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INTRODUCTION:

The current treatment options for extensive skin defects such as burn injury are limited. Autografts and commercially available skin products are limited in size and some require a lengthy preparation time, making them unusable in severe cases that require prompt and aggressive measures to maintain the lives of wounded soldiers.  Moreover, patient survival is inversely proportional to the amount of time required to cover and stabilize a wound. Therefore, a new approach that permits immediate burn wound stabilization with functional recovery is necessary. We propose a novel treatment that would repair burn wounds in situ by using inkjet printing to precisely deliver skin cells in a controlled manner in a wound.  The ultimate goal of this project is to promptly respond to and manage burns on-site. The goal of the current study is to demonstrate the feasibility of in situ skin printing in a murine wound model. 
METHODS:

To demonstrate the feasibility of in situ skin printing, human fibroblasts and keratinocytes were isolated from foreskin. These cells were characterized using immunohistochemistry to verify the phenotype prior to printing. A computer-controlled XYZ plotter and cell deposition system were used to print skin cells directly in an nude mouse wound model. Two reservoirs loaded with cell suspensions and matrix were connected to inkjet valves.  One valve ejected cells mixed with fibrinogen and type I collagen, and the other ejected thrombin. A layer of fibroblasts was printed followed by a layer of keratinocytes. A full thickness excisional wound was made on the dorsa of female Nu/nu mice (L x W, 3 cm x 2.5 cm). Three experimental groups (cell printed, collagen and fibrin, and untreated) were examined every week for 6 weeks to determine the size of the wound and the amount of scarring.  Histology was performed at 1, 3, and 6 weeks post-surgery. 

RESULTS:

Wounds repaired using cell printing demonstrated faster wound closure compared to untreated and gel-treated controls.  Printed skin required approximately 10-14 days to organize into skin which is consistent with previous experiments using cell-spraying techniques. Qualitatively, printed skin showed less contracture than the controls. Histological examination revealed pockets of cells at 1 week post-printing which was expected due to delivery of approximately 250 cells per drop using the current system. One of the main advantages of this printing system is rapid coverage of the wound center which was demonstrated by the increased cellularity of the center of the wound at 1 week post-printing. Complete closure of the wound by 3 weeks was confirmed by organization of the skin cells with organized dermal collagen and a fully formed epidermis. At 6 weeks printed skin was more organized than untreated skin.
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FIGURE 1. Analysis of wound sizes over 6 weeks.  The initial wound area was 7.5 cm2 (L x W: 3 x 2.5 cm). Printed skin constructs show a significantly reduced time to wound closure when compared to untreated and fibrin/collagen controls.  Printed skin closed the wound in 3 weeks compared to 5 weeks for controls. Wound sizes were analyzed with one-way ANOVA.  *p = 0.0000003, n = 12; †p = 0.0161, n = 8; ‡p = 0.0115, n = 8.  4,5,6 wks: n = 4, no statistical difference detected by ANOVA (p = 0.2).  Data presented as mean + standard deviation.

DISCUSSION:

This experiment demonstrates the feasibility of in situ bioprinting for rapid care of skin wounds by demonstrating that two different skin cell types can be directly delivered onto a wound. We have demonstrated that these skin cells remain viable and survive after printing. In addition, printed skin cells form normal skin tissue and integrate with the surrounding skin. Therefore, this experiment proves that full-thickness skin defects can be repaired with an inkjet delivery system. Research into in situ skin printing will continue by expanding the current study into a porcine model using autologous cells. Furthermore, the current treatment will be expanded by adding dermal papilla cells and melanocytes to provide rapid functional skin restoration for wound care.
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