydration were observed in the skin surrounding tNPWT treated             

wounds. TEWL is a direct measure of skin barrier integrity, where higher TEWL is              

associated with a compromised barrier (34,35). High TEWL is a potential indicator of skin              

maceration risk, an observation noted by Kirsner et al. (21) in their randomised control trial               

following tNPWT use. Loss of barrier integrity also increases the risk of infection (36), a               

common problem when negative pressure application fails and wound exudate is not            
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effectively managed (26). Indeed, in the present study, sNPWT delivered active therapy 97%             

of the time requiring only 14 device-related interventions, versus 24 interventions to correct             

leaks and blockages under tNPWT.  

In addition to neo-epidermal hyperproliferation, tNPWT caused excessive cellular         

proliferation in the peri-wound region and in the wound granulation tissue. High levels of              

epidermal proliferation are a hallmark of wound pathology, and have previously been            

observed following tape stripping (37), suggesting that tNPWT dressing removal may cause            

similar damage. By contrast, mature wound granulation tissue is typically characterised as            

relatively acellular (38). In the present study, granulation tissue of tNPWT treated wounds             

was highly proliferative, with fewer mature collagen fibres and increased wound matrix            

metalloproteinases, indicating reduced maturation compared to sNPWT. Overall, these data          

suggest that sNPWT independently promotes granulation tissue maturation and         

re-epithelialisation. Indeed, these two aspects could be closely linked, with a mature wound             

bed important to permit active re-epithelialisation.  

Data now show a direct link between compromised skin barrier and subsequent wound             

recurrence (39), a significant consideration for chronic wound management. Although several           

clinical studies have demonstrated enhanced wound closure and faster granulation with           

tNPWT (40,41), few studies have performed follow-up assessments to determine rates of            

wound recurrence (42). A future pre-clinical in vivo investigation would provide a unique             

opportunity to explore recurrence, an important and often overlooked aspect of wound            

healing studies.  
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INNOVATION 

The results of this pre-clinical in vivo study clearly demonstrate that sNPWT, which delivers              

negative pressure using a unique multi-layered interface technology, promotes faster healing           

than tNPWT. While tNPWT treatment led to wound damage and inflammation, sNPWT            

stimulated faster re-epithelialisation and promoted granulation tissue maturation. This study          

therefore provides new mechanistic insight that informs the enhanced wound healing           

outcomes of sNPWT observed in the clinical setting.  
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KEY FINDINGS  

● Single-use NPWT (sNPWT) promotes a faster rate of wound closure than traditional            

tNPWT (tNPWT) in an in vivo porcine model.  

● sNPWT improves multiple aspects of healing, promoting re-epithelialisation,        

dampening inflammation, and increasing granulation tissue maturity.  

● sNPWT avoids the detrimental effects of tNPWT on the peri-wound epithelium. 

● sNPWT appears to circumvent the foam-trapping and foreign body reactions that are            

frequently observed with tNPWT. 
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ABBREVIATIONS AND ACRONYMS 

BrdU – Bromodeoxyuridine 

H&E – Haematoxylin and eosin 

NPWT – Negative pressure wound therapy 

PSR – Picrosirius red  

qRT-PCR – quantitative real-time polymerase chain reaction 

sNPWT – Single-use negative pressure wound therapy 

tNPWT – Traditional negative pressure wound therapy 

TEWL – Transepidermal water loss 

 

  

21 
Brownhill et al. 



REFERENCES 

1. Velnar T, Bailey T, Smrkolj V. The wound healing process: an overview of the cellular                

and molecular mechanisms. J Int Med Res 2009; 37: 1528-42. 

2. Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration: mechanisms,            

signaling, and translation. (Sci Transl Med (2014) 6(265sr6) DOI:         

10.1126/scitranslmed.3009337). 

3. Guest JF, Ayoub N, McIlwraith T, Uchegbu I, Gerrish A, Weidlich D, et al. Health                

economic burden that wounds impose on the National Health Service in the UK. (BMJ Open               

(2015) 5(e009283) DOI: 10.1136/bmjopen-2015-009283). 

4. Schaper N, Van Netten J, Apelqvist J, Lipsky B, Bakker K, Foot IWGotD. Prevention and                

management of foot problems in diabetes: A Summary Guidance for Daily Practice 2015,             

based on the IWGDF guidance documents. Diabetes Res Clin Pract 2017; 124: 84-92. 

5. Wilkinson HN, McBain AJ, Stephenson C, Hardman MJ. Comparing the Effectiveness of             

Polymer Debriding Devices Using a Porcine Wound Biofilm Model. Adv Wound Care 2016;             

5: 475-85. 

6. Kanakaris NK, Thanasas C, Keramaris N, Kontakis G, Granick MS, Giannoudis PV. The              

efficacy of negative pressure wound therapy in the management of lower extremity trauma:             

review of clinical evidence. Injury 2007; 38: S9-18. 

7. Borys S, Hohendorff J, Frankfurter C, Kiec-Wilk B, Malecki MT. Negative pressure             

wound therapy use in diabetic foot syndrome-from mechanisms of action to clinical practice.             

(Eur J Clin Invest (2019) 49(e13067) DOI: 10.1111/eci.13067). 

8. Ludolph I, Fried FW, Kneppe K, Arkudas A, Schmitz M, Horch RE. Negative pressure               

wound treatment with computer-controlled irrigation/instillation decreases bacterial load in         

contaminated wounds and facilitates wound closure. Int Wound J 2018; 15: 978-84. 

22 
Brownhill et al. 



9. Wang G, Li Z, Li T, Wang S, Zhang L, Zhang L, et al. Negative-pressure wound therapy in                   

a Pseudomonas aeruginosa infection model. (BioMed Res Int (2018) (e2018) DOI:           

10.1155/2018/9496183). 

10. Morykwas MJ, Faler BJ, Pearce DJ, Argenta LC. Effects of varying levels of              

subatmospheric pressure on the rate of granulation tissue formation in experimental wounds            

in swine. Ann Plas Surg 2001; 47: 547-51. 

11. Argenta L, Morykwas M. Vacuum-assisted closure: a new method for wound control and              

treatment: clinical experience. Ann Plas Surg 1997; 38: 563-77. 

12. Armstrong DG, Lavery LA, Consortium DFS. Negative pressure wound therapy after            

partial diabetic foot amputation: a multicentre, randomised controlled trial. Lancet 2005; 366:            

1704-10. 

13. Saxena V, Hwang CW, Huang S, Eichbaum Q, Ingber D, Orgill DP. Vacuum-assisted              

closure: microdeformations of wounds and cell proliferation. Plast Reconstr Surg 2004; 114:            

1086-96. 

14. Wilkes R1, Zhao Y, Kieswetter K, Haridas B. Effects of dressing type on 3D tissue                

microdeformations during negative pressure wound therapy: a computational study. J          

Biomech Eng 2009; 131: 031012. 

15. Muenchow S, Horch R, Dragu A. Effects of topical negative pressure therapy on              

perfusion and microcirculation of human skin. (Clin Hemorheol Microcirc (2019): DOI:           

10.3233/CH-180536). 

16. Panayi AC, Leavitt T, Orgill DP. Evidence based review of negative pressure wound              

therapy. World J Dermatol 2017; 6: 1-16. 

23 
Brownhill et al. 

https://doi.org/10.1155/2018/9496183


17. Dessy LA, Serratore F, Corrias F, Parisi P, Mazzocchi M, Carlesimo B. Retention of               

polyurethane foam fragments during VAC therapy: a complication to be considered. Int            

Wound J 2015; 12: 132-6. 

18. Wilkinson H, Iveson S, Catherall P, Hardman M. A Novel Silver Bioactive Glass Elicits               

Antimicrobial Efficacy against Pseudomonas aeruginosa and Staphylococcus aureus in an ex           

vivo skin wound biofilm model. Front Microbiol (2018) (9) DOI:          

10.3389/fmicb.2018.01450). 

19. Morykwas MJ, Argenta LC, Shelton-Brown EI, McGuirt W. Vacuum-assisted closure: a            

new method for wound control and treatment: animal studies and basic foundation. Ann Plas              

Surg 1997; 38: 553-62. 

20. Malmsjö M, Huddleston E, Martin R. Biological effects of a disposable, canisterless             

negative pressure wound therapy system. Eplasty 2014; 14: e15. 

21. Kirsner R, Dove C, Reyzelman A, Vayser D, Jaimes H. A Prospective, Randomized,              

Controlled Clinical Trial on the Efficacy of a Single-use Negative Pressure Wound Therapy             

System, Compared to Traditional Negative Pressure Wound Therapy in the Treatment of            

Chronic Ulcers of the Lower Extremities. Wound Repair Regen 2019; 27:519-29. 

22. Kirsner RS, Delhougne G, Searle RJ. A Cost-Effectiveness Analysis Comparing           

Single-use and Traditional Negative Pressure Wound Therapy to Treat Chronic Venous and            

Diabetic Foot Ulcers. Wound Manage Prev 2020; 66: 30-36. 

23. Davis KE, Lafontaine J, Bills J, Noble D, Wight-Carter M, Oni G, Rohrich RJ, Lavery                

LA. The comparison of two negative-pressure wound therapy systems in a porcine model of              

wound healing. Wound Rep Regen 2013; 21: 740-45. 

24. Malmsjö M, Gustafsson L, Lindstedt S, Ingemansson R.  Negative pressure wound             

therapy-associated tissue trauma and pain: a controlled in vivo study comparing foam and             

24 
Brownhill et al. 

https://doi.org/10.3389/fmicb.2018.01450


gauze dressing removal by immunohistochemistry for substance P and calcitonin gene-related           

peptide in the wound edge. Ostomy Wound Manag 2011; 57: 30-5. 

25. Malmsjö M, Gustafsson L, Lindstedt S, Gesslein B, Ingemansson R. The effects of              

variable, intermittent, and continuous negative pressure wound therapy, using foam or gauze,            

on wound contraction, granulation tissue formation, and ingrowth into the wound filler.            

Eplasty 2012; 12. 26. Karadsheh M, Nelson J, Rechner B, Wilcox R. Application of a Skin                

Adhesive to Maintain Seal in Negative Pressure Wound Therapy: Demonstration of a New             

Technique. Wounds 2017; 29: E106-E10. 

27. Ashby RL, Dumville JC, Soares MO, McGinnis E, Stubbs N, Torgerson DJ, et al. A pilot                 

randomised controlled trial of negative pressure wound therapy to treat grade III/IV pressure             

ulcers [ISRCTN69032034]. Trials. 2012; 13: 119. 

28. Mazoch M, Montgomery C. Retained wound vacuum foam in non-healing wounds: a real              

possibility. J Wound Care 2015; 24: S18-20.  

29. Kastellorizios M, Tipnis N, Burgess DJ. Foreign body reaction to subcutaneous implants.             

In: Lambris J, Ekdahl K, Ricklin D, Nilsson B, editors. Immune Responses to Biosurfaces.              

Advances in Experimental Medicine and Biology. Springer, 2015: 93-108. 

30. Eisenhardt SU, Schmidt Y, Thiele JR, Iblher N, Penna V, Torio-Padron N, et al. Negative                

pressure wound therapy reduces the ischaemia/reperfusion-associated inflammatory response        

in free muscle flaps. J Plast Reconstr Aesthet Surg 2012; 65: 640-9. 

31. Stechmiller JK, Kilpadi DV, Childress B, Schultz GS. Effect of Vacuum-Assisted            

Closure Therapy on the expression of cytokines and proteases in wound fluid of adults with               

pressure ulcers. Wound Repair Regen 2006; 14: 371-4. 

25 
Brownhill et al. 



32. Blackstone BN, Kim JY, McFarland KL, Sen CK, Supp DM, Bailey JK, et al. Scar                

formation following excisional and burn injuries in a red Duroc pig model. Wound Repair              

Regen 2017; 25: 618-31. 

33. Karabacak E, Mutluoglu M, Memis A, Ay H. Unexpected wound occurring following             

negative pressure wound therapy. Int Wound J 2016; 13: 289-90. 

34. Alexander H, Brown S, Danby S, Flohr C. Research Techniques Made Simple:             

Transepidermal Water Loss Measurement as a Research Tool. J Invest Dermatol 2018; 138:             

2295-300. 

35. Zhai H, Maibach HI. Occlusion vs. skin barrier function. Skin Res Technol 2002; 8: 1-6. 

36. Yang SC, Huang TH, Chiu CH, Chou WL, Alalaiwe A, Yeh YC, et al. The atopic                 

dermatitis-like lesion and the associated MRSA infection and barrier dysfunction can be            

alleviated by 2, 4-dimethoxy-6-methylbenzene-1, 3-diol from Antrodia camphorata. J         

Dermatol Sci 2018; 92: 188-96. 

37. Hatta N, Takata M, Kawara S, Hirone T, Takehara K. Tape stripping induces marked               

epidermal proliferation and altered TGF-α expression in non-lesional psoriatic skin. J           

Dermatol Sci 1997; 14: 154-61. 

38. Greenhalgh DG. The role of apoptosis in wound healing. Int J Biochem Cell Biol 1998;                

30: 1019-30. 

39. Fonder MA, Lazarus GS, Cowan DA, Aronson-Cook B, Kohli AR, Mamelak AJ.             

Treating the chronic wound: a practical approach to the care of nonhealing wounds and              

wound care dressings. J Am Acad Dermatol 2008; 58: 185-206. 

40. Almeida JE, Suárez R, Gibson E. A histological analysis of chronic wounds treated with               

negative pressure wound therapy to aid healing: a case series. J Wound Care 2018; 27:               

S28-S34. 

26 
Brownhill et al. 



41. Skrinjar E, Duschek N, Bayer GS, Assadian O, Koulas S, Hirsch K, et al. Randomized                

controlled trial comparing the combination of a polymeric membrane dressing plus negative            

pressure wound therapy against negative pressure wound therapy alone: The WICVAC study.            

Wound Repair Regen 2016; 24: 928-35. 

42. Borys S, Hohendorff J, Koblik T, Witek P, Ludwig-Slomczynska A, Frankfurter C, et al.               

Negative-pressure wound therapy for management of chronic neuropathic noninfected         

diabetic foot ulcerations–short-term efficacy and long-term outcomes. Endocrine 2018; 62:          

611-6. 

 

 

FIGURE LEGENDS 

Figure 1. Single-use negative pressure wound therapy accelerates porcine wound          

closure. Single-use negative pressure wound therapy (sNPWT) or traditional NPWT          

(tNPWT) was applied to 3 cm diameter full-thickness excisional wounds. Representative           

macroscopic images showing the impact of treatment over time (A; Bar = 1 cm).              

Macroscopic analysis was performed to determine original wound area (day 0; outer dashed             

line), wound area remaining open (inner dotted line) and wound contraction (central solid             

line). Quantification of wound area (B), percentage re-epithelialisation (C) and wound           

contraction (D) over time. Representative day 12 H&E images (E; Bar = 1 mm, Arrows =                

length of neo-epithelium), and quantification of histological re-epithelialisation (F).         

Neo-epidermal proliferation (G) and peak neo-epidermal thickness (H) with representative          

BrdU staining at day 12 (I; Bar = 1 mm, Arrows = peak thickness). Dotted line separating                 

epidermal and dermis (I). Mean +/- SEM. B-D, n=8-12 pigs (16-24 wounds per treatment              

group), F-H, n=4 pigs (8 wounds per treatment group). * = P < 0.05, ** = P < 0.01, *** = P                      
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< 0.001. Two-way ANOVA was performed on B, C, D, F. Independent two-tailed student’s t               

test performed on G and H. 

Figure 2. Single-use negative pressure dampens inflammation in porcine wounds.          

Wounds treated with traditional NPWT (tNPWT) showed increased neutrophil infiltration at           

day 12 (A), and higher cytokine marker expression (qRT-PCR) at day 6 and day 12               

post-wounding (B-H). Mean + SEM. n=4 pigs (A, 8 wounds per treatment group, B-H, 4               

wounds per treatment group). * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Independent                    

two-tailed student’s t test was performed on A. Two-way ANOVA was performed on all              

other data sets. 

Figure 3. Porcine wound maturation is accelerated with single-use negative pressure           

wound therapy compared to traditional application. Increased wound depth (A) and           

reduced granulation tissue (GT) depth (B) were shown following single-use negative pressure            

wound therapy (sNPWT) compared to traditional NPWT (tNPWT). Schematic depicting          

outer (O), inner (I), and central (C) histological assessment regions of wounds (C). Wound              

maturation was assessed at day 12. Picrosirius red staining under brightfield (BF) and             

polarised (Pol) light (D). Bar = 50 µm. sNPWT treatment increased BF matrix deposition (E)               

and increased immature (green birefringence) and mature fibres (red birefringence; F). Cell            

proliferation (G, quantified in H) within granulation tissue was higher in wounds treated with              

tNPWT. Bar = 200 µm. Arrows = proliferative cells. PCR array analysis demonstrated             

elevated matrix gene expression in sNPWT day 12 wounds (I-L) and reduced matrix             

metalloproteinases (M-N). Mean + SEM. A, n=8-12 pigs (16-24 wounds per treatment            

group), B, E-F, n=4 pigs (8 wounds per group), I-N, n=4 pigs (4 wounds per group). * = P <                    
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0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA used on data sets A, B, E, F, H,                      

one-way ANOVA used on data sets I-N. 

Figure 4. Filler foam in traditional negative pressure wound therapy causes wound            

damage. Traditional negative pressure wound therapy (tNPWT) left foam in wounds (A,            

H&E staining) and caused more wound surface damage on removal than single-use NPWT             

(B). 0 = no damage, 3 = substantial bleeding. Black stars = filler material. Yellow stars =                 

foreign body reactions. Bars = 100 µm. Mean + SEM. n=8-12 pigs (16-24 wounds per               

treatment group). * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Two-way ANOVA with                    

Tukey’s post-hoc test was performed. 

Figure 5. Traditional negative pressure wound therapy increases erythema and          

transepidermal water loss in peri-wound skin. Traditional negative pressure wound          

therapy (tNPWT) increased hydration in the extended zone region (A) and increased TEWL             

in the peri-wound skin (B). tNPWT also caused more erythema (C-D) in the peri-wound skin               

region. NS line = normal skin value. Mean + SEM. n=8-12 pigs (16-24 wounds per treatment                

group). *** = P < 0.001. Two-way ANOVA was performed with Sidak post-hoc analysis. 

Figure 6. Traditional negative pressure wound therapy causes inflammatory damage to           

peri-wound skin. Traditional negative pressure wound therapy (tNPWT) increased         

peri-wound epidermal proliferation at day 6 and day 12 (A, quantified in B). Bar = 200 µm.                 

Arrows = BrdU+ve cells. PCR array demonstrated upregulation of inflammatory genes in the             

peri-wound skin at day 6 post-wounding (C-F). Mean + SEM. B, n=4 pigs (8 wounds per                

treatment group), C-F, n=4 pigs (4 wounds per group). * = P < 0.05, ** = P < 0.01, *** = P                      

< 0.001. Two-way ANOVA was performed on B. Paired t tests were performed on C-F. 
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Supplementary Figure 1. Experimental setup and live phase assessments. Single-use          

negative pressure wound therapy (sNPWT) or traditional NPWT (tNPWT) was applied to 3             

cm diameter full-thickness excisional wounds. Numbers indicate day post-injury. sNPWT          

was changed every 6 days (blue arrows) and tNPWT was changed every 3 days (red arrows)                

as per instructions for use. At day 6 and 12, live phase assessments and macroscopic               

measurements were performed (all animals), while tissue was collected for histology and            

qRT-PCR (A). For live phase assessment, transepidermal water loss (TEWL) and hydration            

measurements (T), and colour and erythema measurements (C), were taken from the            

peri-wound (green *), extended zone (purple *) and normal skin (red *) regions (B). 

Supplementary Figure 2. Negative pressure therapy differentially alters MMP         

expression. PCR arrays were used to assess the expression of MMP2, MMP3 and MMP9 in               

wounds at day 12 (A) and in the peri-wound region at day 6 (B). NS = normal skin. tNPWT =                    

traditional negative pressure wound therapy. sNPWT = single-use NPWT. Mean + SEM. n=4             

pigs (4 wounds per group). * = P < 0.05, ** = P < 0.01, *** = P < 0.001. One-way ANOVA                      

was performed on A. Paired t tests were performed on B. 
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