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At present, the clinical treatment of chronic 
refractory wounds still faces many challenges: on 
the one hand, the delivery efficiency of therapeutic 
drugs is seriously affected by physiological 
barriers such as bacterial membranes; on the other 
hand, how to dynamically deliver appropriate 
drugs at different stages of wound healing is also 
an important factor affecting wound healing.1 
The wound healing process is strictly controlled 
by many types of cells and is associated with 
cell migration and proliferation, extracellular 
matrix deposition, and tissue remodelling, which 
mainly include four dynamically overlapping 
and mutually differentiated stages: haemostasis, 
inflammation, proliferation, and remodelling.2 
Bacterial infection is an important factor in 
chronic wound healing, and the regulation of the 
immune microenvironment is the key factor in 
promoting the gradual process of wound healing.3 
However, immune regulatory dysfunction may 
lead to the occurrence of chronic wounds and 
arrest the healing process in the inflammatory 
phase. Notably, an early persistent inflammatory 
response leads to insufficient skin function 
and scar formation. The four stages of wound 
healing occur in a cascade that is step-by-step, 
highly coordinated and interacts with each other. 
Therefore, the programmed regulation of the 
chronic wound microenvironment at different 
repair stages may solve the bottleneck of clinical 
treatment.

In Nature Communications, Zhang et al.4 
designed a core-shell structured microneedle 
(MN) with programmed functions that can 
programmatically regulate wound healing and 
can dynamically adjust the wound immune 
microenvironment according to different healing 
stages to accelerate the healing speed of chronic 
wounds and improve the quality of wound 
repair (Figure 1). In this study, MN patches with 
reactive oxygen species (ROS)-responsive shells 
and immunoregulatory functional cores were 
designed to dynamically regulate inflammation, 

proliferation, and remodelling. Research teams 
have verified in mouse and rabbit models that 
the patch can not only promote wound healing 
but also promote scar-free repair of the wound.

MN with programmed function is composed of 
a ROS-responsive polyvinyl alcohol shell and 
a photo-crosslinked heparin core, while the 
photosensitizer verteporfin is loaded on the shell. 
In the early stage of wound appearance, MN s 
can effectively penetrate the bacterial biofilm 
formed by chronic wounds, and verteporfin 
loaded in the shell can produce ROS under laser 
irradiation to inhibit the bacterial biofilm. After 
entering the inflammatory phase, the MN shell 
can gradually degrade in the wound environment 
with high ROS levels, and heparin, which has a 
negative charge inside the MN, can be exposed 
to neutralise various pro-inflammatory factors 
to promote the transition of the wound from the 
inflammatory phase to the proliferative phase. In 
addition, the released verteporfin can inhibit scar 
formation by preventing the activation of the 
Engrailed-1 gene in fibroblasts.

Cytokine delivery, implantation of natural or 
synthetic scaffolds, and cell therapy have been 
studied for treating chronic wounds by targeting 
the inflammatory microenvironment around the 
wound.5, 6 However, it is hampered by the natural 
skin barrier system. Bacterial infection and 
the formation of bacterial biofilms in wounds 
can further exacerbate inflammation, but 
conventional antibiotics often cannot eliminate 
biofilms produced by drug-resistant bacteria 
(such as methicillin-resistant Staphylococcus 

aureus), resulting in a sustained inflammatory 
response and delayed healing.7 Photodynamic 
therapy has become a promising strategy for 
treating bacterial infections by producing highly 
toxic ROS, but its antibacterial efficacy is limited 
by the limited penetration of biofilms. Polymeric 
MNs, as effective tools for transdermal drug 
delivery through stratum corneum perforation, 
have been used in the diagnosis and treatment 
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Figure 1. (A) Schematic illustration of the structure of PF-MNs. Reprinted from Zhang et al.4 (B) Schematic illustration of 
the physiological process of wound healing (including haemostasis, inflammation, proliferation, and remodelling stages). 
Created with Microsoft PowerPoint. cHP: crosslinked heparin; PF-MN: microneedle with programmed functions; PVA: 
poly (vinyl alcohol); ROS: reactive oxygen species; TSPBA: N

1-(4-boronobenzyl)-N
3-(4-boronophenyl)-N

1,N1,N3,N3-
tetramethylpropane-1,3-diaminium; VP: verteporfin.

of a variety of diseases. However, most MNs inhibit 
bacterial infection only by enabling the controlled release of 
therapeutic drugs, and the dynamic program of the immune 
microenvironment corresponding to different healing stages 
has not been explored. Zhang et al.4 developed a technique 
for programmed regulation of chronic wound healing and 
achieved scar-free wound healing by dynamically regulating the 
wound immune environment. This technology provides a new 
approach to the dynamic regulation of the microenvironment 
with physiological/pathological changes to achieve tissue 
repair and provides a new strategy for the clinical treatment of 
chronic refractory wounds.

However, the regulation of the wound immune 
microenvironment in this study involved the neutralisation 
of various proinflammatory factors through heparin, which 
has a negative charge within the MNs and has not yet been 
shown to be involved in the regulation of important immune 
cells involved in wound healing and the impact on innate and 
acquired immunity.6 In the process of wound healing, immune 
cells such as neutrophils and macrophages are necessary to 
support the subsequent stage of skin reconstruction after 
injury, and it is necessary to develop a repair system with key 
immune cells such as macrophages for acute and chronic wound 
repair.8 In addition, the study is still in the laboratory stage and 
has not been widely validated in clinical practice. Although 
the experimental results showed good effectiveness, further 
clinical trials are needed to evaluate the effectiveness, safety, 

and long-term tolerability of the stent. Only after sufficient 
verification can we determine its feasibility and effectiveness 
in clinical application.
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