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Abstract

Biofilms in chronic wounds, including diabetic foot ulcers, pressure ulcers, and venous leg ulcers, 

pose a major challenge to wound management. Herein, we report a Janus-type antimicrobial 

dressing for eradication of biofilms in chronic wounds. The dressing consists of electrospun 

nanofiber membranes coupled with dissolvable microneedle arrays to enable effective delivery of a 

database designed antimicrobial peptide to both inside and outside biofilms. This antimicrobial 

dressing exhibited high efficacy against a broad spectrum of resistant pathogens in vitro. 

Importantly, such a dressing was able to eradicate methicillin-resistant Staphylococcus aureus 
(MRSA) biofilms in both an ex vivo human skin wound infection model and a type II diabetic 

mouse wound infection model after daily treatment without applying surgical debridement. Most 
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importantly, the dressing can also completely remove the Pseudomonas aeruginosa and MRSA, 

dual-species biofilm in an ex vivo human skin infection model. In addition, our computational 

simulations also suggested that microneedles were more effective in the delivery of peptides to the 

biofilms than free drugs. Our results indicate that the Janus-type antimicrobial dressings may 

provide an effective treatment and management of chronic wound polymicrobial infections.

Graphical Abstract

A Janus-Type dressing consisting of dissolvable microneedles and electrospun nanofibers 
was developed for effectively delivering a database designed, LL-37-derived antimicrobial peptide 

to both inside and outside biofilms. The antimicrobial dressings were not only able to eradicate 

methicillin-resistant Staphylococcus aureus (MRSA) biofilms in a type II diabetic mouse wound 

infection model after daily treatment without surgical debridement but also completely remove the 

P. aeruginosa/MRSA blend biofilm in an ex vivo human skin infection model. Our results indicate 

the Janus-type antimicrobial dressings can provide an effective treatment and management of 

chronic wound polymicrobial infections.
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Chronic wounds such as diabetic foot ulcers are a worldwide health problem.1,2 About 78% 

of chronic wounds contain biofilms, where a pathogenic bacterial community is encased in a 

biopolymer layer.3 Bacteria in biofilms are more likely to cooperate and exchange their 

genes resulting in much higher antibiotic resistance than planktonic bacteria.4,5 The 

composition and organization of biofilms limit diffusion of molecules, including antibiotics, 

through the structure and into the biofilm or out to the bulk fluid.6 Consequently, bacteria in 

a biofilm are refractory to host response and antibiotic treatment.7,8 Sharp debridement is 

currently the standard care to remove biofilms.9 However, vigorous and repeated 

debridement causes extreme discomfort to patients. This method may not be able to get rid 

of the biofilms completely even by removing an excessive amount of tissues. The poor 

treatment outcomes result in high healthcare cost, amputations, a decreased quality of life, 

and an increased mortality.10 There is an urgent need to develop better therapies for effective 

treatment of biofilms in chronic wounds.

Recent studies have been devoted to the development of various technologies for combating 

biofilms through enhancing drug diffusion and efficacy and other physical approaches.11–14 

For examples, the surface of a surgical implant was homogeneously coated with gold 

nanorods designed to efficiently convert near-infrared light into heat for elimination of 

attached bacteria.11 This approach requires the coating of gold nanorods, which is not 

suitable for treatment of biofilms in chronic wounds. In a different study, to improve drug 

diffusion and efficacy, cationic gold nanoparticles were dispersed in the biofilms and laser 

was used to induce vapor nanobubbles formed around the plasmonic nanoparticles which 

could disrupt the biofilms and enhance the diffusion of drugs.12 This method requires the 

dispersion of gold nanoparticles in the biofilms, which is impossible to realize for the 

biofilms formed in chronic wounds. The heat generated locally could also cause further 
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negative effects to the tissues in the wound area. Similarly, magnetic nanoparticles were used 

to create artificial channels in biofilms for enhancing bacterial killing by antibiotics.13 This 

method also requires the precise control of magnetic nanoparticle movement within 

biofilms, which might be challenging in chronic wounds. In addition, all these studies 

require complicated equipment such as laser or magnet and additional training. Microneedle 

patches were also reported recently to treat bacterial biofilms.14,15 Besides, microneedle 

arrays either incorporated with photothermal molecules or made of biomaterials with 

antibacterial property were also examined aiming for treatment of infected wounds.16–18 

However, these technologies are in the early developmental stage. Most of these studies 

were limited to the use of traditional antibiotics which may be not effective for the treatment 

of antibiotic-resistant bacteria. These studies only tested the in vitro efficacy against 

monomicrobial biofilms which are different from the polymicrobial biofilms often 

encountered in chronic wounds. The in vivo and ex vivo efficacies have not been examined 

yet. Some of the patches cannot provide sustained release of antimicrobial agents and lack 

the capability in serving as scaffolds and enhancing cellular infiltration for wound healing.

Toward this end, we aimed to develop an approach to combating biofilms in chronic wounds. 

Our design includes two key innovations: i) development of database designed antimicrobial 

peptides; and ii) development of a Janus-type system for delivery of the engineered peptides. 

The significance of antimicrobial peptides is that they remain potent for millions of years.19 

In humans, there are several dozen defensins, but only one cathelicidin gene that encodes 

LL-37.20 Because this native peptide has shortcomings such as the long sequence (high cost) 

and the instability to proteases (loss of activity), we have engineered LL-37 into 17BIPHE2 

which is superior to the parent molecule in numerous aspects, such as antibiofilm and 

antimicrobial robustness under different salts, pH, and media conditions.21–24 Engineered 

peptides exhibit a broad-spectrum activity against medically significant ESKAPE pathogens, 

which include Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae (K. 
pneumoniae), Acinetobacter baumannii (A. baumannii), Pseudomonas aeruginosa (P. 
aeruginosa), and Enterobacter species. We found that 17BIPHE2-containing nanofiber 

membranes led to a five-log colony-forming unit (CFU) decrease of methicillin-resistant 

Staphylococcus aureus (MRSA) USA300 LAC in a biofilm-containing chronic wound 

model based on type 2 diabetic mice.25 In combination with sharp debridement, a clinically 

viable approach for wound management, no bacteria were observed for the biofilm-

containing chronic wounds after daily treatment with peptide-loaded nanofibers for three to 

seven days.

Human cathelicidin LL-37 has a classic amphipathic helical structure (Figure 1, model A) in 

complex with bacterial membranes or mimics.26 A similar amphipathic structure can be 

applied to hundreds of natural peptides registered in the antimicrobial peptide database 

(http://aps.unmc.edu/AP).27 Based on this database, we recently discovered that low 

cationicity is important for in vivo efficacy of database-designed peptides.28 Inspired by this 

discovery and based on the antimicrobial peptide database, we have accordingly designed an 

entirely different peptide (W379) that forms an amphipathic structure vertically with basic 

charged amino acids at the top and hydrophobic domain at the bottom (Figure 1, model B).29 

Such a structure led to a name verine for W379. Because this peptide is very short with 

merely eight amino acids (sequence: RRRWWWWV), it was chosen to be incorporated into 
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electrospun nanofibers and dissolvable microneedles to form Janus-type dressings in this 

study. The peptide mechanism of action against multidrug resistant gram-positive and gram-

negative bacteria were reported in our most recent study.29 This engineered antimicrobial 

peptide holds broad-spectrum antimicrobial capacity which were effective against both 

gram-positive and gram-negative bacteria. Based on membrane permeation and 

depolarization experiments, W379 could target the cell membranes of both Gram-positive 

and Gram-negative bacteria, leading to bacterial death. Consistent with these experiments, 

solid-state NMR also supports pore formation on a lipid bilayer. The membrane damage 

could be observed by scanning electron microscopy (SEM). Bacteria showed the smooth 

surface without treatment. In contrast, the bacteria membranes were entirely damaged after 

W379 treatment at twice the minimal inhibitory concentration (MIC).29

Microneedles have been mainly used for the transdermal drug delivery as they can assist the 

delivery of drugs by direct penetration through the stratum corneum and/or the epidermis.
30–32 In addition, microneedles have also been used in other tissues including internal 

surface of mouth, vagina, gastrointestinal tract, and vascular wall and external surface of 

skin, eye, fingernail, and scalp.33 Inspired by these studies, we hypothesized that the 

dissolvable microneedle arrays containing the engineered peptides can overcome the 

physical barrier of biofilms, allowing the peptide to better penetrate and disrupt biofilms. To 

test this hypothesis, we developed a Janus-type antimicrobial dressing by immobilizing 

W379 peptide-incorporated microneedle arrays to the surface of peptide-encapsulated 

nanofiber membranes (Figure 2). We named our wound dressing as Janus-type structure as it 

had a two-side/biphasic structure and each side showed different functions. The immobilized 

microneedle arrays could penetrate into biofilms and deliver peptides to the inside biofilms 

to disrupt the biofilms. Simultaneously, the nanofiber membranes could provide a sustained 

release of peptides to the outside biofilms to attack bacterial biofilms. The dual actions of 

our antibiofilm Janus-type dressing may contribute to the removal of biofilms and eventually 

prevent the resurgence of bacteria. In addition, electrospun nanofiber membranes could 

serve as a physical barrier between the wound bed and the surrounding environment. The 

nanofiber membranes could also serve as a scaffold for promoting wound healing after 

eradication of biofilms. We chose poly(ε-caprolactone) (PCL), a biodegradable polyester, as 

raw materials for fabrication of nanofiber membranes as PCL has been used for making 

medical devices approved by the United States Food and Drug Administration (FDA).34 We 

chose polyvinylpyrrolidone (PVP) as the raw materials for fabrication of the dissolvable 

microneedle arrays due to its water-soluble property and its FDA approval for use as an 

inactive ingredient.35

RESULTS AND DISCUSSION

Preparation and Characterization of Peptide-Incorporated Nanofiber Membranes.

Prior to fabrication of the Janus-type antimicrobial dressing, we first prepared the peptide-

loaded nanofibers by co-axial electrospinning and electrospray deposition techniques by 

following our previous studies as illustrated in Figure S1.25 Figure S2A shows a photo of the 

F127/W379-PCL nanofiber membrane. Figure S2, B–D, shows the SEM images of F127-

PCL, F127/W379-PCL and F127/W379-PCL-S nanofiber samples, indicating that all the 
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samples exhibited a fibrous and porous structure. Note that the fibrous and porous structure 

could act as extracellular matrix (ECM)-mimicking scaffolds serving as an artificial ECM 

suitable for wound healing. Moreover, the core-shell structure could protect the encapsulated 

biological agents from a hostile microenvironment. The encapsulation efficiencies of W379 

in the F127/W379-PCL and F127/W379-PCL-S nanofiber samples were 94.3±3.3 % and 

90.7±2.7 %, respectively. The amount of W379 incorporated into the F127/W379-PCL and 

F127/W379-PCL-S nanofiber samples were 23.58±0.83 and 45.35±1.35 mg/g. After 

electrospray deposition of the peptides, the encapsulation efficiency decreased, probably due 

to the loss of some amount of the aggregated drug during the electrospray deposition. Figure 

S3 shows the in vitro release kinetics of the W379 peptides from the F127/W379-PCL and 

F127/W379-PCL-S nanofiber samples, suggesting a burst release followed by a sustained 

release over 28 days. A sustained release of the peptides could be critical to prevent the 

recurrence of infection or biofilm formation.

We further evaluated the in vitro antibacterial efficacy of peptides-loaded nanofiber 

membranes. Four pathogens including MRSA USA300, K. pneumoniae, A. baumannii and 

P. aeruginosa were applied to determine the in vitro antibacterial activities of the peptides-

loaded nanofiber membranes. As shown in Figure S4, the F127/W379-PCL core-shell 

nanofibers effectively killed the four typical infection-related bacterial strains, with 5.0, 5.1, 

5.4, and 5.4-log reduction of MRSA USA300, K. pneumoniae, A. baumannii, and P. 
aeruginosa, respectively. Moreover, the F127/W379-PCL-S nanofibers also effectively killed 

the bacteria clinical strains in vitro, with 5.6, 5.5, 5.7, and 5.8-log reduction of MRSA 

USA300, K. pneumoniae, A. baumannii and P. aeruginosa, respectively (Figure S4). 

Interestingly, the peptide-loaded PCL nanofibers (≤1mg/mL) had no significant influences 

on the proliferation of skin cells, including keratinocytes and dermal fibroblasts (Figure S5). 

Thus, at this concentration (1 mg/mL), the W379 peptide-loaded nanofibers were effective to 

kill the bacteria but not skin cells (Figure S4). Furthermore, our in vivo test showed about 5-

magnitude reduction of CFU after 3 membrane changes in 3 days (Figure S6A). In 

combination with debridement, no MRSA bacteria were detected after 3 membrane changes 

in 3 days. Similarly, our in vivo test also showed about 5-log reduction of CFU after 7 

membrane changes in 7 days (Figure S6B). In combination with debridement, no MRSA 

USA300 bacteria were detected after 7 membrane changes in 7 days. These results indicated 

that the W379 peptides showed an antimicrobial activity similar to 17BIPHE2.25 However, 

the sharp debridement was still necessary to combine with peptide-loaded nanofiber 

membranes to eradicate the biofilms. We speculated that the penetration of the antimicrobial 

peptides into the biofilms could be the major obstacle.

Preparation of Janus-Type Dressings and Their Antimicrobial Efficacy In Vitro.

To overcome this problem, we developed a Janus-type antimicrobial dressing (Figure 3A). 

Figure 3, B and D, shows the W379 peptide-loaded PVP microneedle arrays with two 

different densities (100 microneedles per membrane and 150 microneedles per membrane). 

Figure 3C shows a SEM image of the bottom substrate indicating the nanofibrous 

morphology. We then tested the in vitro antibacterial activity of the Janus-type dressings. 

Compared to the F127-PCL core-shell nanofibers and the W379/F127-PCL core-shell 

nanofibers alone, the Janus-type dressing, consisting of W379/F127-PCL core-shell 
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nanofibers and W379-loaded PVP microneedles, showed larger CFU reductions of MRSA 

USA300, K. pneumoniae, A. baumannii, and P. aeruginosa (Figure S7).

Efficacy of Janus-type Dressings against Biofilms Ex Vivo.

To assess the efficacy against biofilms, we established a biofilm-containing human skin 

wound model using different pathogens. Figure S8, A–C, shows SEM images of the 

morphology of A. baumannii P. aeruginosa, and MRSA USA300 biofilms on the excisional 

wounds in human skin explants. The CFUs of different biofilms (1010–1012 CFU/g) formed 

after bacteria inoculation for 3 days were quantified as shown in Figure S8D. We then tested 

the efficacy of Janus-type antimicrobial dressings in eliminating biofilms in the excisional 

wounds created in human skin explants. We applied different dressings to the biofilm-

containing wounds for 24 h and conducted CFU counting. The treatment with PCL-F127/

W379+PVP/W379 MN dressings showed the best performance (5.67-, 5.82-, and 6.14-Log 

reductions, respectively) against A. baumannii, P. aeruginosa, and MRSA USA300 biofilms 

among all the treatment groups (Figure 4A). It is worth mentioning that compared with 

PCL-F127/379+aqueous W379 treatment, the administration of PCL-F127/W379+PVP/

W379 MN with the same peptide dose showed a significant reduction (3.44-, 2.79-, and 

3.25-Log against A. baumannii, P. aeruginosa, and MRSA USA300, respectively) in CFU 

counting (Figure 4A). This result indicated that the dissolvable microneedle arrays were 

critical in the delivery of engineered peptides to the inside of biofilms due to their direct 

physical penetration. To completely get rid of the biofilms without debridement, we changed 

the dressings daily for 3 days and we found that the MRSA biofilms were eradicated after 3 

changes (Figure 4B). In contrast, there were still about 8.91 × 104 CFU/g bacteria remaining 

on the wounds treated by peptide-loaded nanofiber membranes alone with and without 

incorporation of aqueous peptides even after 3 changes (Figure 4B). This result further 

confirmed the importance of the microneedles for effective delivery of our engineered 

peptides to treat biofilms. To enhance the anti-biofilm efficacy, we increased the peptide 

loading in the microneedle arrays from 25 mg/g to 50 mg/g. However, the increased dose 

showed a similar anti-biofilm efficacy, with both of the two dressings needing 3 changes, 

suggesting doubling the peptide loading resulted in marginal enhancement in the bacteria 

killing in biofilms. We further increased the density of microneedles on the surface from 100 

to 150 microneedles per nanofiber membrane at the same dose (25 mg/g) as shown in Figure 

3, B and D. Interestingly, we did not detect the bacteria after changing the Janus-type 

antimicrobial dressing twice and 3 times (Figure 4D). Similarly, there were still about 

8.72×104 CFU/g bacteria remaining on the wounds treated by the peptide-loaded nanofiber 

membranes alone with and without incorporation of the peptide solution even after 2 and 3 

changes (Figure 4D). This result indicated that reducing the distance between the adjacent 

microneedles could promote the anti-biofilm efficacy, likely due to the increase of the 

peptide diffusion area.

Efficacy of Janus-Type Dressings against MRSA Biofilms In Vivo.

To further evaluate the anti-biofilm efficacy, we established MRSA biofilms in type II 

diabetic mouse wounds following previous studies (Figure 5A–C). Briefly, wounds were 

created and fixed with a splint. Ten μL of 108 CFU/mL MRSA was inoculated to each 

wound for 24 h and 48 h and followed by 24 h treatment of 2% mupirocin ointment to 
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remove the planktonic bacteria on the wounds. The CFUs of MRSA biofilms (1010–1012 

CFU/g) formed after 24 h and 48 h of bacteria inoculation and removal of planktonic 

bacteria were quantified as shown in Figure S9. The biofilm formation was confirmed by 

live/dead staining and SEM observation for the tissues collected from the wounds after 24 h 

of MRSA inoculation and subsequent 24 h of 2% mupirocin treatment (Figure 5, B and C). 

For in vivo anti-biofilm testing, we applied Janus-type dressings with and without loading 

engineered peptides and peptides-loaded nanofibers plus aqueous peptides to the biofilm-

containing wounds. After 3 changes (1 change per 24 h), there were 7.76×1010 CFU/g in the 

tissues collected from the wounds treated by Janus-type dressings without the peptide 

loading. The treatment with the F127/379-PCL core-shell nanofibers plus aqueous peptides 

resulted in 6-Log reduction of CFU/g. Very importantly, consistent with the ex vivo results, 

no bacteria were detected on the wounds treated by Janus-type dressings consisting of both 

the F127/379-PCL core-shell nanofiber membranes and the W379-loaded PVP microneedle 

arrays (Figure 5D). This result indicated that the Janus-type antimicrobial dressings were 

also effective against biofilms in vivo.

Efficacy of Janus-Type Dressings against MRSA and P. aeruginosa, Dual-Species Biofilms 
Ex Vivo.

It is known that the chronic wound infection/biofilm in clinics is much more complicated 

and is often involved with more than one type of germ.36,37 To more closely mimic the 

clinical scenario, we established a P. aeruginosa /MRSA blend biofilm in an ex vivo human 

skin model and the anti-biofilm efficacy was determined by changing the dressings every 24 

h. To confirm the formation of the blend biofilm, the collected tissues were cut into slices 

and Gram staining was performed to distinguish the Gram+ and Gram- bacteria. P. 
aeruginosa was stained in red, and MRSA was stained in violet (Figure 6A). The SEM 

observation further confirmed the existence of both rod-shaped and round-shape bacteria, 

which were assigned to P. aeruginosa and MRSA, respectively (Figure 6B). In addition, 

during the CFU-counting process, we detected two types of bacteria colonies. Some colonies 

were smaller in golden or yellow color which were MRSA, and the other colonies were 

larger with a lighter color which were P. aeruginosa (Figure 6C). After, we successfully 

established the blend biofilm in an ex vivo model. Then, different treatments were applied to 

manage this biofilm. Among them, Janus-type dressing treatment showed the best efficacy 

based on the CFU reduction and no colonies were detected after 3 changes of the dressings 

(Figure 6D). This result was very significant as it indicated that our Janus-type dressing 

could be effective in the management of polymicrobial biofilms in chronic wounds.

In this study, the conical microneedles were made from PVP, a water-soluble matrix. After 

administration of Janus-type dressings, the peptides-containing PVP microneedles dissolved 

within 3 min upon penetration into the biofilm and the peptides were then diffused into the 

surrounding areas inside the biofilm, which mainly contributed to the effective removal of 

biofilms (Figure S10). Fluorescein isothiocyanate (FITC-dextran) was incorporated to 

microneedle arrays which were administrated to biofilms in human skin wounds ex vivo, 

further revealing FITC-dextran can effectively diffuse to the surrounding regions within 

biofilms (Figure S11). Simultaneously, the electrospun nanofiber membranes eluted peptides 

to the external areas of the biofilms with an initial burst followed by a sustained release. The 

Su et al. Page 7

ACS Nano. Author manuscript; available in PMC 2021 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



released peptides at the initial stage could diffuse into the biofilm and partly contribute to the 

eradication of the biofilm. The peptides released in a sustained manner at later stages could 

prevent the recurrence of infection and biofilm formation. Overall, it is expected that the 

Janus-type antimicrobial dressings showed a large burst release followed by a sustained 

release, which was mainly attributed to the dissolution of microneedles and slow elution 

from electrospun nanofibers, respectively.

Computational Simulations of Peptide Delivery for Comparing Microneedle Patches with 
Free Drugs.

To further understand our experimental results, we performed computational simulations 

using COMSOL Multiphysics which allowed to evaluate the peptide diffusion within the 

biofilm layer over time (Figure 7). The color maps showed the peptide concentrations along 

the depth of the biofilm layer comparing the microneedle patch and the control (free drug). 

Figure 7, G and H shows the differences of the peptide concentrations towards the basis of 

the biofilm layer qualitatively between the two configurations at different time points (T= 24 

h and 36 h), and for different distances between the two adjacent microneedles (d = 150 μm 

and 300 μm). Figure 7, I and J shows the quantitative analysis of the peptide concentrations 

over time in the top, middle, and bottom planes which corresponded to 250 μm, 500 μm, and 

1000 μm away from the patch base.

The molar mass of the engineered peptide in this study is 1330 g/mol. Based on the 

literature,38 we assumed the diffusion coefficient of peptides in the biofilm was 

D = 1 × 10−12m2
s in the simulation (Figure 7, G–J). In the bottom plane of the microneedle 

patch (d = 150 μm), the peptide concentrations were 4.93-fold (2.96 mol/m3 versus (v.s.) 
0.60 mol/m3) and 3.14-fold (5.81 mol/m3 v.s.1.85 mol/m3) higher than those of the control 

after 24 h and 36 h, while for the microneedle patch (d = 300 μm), they were 3.41-fold (2.05 

mol/m3 v.s. 0.60 mol/m3) and 2.39-fold (4.42 mol/m3 v.s. 1.85 mol/m3) higher accordingly. 

In the middle plane of the microneedle patch (d = 150 μm), the peptide concentrations were 

2.62-fold (11.34 mol/m3 v.s. 4.32 mol/m3) and 2.09-fold (12.98 mol/m3 v.s. 6.20 mol/m3) 

higher than those of the control after 24 h and 36 h, while for the microneedle patch (d = 300 

μm), they were 2.10-fold (9.07 mol/m3 v.s. 4.32 mol/m3) and 1.77-fold (11.01 mol/m3 v.s. 
6.21 mol/m3) higher accordingly. In the top plane of the microneedle patch (d = 150 μm), the 

peptide concentrations were 1.67-fold (17.21 mol/m3 v.s. 10.32 mol/m3) and 1.50-fold 

(17.61 mol/m3 v.s. 11.75 mol/m3) higher than those of the control after 24 h and 36 h, while 

for the microneedle patch (d = 300 μm), they were 1.49-fold (15.37 mol/m3 v.s. 10.32 

mol/m3) and 1.38-fold (16.21 mol/m3 v.s. 11.75 mol/m3) higher accordingly.

Due to the possibility of binding with extracellular polymeric substances (EPS), irreversible 

sorption, and/or catalytic reaction in biofilms, the penetration of peptides could be 

profoundly retarded.39,40 We then considered D = 5 × 10−13m2
s in the simulation (Figure 7 

G–J). In the bottom plane of the microneedle patch (d = 150 μm), the peptide concentrations 

were 18.28-fold (0.51 mol/m3 v.s. 0.03 mol/m3) and 7.64-fold (1.58 mol/m3 v.s. 0.21 

mol/m3) higher than those of the control after 24 h and 36 h, while for the microneedle patch 

(d = 300 μm), they were 10.84-fold (0.30 mol/m3 v.s. 0.03 mol/m3) and 4.94-fold (1.02 

Su et al. Page 8

ACS Nano. Author manuscript; available in PMC 2021 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mol/m3 v.s. 0.21 mol/m3) higher accordingly. In the middle plane of the microneedle patch 

(d = 150 μm), the peptide concentrations were 4.87-fold (8.11 mol/m3 – 1.67 mol/m3) and 

3.25-fold (10.08 mol/m3 – 3.10 mol/m3) higher after 24 h and 36 h, while for the 

microneedle patch (d = 300 μm), they were 3.38-fold (5.63 mol/m3 v.s. 1.67 mol/m3) and 

2.46-fold (7.64 mol/m3 v.s. 3.10 mol/m3) higher accordingly. In the top plane of the 

microneedle patch (d = 150 μm), they were 2.15-fold (16.06 mol/m3 v.s. 7.46 mol/m3) and 

1.83-fold (16.84 mol/m3 v.s. 9.19 mol/m3) higher after 24 h and 36 h, while for the 

microneedle patch (d = 300 μm), they were 1.77-fold (13.20 mol/m3 v.s. 7.46 mol/m3) and 

1.59-fold (14.60 mol/m3 v.s. 9.19 mol/m3) higher correspondingly.

We also considered D = 1 × 10−13m2
s in the simulation (Figure 7, G–J). In the top plane of 

the microneedle patch (d = 150 μm), the peptide concentrations were 8.57-fold (9.26 mol/m3 

v.s. 1.08 mol/m3) and 4.96-fold (11.28 mol/m3 v.s. 2.28 mol/m3) higher than those of the 

control after 24 h and 36 h, while for the microneedle patch (d = 300 μm), they were 5.30-

fold (5.72 mol/m3 v.s. 1.08 mol/m3) and 3.29-fold (7.48 mol/m3 v.s. 2.28 mol/m3) higher 

accordingly. In the middle plane of the microneedle patches, the peptide concentrations were 

1.95 mol/m3 and 2.91 mol/m3 when d=150 μm and 1.10 mol/m3 and 1.66 mol/m3 when d = 

300 μm after 24 h and 36 h, while all the corresponding values for the control were 

approximately equal to 0 mol/m3. Very low values (approximately 0 mol/m3) of peptide 

concentrations were found for both configurations in the bottom plane. The animations of 

the peptide diffusion in the biofilm layer over time for different conditions were also shown 

in Video S1–S12.

Based on the simulation data, it is evident that the microneedle patch can provide a more 

effective way to deliver peptides to biofilms than free drug, consistent with our experimental 

results. Modulating the design of the microneedle patch such as decreasing the distance 

between adjacent microneedles (increasing microneedle density) could further enhance the 

diffusion of peptides to the biofilm, which agreed well with our experimental findings as 

reduction of the gap distance between microneedles enhanced the efficacy against biofilms. 

Importantly, based on the simulation results, we could accordingly change the administration 

strategy of the Janus-type antimicrobial dressing such as extending the time for the dressing 

change to further reduce procedures while maintaining the anti-biofilm efficacy.

Current topical and systemic antibiotics are minimally effective in the treatment of chronic 

biofilm infection in wounds due to the slow or incomplete penetration of antimicrobials to 

bacterium.41 Most of the delivery systems in the literature use nanoparticles, microparticles, 

microemulsions, liposomes, nanofibers, and hydrogels etc.42 However, all these delivery 

systems have the common problem to achieve the effective drug penetration into biofilms. In 

contrast, our delivery system consisted of a combination of microneedle patches and 

electrospun nanofiber membranes rather than traditional microneedle pads or nanofiber 

membranes alone. The Janus-type structure was formed through immobilization of 

microneedle arrays to the surface of nanofiber membranes. The immobilized microneedle 

arrays could penetrate biofilms and deliver database designed antimicrobial peptides to the 

inside biofilms and thus disrupt the biofilms. Simultaneously, the nanofiber membranes 

could provide a sustained release of the peptides to the outside biofilms for partially 
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contributing to the removal of biofilms and eventually preventing the resurgence of bacteria. 

The double hit of our Janus-type wound dressings developed here could eradicate bacterial 

biofilms without applying any debridement. Our current design is superior to the nanofiber 

membrane alone we designed previously, which completely removed the biofilm only when 

it was combined with debridement in the diabetic mouse wounds.25

In future studies, we could also co-incorporate other types of antimicrobial agents including 

silver nitrate, gallium nitrate, and/or antibiotics into our Janus-type antimicrobial dressings 

to achieve a combinatorial or synergistic antimicrobial effect.41 We could further co-

incorporate other functional nanoparticles (magnetic or photothermal nanoparticles) or 

molecules (photothermal dyes) into microneedles to synergistically exert physical disruption 

of biofilms.42,43 We could also optimize the Janus-type antimicrobial dressings, including 

the geometric design, pattern, density, composition, and loading of engineered peptides and 

other antimicrobial agents in the microneedles and electrospun nanofiber membranes to 

further promote their anti-biofilm efficacy. In addition, our recent studies demonstrated the 

fabrication of different forms of 3D nanofiber scaffolds consisting of hierarchically 

assembled nanofibers with controlled alignment.44 The 3D nanofiber scaffolds can promote 

cellular infiltration to form 3D tissue constructs in vitro and in vivo. We may combine 3D 

nanofiber scaffolds with microneedle arrays to form Janus-type antimicrobial dressings that 

can not only eradicate biofilms but also promote chronic wound healing. Of note, the 

fabrication of electrospun nanofibers and microneedles is already a practice in industry. The 

described method should be readily accommodated with good manufacturing practice 

(GMP) facility for scale-up production of Janus-type wound dressings for translational 

applications.

CONCLUSIONS

In summary, we have fabricated Janus-type antimicrobial dressings and demonstrated their 

effective treatment of bacterial biofilms in excisional wounds in human skin explants and 

type II diabetic mouse wounds without debridement. Unlike classic antimicrobial peptides, 

the peptide in this dressing has an entirely different amphipathic model. The microneedle 

array appears to enhance peptide penetration for an improved efficacy. In addition, 

computation simulations further indicated that the microneedle patch could be more 

effective to deliver peptides compared to free drugs, which were in line with our 

experimental results. Since the peptide is very short and the dressing materials have been 

proven safe, the antimicrobial technology developed in this work may provide an effective 

intervention with great potential that could effectively treat biofilms, especially those formed 

by multi-drug resistant bacteria. When successfully translated to the bedside, our technology 

should improve quality of wound care and avoid amputations.

METHODS

Materials.

PCL (Mw = 70–90 kDa), PVP (Mw = 130 kDa) and pluronic F127 were purchased from 

Sigma-Aldrich (St. Louis, MO). Dulbecco’s modified Eagle’s medium (DMEM) and RPMI 

1640 medium were bought from Thermo Fisher Scientific Gibco (Waltham, MA). 
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Dichloromethane (DCM) and N, N-dimethylformamide (DMF) were acquired from Thermo 

Fisher Scientific (Waltham, MA). The W379 antimicrobial peptide was prepared according 

to our previous work. MRSA USA300 LAC and A. baumannii B2367–12 were obtained 

from the University of Nebraska Medical Center (UNMC), while K. pneumoniae (ATCC 

13883) and P. aeruginosa PAO1 were obtained from the American Type Culture Collection 

(ATCC). Columbia CAN with 5% sheep blood agar medium was purchased from Remel 

(Lenexa, KS), and tryptic soy broth (TSB) bacterial medium was purchased from Thermo 

Fisher Scientific Oxoid (Waltham, MA). LIVE/DEAD BacLight bacterial viability kit and 

Alamar Blue cell viability assay kit were purchased from Thermo Fisher Scientific 

Invitrogen (Waltham, MA). Peptides (95% pure) were purchased from GeneMed Synthesis 

(San Antonio, TX).

Fabrication of Molecularly Engineered Peptides-Loaded Nanofibers.

The F127/W379-PCL core-shell nanofibers were prepared by co-axial electrospinning 

following our previous studies.25 Briefly, a given mass of PCL was dissolved in a solvent 

mixture consisting of DCM and DMF with a ratio of 4:1(v/v) at a concentration of 10% PCL 

(w/v). To prepare the F127-PCL core-shell fibers, 1 g of pluronic F127 was dissolved in 10 

mL of ddH2O to form the aqueous phase. To prepare the F127/W379-PCL core-shell fibers, 

1 g of pluronic F127 and 25 mg of W379 were dissolved in 10 mL of ddH2O to form the 

aqueous phase. The polymer phase was pumped at a flow rate of 0.5 mL/h and the aqueous 

phase was pumped at a flow rate of 0.02 mL/h while a potential of 20 kV was applied 

between the spinneret (a 22-gauge needle) and a grounded collector located 12 cm apart 

from the spinneret. A rotating drum was used to collect the membranes composed of random 

fibers with a rotating speed lower than 100 rpm. Then, the obtained fiber samples were 

divided into two parts. One part was stored in 4 °C and named as F127/W379-PCL (Figure 

S2). The other part was coated with 10 mg of W379 and named as F127/W379-PCL-S 

(Figure S2). Briefly, the W379 aqueous solution was deposited onto the fibers through 

electrospraying. All the fiber samples were sterilized by ethylene oxide before cell culture 

and in vivo animal study.

Fabrication of Janus-Type Dressing.

The fabrication of the microneedle patch was performed using a polydimethylsiloxane 

(PDMS) micromold (Blueacre Technology Ltd., Dundalk, Ireland) with each needle cavity 

being 300 μm in a round-base diameter and 300 μm in height. There were 100 (low density 

mold) or 150 (high density mold) needles on a 6-mm circular array. In brief, 50 μL of a 20 

wt % PVP aqueous solution containing different concentrations of W379 antimicrobial 

peptide was deposited into the cavities and kept under vacuum for 10 min. Subsequently, the 

F127-W379/PCL-S nanofiber mat was placed onto the micromold and allowed to dry at 

room temperature. After complete desiccation, the Janus-type dressing was detached from 

the silicone mold for further use. For the preparation of the control Janus-type dressing, no 

W379 was added to the F127 or PVP solution.

Morphology Characterization of Janus-Type Dressing.

The morphology of F127-W379/PCL-S nanofiber and Janus-type samples were 

characterized by SEM (FEI, Quanta 200, Oregon). To avoid charging, polymeric fiber 
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samples were fixed on a metallic stud with a double-sided conductive tape and coated with 

platinum for 4 min in vacuum at a current intensity of 10 mA using a sputter coater. SEM 

images were acquired at an accelerating voltage of 30 kV.

In Vitro Antibacterial Efficacy Test.

The antibacterial activity of F127-W379/PCL-S nanofiber and Janus-type dressings was 

investigated. Single bacterial colonies of MRSA, K. pneumoniae, A. baumannii, and P. 
aeruginosa were picked up by inoculating loops and cultured at 37 °C and 200 rpm in liquid 

TSB overnight. Ten microliters of bacterial culture were added into 2 mL of fresh TSB and 

incubated for additional 2 h. Then, the cultures were centrifuged and washed with PBS 

twice. Bacteria were resuspended and then diluted into 1.0×107 CFU/mL in PBS. One 

milligram each of Janus-type dressings with or without W379 loading was co-incubated 

with the bacterial solution for 2 h at 37 °C. Total living bacteria were determined by 

culturing on agar plates, and the log reduction of bacteria was calculated by the following 

equation.

Log reduction = log cell count of control − log survivor count in peptide treatment group

In Vitro Cytotoxicity Test.

The in vitro cytotoxicity of nanofiber membranes to skin cells and monocytes was 

investigated by determining the cell viability of co-incubated HaCaT cells (human 

keratinocyte cell line) and U937 cells as described in the previous work.25 Nanofiber 

membranes were firstly sterilized by ethylene oxide. HaCaT cells were cultured in DMEM 

with 10% FBS, and U937 cells were cultured in RMPI1640 with 10% FBS. HaCat and U937 

cells were seeded in 24-well plates. Each well contains 2.5×104 cells and 1 mL culture 

media. The cells were treated by the similar procedure described in the section of cell 

culture and treatments. The pre-sterilized slides were placed into the wells with the surface 

coatings contacting with the cells. The plate containing cells and slides was cultured for 5 

days and the culture medium was refreshed every 2 days. On days 1, 3, and 5, the cell 

viability was investigated by Alamar Blue assay.

Ex Vivo Anti-Biofilm Efficacy Test.

To evaluate the anti-bacterial and anti-biofilm efficacy ex vivo, we established a biofilm-

containing chronic wound model on human skin tissues. The human skin tissues were 

collected from patients who underwent plastic surgery, and the IRB protocol was approved 

by the University of Nebraska Medical Center. After collection, skin tissues were kept on 

ice. Fat tissues were removed, and the skin tissue was rinsed in PBS thrice in order to 

remove blood. Then, the skin tissue was cut into 2 cm × 2 cm. A wound was generated by an 

8-mm punch in the center of each skin fragment. The wound depth was around 1 mm. 

MRSA, A. baumannii, and P. aeruginosa colonies were prepared by the same method 

described above. Twenty microliters of bacterial liquid at the concentration of 1×108 

CFU/mL was added to the wound. All the cultures were maintained at 37 °C for 72 h, Then, 

the surrounding and wound tissues were collected using a 10 mm-diameter punch, and the 
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biofilm formation was confirmed by CFU count, LIVE/DEAD staining, and SEM 

observation.

After the establishment of the biofilm, the F127/W379-PCL-S core-shell nanofiber 

membranes or Janus-type dressings were placed on the wounds. Different administration 

strategies of dressings including different antimicrobial peptide concentrations, different 

microneedle densities and different antimicrobial agents were applied to treat the biofilm 

formed wound. After treatment, the wound and surrounding tissues were collected by a 10 

mm-diameter punch and put into sterilized tubes. Then, 1 mL of sterilized PBS was added to 

each tube, which was blended by a homogenizer (Fisher Scientific, Hampton, NH). 

Subsequently, the mixed liquid was diluted and plated on agar dishes. All the dishes were 

inoculated in a 37 °C microbial incubator for 18 h, and the CFU numbers were counted.

In Vivo Anti-Biofilm Efficacy Test.

We established a biofilm-containing chronic wound model following previous studies.25 

Briefly, MRSA was grown in TSB overnight. Subsequently, 100 μL of bacterial strain was 

pipetted into 4 mL of fresh TSB medium and cultivated for 3 h followed by PBS washing for 

three times. Then, the bacterial concentration was adjusted to 1×108 CFU/mL and stored in 

the ice box before use. Nine female 000697-B6.BKS(D)-Leprdb/J diabetic defective mice 

(10–11 weeks, 50–55 g, GLU > 200 mg/dL) fed with standard pellet diet and water were 

used. Our study was approved by the Institutional Animal Care and Use Committee of 

University of Nebraska Medical Center (protocol #19-069-07-FC).

The biofilm was established in the 000697-B6.BKS(D)-Leprdb/J mouse excisional wounds. 

Two 6 mm-diameter full-thickness wounds were created on the back of a mouse using a 

disposable biopsy punch (Integra Miltex, Kai Medical) and fixed with a wound splint (Grace 

Bio-labs, Inc., Bend, OR). The wounds were all inoculated with 10 μL of 1×108 CFU/mL 

MRSA instantly after surgery, and 2% mupirocin was applied to treat the wounds at day 2 

(24 h after surgery). Then, the surrounding and wound tissue was collected using a 10 mm-

diameter punch, and the biofilm was confirmed by CFU count, LIVE/DEAD staining, and 

SEM observation.

After the establishment of biofilm-containing wound model, F127/W379-PCL-S core-shell 

nanofiber membranes or Janus-type dressings were placed on the wound, different strategies 

of dressing changes were applied to treat the biofilm. The wound and surrounding tissue was 

collected by a 10 mm-diameter punch into sterilized tubes at different time points. Then, 1 

mL of sterilized PBS was added in each tube, which was blended by a homogenizer. 

Subsequently, the mixed liquid was diluted and plated on agar dishes. All the dishes were 

inoculated in a 37 °C microbial incubator for 18 h, and the CFU numbers were counted.

P. aeruginosa/MRSA Blend Biofilm Formation and Anti-Biofilm Efficacy Test of Janus-Type 
Antimicrobial Dressings Ex Vivo.

To further evaluate the anti-biofilm efficacy against biofilms composed multiple types of 

bacteria ex vivo, we established a P. aeruginosa/MRSA blend biofilm-containing wound 

model on human skin tissues. Briefly, a wound was generated as described above. MRSA 

and P. aeruginosa colonies were prepared. Then, 10 μL of MRSA and 10 μL of P. aeruginosa 
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bacterial solution with the concentration of 1×108 CFU/mL were inoculated to the wound 

simultaneously. The culture was maintained at 37 °C for 72 h. Then, the surrounding and 

wound tissues were collected, and the biofilm formation was confirmed by Gram staining, 

SEM observation, and CFU counting. For anti-biofilm efficacy test, dressings were placed 

on the wounds after the formation of P. aeruginosa/MRSA blend biofilms. The dressings 

were applied to treat the blend biofilm containing wounds and changed every 24 h for 3 

times. After treatment, the wound and surrounding tissues were collected by a 10 mm-

diameter punch and put into sterilized tubes. Then, 1 mL of sterilized PBS was added to 

each tube, which was blended by a homogenizer (Fisher Scientific, Hampton, NH). 

Subsequently, the mixed liquid was diluted and plated on agar dishes. All the dishes were 

inoculated in a 37 °C microbial incubator for 18 h, and the CFU numbers were counted.

Statistical Analysis.

All the quantitative data are represented as mean ± standard deviation. The obtained data 

were analyzed for statistical significance using one-way ANOVA tests and *p < 0.05 was 

considered statistically significant for all tests.

Computational Simulations.

COMSOL Multiphysics (COMSOL Inc., Burlington, MA, USA) was used to model the 

diffusion of peptide within the biofilm layer. To reduce the computational cost, the model 

was built based on the symmetries present in the patch matrix, simulating a quarter of a 

microneedle and considering the distance (d) between two adjacent microneedles as model 

width (w). The model consists of three domains: the patch (height (h) = 100 μm, w = 225 μm 

for d = 150 μm and h = 100 μm, w = 300 μm for d = 300 μm), the microneedle (radius (r) = 

150 μm, h = 500 μm) and the biofilm layer (h = 1000 μm, w = 225 μm for d = 150 μm and h 

= 1000 μm, w = 300 μm for d = 300 μm). The ‘transport of diluted species’ physics was used 

to simulate the diffusion of peptides from the microneedle patch (Mn) to the biofilm layer, 

considered as a homogeneous domain. The microneedle patch was considered as an infinite 

reservoir with a concentration of the peptide equal to 18.8 mol/m3. Three different diffusion 

coefficients (D) for the biofilm layer were tested, namely 1×10−12, 5×10−13 and 1×10−13 

m2/s. To avoid a mass flux across the boundaries, a no-flux condition was set on top and 

bottom faces of the model and a symmetry condition was set on the lateral faces of the 

model. The initial concentration of peptides in the biofilm layer was set to 0. A physics-

controlled mesh was used with an extremely fine element size. A time-dependent study was 

performed to simulate the diffusion of the peptides over a total time equal to 40 h and a time 

step equal to 0.25 h. Three parallel planes were created to evaluate the peptide 

concentrations at different depths of the biofilm. The first (top) plane was located 250 μm 

away from the patch basis, the second (middle) plane was located 500 μm away from the 

patch basis in correspondence of the microneedle tip, and the third (bottom) plane was 

located 1000 μm away from the patch basis in correspondence of the biofilm layer basis. A 

control model without the microneedle was built with the same dimensions of the patch and 

the same diffusion coefficients for the biofilm layer.
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Figure 1. 
Two amphipathic models for cationic antimicrobial peptides. (A) Cartoon A represents the 

classic amphipathic helix model, where the hydrophilic and hydrophobic amino acids are 

distributed above and below the helix backbone. This model is common in nature. (B) A 

different amphipathic model where the hydrophilic and hydrophobic amino acids are 

clustered in two sectors. This model is rarely observed in nature. In both models, it is 

assumed that the hydrophobic surface is responsible for targeting bacterial membranes.
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Figure 2. 
Schematic illustrating Janus-type antimicrobial dressings consisting of molecularly 

engineered peptide-loaded electrospun nanofiber membranes and microneedle arrays for the 

treatment of biofilms in chronic wounds.
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Figure 3. Janus-type dressings.
(A) Photo showing a Janus-type dressing. Inset (left bottom): SEM image showing the 

whole view of a microneedle array immobilized on the surface of nanofiber membrane. 

Scale bar = 1 mm. Inset (right up): SEM image showing the electrospun nanofiber substrate. 

Scale bar = 5 μm. (B) SEM image showing peptides containing dissolvable microneedle 

arrays on nanofiber membranes (100 microneedles per membrane). (C) SEM image showing 

magnified image of (B) and one microneedle was intentionally removed to reveal the 

nanofiber matrices underneath. (D) SEM image showing peptides containing dissolvable 

microneedle arrays on nanofiber membranes (150 microneedles per membrane).
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Figure 4. Biofilm treatment efficacy of Janus-type antimicrobial dressings in an ex vivo biofilm-
containing human skin wound model.
(A) The Janus-type dressing was not changed within 24 h against three different pathogens. 

(B) Different dressing changes against MRSA biofilm. (C) Double the peptide 

concentrations in microneedles against MRSA biofilm. (D) High density microneedles in 

Janus-type dressings against MRSA biofilm. (*p<0.05) PCL-F127: PCL-F127 nanofibers. 

PCL-F127/W379: W379 peptide-loaded PCL-F127 nanofibers. PCL-F127/W379+aqueous 

W379: W379 peptide-loaded PCL-F127 nanofibers + free W379 peptides. PCL-F127/

W379+PVP/W379 MN: Janus-type dressing composed of W379 peptide-loaded PCL-F127 

nanofiber membrane and W379 peptide-loaded microneedle arrays. Without treatment: no 

treatment to the wounds.
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Figure 5. Biofilm formation in type II diabetic mice wound and anti-biofilm efficacy test of 
Janus-type antimicrobial dressings.
(A) Wounds were created and fixed with a splint, and MRSA was inoculated for 24 h. (B) 

LIVE/DEAD staining for the tissue collected from wounds after 24 h of MRSA inoculation 

and subsequent 24 h 2% mupirocin treatment. (C) SEM observation of the tissue collected 

from wounds after 24 h of MRSA inoculation and subsequent 24 h 2% mupirocin treatment. 

(D) The anti-biofilm efficacy of Janus-type antimicrobial dressings in vivo. The dressings 

were changed every 24 h for 3 times. (*p < 0.05) PCL-F127+PVP MN: W379 peptide-

loaded PCL-F127 nanofibers + PVP microneedle arrays without W379 peptide loading. 

PCL-F127/W379+aqueous W379: W379 peptide-loaded PCL-F127 nanofibers + free W379 

peptides. PCL-F127/W379+PVP/W379 MN: Janus-type dressing composed of W379 

peptide-loaded PCL-F127 nanofiber membrane and W379 peptide-loaded microneedle 

arrays.
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Figure 6. P. aeruginosa/MRSA blend biofilm formation and anti-biofilm efficacy test in an ex vivo 
human skin wound model.
(A) Gram staining of P. aeruginosa (Gram-, red)/MRSA (Gram+, violet) blend biofilm 

established in an ex vivo human skin wound model by co-inoculation of two types of 

bacteria strains for 72 h. (B) SEM observation of the tissue collected from wounds after 72 h 

of P. aeruginosa and MRSA co-inoculation. PA: P. aeruginosa (C) Colonial morphologies of 

P. aeruginosa and MRSA. The smaller colonies in golden or yellow color were MRSA 

colonies, while the bigger colonies in lighter color were P. aeruginosa. (D) The anti-biofilm 

efficacy of Janus-type antimicrobial dressings against blend biofilms in ex vivo. The 

dressings were changed every 24 h for 3 times. PCL-F127: PCL-F127 nanofibers. PCL-

F127/W379: W379 peptides loaded PCL-F127 nanofibers. PCL-F127/W379+aqueous 

W379: W379 peptides loaded PCL-F127 nanofibers + free W379 peptides. PCL-F127/

W379+PVP/W379 MN: Janus-type dressing composed of W379 peptides loaded PCL-F127 

nanofiber membrane and W379 peptide-loaded microneedle arrays. Without treatment: no 

treatment to the wounds.
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Figure 7. Computational simulations.
(A-C) A CAD model of the microneedle patch (A) was used to build single microneedle 

models (Mn) and control models (Ctrl) considering the distances d between two adjacent 

microneedles equal to 150 μm (B) and 300 μm (C). (D, E) Three parallel planes (top-red, 

middle-green and bottom-blue) were used for the evaluation of the peptide concentrations at 

different depths of the biofilm. (F-H) The color maps of the peptide concentrations were 

obtained at the beginning of the diffusion (F) and after 24 h and 36 h for different diffusion 

coefficients and distances between microneedles (G, H). (I, J) The concentration profiles of 
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the peptide along time were obtained in correspondence of top, middle and bottom planes 

for different diffusion coefficients and distances between microneedles.

Su et al. Page 25

ACS Nano. Author manuscript; available in PMC 2021 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	Preparation and Characterization of Peptide-Incorporated Nanofiber Membranes.
	Preparation of Janus-Type Dressings and Their Antimicrobial Efficacy In Vitro.
	Efficacy of Janus-type Dressings against Biofilms Ex Vivo.
	Efficacy of Janus-Type Dressings against MRSA Biofilms In Vivo.
	Efficacy of Janus-Type Dressings against MRSA and P. aeruginosa, Dual-Species Biofilms Ex Vivo.
	Computational Simulations of Peptide Delivery for Comparing Microneedle Patches with Free Drugs.

	CONCLUSIONS
	METHODS
	Materials.
	Fabrication of Molecularly Engineered Peptides-Loaded Nanofibers.
	Fabrication of Janus-Type Dressing.
	Morphology Characterization of Janus-Type Dressing.
	In Vitro Antibacterial Efficacy Test.
	In Vitro Cytotoxicity Test.
	Ex Vivo Anti-Biofilm Efficacy Test.
	In Vivo Anti-Biofilm Efficacy Test.
	P. aeruginosa/MRSA Blend Biofilm Formation and Anti-Biofilm Efficacy Test of Janus-Type Antimicrobial Dressings Ex Vivo.
	Statistical Analysis.
	Computational Simulations.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

