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Abstract

:

Wound infection by multidrug-resistant (MDR) bacteria is a major disease burden. Systemic administration of broad-spectrum antibiotics colistin methanesulfonate (CMS) and vancomycin are the last lines of defense against deep wound infections by MDR bacteria. However, systemic administration of CMS and vancomycin are linked to life-threatening vital organ damage. Currently there are no effective topical application strategies to deliver these high molecular weight antibiotics across the stratum corneum. To overcome this difficulty, we tested if high molecular weight antibiotics delivered by Droplette micromist technology device (DMTD), a transdermal delivery device that generates a micromist capable of packaging large molecules, could attenuate deep skin tissue infections. Using green fluorescent protein-tagged E. coli and live tissue imaging, we show that (1) the extent of attenuation of deep-skin E. coli infection was similar when treated with topical DMTD- or systemic IP (intraperitoneal)-delivered CMS; (2) DMTD-delivered micromist did not spread the infection deeper; (3) topical DMTD delivery and IP delivery resulted in similar levels of vancomycin in the skin after a 2 h washout period; and (4) IP-delivered vancomycin was about 1000-fold higher in kidney and plasma than DMTD-delivered vancomycin indicating systemic toxicity. Thus, topical DMTD delivery of these antibiotics is a safe treatment for the difficult-to-treat deep skin tissue infections by MDR bacteria.
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1. Introduction


The Infectious Diseases Society of America (IDSA) recognizes antimicrobial resistance as “one of the greatest threats to human health worldwide” [1]. In the US, annual additional costs linked to infections caused by drug resistant organisms as compared to susceptible organisms are estimated between USD 21 billion and USD 34 billion [1,2]. Skin and soft tissue infections (SSTIs) by multidrug resistant (MDR) organisms are major disease burden and affect people of all ages [3,4,5,6].



Complicated SSTIs caused by multidrug-resistant bacteria require treatment with strong antibiotics or their combinations. The guidelines of Infectious Disease Society of America suggest systemic treatment (oral/intravenous delivery) with broad-spectrum antibiotics such as colistin and vancomycin for complicated SSTIs [7]. Colistin is considered as the “last line of defense” drug against multidrug-resistant Gram-negative bacteria [8,9,10]. Often colistin or tigecycline are the only available treatments for MDR A. baumannii infections [11]. Systemic delivery of colistin and vancomycin is the standard-of-care to treat deep skin and chronic open wound infections by MDR bacteria because the efficacy of topical treatment is limited by the inability of antibiotics with sizes above ~500 daltons to penetrate the stratum corneum effectively (vancomycin is 1448 daltons and colistin is 1155 daltons) [12]. Moreover, most topically applied drugs are sweated or wiped off.



Unfortunately, systemic delivery of broad-spectrum antibiotics is often associated with life-threatening negative side effects including vital organ damage such as nephrotoxicity and hepatotoxicity [13,14,15,16,17]. These negative side effects further complicate patient recovery and increase the morbidity and mortality. The practice guidelines for vancomycin treatment for Staphylococcus aureus infection in adult patients recommend serum Vancomycin concentrations to be monitored to reduce the risk of nephrotoxicity in patients receiving aggressive treatment and patients with unstable renal functions [18]. It was found that the plasma colistin concentrations needed for antimicrobial activity could also increase the risk for nephrotoxicity [19,20]. Localized delivery of high molecular weight and broad-spectrum antibiotics deep into the skin is a much safer treatment approach that will avoid negative side effects. However, currently there are no effective transdermal delivery devices that are capable of delivering high molecular weight antibiotics such as colistin or vancomycin locally to deep skin infections and penetrate several millimeters deep into the skin to kill bacteria located in deep skin tissue.



Droplette micromist technology [21] developed and patented (US 9,700,686 B2 and PCT/US2016/035695) by Droplette Inc. is a needle-free and painless transdermal delivery device. Droplette is the first device to combine a piezoelectric transducer and pneumatic diaphragm pump to provide delivery of large molecules deep into skin and soft tissue. The transducer cavitates the fluid to form uniform and monodisperse droplets ejected in a transitional-turbulent flow regime. The diaphragm pump then introduces force at an angle perpendicular to the flow, which reduces shear force on the droplets and accelerates their velocity, preventing coalescence of the droplets and inducing their break into even smaller sub-micron droplets that are capable of penetrating skin with high speed. We have been working with Droplette Inc. to develop a custom device called Droplette micromist technology device (DMTD) to treat deep skin infections. DMTD is fitted with a series of removable and mate-able nozzles of varying widths that can be interchanged to fully cover the wound surface area (open or closed wounds). These adjustable nozzles allow us to cover the surface area of the wound to allow rapid focused delivery of the micromist carrying antibiotics to the top of skin infection site to reach several millimeters deep into the skin. The unique characteristics of DMTD that makes it highly suited for treatment of wounds and deep skin infections are listed in Figure 1.



To determine whether DMTD-delivered micromist containing high molecular weight antibiotics such as colistin will treat deep skin infections as effectively as systemically delivered antibiotics, we used a rat model for deep skin infection. E. coli tagged with green fluorescent protein (GFP-E. coli) was used to visualize the depth of infection and the effects of treatment with colistin either via DMTD delivery on top of the skin infection site or via systemic delivery by intraperitoneal (IP) injection. To determine if DMTD-delivered micromist causes deeper penetration of bacteria, we also performed an experiment in which shallow wounds on rats were infected with GFP-E. coli and the depth of penetration of GFP-E. coli was assessed by live tissue imaging after DMTD delivery of saline. To compare tissue partitioning of high molecular weight antibiotics delivered via DMTD or IP, we used a mouse model to determine the levels of vancomycin delivered by DMTD or IP in the skin, kidney and serum after a 2 h washout period. Data presented here show for the first time that needle-free DMTD delivery of high molecular weight antibiotics can attenuate deep skin infections as effectively as IP delivery of the same antibiotic. Moreover, we show that while DMTD-delivered micromist reaches several millimeters deep into the skin, it does not cause deeper penetration of bacteria and skin concentration of antibiotic is similar when delivered by DMTD or IP.




2. Materials and Methods


2.1. GFP-E. coli Culturing


E. coli expressing green fluorescent protein (GFP-E. coli: 25922GFP) was purchased from American Type Culture Collection (ATCC) and single colonies were selected by plating on LB-agar (ThermoFisher Scientific, Waltham, MA, USA) containing ampicillin (100 µg/mL) (Sigma-Aldrich, St. Louis, MO, USA). Single colonies were sub-cultured in LB Broth with ampicillin and authenticated by determining GFP fluorescence using the IVIS Spectrum CT Biophotonic Imager (Perkin Elmer, Waltham, MA, USA). Liquid culture was concentrated by centrifugation and 2.3 × 109 cells in 30 µL volume was used for deep skin infection.




2.2. Rat Wounding and Deep Skin Infection


Rats are a common model of wound healing due to their docile nature and small size for convenience of housing in animal experiments. Rat skin, similar to humans, has an epidermis, basement membrane and dermis layer [22]. All vertebrate animals were handled in accordance with US National Institutes of Health standards. All animal procedures (protocol B2020-56, approved 23 June 2020) were reviewed and approved by the Tufts Medical Center/Tufts University Institutional Animal Care Committee prior to commencement, and studies were thereafter closely monitored. Outbred female 5-month-old Wistar rats (from Charles River Laboratories, Wilmington, MA, USA) were maintained in the Tufts University animal facility in a reversed (12:12 h)-hour dark–light cycle so that the rat’s dark cycle (active time) is during the day. Rats were co-housed in individually ventilated cages (Thoren rat cage Model #8) and maintained on standard rat chow (Teklad©, 2918 Global 18% Protein Rodent Diet, irradiated bag) and acidified water ad libitum.



Briefly, rats were anesthetized using isoflurane, and a 1 cm2 area of skin on the back was shaved and prepped with alcohol. Three deep but narrow wounds (5 mm deep) were generated on each rat’s back using an 18-gauge needle. Next, 30 µL of GFP-E. coli (2.3 × 109 cells) was slowly dispelled into the narrow wound by pulling the skin upward and using a micropipette (Figure 2). Care was taken to ensure that all of the inoculum was dispelled into the wound.




2.3. Colistin Methanesulfonate (CMS) Treatment


Rats were anesthetized with isoflurane and colistin methanesulfonate (Cayman Chemicals) was used at a dose of 2.5 mg/kg in a volume of 300 µL of sterile saline for either IP injection or DMTD delivery. An equal amount of CMS in a 100 µL volume of sterile saline was used for topical application using a micropipette and the fluid was retained on top of the wound by generating a barrier around the wound using ophthalmic ointment (ndc24208-780-55). Sterile saline without CMS (300 µL) was used as vehicle control for IP injection and DMTD delivery. Rats receiving IP injection of saline (n = 3) served as controls for untreated wounds. Rats receiving IP injection of colistin methanesulfonate (n = 4) served as positive controls for drug treatment. DMTD delivery (Figure 3) was performed by placing the nozzle gently on the skin surrounding the top of the wound and thus allowing the micromist carrying CMS to penetrate into the wound and prevent escape into the atmosphere. DMTD delivery time for 300 µL was 30 s. In each rat, the first wound was treated with topical delivery of 100 µL of sterile saline containing CMS (retained on the top of the wound by the barrier to prevent loss); the second wound was treated with DMTD-delivered saline (vehicle control for DMTD delivery); and the third wound was treated with DMTD delivery of CMS (Figure 3). Topical delivery of CMS by the micropipette (referred as topical delivery hereafter) and DMTD delivery of CMS were carried out two hours after the wounding to allow time for the wounds to close partially. CMS and vehicle treatments were repeated once more 4 h after the initial treatment.




2.4. Live Tissue Imaging of GFP-E. coli Using IVIS Spectrum CT Biophotonic Imager in Ex Vivo Rat Skin


Rats were euthanized at 1, 3 and 24 h after wounding and treatments. The skin tissues surrounding the wound (~2 cm diameter and 1.5 cm deep) were sectioned and sliced through the center of the wound to visualize and quantify the width and depth of GFP fluorescence in the infected skin tissue that represent the spread of GFP-E. coli into the wound and surrounding tissues using the IVIS Spectrum CT Biophotonic Imager (Perkin Elmer, Waltham, MA, USA). GFP fluorescence was detected with an excitation wavelength of 500 nm, emission wavelength of 540 nm and a 2 s exposure time. All images were acquired at 73 μm spatial resolution. Intensity of GFP fluorescence in each wound and the depth and width of GFP fluorescence in each wound was quantified and analyzed in ImageJ (NIH, Bethesda, MD, USA).




2.5. Ex Vivo Porcine Skin Wounding, Infection and Determination of the Effect of DMTD Delivery on GFP-E. coli Penetration into the Wound Tissue


Pig skin tissue anatomy is very similar to that of human skin and it is used widely as a model for human skin [23,24,25]. In total, 10 cm × 10 cm full thickness skin samples were harvested from healthy, 6–9-month-old Yorkshire pigs (Sus scrofa) from the dorsal thoracic and dorsal lumbar areas. Harvested skin samples were further prepped by removing the hair on the surface and cutting into 1 cm2 pieces and these pieces were placed in Petri dishes. A shallow wound (0.5 mm deep with 9 mm2 area) was created using a scalpel. A 20 µL of GFP-E. coli culture (107 cells) was placed into the wound and cells were allowed to attach for 45 min. A subset of the wounds were treated with 600 µL of saline containing 10 kDa Dextran Alexaflour 647 (DEX-AF-647 from ThermoFisher Scientific., D29914, 0.2 mg/mL). To visualize GFP-E. coli, the pig skin tissues were sliced through the center of the wound and the GFP fluorescence of the GFP-E. coli was imaged as in Section 2.4. Fluorescence from 10 kDa Dextran Alexaflour 647 (DEX-AF-647) was detected with an excitation wavelength of 675 nm, emission wavelength of 720 nm and a 10 s exposure time. All images were analyzed using ImageJ.




2.6. Quantification of GFP-E. coli Colony Forming Units (CFU) in the Infected Wounds of Rat


After visualization of the spread of GFP-E. coli in the infected skin tissue by IVIS Spectrum CT Biophotonic Imager, tissues were minced and placed into sterile tubes with 5 mL of sterile saline to extract bacteria. Briefly tubes with minced tissue and saline were vortexed briefly and rocked gently for 30 min at room temperature. Then, serial dilutions of the extracts were generated by diluting 20 µL of the extract into 1 mL of sterile saline in duplicates. These serial dilutions were plated on LB agar plates supplemented with ampicillin (100 µg/mL). After overnight incubation, colonies formed were authenticated by determining the presence of GFP fluorescence (Figure 4) and counted to determine the total CFU/mL of the extract by multiplying with dilution factor.




2.7. Determination of Vancomycin Tissue Distribution by LC-MRM


All mouse procedures were reviewed and approved by University of Missouri Institutional Biosafety Committee (IBC) and Animal Care and Use Committee (ACUC). Eight-week-old CD-1® IGS female mice (The Charles River Laboratories, Wilmington, MA, USA) were procured and housed in ventilated cages and maintained on standard chow and water ad libitum at the University of Missouri animal facility.



Each mouse was anesthetized by isoflurane, its back was shaved and prepped by wiping with alcohol and a five mm-deep surgical incision was cut on top of the neck and sutured with 4-D nylon sutures. Mice were treated with 400 mg/kg vancomycin by either IP injection (n = 3) or DMTD delivery (n = 3) on top of the wounds. Two hours post-delivery, mice were euthanized, blood was collected and plasma samples were prepared. The skin around the DMTD delivery area was carefully wiped and then harvested along with kidney tissues. Harvested tissues were weighed and snap frozen in liquid nitrogen. Plasma, skin and kidney samples were subjected to liquid chromatography–mass spectrometric multiple reaction monitoring (LC-MRM) to quantify the concentration of vancomycin in these samples. An MRM transition consists of a precursor-fragment pair. The MRM approach allows the mass spectrometer (Thermo Scientific TSQ Quantiva QQQ) to ignore every molecule in a sample, except the compound of interest which facilitates accurate quantitation with very high specificity and sensitivity. To specifically quantify vancomycin a stock solution in water was infused and optimized conditions (ionization voltage, dwell time, collision energy) determined for 3 transitions using the compound optimization function in Quantiva Tune V2.0.1292.15 (Thermo Scientific, Waltham, MA, USA). Retention time was then confirmed on the C18 column by injecting 25 ng/mL of vancomycin.



To determine the vancomycin concentration in the plasma samples, the extraction was performed using a method modified from Oyaert et al., 2015 [26]. Briefly, 40 μL plasma was immediately vortexed with 40 μL IS working solution (1.8 ng/mL tolbutamide in 5% ACN/1% FA) and 160 μL acetonitrile added, to precipitate proteins, in Eppendorf tube. Samples were then centrifuged at 16K× g. In the IP-delivery group, replicate 1 diluted 1:5000 with internal standard solution (0.3 ng/mL tolbutamide in 5% ACN/1% FA) and replicate 2 and 3 diluted 1:1000 with internal standard solution. In the DMTD-delivery group, replicate 1, 2 and 3 diluted 1:10 with internal standard solution (0.3 ng/mL tolbutamide in 5% ACN/1% FA). Then, 100 µL was transferred into autosampler vials and placed in a cooled (7 °C) autosampler. To determine the vancomycin concentration in the skin and kidney tissues, the tissues were homogenized in 5-fold volumes of HPLC water. In total, 40 μL supernatant was vortexed with 40 μL IS working solution and 160 μL acetonitrile in an Eppendorf tube and centrifuged at 16K× g. In the skin IP-delivery group, replicate 1 and 2 were diluted 1:100 with IS solution and replicate 3 diluted 1:5000 with IS solution. In the skin DMTD-delivery group, replicate 1 and 2 diluted 1:1000 with IS solution and replicate 3 diluted 1:5000 with IS solution. In the kidney IP-delivery group, replicate 1 diluted 1:50,000 with IS solution, replicate 2 diluted 1:5000 with IS solution and replicate 3 diluted 1:10,000 with IS solution. In the kidney DMTD-delivery group, replicate 1 and 2 diluted 1:10 with IS solution, and replicate 3 diluted 1:100 with IS solution. Then, 100 µL was transferred into autosampler vials and placed in a cooled (7 °C) autosampler. Optimized LC-MRM was used to quantify vancomycin using the following parameters: A full-loop injection (10 µL) was loaded onto a C18 trap column (pepmap100, Eksigent, Redwood City, CA, USA). Compounds were eluted from the trap column and separated on a 20 cm × 75 µm inner-diameter pulled-needle analytical column packed with HxSIL C18 reversed phase resin (Hamilton Co., Reno, NV, USA) with a step gradient of acetonitrile at 500 nL/min. The Eksigent Nano 1D plus HPLC system is attached to a Thermo Scientific TSQ Quantiva triple-quadrupole mass spectrometer. LC gradient conditions: initial conditions were 2% B (A: 0.1% formic acid in water, B: 99.9% acetonitrile, 0.1% formic acid) for 2 min, followed by 8 min ramp to 90% B, hold at 90% B for 3 min, ramp back to (1 min) and hold at (4 min) initial conditions. Total run time was 18 min. MRM conditions: ionization voltage 1600 V, Q1 and Q3 resolution 0.7 (full-width half max), collision gas 1.5 mTorr and Dwell Time 200 msec. Data (mean and SD) for triplicate injections were then quantified (area under curve, sum of three transitions) using Xcalibur Quan Browser (V3.0.49, Thermo Scientific, Waltham, MA, USA) by comparison to standard curves of vancomycin in IS solvent.




2.8. Statistical Analysis


All experiments were performed at least in triplicates for each biological sample (GFP fluorescence of rat or pig skin tissue, GFP-E. coli CFU, vancomycin tissue concentrations) and at least in duplicates for each biological sample (tissue-extract dilutions to determine GFP-E. coli CFU). Statistical differences were estimated via either ANOVA or Student’s t-test.





3. Results


3.1. DMTD Delivery of CMS on Top of the Skin Effectively Attenuated Deep Skin Infection by GFP-E. coli in a Rat Model as Determined by GFP Fluorescence


In the clinic, only systemic delivery of CMS is used to treat deep skin infections with difficult-to-treat Gram-negative bacteria. CMS is a prodrug that is hydrolyzed to colistin, and colistin is the active molecule with bactericidal activity against Gram-negative bacteria [27]. Since CMS is 1251.5 daltons in size and molecules larger than 500 daltons cannot pass through skin, systemic delivery is the only way to get this drug to deep skin infections in closed wounds. However, colistin is toxic to vital organs and therefore an alternative method for localized skin delivery that can carry CMS to deep regions of skin is a critical unmet need. Therefore, we tested if the DMTD-delivered micromist containing CMS onto the skin above the deep skin infection would carry CMS to the site of infection (5 mm or more deep into the skin) and attenuate a Gram-negative bacteria infection.



A closed wound model for deep bacterial infection was used here to test if the growth of a Gram-negative bacteria (GFP-E. coli) located at 5 mm or more deep into the skin can be attenuated by the micromist generated by DMTD that encapsulates CMS dissolved in sterile saline. The timeline of wounding and treatments is shown in Figure 5.



Each rat had three wounds on their back generated by the method shown in Figure 2: in total, 2 wounds on the left side and one wound on the right side. The average distance between the wounds was 5.43 ± 0.394 cm. The nozzle of DMTD had an outer diameter of 2 cm and inner diameter of 1.8 cm. This removable nozzle touched the skin surrounding the wound to fully cover the wound surface and prevent any escape of DMTD-delivered saline or CMS to other wounds. Two DMTD devices were used for micromist generation using DMTD for saline (negative control) and CMS solution to further ensure that there would be no cross-contamination.



Figure 6A,B show representative images the GFP fluorescence (509 nm) generated by GFP-E. coli in deep skin wounds of female Wistar rats after 1 h and 3 h of initiating infection. The infection was initiated by placing 2.3 × 109 GFP-E. coli cells. The average depth (Figure 6C) and width (Figure 6D) of GFP fluorescence was 5.4 ± 0.3 mm and 0.9 ± 0.1 mm, respectively, after one hour.



This indicates that GFP-E. coli infection was present at a depth of >5 mm from the top of the skin. The average depth and width of GFP fluorescence was 7.9 ± 0.7 mm and 2.1 ± 0.4 mm, respectively, after three hours of inducing the infection (Figure 6C,D). This observation further confirms the presence of robust E. coli infection after 3 h of introducing these bacteria to the deep skin wound.



We used intraperitoneal (IP) injection of CMS as the mode of systemic delivery of CMS to rats with deep skin infections. Figure 7A,B show representative images of wound tissues from rats treated with IP delivery of either saline or CMS (2.5 mg/kg in 300 µL). The depth of robust GFP fluorescence present in the wound tissue in the rats treated with IP delivery of saline had an average of 5.7 ± 0.4 mm from the top of the skin after 24 h (Figure 7C). Treatment with IP-CMS (IP-Colistin in Figure 7B,C,E) did not significantly change the depth of GFP fluorescence (Figure 7C), However, the width of GFP fluorescence was significantly suppressed by treatment (Figure 7D). Moreover, there was an overall significant 2.5-fold reduction in the GFP fluorescence in their wound tissues (Figure 7B,E). Thus, IP-delivered CMS at a dose of 2.5 mg/kg could attenuate Gram-negative bacterial (GFP-E. coli) infection located at a depth of >5 mm from the top of the skin in our rat model for deep wound with infection after 24 h. This served as the positive control for the dose and duration of systemic CMS treatment that can successfully attenuate deep skin Gram-negative bacterial infection in our rat model for deep skin infection. The same dose and duration of CMS treatment was used for the studies to test if DMTD-delivered micromist containing CMS could also effectively attenuate deep skin Gram-negative bacterial infection shown in Figure 7F–K.



Figure 7F shows the representative image of GFP fluorescence in a rat wound treated with saline micromist delivered via DMTD (vehicle control). This serves as the control for untreated deep skin infection. Figure 7G shows the representative image of GFP fluorescence in a rat wound treated with the micromist delivered by DMTD that carries CMS (2.5 mg/kg in 300 µL, delivered in a 30 s time period). Figure 7H shows the representative image of GFP fluorescence in a rat wound treated with an equal amount of CMS (2.5 mg/kg) in 100 µL of saline placed on top of the wound (referred as topical colistin hereafter). The 100 µL CMS solution was placed on top of the skin surrounding the infection site using a micropipette and retained by a barrier created with ophthalmic ointment (ndc24208-780-55) to prevent loss of CMS. This topical colistin treatment serves as the negative control since CMS has a high molecular weight and cannot go through skin when delivered on top of the skin located above a deep skin infection. We used ndc24208-780-55 for creating the barrier to prevent CMS loss since it is approved for use on rats in our IACUC protocol (B2020-56, approved 23/06/2020). The ingredients that could have contributed to the occlusive properties of this ointment are mineral oil and petroleum.



There was significant reduction in the average depth (Figure 7I) and width (Figure 7J) of GFP fluorescence in the DMTD-colistin wounds compared to DMTD-saline or topical saline wounds. These data indicate that DMTD-delivered micromist containing CMS locally on top of the skin could effectively attenuate GFP-E. coli infection in the deep tissue located at 5–6 mm from the top of the skin. The reduction in the overall intensity of GFP fluorescence by DMTD-CMS treatment (Figure 7K) was similar to that of IP-CMS treatment (Figure 7E).




3.2. DMTD-Delivery of CMS on Top of the Skin Effectively Attenuated Deep Skin Infection by GFP-E. coli in a Rat Model as Determined by Colony Fromining Unit (CFU) Quantification


Figure 8 shows the total CFU of GFP-E. coli present in the infected skin wound tissue extracts from all treatment groups. The average number of CFUs recovered from wounds treated with IP-delivered (n = 9) and DMTD-delivered (n = 4) saline was in the range of 1.5–2 × 109 cells.



The average number of GFP-E. coli CFUs recovered from wounds treated with IP-delivered (n = 9) and DMTD-delivered (n = 6) CMS was 3.4 ± 0.8 × 108 and 3.23 ± 0.6 × 108, respectively, indicating that systemic IP-delivered and localized DMTD-delivered CMS were similarly effective in attenuating the robust GFP-E. coli infection in the infected wounds in the female Wistar rat model. The average number of GFP-E. coli CFUs recovered from wounds (n = 4) treated by topical application with an equal dose of colistin (2.5 mg/kg) as that used in IP or DMTD delivery, but in a smaller volume (100 µL) placed in a barrier made of ophthalmic ointment, was 1 ± 0.2 × 109 and this was not statistically significantly different from that of saline-treated wounds.




3.3. DMTD Delivery Approach Does Not Cause Deeper Penetration of Bacteria in Infected Wounds on Ex Vivo Yorkshire Pig Skin


Since DMTD-delivered micromist can reach several millimeters deep into the skin, an important concern is if DMTD-delivered micromist will cause deeper penetration of microbes present on the wound surface causing deeper penetration of infection. Therefore, we determined if DMTD-delivered saline caused deeper penetration of bacteria present on the surface of a wound using ex vivo Yorkshire pig skin that is anatomically similar to human skin [23,24,25] and GFP-E. coli to easily track the depth of penetration of the bacteria. We generated open shallow wounds (0.5 mm deep 9 mm2 surface area) on ex vivo pig skin and infected them with 2 × 107 GFP-E. coli cells as described in Section 2. After 45 min (allowing bacteria to attach), images of wounds were taken to visualize GFP fluorescence using IVIS Spectrum CT Biophotonic Imager, Perkin Elmer, Waltham, MA, USA. GFP fluorescence was visible at the wound surface (Figure 9A: No Treatment). Then, a subset of wounds (n = 3) were subjected to a 1 min DMTD delivery of 600 µL of saline containing DEX-AF-647 to track the depth of delivery. However, DMTD delivery of saline did not increase the depth of GFP fluorescence (from GFP-E. coli) indicating that 1 min DMTD delivery of saline micromist did not result in deeper penetration of GFP-E. coli into the skin. The fluorescence from DEX-AF-647 present in the DMTD-delivered saline reached a depth of ~5 mm into the pig skin (Figure 9B) indicating that the micromist delivered by DMTD reached deep skin tissue as expected.




3.4. DMTD Delivery Approach Does Not Cause Deeper Penetration of Bacteria in Infected Full Thickness Open Wounds on Female Wistar Rats


To further confirm that DMTD-delivered micromist does not cause deeper penetration of bacteria in the wounds of a live animal model, we used a rat model with infected open wounds. We infected 4 mm full thickness open wounds located on the back of female Wistar rats with GFP-E. coli. Infection with GFP-E. coli was carried out by placing 20 µL of GFP-E. coli cells (2 × 107 cells) on the open wound with a micropipette 48 h after the wound was made. This time lapse was to ensure that the wounds were not bleeding anymore and were partially healed, and that the bacteria could attach well to the wound surface without getting washed away by the wound exudate. After 45 min, a subset of wounds were subjected to 1 min DMTD delivery of 600 µL of saline containing DEX-AF-647. Then, the rats were euthanized and the skin tissue was dissected out and imaged using IVIS Spectrum CT Biophotonic Imager. As shown in Figure 10A, GFP fluorescence was detected on the undisturbed wound surface of rat skin and the depth of GFP fluorescence was similar in the wound that received 1 min DMTD delivery of 600 µL of saline. However, as in the pig skin, the micromist delivered by DMTD reached up to a depth of ~5 mm in the skin as evidenced by the Dex-AF-647 fluorescence. Thus, DMTD-delivered micromist could reach deep into the skin without causing the spread the bacterial infection.




3.5. DMTD-Delivered Vancomycin on Top of the Skin Reached Similar Skin Concentrations as IP-Delivered Vancomycin, but Did Not Cause Accumulation of the Drug in the Plasma and Kidney


Vancomycin is the initial antibiotic of choice against hard-to-treat Gram-positive bacteria [28,29]. However, systemic application of vancomycin causes vital organ damage, particularly nephrotoxicity [30,31]. To determine if DMTD-delivered vancomycin on top of the skin results in the entry to the bloodstream similar to a systemic delivery and accumulates in the kidney that can cause nephrotoxicity, we compared tissue partitioning of DMTD-delivered and IP-delivered vancomycin in a mouse model.



The vancomycin dose used was 400 mg/kg that corresponds to the median lethal intravenous dose for mice [29]. Two hours after delivering the vancomycin via DMTD (n = 3) or IP (n = 3), the mice were euthanized and the vancomycin concentration in the plasma, skin and kidney was measured using LC-MRM technique. During the 2 h washout period, the mice were active and eating. As shown in Figure 11, the vancomycin levels in skin tissues treated with IP or DMTD delivery of the antibiotic were comparable, suggesting that the DMTD could successfully deliver vancomycin to skin with equivalent efficiency as systemic delivery. Conversely, the vancomycin levels in the mice treated with DMTD delivery on top of the skin had about 1000-fold lower concentration of vancomycin in the plasma and kidney compared to the mice that received IP delivery of vancomycin. This observation indicates that DMTD-delivered vancomycin locally on top of the skin does not result in high concentrations of vancomycin in the plasma and kidney that can lead to severe vital organ damage and lethality.





4. Discussion


Wound and burn infections by multidrug-resistant (MDR) bacteria are a major and growing disease burden. Due to the high risk of septicemia and death in patients, early treatment is essential. The increase in antibiotic resistance globally necessitates the use of reserve antibiotics such as colistin and vancomycin. Colistin in particular has re-emerged as an effective antibiotic for Gram-negative bacterial infections [19,32,33]. Colistin methanesufonate (CMS), the prodrug of colistin, is preferred over colistin in clinic because CMS is less toxic than colistin when administered parenterally. In clinic, CMS and vancomycin are delivered only by systemic delivery to attenuate hard-to-treat deep skin and soft tissue infections because these high molecular weight drugs cannot penetrate stratum corneum and/or migrate through several millimeters of skin to reach the site of deep skin infection. Thus, while systemic administration of these broad-spectrum antibiotics (CMS and vancomycin) is the last line of defense against deep wound infections by MDR bacteria, the high dosage required, limited tissue partitioning and toxicity concerns highlight the need for methods to increase their effectiveness. Up to 21% of patients hospitalized for acute skin infections have mixed Gram-positive and Gram-negative pathogens in the wound bed [34]. While colistin and vancomycin co-administration via intravenous route has been demonstrated to effectively treat these mixed culture infections, the high risk of toxicity has limited this treatment method to the critically ill patients [34]. Both drugs have been demonstrated to effectively treat surface-level skin and eye infections without any impact on healing times or notable toxicity [35].



The inability of CMS and vancomycin (both over 1000 daltons) to penetrate into the skin and tissue renders topical formulations of these drugs ineffective in treating deep wound and tissue infections. Droplette micromist technology generates an enhanced, high-velocity aerosol in a transitional flow that is composed of many sub-micron droplets delivered via low-pressure acceleration towards areas of the skin surface (not a single needlepoint) to achieve deep tissue delivery of particles up to five megadaltons in molecular weight. The technology is molecule-agnostic and is rather limited by fluid viscosity and surface tension. Both CMS and vancomycin are water soluble and readily compatible with the custom built Droplette micromist technology device (DMTD).



To compare tissue partitioning of high molecular weight antibiotics delivered via DMTD or IP, we determined the levels of vancomycin delivered by DMTD or IP in the skin, kidney and serum of mice after a 2 h washout period. Vancomycin at a dose of 200 mg/kg is known to cause changes in gene expression that leads to nephrotoxicity [30] and at a dose of 400 mg/kg is known to cause severe nephrotoxicity [31]. Therefore, we used the higher dose of vancomycin (400 mg/kg) to determine how much of the locally delivered vancomycin by DMTD accumulates in the blood and kidney, compared to that of systemic delivery of vancomycin. There were significantly higher levels of vancomycin in kidney and plasma by the systemic IP delivery compared to DMTD delivery (p < 0.01), indicating much less likelihood of tissue damages caused by localized DMTD delivery of vancomycin. The skin vancomycin levels, on the other hand, were comparable between the two methods. Therefore, localized DMTD delivery of vancomycin is a safer approach that can result in similar vancomycin skin concentration as that of systemic delivery without causing increased plasma concentrations of vancomycin and vital organ toxicity. Moreover, localized DMTD delivery of vancomycin will enable bypassing first-pass metabolism and is expected to result in lower nephrotoxicity.



We recognize that the quantification of vancomycin in blood, kidney and skin after two hours is only partially informative about the drug distribution after local drug delivery by DMTD and this is a limitation of this study. Therefore, our future studies will include pharmacokinetics studies to compare the amount of both vancomycin and CMS in plasma and different tissues at different time points in different animal models in response to systemic and DMTD delivery of these drugs. That will help to obtain a more comprehensive picture of the safety of these drug delivery approaches. Nevertheless, our 2 h data on vancomycin tissue partitioning after DMTD and IP delivery highlight the fact that DMTD delivery effectively prevents the accumulation of toxic antibiotics used for treating skin infections in the blood and vital organs by about 1000-fold compared to systemic delivery.



In this study, we used a rat model for deep skin infection with GFP-E. coli to visualize the depth of infection with high sensitivity by quantifying the GFP fluorescence in the wounds. This model allowed us to determine the depth and width of infection at different time points and in response to IP-delivered and DMTD-delivered saline and CMS. This model exhibited robust GFP-E. coli infection at a depth of 6~7 mm that could be easily visualized by the presence of strong GFP signal after 1 and 3 h of initiation of infection (Figure 6). Both IP-delivered and DMTD-delivered CMS strongly suppressed the infection in these wounds (Figure 7), but interestingly, DMTD-delivered CMS completely suppressed infection within a 3–5 mm depth: GFP signal was visible only up to a 3 mm depth after treatment with DMTD-delivered CMS (Figure 7G,I). Conversely, although IP-delivered CMS is expected to reach deep skin tissue and kill bacteria effectively, we found that there was some GFP signal remaining at the depth of 5–6 mm from the top of the wound surface in the wounds treated with IP-delivered CMS (Figure 7B,D). However, the overall intensity of the GFP signal reduced similarly in the wounds treated with either IP- or DMTD-delivered CMS (Figure 7E,K). Moreover, the GFP-E. coli CFUs recovered from the wounds treated with either IP- or DMTD-delivered CMS were comparable (Figure 8). Thus, the overall suppression of infection by systemically delivered and DMTD-delivered CMS was comparable. However, the difference in the ability of IP-delivered and DMTD-delivered CMS in killing E. coli located in the deep part of skin tissue may suggest that DMTD-delivered CMS reaches these locations more effectively than IP-delivered CMS. This could simply be due to some microcirculation-related impairment that may have reduced the access of systemically delivered CMS present in the blood to reach all sites where bacteria were located in the deep skin tissue. Additional studies are warranted to further explore if DMTD-delivered CMS reaches deep skin tissue more effectively and kill bacteria better than IP-delivered CMS.



Data presented here show that DMTD delivery of CMS, a bactericidal drug for Gram-negative bacteria, on top of the skin around a closed wound with deep skin infection with GFP-E. coli can effectively attenuate infection. We have used GFP-E. coli here as a model for Gram-negative bacteria that can be tracked easily due to the GFP signal although this E. coli strain is not MDR. Nevertheless, since systemic administration of CMS is the last line of defense against MDR Gram-negative bacteria, our data show that DMTD-delivered CMS attenuates an E. coli infection located >6 mm deep in the skin (Figure 7D,I), suggesting that DMTD-delivered CMS can be effective in treating deep skin infections by MDR Gram-negative bacteria. Further studies are warranted to confirm this idea.



While it was promising to see DMTD delivery of CMS attenuated deep skin infections, one recurring concern was whether the mechanical means of delivery can also push bacteria deeper into the wound bed. To test this, we created open wounds on ex vivo pig skin that mimics human skin, and on live rat skin, and infected these wound beds with GFP-E. coli. Since GFP signal is a highly sensitive marker for the presence of GFP-E. coli, we then measured the depth of penetration of GFP-E. coli after the wound and surrounding skin were sprayed with DMTD-delivered saline for 1 min. We did not observe any changes in the depth of GFP signal indicating that the micromist delivered by DMTD does not encapsulate bacteria and carry it further deep into the skin. Since the saline micromist contained a fluorochrome, DEX-AF-647, we could track how deep into the skin this micromist could reach. As expected, the micromist reached ~5 mm deep into the skin. Therefore, we propose that DMTD delivery of high molecular weight antibiotics on top of the skin does not cause deeper penetration of bacteria and DMTD delivery is a safe method for localized, needle-free, treatment of deep skin infections.



DMTD-mediated delivery of these antibiotics offers several advantages over topical application. DMTD is designed to achieve deeper penetration into skin and tissue, thus allowing the antibiotic to reach deeper into the wound bed. Since DMTD delivery is needle free and the micromist does not cause pain, this is a preferable method to injections to treat deep skin infections. Additionally, the device dispenses pre-metered volumes that are packaged into single-use capsules to enable precise dosing. These capsules are RFID (Radio Frequency Identification) tagged, enabling the device to modify its spray settings in real-time to optimize for the volume and intended depth of delivery. While future studies will be performed to fully quantify the variance in delivery amount and depth, in these experiments two variables were controlled to create as consistent delivery as possible. First, the use of cartridges containing pre-metered volumes of the active molecules mitigates against the risk of under-delivery or over-delivery. Second, the use of a nozzle that makes direct contact with skin and covers the entire wound and surrounding skin mitigates against spray-off and ensures that all of the drug reaches the skin. This technology also enables easy co-delivery of various antibiotics together or with analgesics or other wound-healing agents. Finally, delivery directly into tissue enables bypassing first-pass metabolism and reduces the toxicity risks of the antibiotics. While further studies are required, we hypothesize that in patients with impaired microcirculation and deep skin infection, DMTD delivery of broad-spectrum antibiotics that have high molecular weights and systemic toxicity effects may enable larger volumes of the antibiotic to reach the deep wound bed compared to parenteral delivery methods and without systemic toxic effects.







Author Contributions


L.P., H.S. and M.P.G. conceptualized the study. M.P.G. optimized the DMTD device for the present study. H.H.C. performed all live tissue imaging and analysis. H.H.C. and L.A.L. performed quantification of GFP signal. C.N.B. provided ex vivo pig skin tissue and advice regarding pig skin and rat skin wounding. L.P., Y.T., A.M. and G.L.M. performed rat skin wounding, and IP and DMTD delivery. L.P., Y.T. and A.M. performed GFP-E. coli CFU studies. L.P. and H.S. performed mouse studies with vancomycin. B.P.M. performed LC-MRM measurement of vancomycin concentration in plasma and tissues. L.P., H.H.C. and H.S. performed all data analysis. L.P., M.P.G. and H.S. wrote the manuscript. H.H.C., C.N.B. and B.P.M. edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Nanova Inc. in the form of a gift fund for the Curators of University of Missouri awarded to H.S., and NIH R01HL138988 and a small grant from Droplette Inc. to L.P., and NIH K99/R00HL121152 to H.H.C. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript.




Institutional Review Board Statement


All animals were cared for in accordance with the Guidelines for the Care and Use of Laboratory Animals (National Institutes of Health publication 85-23). The rat experimental procedures (protocol B2020-56) were reviewed and approved (23/06/2020) by the Tufts Medical Center/Tufts University Institutional Animal Care Committee. The mouse experimental procedures (protocol 8811, approved 03/01/2018) were reviewed and approved by the Animal Care and Use Committee (ACUC) of University of Missouri (Columbia, MO, USA).




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article.




Acknowledgments


We would like to thank Adalai Politi, Alec Orlofsky and Danny Lee for their assistance in designing and building the removable and mate-able nozzles and faceplates for the DMTD used in these studies. We also would like to thank Lisa Watkinson and Terry Carmack for assisting in the vancomycin studies using mice.




Conflicts of Interest


H.S. is a consultant of Nanova Inc., Ivogen Inc. and owns stocks in Nanova, Inc. H.S. is a co-inventor on patents for methods and compositions for treating bacterial infection: US 8501722, US 9504688, US 9814719, US 10441588, Japan 6293736 and European 2844258. M.P.G. is an employee of Droplette Inc., owns stocks in Droplette Inc. and is inventor on Droplette patents US 9,700,686 B2 and PCT/US2016/035695. The remaining authors declare no conflict of interest.




References


	



Spellberg, B.; Blaser, M.; Guidos, R.J.; Boucher, H.W.; Bradley, J.S.; Eisenstein, B.I.; Gerding, D.; Lynfield, R.; Reller, L.B.; Rex, J.; et al. Combating antimicrobial resistance: Policy recommendations to save lives. Clin. Infect. Dis. 2011, 52 (Suppl. 5), S397–S428. [Google Scholar] [PubMed]

	



Van Duin, D.; Paterson, D.L. Multidrug-Resistant Bacteria in the Community: Trends and Lessons Learned. Infect. Dis. Clin. N. Am. 2016, 30, 377–390. [Google Scholar] [CrossRef] [PubMed]

	



Cardona, A.F.; Wilson, S.E. Skin and soft-tissue infections: A critical review and the role of telavancin in their treatment. Clin. Infect. Dis. 2015, 61 (Suppl. 2), S69–S78. [Google Scholar] [CrossRef] [PubMed]

	



Grassi, L.; Maisetta, G.; Esin, S.; Batoni, G. Combination Strategies to Enhance the Efficacy of Antimicrobial Peptides against Bacterial Biofilms. Front. Microbiol. 2017, 8, 2409. [Google Scholar] [CrossRef] [PubMed]

	



Mistry, R.D. Skin and soft tissue infections. Pediatr. Clin. N. Am. 2013, 60, 1063–1082. [Google Scholar] [CrossRef]

	



Tognetti, L.; Martinelli, C.; Berti, S.; Hercogova, J.; Lotti, T.; Leoncini, F.; Moretti, S. Bacterial skin and soft tissue infections: Review of the epidemiology, microbiology, aetiopathogenesis and treatment: A collaboration between dermatologists and infectivologists. J. Eur. Acad. Dermatol. Venereol. 2012, 26, 931–941. [Google Scholar] [CrossRef]

	



Stevens, D.L.; Bisno, A.L.; Chambers, H.F.; Dellinger, E.P.; Goldstein, E.J.; Gorbach, S.L.; Hirschmann, J.V.; Kaplan, S.L.; Montoya, J.G.; Wade, J.C. Practice guidelines for the diagnosis and management of skin and soft tissue infections: 2014 update by the Infectious Diseases Society of America. Clin. Infect. Dis. 2014, 59, e10–e52. [Google Scholar] [CrossRef]

	



Biswas, S.; Brunel, J.M.; Dubus, J.C.; Reynaud-Gaubert, M.; Rolain, J.M. Colistin: An update on the antibiotic of the 21st century. Expert Rev. Anti-Infect. Ther. 2012, 10, 917–934. [Google Scholar] [CrossRef]

	



Falagas, M.E.; Kasiakou, S.K. Colistin: The revival of polymyxins for the management of multidrug-resistant gram-negative bacterial infections. Clin. Infect. Dis. 2005, 40, 1333–1341. [Google Scholar] [CrossRef]

	



Nation, R.L.; Li, J. Colistin in the 21st century. Curr. Opin. Infect. Dis. 2009, 22, 535–543. [Google Scholar] [CrossRef]

	



Manchanda, V.; Sanchaita, S.; Singh, N. Multidrug resistant acinetobacter. J. Glob. Infect. Dis. 2010, 2, 291–304. [Google Scholar] [CrossRef] [PubMed]

	



Bos, J.D.; Meinardi, M.M. The 500 Dalton rule for the skin penetration of chemical compounds and drugs. Exp. Dermatol. 2000, 9, 165–169. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, T.; Teo, I.; McCormick, B.B. Systemic Toxicity of Intraperitoneal Vancomycin. Case Rep. Nephrol. 2016, 2016, 3968690. [Google Scholar] [CrossRef] [PubMed]

	



Cadle, R.M.; Mansouri, M.D.; Darouiche, R.O. Vancomycin-induced elevation of liver enzyme levels. Ann. Pharmacother. 2006, 40, 1186–1189. [Google Scholar] [CrossRef]

	



Choi, Y.C.; Saw, S.; Soliman, D.; Bingham, A.L.; Pontiggia, L.; Hunter, K.; Chuang, L.; Siemianowski, L.A.; Ereshefsky, B.; Hollands, J.M. Intravenous Vancomycin Associated With the Development of Nephrotoxicity in Patients with Class III Obesity. Ann. Pharmacother. 2017, 51, 937–944. [Google Scholar] [CrossRef]

	



Elyasi, S.; Khalili, H.; Dashti-Khavidaki, S.; Mohammadpour, A. Vancomycin-induced nephrotoxicity: Mechanism, incidence, risk factors and special populations. Lit. Rev. Eur. J. Clin. Pharmacol. 2012, 68, 1243–1255. [Google Scholar] [CrossRef]

	



Javan, A.O.; Shokouhi, S.; Sahraei, Z. A review on colistin nephrotoxicity. Eur. J. Clin. Pharmacol. 2015, 71, 801–810. [Google Scholar] [CrossRef]

	



Rybak, M.J.; Lomaestro, B.M.; Rotschafer, J.C.; Moellering, R.C.; Craig, W.A.; Billeter, M.; Dalovisio, J.R.; Levine, D.P. Vancomycin therapeutic guidelines: A summary of consensus recommendations from the infectious diseases Society of America, the American Society of Health-System Pharmacists, and the Society of Infectious Diseases Pharmacists. Clin. Infect. Dis. 2009, 49, 325–327. [Google Scholar] [CrossRef]

	



Nation, R.L.; Garonzik, S.M.; Thamlikitkul, V.; Giamarellos-Bourboulis, E.J.; Forrest, A.; Paterson, D.L.; Li, J.; Silveira, F.P. Dosing guidance for intravenous colistin in critically-ill patients. Clin. Infect. Dis. 2017, 64, 565–571. [Google Scholar] [CrossRef]

	



Nation, R.L.; Garonzik, S.M.; Li, J.; Thamlikitkul, V.; Giamarellos-Bourboulis, E.J.; Paterson, D.L.; Turnidge, J.D.; Forrest, A.; Silveira, F.P. Updated US and European Dose Recommendations for Intravenous Colistin: How Do They Perform? Clin. Infect. Dis. 2016, 62, 552–558. [Google Scholar] [CrossRef]

	



Quek, B.L.; Srinivas, R.L.; Gavini, M.P. Droplette: A Platform Technology to Directly Deliver Nucleic Acid Therapeutics and Other Molecules into Cells and Deep into Tissue Without Transfection Reagents. Methods Mol. Biol. 2022, 2394, 211–230. [Google Scholar] [PubMed]

	



Dorsett-Martin, W.A. Rat models of skin wound healing: A review. Wound Repair Regen. 2004, 12, 591–599. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, Y.; Yu, X.; Lu, S. Dermal Fibroblasts from Different Layers of Pig Skin Exhibit Different Profibrotic and Morphological Characteristics. Anat. Rec. 2016, 299, 1585–1599. [Google Scholar] [CrossRef] [PubMed]

	



Ranamukhaarachchi, S.A.; Lehnert, S.; Ranamukhaarachchi, S.L.; Sprenger, L.; Schneider, T.; Mansoor, I.; Rai, K.; Häfeli, U.O.; Stoeber, B. A micromechanical comparison of human and porcine skin before and after preservation by freezing for medical device development. Sci. Rep. 2016, 6, 32074. [Google Scholar] [CrossRef] [PubMed]

	



Summerfield, A.; Meurens, F.; Ricklin, M.E. The immunology of the porcine skin and its value as a model for human skin. Mol. Immunol. 2015, 66, 14–21. [Google Scholar] [CrossRef]

	



Oyaert, M.; Peersman, N.; Kieffer, D.; Deiteren, K.; Smits, A.; Allegaert, K.; Spriet, I.; van Eldere, J.; Verhaegen, J.; Vermeersch, P.; et al. Novel LC-MS/MS method for plasma vancomycin: Comparison with immunoassays and clinical impact. Clin. Chim. Acta 2015, 441, 63–70. [Google Scholar] [CrossRef]

	



Post, T.E.; Kamerling, I.M.C.; van Rossen, R.; Burggraaf, J.; Stevens, J.; Dijkmans, A.C.; Heijerman, H.G.M.; Touw, D.J.; van Velzen, A.J.; Wilms, E.B. Colistin methanesulfonate infusion solutions are stable over time and suitable for home administration. Eur. J. Hosp. Pharm. 2018, 25, 337–339. [Google Scholar] [CrossRef]

	



Bruniera, F.R.; Ferreira, F.M.; Saviolli, L.R.; Bacci, M.R.; Feder, D.; Pedreira, M.d.G.; Peterlini, M.A.S.; Azzalis, L.A.; Junqueira, V.B.C.; Fonseca, F.L. The use of vancomycin with its therapeutic and adverse effects: A review. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 694–700. [Google Scholar]

	



Pfizer, Vancomycin Hydrochloride for Injection, USP p. Available online: https://labeling.pfizer.com/ShowLabeling.aspx?id=4647 (accessed on 14 March 2022).

	



Dieterich, C.; Puey, A.; Lin, S.; Swezey, R.; Furimsky, A.; Fairchild, D.; Mirsalis, J.C.; Ng, H.H. Gene expression analysis reveals new possible mechanisms of vancomycin-induced nephrotoxicity and identifies gene markers candidates. Toxicol. Sci. Off. J. Soc. Toxicol. 2009, 107, 258–269. [Google Scholar] [CrossRef]

	



Takigawa, M.; Masutomi, H.; Kishimoto, Y.; Shimazaki, Y.; Hamano, Y.; Kondo, Y.; Arai, T.; Lee, J.; Ishii, T.; Mori, Y.; et al. Time-Dependent Alterations of Vancomycin-Induced Nephrotoxicity in Mice. Biol. Pharm. Bull. 2017, 40, 975–983. [Google Scholar] [CrossRef]

	



Dhariwal, A.K.; Tullu, M.S. Colistin: Re-emergence of the ‘forgotten’ antimicrobial agent. J. Postgrad. Med. 2013, 59, 208–215. [Google Scholar] [PubMed]

	



Falagas, M.E.; Rafailidis, P.I. Re-emergence of colistin in today’s world of multidrug-resistant organisms: Personal perspectives. Expert Opin. Investig. Drugs 2008, 17, 973–981. [Google Scholar] [CrossRef] [PubMed]

	



Golan, Y. Current Treatment Options for Acute Skin and Skin-structure Infections. Clin. Infect. Dis. 2019, 68 (Suppl. 3), S206–S212. [Google Scholar] [CrossRef] [PubMed]

	



Jain, R.; Murthy, S.I.; Motukupally, S.R.; Jain, M. Use of topical colistin in multiple drug-resistant Pseudomonas aeruginosa bacterial keratitis. Cornea 2014, 33, 923–927. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 14 00976 g001 550] 





Figure 1. Unique characteristics of DMTD that allows localized transdermal delivery of high molecular weight antibiotics to treat deep skin infections and avoid systemic adverse side effects. 
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Figure 2. Representative image of generating deep skin infection on rat skin by dispelling 30 µL of saline containing 2.3 × 109 GFP-E. coli cells into a 5 mm-deep wound generated by an 18-gauge needle. 
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Figure 3. Representative image showing the placement of the nozzle of DMTD on top of the skin surrounding the infection site for delivery of CMS onto the third infected wound on a rat’s back. 
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Figure 4. Representative image of LB agar-Amp plate on which a serial dilution of the bacteria from the skin tissue extract of a saline-treated wound was plated. All colonies exhibited robust GFP fluorescence, false colored yellow and red, when visualized using IVIS Spectrum CT Biophotonic Imager (excitation wavelength of 500 nm, emission wavelength of 540 nm, 2 s exposure time). 
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Figure 5. Timeline of wounding, treatments and GFP fluorescence visualization. 
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Figure 6. Representative images of deep skin wound tissue after 1 (A) and 3 (B) hours of initiating infection with GFP-E. coli. Histograms show the quantification of the depth (C) and width (D) of infection in the skin. n = 3 per group. a.u.: arbitrary units. ** p < 0.01. 
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Figure 7. Representative images of rat wound tissue infected with GFP-E. coli and treated with intraperitoneal saline (IP-saline: (A)) or CMS (IP-colistin: (B)). The depth of the wound from the top of the skin (surface) is marked. Histograms (C,D) show the changes in the depth and width of infection after IP-colistin treatment and (E) shows the overall intensity of the GFP fluorescence in IP-colistin wounds compared to IP-saline wounds (normalized to IP-saline wounds). (F,G) show representative images of rat wound tissue infected with GFP-E. coli and treated with the micromist delivered by DMTD that carries either saline ((F): DMTD saline), or CMS dissolved in saline ((G) DMTD colistin) to the deep skin tissue. (H) (Topical colistin) shows representative image of wound tissue infected with GFP-E. coli and treated with CMS (same dose) delivered on top of the skin by a micropipette and retained on the skin (above the infected wound) by a barrier created by ophthalmic ointment. Histograms (I,J) show the changes in the depth and width of infection after treatments with DMTD-delivered micromist carrying saline or CMS. Histogram (K) shows the overall intensity of the GFP fluorescence in wounds treated with DMTD-colistin compared to DMTD-saline or topical colistin treatments (normalized to DMTD-saline wounds). n = 6 for each treatment group in (A–E). n = 5 for each treatment group in F-K. fluo.: fluorescence a.u: arbitrary units. * p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001, ns: not significant p > 0.05. 
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Figure 8. Total number of CFUs present in the 5 mL of tissue extracts of infected deep skin wounds that were treated with IP-delivered saline (IP-saline) or colistin (IP-colistin), DMTD-delivered saline (DMTD-saline) or colistin (DMTD-colistin) and topical application of equal dose of colistin (Topical colistin). The actual p values are shown on top of the bars. 
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Figure 9. Representative images of ex vivo pig skin wounds infected with GFP-E. coli. The depth of GFP fluorescence was similar in wounds receiving 1 min delivery of 600 µL of DMTD-delivered saline ((B): n = 3) and the undisturbed wound ((A): no treatment: n = 3). DEX-AF-647 in the DMTD-delivered saline reached 5 mm depth in the skin indicating that the DMTD delivery was successful. a.u. Arbitrary Units; Fluo: Fluorescence. 






Figure 9. Representative images of ex vivo pig skin wounds infected with GFP-E. coli. The depth of GFP fluorescence was similar in wounds receiving 1 min delivery of 600 µL of DMTD-delivered saline ((B): n = 3) and the undisturbed wound ((A): no treatment: n = 3). DEX-AF-647 in the DMTD-delivered saline reached 5 mm depth in the skin indicating that the DMTD delivery was successful. a.u. Arbitrary Units; Fluo: Fluorescence.



[image: Pharmaceutics 14 00976 g009]







[image: Pharmaceutics 14 00976 g010 550] 





Figure 10. Representative images of rat skin wounds infected with GFP-E. coli. The depth of GFP fluorescence was similar in untreated wounds (A) and wounds treated with 1 min delivery of 600 µL of DMTD-delivered saline containing the fluorochrome DEX-AF-647 (B). n = 3 for all groups. DEX-AF-647 in the DMTD-delivered saline reached 5 mm depth in the skin indicating that the DMTD delivery was successful. a.u. Arbitrary Units; Fluo: Fluorescence. 
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Figure 11. Vancomycin levels in (A) Plasma and (B) skin and kidney when the drug was delivered by either systemic IP or localized DMTD delivery to mice. n = 3. ** p < 0.01. 






Figure 11. Vancomycin levels in (A) Plasma and (B) skin and kidney when the drug was delivered by either systemic IP or localized DMTD delivery to mice. n = 3. ** p < 0.01.
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