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The increasingly aging society led to a rise in the prevalence of chronic wounds (CWs), posing a significant 
burden to public health on a global scale. One of the key features of CWs is the presence of a maladjusted 
immune microenvironment characterized by persistent and excessive (hyper)inflammation. A variety of 
immunomodulatory therapies have been proposed to address this condition. Yet, to date, current delivery 
systems for immunomodulatory therapy remain inadequate and lack efficiency. This highlights the need 
for new therapeutic delivery systems, such as nanosystems, to manage the pathological inflammatory 
imbalance and, ultimately, improve the treatment outcomes of CWs. While a plethora of immunomodulatory 
nanosystems modifying the immune microenvironment of CWs have shown promising therapeutic effects, 
the literature on the intersection of immunomodulatory nanosystems and CWs remains relatively scarce. 
Therefore, this review aims to provide a comprehensive overview of the pathogenesis and characteristics 
of the immune microenvironment in CWs, discuss important advancements in our understanding of CW 
healing, and delineate the versatility and applicability of immunomodulatory nanosystems-based therapies 
in the therapeutic management of CWs. In addition, we herein also shed light on the main challenges and 
future perspectives in this rapidly evolving research field.

Introduction

Chronic wounds (CWs) pose a substantial burden for patients 
and their families, often arising as secondary complications 
associated with increasing age, obesity, diabetes, or vascula-
ture insuficiency [1]. The prevalence of CWs has increased 
rapidly over the past decade, translating to a rising incidence 
of CW-related amputations or sepsis [2]. Notably, CWs may 
persist for years or even a lifetime, causing severe psycholog-
ical and physical distress and imposing substantial financial 
burden on both patients and the healthcare system. In the 
United States alone, it is estimated that up to 4.5 million peo-
ple suffer from CWs, resulting in enormous healthcare costs 
[3]. Pathophysiologically, CWs are typically characterized by 

multiple-drug-resistant bacterial infections, immune disorders, 
angiopathy, neuropathy, and elevated oxidative stress levels 
[4,5]. Due to the complex pathogenesis of CWs, traditional 
therapeutic strategies, including antibiotic therapy, surgical 
debridement, skin transplantation, and the application of 
wound dressings, have failed to achieve the required effec-
tiveness. In addition, the prolonged duration of CW treat-
ments carries the risk of physical and psychological sequelae 
for patients [6]. Therefore, there is an urgent need for the 
development of effective, time-efficient, and minimally pain-
ful therapies for CWs.

CWs are marked by a prolonged inflammation resulting in 
the impairment of tissue regeneration and repair [7]. Thus, 
the aberrant immune microenvironment of CWs has gained 
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increasing attention in the research of wound therapy [8]. In 
contrast to acute wounds, CWs are characterized by excessive 
immune cell infiltration, overproduction and release of inflam-
matory cytokines, compromised blood supply, and elevated 
levels of oxidative stress in CWs, all of which prolong inflam-
mation and disrupt the coordinated healing process [9]. To 
facilitate the curative healing process of CWs, immunomodu-
latory therapy is required to interrupt such detrimental positive 

feedback loop. In this context, nanosystems featuring excellent 
physicochemical properties, efficient drug-loading capacity, 
and favorable biocompatibility are emerging to modulate the 
pathogenic immune microenvironment of CWs with therapeutic 
intent [10].

In recent decades, advancements in nanotechnology have 
enabled the design and utilization of nanosystems for the treat-
ment of CWs (Fig. 1) [11,12]. Immunomodulatory nanosystems 

Fig. 1.  Outline of the categories, mechanisms, and applications of nanosystems in CWs. Immunomodulatory nanosystems have garnered considerable interest due to their 
ability to modify the immune microenvironment of CWs and promote wound healing without the drawbacks associated with systemic side effects. These nanosystems possess 
favorable properties, such as adjustable size, variable charge, and a high surface-to-volume ratio. These characteristics make them well suited for drug delivery systems, 
enabling the encapsulation of bioactive factors and molecules with superior pharmacokinetic and pharmacodynamic profiles. Reproduced with permission from [117,130,135]. 
Copyright (2022, 2021, 2022) American Chemical Society.
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are of particular interest, offering the capability to modify the 
immune microenvironment of CWs and, thus, promote wound 
healing without the drawbacks of systemic side effects. Immuno
modulatory nanosystems exhibit favorable properties (i.e., 
adjustable size, variable charge, and high surface-to-volume 
ratio), rendering them well suitable for drug-delivery systems 
and allowing for encapsulation of bioactive factors and molecules 

with superior pharmacokinetic and pharmacodynamic profiles 
[13]. Recently, seminal reviews have highlighted the key advances 
and unique properties of immunomodulatory nanosystems 
[14,15]. For example, Feng et al. [14] have discussed the emerging 
utilization of immunomodulatory nanosystems in a variety of 
diseases, including cancers and infectious diseases, through local 
immunostimulation and/or immunosuppression. However, to 

Fig. 2.   Pathogenic characteristics of CWs. Prolonged inflammation caused by neutrophils infilitration, reduced Tregs, and imblanced M1/M2. Excessive ROS in CWs can 
cause the activation of various signaling pathways that lead to vascular endothelial cell damage and impaired angiogenesis. Senescent/dysfunctional fibroblasts can reduce 
myofibroblast transformation and ECM secretion. The decrease in VEGF, nerve growth factor (NGF), bFGF, and other angiogenesis-stimulating growth factors contribute to 
impaired wound angiogenesis. Skin sensory nerves play a regulatory role in inflammation, immunity, cell proliferation, and vascular proliferation and participate in wound 
healing. Various bacterial species, including P. aeruginosa, S. aureus, and other bacteria lead to wound infection, toxins, and MMPs, which impair re-epithelialization of wound 
repair cells and consequently delay wound healing. NADPH, nicotinamide adenine dinucleotide phosphate; AGEs, advanced glycation end products; SOD, superoxide dismutase; 
GSH, glutathione; PGN, peptidoglycan.
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date, there is a paucity of comprehensive reviews specifically 
focusing on nanosystems-based drug delivery and their under-
lying mechanisms of action in CW treatment.

Herein, we aim to delineate the main processes of CW heal-
ing, with a specific emphasis on the immune microenviron-
ment of CWs. We provide a summary of nanosystems-based 
strategies aimed at modulating the immune microenvironment 
and offer valuable insights for the design of more effective 
immunomodulatory nanosystems for CWs. Furthermore, we 
address the current challenges and future perspectives related 
to immunomodulatory nanosystems, thereby paving the way 
for their translation into clinical practice.

Pathogenic Characteristics of CWs
CWs are prolonged nonhealing tissue injuries that persist 
on the body surface for more than 3 months, impeding the 
re-establishment of anatomical and functional integrity through 
normal reparative processes [16]. The etiology of chronic trauma 
encompasses a plethora of factors, including diabetic ulcers, 
pressure ulcers, and arteriovenous ulcers. Therefore, there is an 
urgent need to elucidate the pathogenesis and pathological fea-
tures of CWs while exploring effective treatment strategies. The 
pathological mechanisms of CWs is complex, diverse (caused by 
both systemic and local factors), and incompletely understood 
[17]. The underlying mechanisms appear to be multifaceted and 
are believed to be primarily driven by the following aspects: 
exaggerated and persistent inflammatory response, tissue 
damage caused by the accumulation of reactive oxygen species 
(ROS), dysfunctional fibroblasts, vascular lesions, neuropathy, 
and multiple bacterial infections (Fig. 2).

Excessive and prolonged inflammatory response
An excessive and prolonged inflammatory response is an impor-
tant pathogenetic mechanism underlying the development of 
CWs. Cutaneous wound healing typically follows a dynamic 
process consisting of 4 distinct yet overlapping phases, namely: 
hemostasis, inflammation, proliferation, and tissue remodeling 
[18]. While this healing process is well coordinated in acute 
wounds, the repair mechanisms in CWs become disrupted, 
often preventing the progression beyond the inflammatory 
phase, subsequently hindering cell proliferation and matrix 
accumulation at sites of injury, ultimately leading to delayed 
wound healing [19].

During the inflammatory response, the number of neutro-
phils, M2 macrophages, and proteases correlates with the sever-
ity of the wound. Neutrophils exhibit hyperactivity, abnormal 
apoptosis, and excessive production of neutrophil extracellular 
traps (NETs), which can impair wound healing [20]. Neutrophils 
secrete a multitude of cytokines, including tumor necrosis fac-
tor-α (TNF-α), interleukin-1β (IL-1β), and IL-6, to enhance the 
inflammatory response. Neutrophils can also release various 
antimicrobial substances, including cationic peptides and pro-
teases for wound debridement [21]. However, excessive neu-
trophil activity and abnormal apoptosis result in abnormally 
high levels of these substances beyond the normal reparative 
range. Macrophages infiltrate the wound site in increased num-
bers in CWs, featuring abnormal phenotypic transformation 
and impaired efferocytosis, which disrupt the healthy wound 
healing process [22]. Proinflammatory macrophages secrete 
inflammatory mediators, including TNF-α, IL-17, IL-1β, ROS, 
and inducible nitric oxide synthase. In addition, abnormal 

phenotypic transformation and impaired efferocytosis result 
in negative regulation of wound healing. Increased TNF-α levels 
lead to excessive secretion of matrix metalloprotein-1 (MMP-1) 
and MMP-3 while inhibiting the secretion of tissue inhibitor of 
metalloproteinase-1. Elevated levels of IL-1β have a similar 
effect as TNF-α, prolonging the expression of each other, 
thereby delaying the inflammatory response in CWs. The 
increased secretion of MMPs contributes to excessive hydrolysis 
of extracellular matrix (ECM) in CWs [23]. ECM generally 
serves as a scaffold for cell migration and wound closure, and 
its absence hinders the wound healing process. High MMP-9 
activity is considered to sustain the wound in an inflammatory 
state and is often indicative of poor wound healing outcomes [24].

In summary, excessive numbers of neutrophils and mac-
rophages in CWs lead to altered cellular responses, resulting 
in a refractory microenvironment characterized by abnormal 
growth factors, imbalanced protein degradation, and prolonged 
inflammation. As infection and inflammation persist in CWs, 
the wound remains trapped in a cycle of infection, inflamma-
tion, and inadequate repair, ultimately exhibiting chronic delayed 
wound healing. Kwak et al. [25] utilized hydrolytically degrada-
ble poly (ethylene glycol) hydrogel system to deliver M2-Exos, 
which contains putative key regulators driving macrophage 
polarization, exhibiting therapeutic effects in an animal model 
for cutaneous wound healing including rapid wound closure 
and increased healing quality. Zhang et al. [26] developed 
PLGA@IL-8 nanoparticles-loaded acellular dermal matrix 
as a delivery system for exogenous mesenchymal stem cells 
(MSCs) in diabetic wound healing, which indicated a potential 
therapeutic dressing that may contribute to the therapy of dia-
betic wounds by anti-inflammation, capillary construction, and 
collagen deposition. Therefore, regulating the local inflamma-
tory microenvironment is an important method to promote 
the healing of CWs.

ROS damage
Elevated levels of ROS at the wound site also contribute to the 
pathogenesis of CWs. Redox balance is crucial for effective 
wound healing, with ROS operating as key regulators and play-
ing a key role in tissue regeneration. Accordingly, the successful 
healing and regeneration of injured tissue depend on the opti-
mal balance between the beneficial and detrimental effects of 
ROS [27]. Under normal circumstances, low levels of ROS are 
necessary to counteract external injuries. ROS aid in pathogen 
destruction within the wound and serve a protective role in the 
host defense system by dampening phagocytosis. Additionally, 
ROS act as redox messengers for various immune and nonlym-
phoid cells, thus regulating angiogenesis [28]. The massive 
infiltration of inflammatory cells in CWs leads to excessive ROS 
production, which interferes with the balance between oxida-
tion and antioxidant mechanisms. This tissue oxidation imbal-
ance results in damage to DNA, proteins, lipids, and cells, 
further triggering cellular senescence, and uncontrolled inflam-
mation [27].

ROS can aggravate the stress response of functional cells, 
particularly evident through increased activity of signaling 
pathways involved in the secretion of proinflammatory 
cytokines, chemokines, and MMPs within the injured tissues. 
ROS can also directly activate proteases (i.e., MMPs and serine 
protease) and inactivate protease inhibitors, degrade key growth 
factors such as platelet-derived growth factor and transforming 
growth factor-β1 (TGF-β1), resulting in increased protein 
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hydrolysis [29]. This further exacerbates ECM degradation, 
which is closely associated with impaired wound healing [30]. 
In addition, ROS can directly impair the functionality of 
healthy MSCs, resulting in decreased proliferation, migration 
and adhesion, and induction of apoptosis [31]. The dysfunction 
of MSCs hampers tissue re-epithelialization and granulation 
tissue formation, negatively affecting wound healing. Finally, 
local senescent cells within the wound exhibit reduced respon-
siveness to normal wound healing stimulation and occupy 
limited space. Senescent fibroblasts also produce elevated levels 
of proteases (such as MMP-2, MMP-3, and MMP-9) while 
exhibiting a decrease in protease inhibitors, further prolonging 
the wound healing process [32]. Thus, efforts to remove exces-
sive ROS from wounds may facilitate wound healing. For exam-
ple, Wu et al. [33] successfully synthesized a highly versatile 
nanocomposite tissue adhesive that scavenges ROS by immo-
bilizing ultrasmall ceria nanocrystals on the surface of uni-
form mesoporous silica nanoparticles (MSN). This innovative 
approach was found to promote wound repair and regenera-
tion. Therefore, the utilization of biomaterials to regulate ROS 
levels and control oxidative damage in injured tissues holds 
therapeutic potential in the management of CW healing with-
out disrupting healthy physiological processes in the human 
organism.

Dysfunctional fibroblasts
Skin fibroblasts play a pivotal role in the proliferation and 
remodeling stages of the wound healing program through 
activities such as cell proliferation, myofibroblast transforma-
tion, and secretion of the ECM [34,35]. In addition, fibroblasts 
actively contribute to the inflammatory phase by engaging in 
bidirectional interactions with immune cells infiltrating the 
wound [36]. Chronic nonhealing wounds are typically char-
acterized by the inability of the repair process to progress 
from the inflammatory phase to the proliferation phase. This 
impairment may also be due to maldifferentiation/function of 
fibroblasts.

There is a mounting body of evidence pointing to a signifi-
cance for the subcutaneous fascia in successful wound healing 
[37,38]. The fascia is a viscoelastic layer of connective tissue 
situated beneath the dermis. More specifically, the mobilization 
of fascial connective tissue and cells was found to facilitate the 
transportation of essential cellular and matrix components 
necessary for the initiation of the wound repair process. 
Throughout the healthy wound healing process, fascial fibro-
blasts undergo a series of differentiation steps, starting from 
a homeostatic state characterized by progenitors expressing 
CD201 that then transition into an inflammatory state marked 
by podoplanin expression. Subsequently, podoplanin-positive 
proinflammatory fibroblasts progress into a proto-myofibroblast 
state marked by phosphorylation of activator of transcription 
3 expression and finally reach a myofibroblast state as identified 
by α-smooth muscle actin expression. These transitions enable 
fascial fibroblasts to complete a wide array of crucial func-
tions ranging from proliferation through ECM production 
to tissue remodeling [39]. However, in CWs, excessive and 
prolonged inflammatory responses hinder the transition of 
fascial fibroblasts to the myofibroblast state. This phenomenon 
is commonly observed in conditions such as diabetic foot 
ulcers, where fascial fibroblasts persist in a proinflamma-
tory state instead of progressing to the desired myofibroblast 

state [6,40]. Furthermore, the hostile proinflammatory (micro)
environment in CWs may adversely affect intercellular adhe-
sion and communication between fascial fibroblasts. As a 
result, key components involved in fibroblast cell-cell commu-
nication, including N-cadherin-based adherens junctions [41], 
Connexin43-based gap junctions [42], and the associated p120 
catenin [43], may be suppressed. Notably, these cellular 
interactions are required for the coordinated collective migra-
tion of fascial fibroblasts at a supracellular level [41], leading 
to normal wound contraction and wound closure after skin 
wounding.

In addition, the excessive production of ROS contributes to 
increased fibroblast senescence, which is a pathological mech-
anism seen in chronic venous leg ulcers [44]. In these ulcers, 
fibroblasts exhibit an elevated expression of senescent markers, 
such as p16 (Ink4a) and p21 (Cip1/Waf1), both of which have 
been shown to impede fibroblast proliferation, delay granula-
tion tissue formation, and impair wound healing [45,46]. In 
addition, accumulated senescent fibroblasts release proinflam-
matory and tissue-degrading factors known as senescence- 
associated secretory factors characterized by IL-1β, IL-6, and 
IL-8. These factors, in turn, contribute to the establishment of 
a chronic inflammatory microenvironment, thereby perpetu-
ating a detrimental feedback loop [47,48].

Angiopathy
Angiogenesis plays a crucial role in the wound healing process, 
with the development of CWs being triggered by poor tissue 
perfusion and reperfusion injury caused by ischemia [49]. In 
acute wounds, vascular injury restricts oxygen delivery, creat-
ing a hypoxic environment around the wound that stimulates 
cell proliferation and initiates tissue repair. In contrast, pro-
longed hypoxia in CWs impairs the wound healing process by 
inhibiting angiogenesis, re-epithelialization, and ECM synthe-
sis [50]. Ischemia and subsequent tissue hypoxia can induce 
a proinflammatory state, which exacerbates tissue hypoxia by 
recruiting inflammatory cells with high oxygen consumption 
to the wound area, leading to tissue necrosis, ulceration, and 
delayed wound healing.

Prolonged reduction in arterial blood supply results in tissue 
ischemia and hypoxia, accumulation of metabolites, and, in 
severe cases, tissue necrosis. In parallel, the structure and 
function of the microcirculation undergo (micro)alterations. 
The imbalance of NO content and the decreases in vascular 
endothelial growth factor (VEGF), nerve growth factor, basic 
fibroblast growth factor (bFGF), and other angiogenesis- 
stimulating growth factors contribute to impaired wound angi-
ogenesis [51]. In addition, repeated ischemia–reperfusion injury 
on the basis of tissue ischemia also affects the formation of 
difficult-to-heal wounds. Following ischemia–reperfusion 
injury, inflammatory cells infiltrate tissues in response to 
chemokine recruitment and release proinflammatory cytokines 
and oxygen free radicals. The content of nitrous oxide (N2O) 
decreases, resulting in vasoconstriction and inadequate tissue 
perfusion, thus deteriorating tissue damage [52]. Ischemia and 
hypoxia can impede proliferation and differentiation of vascu-
lar endothelial cells in the wound, hindering the formation 
of granulation tissue and complicating wound closure [53]. 
Therefore, reduced local blood supply, delayed wound vascu-
larization, and inhibited angiogenesis all contribute to dimin-
ished granulation tissue formation and slow wound healing. It 
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is well documented that promoting local blood supply and 
improving the ischemic and hypoxic condition of injured tis-
sues can facilitate wound healing. Guan et al. [54] have reported 
that increasing the local oxygen supply of the wound can pro-
mote the survival and migration of keratinocytes and fibro-
blasts, as well as increase the expression of angiogenic growth 
factors and angiogenesis in diabetic wounds, while reducing 
the expression of proinflammatory cytokines, thereby leading 
to significantly improved wound closure rate. Xiong et al. [55] 
successfully synthesized a multifunctional hydrogel biomaterial 
based on M2-Exos (HA@MnO2/fibroblast growth factor-2 
[FGF-2]/Exos) to support the healing of diabetic wounds. Local 
injection of HA@MnO2/FGF-2/Exos can release M2-Exos 
and FGF-2 to promote angiogenesis and epithelial regenera-
tion, respectively, thus improving wound healing [55].

In addition, in light of the negative impact of oxidative stress 
and deficient angiogenesis on tissue regeneration, researchers 
have developed immunomodulatory nanosystems with antiox-
idative and proangiogenic abilities [56]. These nanosystems aim 
to improve the beneficial effects of wound healing by addressing 
these specific challenges. Immunomodulatory nanosystems have 
been designed with inherent antioxidative and proangiogenic 
properties, and create a favorable immune-microenvironment 
that promotes tissue regeneration [7,8]. Moreover, nanosystems 
can be loaded with antioxidant compounds and proangiogenic 
agents to enhance their therapeutic potential. Antioxidant mol-
ecules such as vitamins C and E, along with natural extracts 
like resveratrol and curcumin, can be incorporated into these 
nanosystems for sustained release at the wound site. This 
sustained release ensures a continuous supply of antioxidants, 
effectively reducing oxidative stress and fostering a regenerative 
environment [57]. The targeted delivery and controlled release 
of antioxidants and proangiogenic agents via immunomodu-
latory nanosystems offer a promising strategy to address the 
challenges posed by oxidative stress and deficient angiogenesis 
in wound healing.

Neuropathy
The skin features a complex sensory network that detects a vari-
ety of chemical, mechanical, and thermal stimuli throughout 
the body [58]. Simultaneously, the nervous system plays a 
crucial role in maintaining the delicate balance of the wound 
inflammatory process, host defense against pathogens, as well 
as tissue repair. The nervous system rapidly processes informa-
tion and orchestrates complex defensive behaviors. The immune 
system mobilizes a variety of specific immune cell populations 
to eliminate various threats. These 2 systems are closely inter-
twined to maintain homeostasis in response to tissue injury 
and infection [59].

During normal wound healing, immune cells release cytokines, 
including TNF-α, IL-1β, and IL-6. These cytokines interact with 
receptors on nerve endings in the peripheral nervous system, 
triggering the generation of action potentials that are transmit-
ted to the brain for pain perception [59,60]. Activated pain recep-
tors locally release neuropeptides and neurotransmitters in the 
skin, causing vasodilation, increased capillary permeability, and 
neurogenic inflammation [61]. Skin sensory nerves and neu-
ropeptides play a regulatory role in inflammation, immunity, 
cell proliferation, and vascular proliferation and participate in 
wound healing. When the nervous system is damaged, the pro-
liferation of fibroblasts, keratinocytes, and endothelial cells will 

be weakened, which blocks the process of wound epitheliali-
zation during skin healing. Meanwhile, the weakening of 
neurovascular interaction leads to the obstruction of vascular 
regeneration. The function of skin neuroimmune function to 
maintain homeostasis will be reduced. The above factors will 
cause difficulties in the CW healing. Diabetic foot ulcers, which 
rank among the most common causes of CWs, are characterized 
by neuropathy and reduced peripheral sensation [62]. Patients 
are usually more prone to repeated injuries and secondary infec-
tions due to impaired lower limb sensation. Alapure et al. [63] 
demonstrated severe impairment in wound healing processes, 
including re-epithelialization and granulation tissue forma-
tion, in the presence of denervation, suggesting that damage 
to cutaneous nerves may inhibit healthy wound healing. 
Neuropathy and injury also affect endogenous wound repair 
by regulating stem cell activity. Huang et al. [64] noted that skin 
denervation could phenocopy the effects of diphtheria tox-
in-mediated ablation of leucine-rich repeat-containing family 
of G-protein coupled receptor-6 (LGR6) stem cells in wound 
healing. They concluded that LGR6 epidermal stem cells inter-
act with nerves to regulate their fate. Thus, sensory nerves can 
modify the wound healing process by regulating the function 
of epidermal stem cells [65].

In summary, the sensory nervous system has an essential 
function in the process of wound healing, regulates wound 
healing through neuroimmune interactions in response to path-
ogens, and maintains homeostasis during tissue repair. These 
regulatory mechanisms are complex and highly dependent on 
the pathological or inflammatory environment. Investigating 
the precise molecular mechanism of neuroimmune crosstalk 
and elucidating the involved pathophysiological processes are 
crucial for regulating inflammation, tissue repair, and host 
defense against pathogens. Future investigations are needed to 
decipher new molecular targets for promoting wound healing. 
Xiong et al. [7] designed a self-healing and bioadhesive hydro-
gel to coordinate neurogenesis and angiogenesis simultane-
ously, leading to an increased efficacy of current diabetic wound 
therapies. This design puts forward the concept of supportive 
neurogenesis–angiogenesis crosstalk throughout the whole 
healing process of CWs. Therefore, promoting nerve regener-
ation could promote CW healing through the neuroimmunity 
and neurogenesis–angiogenesis interaction.

Multiple bacterial infections
Another significant factor contributing to the pathogenesis 
of CWs is multiple bacterial infections [66]. The presence of 
wound exudate and necrotic tissue creates a favorable environ-
ment for bacterial growth, with the bacterial escape from the 
host immune response increasing the likelihood of infection. 
Rahim et al. [67] have documented that CWs harbor various 
bacterial species, including Staphylococcus, Pseudomonas, 
Corynebacterium, Streptococcus, anaerobic Cocci, and 
Enterococci. Among these, the most common wound pathogens 
are Pseudomonas aeruginosa and Staphylococcus aureus [68]. 
In addition, CWs typically hold a more diverse bacterial colo-
nization compared to acute wounds. Proliferating bacteria can 
lead to wound infection, impair re-epithelialization of wound 
repair cells, and consequently delay wound healing.

Bacterial infection triggers leukocyte chemotaxis, resulting 
in the secretion of numerous inflammatory factors, proteases, 
and ROS, initiating inflammatory cascades and causing excessive 
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and persistent inflammation of the wound. Meanwhile, the 
abundance of proteases and ROS may degrade growth factors 
and ECM, hinder cell migration, and delay wound healing. 
Moreover, bacteria colonize CWs, proliferate, and form clones 
embedded within a multilayer matrix composed of necrotic 
tissue and ECM, leading to biofilm formation [69]. Biofilms 
provide an optimal environment for bacteria to evade immune 
responses and antibiotics, thus sustaining chronic inflamma-
tion in the wound. In addition, bacterial proliferation and the 
secretion of toxic factors impede the wound healing process 
[70]. Biofilms also attract activated neutrophils that contin-
uously generate ROS by depleting O2 in the microenviron-
ment. However, this oxygen-deprived state fails to eradicate 
the bacteria, resulting in delayed or halted wound healing. 
Staphylococcus aureus biofilms release leukocidins, inducing 
extracellular trap formation and evading neutrophil-mediated 
killing [71]. Finally, bacterial infection leads to a decrease in 
anabolic hormones, an increase in catabolic hormones, and a 
high metabolic state or even sepsis, which can complicate wound 
healing even further [72].

In summary, most CWs are complicated by multiple bacte-
rial infections, fostering the formation of biofilms and sus-
taining chronic inflammation. Bacterial proliferation and the 

secretion of toxic factors impede the wound healing process. 
Greater attention has been directed toward understanding 
the role of wound microflora in the wound healing process, 
with modulation of wound microflora potentially offering 
a promising avenue to promote wound healing. For instance, 
Shaky et al. [73] synthesized ultrafine silver nanoparticles 
(AgNPs) with a size of approximately 2 nm using water-soluble 
and biocompatible γ-cyclodextrin metal–organic frameworks 
(CD-MOFs). These AgNPs were easily dispersed in an aque-
ous medium and showed effective bacterial inhibition, fur-
ther promoting the synergistic effect of wound healing and 
antibacterial effect. Tong et al. [74] successfully developed 
P B @ P DA @ Ag  nanocomplexes that eradicated multidrug- 
resistant bacteria and accelerated wound healing in a methicillin- 
resistant Staphylococcus aureus-infected diabetic model with the 
aid of laser irradiation.

Characteristics of CW Immune 
Microenvironment
Wound healing is a complex process involving a wide array 
of immune cells and molecular factors [75]. In the early stages 
of skin wound healing, the immune response is essential for 

Fig. 3.  Characteristics of the immune microenvironment in CWs. Dysregulation of M1/M2 in CWs. M1 macrophage infiltration increased and secreted a variety of proinflammatory 
cytokines into the wound, such as TNF-α, IL-1β, and ROS. Persistent high levels of neutrophils lead to increased protease secretion, ECM, and cell membrane damage. The 
expression of effector produced by anti-inflammatory T cell subsets such as (γδ) T cells and Tregs decreased. NK cells promote the secretion of proinflammatory cytokines, 
such as IFN-γ, TNF-α, and GM-CSF.
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clearing pathogens. However, during the formation of CWs, 
dysfunctional immune cells, including macrophages and 
neutrophils, contribute to a persistent (hyper)inflammatory 
microenvironment. As a result, a local immune milieu develops 
that interferes with the healthy wound healing program. The 
main roots for delayed wound repair in CWs include increased 
inflammatory responses caused by the continuous local infil-
tration of macrophages, T cells, and other immune cells as 
well as the diminished aggregation and activation of acquired 
immune cells (Fig. 3) [76]. Therapeutically, it is essential to 
remodel the immune microenvironment in chronic skin wounds 
by suppressing the inflammatory response and reducing cytokine 
production. Therefore, coordinated regulation of the immune 
microenvironment, innate immunity, and adaptive immunity 
holds the potential for achieving more favorable clinical- 
therapeutic outcomes. A comprehensive understanding of the 
underlying cellular-molecular machinery can provide valuable 
insights for the development of targeted clinical interventions 
to promote wound repair [77].

Macrophages
Macrophages hold a key role in the development of CWs, 
mainly through their phagocytic and secretory functions [78]. 
In principle, there are 2 main subtypes of macrophages: 
proinflammatory macrophages (M1) and anti-inflammatory 
macrophages (M2). M1 macrophages, also known as classically 
activated macrophages, are activated in response to pathogen 
invasion. They release effector molecules (ROS and active nitro-
gen mediators) and various inflammatory factors (IL-1β, TNF-α, 
and IL-6) that contribute to eliminating microorganisms 
which play a pivotal role in the early stages of wound healing. 
Conversely, M2 macrophages are alternately activated mac-
rophages and secrete anti-inflammatory factors (IL-10), various 
ECM proteins (fibronectin, TGF-β, and inducible gene-H3), 
and a wide series of angiogenic factors (TGF-β1, platelet-derived 
growth factor-B, hepatocyte growth factor, and insulin-like 
growth factor-1) to promote cell proliferation, collagen deposi-
tion, and angiogenesis. By exerting anti-inflammatory effects, M2 
macrophages contribute to wound healing and tissue repair [79].

In the normal process of wound healing, M1 macrophages 
phagocytose and eliminate foreign materials and necrotic cells, 
while M2 macrophages regulate wound repair by releasing 
various cytokines [80]. However, in CWs, there is an increased 
infiltration of M1 macrophages that secrete a plethora of 
proinflammatory cytokines, including TNF, IL-6, and induc-
ible nitric oxide synthase. Elevated levels of these inflammatory 
mediators lead to increased recruitment of immune cells, thereby 
intensifying and maintaining inflammation within the wound 
and causing local tissue damage [78]. Additionally, imbalanced 
regulation of M1/M2 macrophages is implicated in impaired 
wound healing. In fact, diabetic wounds showed depolarization 
and persistence of M1 macrophages [22], suggesting that the 
hyperglycemic state was conducive to the persistence of the 
proinflammatory M1 macrophage phenotype in the wound. 
Efferocytosis, the process by which macrophages switch from 
M1 to M2 phenotype, is disrupted in CWs. This interference 
negatively affects the phagocytic capacity of macrophages and 
induces an altered ratio of proinflammatory/anti-inflammatory 
cytokines, ultimately compromising wound healing [81].

Briefly, macrophages play a central role during different 
stages of wound repair. Dysregulation of macrophage pheno-
typic transformation and impaired efferocytosis can disrupt 

the normal wound healing process, thus contributing to the 
development of CWs. One of the key mechanisms of CW treat-
ment is to regulate M1/M2 phenotype balance. Hauck et al. 
[82] used collagen/hyaluronic acid-based hydrogels to release 
sulfuric hyaluronic acid and reduce the activity of inflamma-
tory macrophages, which could improve wound healing in 
diabetic mice. Tu et al. [83] designed and prepared nanozymes 
by crosslinking hydrophilic poly (PEGMA-co-GMA-co-AAm) 
polymers with hyperbranched poly-L-lysine-modified manga-
nese dioxide (MnO2). The nanozymes demonstrated the ability 
to promote wound healing by reducing inflammation levels, 
neutrophil infiltration, and enhancing M2 macrophage polar-
ization. Nguyen et al. [84] showed that promoting macrophage 
polarization toward M2 phenotype could improve angiogenesis 
in diabetic wounds.

Neutrophils
Neutrophils rapidly accumulate in injured tissue to counter 
microbial invasion through their bactericidal effects. Additionally, 
neutrophils are associated with increased inflammation and exert 
a substantial impact on wound healing [62]. Indeed, the impaired 
wound healing process in CWs is closely linked to neutrophil 
dysfunction, particularly factors such as excessive neutrophil 
activity, disrupted apoptosis, and the overproduction of NETs.

In CWs, an excessive recruitment and retention of neutro-
phils occur. Sustained high levels of neutrophils result in ele-
vated concentrations of toxic compounds and a proinflammatory 
microenvironment [62]. The excessive production of neutro-
phil-derived ROS and increased secretion of proteases contrib-
ute to ECM and cell membrane damage and impair vascular 
processes and blood flow, ultimately manifesting as the char-
acteristic features of nonhealing wounds [18]. Furthermore, 
delayed neutrophil apoptosis in CWs results in persistent acti-
vation of inflammatory cells and release of inflammatory 
mediators, thereby prolonging inflammation. The clearance 
of neutrophils begins with apoptosis or necrosis, followed by 
phagocytosis through macrophages [85]. Via efferocytosis, 
wound-resident macrophages transition into a tissue remode-
ling state [86]. Liu et al. [87] reported that, in a diabetic skin 
wound model, FasL-Fas signaling-induced neutrophil apopto-
sis facilitated timely regression of inflammation. Subsequently, 
apoptotic neutrophils were cleared by macrophages, promoting 
the anti-inflammatory transformation of macrophages and 
driving regeneration to promote wound healing. NETs are pres-
ent in high numbers in CWs, carrying neutrophil elastase (NE) 
and MMP-9 to hydrolyze ECM [88]. The cytotoxicity of NETs 
can also damage epithelial and endothelial cells, impeding 
the proliferation of wound keratinocytes and causing delayed 
wound healing. The process by which neutrophils initiate NETs 
production is called NETosis. NETosis contributes to delayed 
wound healing, while inhibiting NETosis accelerates the repair 
process [89]. Wong et al. [20] demonstrated that disrupting 
DNase 1 in NETs could expedite wound healing in diabetic 
and normal glycemic wild-type mice. Inhibiting NETosis or 
eliminating NETs improved wound healing and reduced NET-
driven chronic inflammation in diabetes.

T cells
T lymphocytes, or T cells, are also widely considered key players 
in the wound healing process. In fact, following skin injury, 
T lymphocytes begin to migrate to the wound, reaching a 
peak at 7 d after injury and gradually decreasing thereafter. The 
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distribution of T lymphocytes within the wound varies at dif-
ferent stages of the wound healing process. T cells can be sub-
categorized into regulatory T cells (Tregs), gamma delta (γδ) 
T cells, CD4+ T cells, and CD8+ T cells according to their 
specific functionality during wound healing. Tregs represent a 
subset of anti-inflammatory T cells that play an important role 
in orchestrating inflammation in the body [90]. Tregs also pro-
mote the secretion of anti-inflammatory factors by regulating 
the function of neutrophils and macrophages, thereby main-
taining the balance between immune homeostasis and inflam-
mation and facilitating the process of tissue healing [91,92]. 
Moreau et al. [93] reported that skin Tregs interact with their 
tissue environment through transcriptional regulation, influ-
encing epithelial cell biology by upregulating the expression of 
integrin and TGF-β pathway genes. In addition to their immune 
regulatory role, the dynamic regulation of Tregs in angiogenesis 
has gained significant attention [94]. Betto et al. [95] reported 
that the accumulation of VEGFR1+CXCR4+Foxp3+ Tregs in 
ulcer tissues could exert a crucial role in tissue healing and 
angiogenesis through the VEGFR1-TK signaling pathway. 
Currently, Treg-based cell therapy is being investigated in clin-
ical trials for the treatment of autoimmune diseases, transplant 
rejection, and graft-versus-host disease, offering promising 
prospects for tissue repair and regeneration in the future [96].

Gamma delta (γδ) T cells represent a distinct and conserved 
lymphocyte population with major functions in immune 
responses and immunopathologies [97]. Xu et al. [98] demon-
strated increased levels of effector protein and mRNA expres-
sion produced by γδ T cells in acute wound healing model, 
while their expression was reduced in CW repair models. These 
findings suggest that γδ T cells are vital for wound healing and 
exert an important role in inflammatory response. Furthermore, 
Liu et al. [99] also found that defects in dermal Vγ4+ gamma 
delta T cells (Vγ4+γδ) may be an important mechanism con-
tributing to delayed wound healing in diabetic mice. Cytotoxic 
T cells (CD8+ T) and T helper cells (CD4+ T) are 2 additional 
T cell subcategories that significantly contribute to tissue regen-
eration [100]. In the process of skin regeneration, CD4+ and 
CD8+ T cells accumulate in the wounds and secrete a myriad 
of cytokines that regulate the functions of macrophages and 
fibroblasts. Davis et al. [101] reported that in a rat wound model 
with reduced CD4+ T cells, the wound’s strength, resilience, 
and toughness decreased significantly. Notably, in a rat wound 
model with decreased CD8+ T cells, these mechanical proper-
ties (i.e., strength, resilience, and toughness) were significantly 
increased. These experimental observations imply that these 
2 subgroups may play opposing roles in mediating wound 
regeneration.

Natural killer cells, dendritic cells, and other cells
Natural killer (NK) cells are important immune cells in the 
body with diverse functions, including antitumor, antiviral, 
antibacterial, anti-infection, and immune regulation [102,103]. 
Upon activation, NK cells synthesize and secrete a variety of 
growth factors and cytokines that affect the wound healing 
process. NK cells accumulate at the site of skin wounds, typi-
cally peaking around 5 d after injury. In wound environ-
ments, NK cells predominantly exhibit mature phenotypes 
characterized by CD11b+CD27− and NKG2A+NKG2D− 
expressions. They also express LY49I and proinflammatory 
cytokines, including interferon-γ (IFN-γ), TNF-α, granulocytic 
macrophage colony-stimulating factor (GM-CSF), and IL-1β 

[104]. IFN-γ and GM-CSF can activate macrophages toward 
M1 polarization [18]. Silva et al. [104] reported that a reduction 
in NK cell presence in the wound led to decreased expression 
of IFN-γ, TNF-α, IL-1β, and other proinflammatory cytokines 
without affecting the aggregation of neutrophils or macrophages. 
Sobecki et al. [105] noted that the loss of hypoxia-inducible 
factor-1α in NK cells reduced the release of IFN-γ and GM-CSF, 
resulting in accelerated wound healing but diminished defense 
against bacterial infections. This evidence indicates that NK cells 
impair skin wound healing through the production of proin-
flammatory cytokines. Therefore, the depletion of NK cells may 
enhance epithelial cell regeneration, promote collagen deposition, 
and improve the rate of wound healing but may also increase the 
risk of bacterial skin infections.

Dendritic cells (DCs) are considered highly efficient profes-
sional antigen-presenting cells in the body. They play a critical 
role in regulating immune responses by uptaking, processing, 
and presenting antigens, thereby initiating T cell-mediated 
immune responses [106]. DCs are also capable of synthesizing 
and secreting a wide range of cytokines, contributing to the main-
tenance of tissue homeostasis through the regulation of innate 
and adaptive immunity [107]. Albeit the exact role of DCs in 
skin healing and regeneration still remains elusive, recent 
studies have highlighted their role in tissue repair: Maschalidi 
et al. [4] reported that high expression of Slc7a11 in DCs within 
the wound skin of diabetic mice. Targeting Slc7a11 can promote 
the release of TGF-β family member GDF15 from efferocytic 
DCs, promoting wound healing. Vinish et al. [108] discussed 
the role of DCs in regulating the healing response after burn 
wounds. Their findings revealed that the wounds in DC-deficient 
mice exhibited decreased levels of TGF-β1 and significantly 
inhibited the formation of CD31+ vessels, thereby affecting early 
cell proliferation, granulation tissue formation, and delayed 
wound closure. In contrast, DC promotion significantly accel-
erated early wound closure. These insights suggest that DCs 
may play a crucial role in expediting early wound healing, with 
the enhancement of their function serving as a potential ther-
apeutic intervention to promote CW healing.

In conclusion, wound healing is a complex process involving 
various immune cells and molecules, each of which play dis-
tinct roles during different stages of CW healing. Their effect 
on wound healing is contingent upon their subtype and is fur-
ther modulated by local signals within the microenvironment. 
Gaining a deeper understanding of the roles of these immune 
cells in healing different types of injury is crucial for identifying 
potential therapeutic targets. Consequently, strategies aimed at 
regulating the wound immune response and remodeling the local 
inflammatory microenvironment have emerged as promising 
approaches for promoting wound healing. These strategies 
involve the regulation of macrophage polarization, promotion of 
T cell differentiation into helper T cells, and stimulation of proin-
flammatory activation markers in DCs to enhance, regulate or 
inhibit related immune responses. Future research efforts are 
needed to decipher the full potential of immune cells and immune 
microenvironments for wound healing by combining knowledge 
from different injury models and underlying clinical diseases.

Applications of Immunomodulatory 
Nanosystems in CW Treatments
Currently, various strategies aimed at targeting the pathogenic 
immune microenvironment have been developed to mitigate 
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the deterioration of CWs. However, the effectiveness of these 
strategies falls short of expectations. The complexity of the 
immune microenvironment in CWs is widely recognized as a 
crucial factor affecting the healing process. Immunomodulatory 
nanosystems have emerged as a promising approach for improv-
ing wound repair and regeneration due to their excellent phys-
icochemical properties, efficient drug-loading capacity, and 
favorable biocompatibility [15]. Over the past decade, a wide 
array of organic, inorganic, and organic–inorganic hybrid nano-
systems have been employed in the development of advanced 
wound dressings, serving as effective drug delivery tools that 

beneficially modulate the immune microenvironment in CWs. 
Mechanistically, these versatile nanosystems exert their immu-
nomodulatory roles through 3 main mechanisms: (a) stimula-
tion of M2 macrophage polarization, (b) anti-inflammatory 
actions, and (c) ROS-scavenging (Table).

In fabrication of immunomodulatory nanosystems for 
wound healing, researchers are actively investigating the clear-
ance mechanisms to ensure their long-term biocompatibility. 
Several factors are taken into consideration, such as the size, 
surface properties, and composition of the nanosystems [29]. 
Nanosystems can be engineered to be biodegradable, allowing 

Table. Nanosystem-based strategies for immunomodulation in CWs.

Mechanisms Strategies Example Details

Induction of M2 
macrophage 
polarization

Reprogram mac-
rophage phenotype

Bioactive glass (BG) [145] BG directly induces macrophages toward M2 polarization

Delivery of therapeu-
tic gas

NO@HKUST-1 [120] Nitric oxide (NO) induces macrophages from M1 to M2 via acti-
vation of NO/vasodilator-stimulated phosphoprotein signaling

Delivery of EVs G-sEVsDM [7] DM released from the G-sEVsDM drives macrophage phenotype 
switch from M1 to M2

Delivery of stem cells Fibrous scaffolds encapsu-
lated with adipose-derived 
mesenchymal stem cells 

(AD-MSCs) [146]

The released AD-MSCs drive macrophages toward M2 polari-
zation

Delivery of cytokines BCL@MMSNPs-SS-CD-NW 
[147]

Baicalein (BCL) targets macrophages and induce M2 polariza-
tion

Gene therapy AMPC@siTNF-α [148] The small interfering RNA released from NPs suppress M1 
polarization and induce M2 polarization

Anti-inflamma-
tion

Self-activity of NPs Multifunctional bioactive 
glass-ceramic nanodrug 

(BBGN-Mo) [149]

The BBGN-Mo exhibits excellent anti-inflammatory effect

Delivery of EVs Poly (ethylene glycol) 
hydrogels (Exogels) [25]

The macrophage-derived EVs can promote angiogenesis and 
suppress inflammation

Delivery of stem cells PLGA@IL-8/ADM system 
[26]

This system provides exogenous MSCs for anti-inflammation

Delivery of cytokines PLGA-curcumin NPs [150] NPs exhibit anti-inflammatory effects via release of curcumin

Delivery of antioxi-
dants

Mitochondria-targeted 
hybrid nanozymes [151]

The artificial cascade nanozyme possesses superoxide dismu-
tase- and catalase-like activities as well as anti-inflammation

Delivery of therapeu-
tic gas

DNase-CO@MPDA NPs 
[152]

The released carbon monoxide (CO) exhibits robust anti-in-
flammatory activity

Gene therapy miR-223-loaded hyaluronic 
acid NPs [125]

The released miR-223 exhibits anti-inflammation via harness 
macrophage polarization

ROS scavenge Antioxidant NPs Ultrasmall Cu5.4O nanopar-
ticles (Cu5.4O USNPs) [153]

Cu5.4O USNPs with multiple enzyme-mimicking and 
broad-spectrum ROS scavenging ability

Delivery of cytokines Polydopamine NPs (PDA 
NPs) [154]

PDA degrades ROS and generates oxygen

Delivery of antioxi-
dants

PDA/PUE/FA NPs [155] The released ferulic acid (FA) exhibits excellent antioxidant 
activity

Delivery of therapeu-
tic gas

Multifunctional nanosys-
tem for delivery of gaseous 

hydrogen [156]

Hydrogen exhibits ROS-scavenging ability via activation of Nrf2 
signaling

Gene therapy MS-CeO2 nanocomposites 
[157]

The nano-miR129 released from the composites can signifi-
cantly enhance anti-ROS efficiency
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them to gradually degrade and be removed or eliminated from 
the body. Biodegradation can occur through various mecha-
nisms, including enzymatic degradation or breakdown by the 
body’s natural processes [109]. For example, nanosystems com-
posed of biocompatible polymers like polylactic acid or poly 
(lactic-co-glycolic acid) (PLGA) can be designed to degrade 
over time into smaller fragments that can be cleared by the 
body’s excretory system [110].

In addition to biodegradation, nanosystems can also be 
designed with surface modifications or coatings to improve 
their biocompatibility and facilitate their clearance. Surface 
modifications can influence interactions with biological com-
ponents, such as proteins or cells, potentially affecting their 
recognition and uptake by the immune system or clearance 
organs [111]. To assess the long-term clearance mechanism 
of nanosystems, researchers conduct comprehensive studies 
using in vitro and in vivo models. These studies investigate the 
fate of nanosystems over extended periods, tracking their dis-
tribution, metabolism, and elimination from the body [112]. 
Advanced examinations such as imaging, biodistribution anal-
ysis, and histological examination help researchers monitor the 
behavior of nanosystems in different organs and tissues [112]. 
It is worth noting that the clearance mechanism can vary 
depending on the specific nanosystem design, route of admin-
istration, and target tissue. Therefore, it is crucial to consider 
these factors and conduct rigorous preclinical and clinical eval-
uations to ensure the safety and biocompatibility of nanosys-
tems intended for wound healing applications.

Functionally, immunomodulatory nanosystems can pro-
mote hemostasis by enhancing blood clotting mechanisms. 
They can be designed to carry specific molecules, such as clot-
ting factors or platelet-binding peptides, which facilitate the 
formation and stabilization of blood clots at the wound site. By 
promoting clotting, these nanosystems can help control bleed-
ing and prevent further tissue damage, enabling the wound 
healing process to begin. In this section, we comprehensively 
summarize the advancements in nanosystem-based strategies 
for modulating the immune microenvironment in CWs and 
discuss limitations associated with these functional nanosystems.

Organic immunomodulatory nanosystems in  
CW treatments
Due to the uncomplicated synthesis process, versatile function-
ality, and excellent biocompatibility, organic immunomodula-
tory nanosystems are of increasing popularity in the management 
of CWs. Recent evidence has shown that certain polymeric 
nanostructures can effectively reverse the immune microenvi-
ronment while promoting angiogenesis and re-epithelialization 
in CWs [113,114]. For instance, Sun et al. [115] introduced 
novel ECM-loading nanofibrous scaffolds, mimicking the 
dynamic transition of native ECM and modulating the immune 
microenvironment in CWs. Specifically, fibrinogen and colla-
gen I, key ECM proteins, were incorporated into the nanosys-
tems to replicate the sequential appearance of these proteins 
during the wound healing process. The results demonstrated 
that the ECM-biomimetic coaxial nanofibrous scaffold effec-
tively switched macrophage phenotypes from M1 to M2, 
thereby significantly facilitating the wound healing process. 
Similarly, Liu et al. [116] introduced an absorbable nanofibrous 
hydrogel for promoting diabetic wound healing via synergistic 
modulation of the immune microenvironment. The grafted 

thioethers on hyaluronic acid consumed excessive ROS during 
the early inflammation stage, while hyaluronic acid induced 
the transformation of recruited M1 macrophages toward the 
M2 phenotype, creating a favorable immune microenviron-
ment for wound healing.

Metal–organic frameworks (MOFs) may also serve as suit-
able immunomodulatory nanosystems, particularly in pro-
moting CW healing [117,118]. For example, Wan et al. [119] 
introduced a zeolitic imidazolate framework-8 nanosystem 
(Mn-ZIF-8), with enzymatic activity modulating the immune 
microenvironment in CWs. Structurally, Mn-ZIF-8 features 
the coexistence of Mn2+/Mn4+ to endow the nanosystem with 
enzymatic activity, combating the oxidative microenvironment. 
In addition to releasing zinc ions, this nanosystem exhibited 
remarkable antibacterial functionality and remodeled inflam-
matory immunity by modulating macrophage polarization, 
thus improving overactivated inflammation and promoting the 
healing of bacteria-infected CWs. Yin et al. [117] developed 
a magnesium organic-framework-based microneedle patch 
(MN-MOF-GO-Ag), which slowly releases Mg2+ and gallic acid 
in the deep layer of the dermis. The multifunctional MN-MOF-
GO-Ag resulted in enhanced cell proliferation and antioxidant 
and antibacterial activities in vitro as well as enhancement of 
wound healing in vivo (Fig. 4A). Zhang et al. [120] utilized 
copper-based MOF as a NO-loading vehicle to promote 
endothelial cell growth and significantly improve the angio-
genesis, collagen deposition, as well as anti-inflammatory prop-
erty in diabetic wound (Fig. 4B). Xia et al. [121] also reported 
a novel nanosystem (ZIF-8@ Rutin) synthesized by loading 
Rutin into ZIF-8, which effectively reshaped the immune 
microenvironment of chronic infected wounds. The encapsu-
lated Rutin provided this nanosystem with immunomodulatory 
and antioxidant abilities to regulate macrophage polarization.

Moreover, nanosystems also play a crucial role in protecting 
loaded drugs from degradation while exerting a regulatory 
function through the controlled release of immunomodulatory 
agents. Currently, a mounting body of evidence points to the 
suitable utilization of nanosystems as delivery vehicles for the 
sustained release of immunomodulatory molecules, aiming to 
mediate the immune microenvironment in CWs and promote 
wound healing [122,123]. For instance, Gauthier et al. [124] 
developed a functional liposome capable of controlled release 
of dexamethasone to macrophages, thereby providing an 
anti-inflammatory and prohealing microenvironment for 
wound repair and regeneration. Saleh et al. [125] introduced 
nanosystems loaded with microRNA, which acted as local 
immunomodulatory agents by gradually releasing a miR-223 
mimic. Specifically, the released miR-223 effectively guided 
tissue macrophages toward an anti-inflammatory phenotype 
polarization and enhanced angiogenesis at the wound site.

Of note, there are also some disadvantages specific to 
organic immunomodulatory nanosystems in CW treatments. 
First, organic nanosystems may have limited stability and a 
shorter shelf life compared to inorganic counterparts. They can 
be susceptible to degradation over time, which may affect their 
therapeutic efficacy. Ensuring long-term stability and main-
taining the desired properties of organic nanosystems during 
storage and transportation can be challenging. Second, 
although biodegradation is a desired feature of organic nano-
systems, the rate of degradation can vary and may not always 
align with the intended duration of treatment. It is crucial 
to strike a balance between achieving controlled release of 
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Fig. 4. (A) Schematic illustration of MN-MOF-GO-Ag for accelerating diabetic wound healing. Reproduced with permission from [117]. Copyright (2021) American Chemical 
Society. (B) Schematic illustration of the copper-based MOF scaffold promotes the healing of diabetic wound. Reproduced with permission from [120]. Copyright (2020) 
American Chemical Society. HIF-1α, hypoxia-inducible factor-1α; PCL, polycaprolactone; PHD, proline hydroxylase.
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therapeutic agents and maintaining structural integrity during 
the required period. Third, organic nanosystems may have lim-
ited loading capacities for therapeutic agents due to their spe-
cific compositions and structures. This limitation can restrict 
the amount of drug or bioactive molecules that can be incor-
porated into the nanosystems. Moreover, some organic nano-
systems may still raise concerns regarding biocompatibility, 
especially when they are derived from natural sources. The 
potential for immune responses or allergic reactions to the 
organic components should be carefully assessed. In addition, 
organic nanosystems may face regulatory hurdles due to their 
unique characteristics. They may require additional testing to 
assess their safety, efficacy, and potential long-term effects.

Inorganic nanosystems as modulators of  
the microenvironment
Due to their superior stability, potent antibacterial activity, and 
excellent drug controlled-release function, inorganic nanosys-
tems can be widely used for modulating the immune microen-
vironment and promoting wound healing [126]. In recent 
years, the field of nanotechnology has witnessed substantial 
advancements, leading to the development of various inorganic 
nanosystems for innovative treatments in CWs. Examples of 
such nanosystems include silver (Ag), cerium (Ce), copper 
(Cu), graphene oxide (GO), and black phosphorus [127]. 
Notably, AgNPs serve as a representative example, as they 
exhibit immunoregulatory properties and can activate the 
inflammasome, thereby inducing the production and release 
of neutrophils and NETs to eliminate bacterial infections [128]. 
Emerging evidence suggests that AgNPs encapsulated with 
polysaccharide riclin offer antibacterial and anti-inflammatory 
effects, thereby accelerating CW healing [129]. The beneficial 
impact on wound healing can be mainly attributed to the sig-
nificant reduction in proinflammatory cytokines (e.g., IL-1β, 
IL-6, TNF-α, etc.) observed with riclin/AgNP treatment. 
Moreover, AgNPs are also used to control fungal infections 
through cell wall disruption and immunomodulation. A recent 
study demonstrated the excellent antifungal properties of 
ethylenediaminetetraacetic acid (EDTA) modified AgCu2O 
nanoparticles (AgCuE NPs) [130]. The nanosystem effectively 
eradicated fungi by leveraging a synergistic cascade of ion- 
released chemotherapy, chemodynamic therapy, photodynamic 
therapy, and mild photothermal therapy. In vivo, AgCuE NPs 
could contribute to a supportive microenvironment for tissue 
regeneration, with promising results in animal models of fungal 
keratitis (Fig. 5).

Furthermore, ceria NPs exhibit enzymatic activity and the 
ability to scavenge excessive ROS, allowing them to regulate 
the immune microenvironment of CWs. A recent study pre-
sented the development of glucose/ROS dual-responsive Ce 
NPs as nanozymes and immunomodulatory nanosystems for 
diabetic wound repair [131]. These versatile NPs were con-
structed through the encapsulation of dual-ligand molecules, 
alendronic acid (AL) and 2-methylimidazole (HMIM), into a 
Ce-driven coassembly, resulting in NPs with robust enzymatic 
functionality. It is worth mentioning that both in vitro and 
in vivo assays indicated that this nanosystem effectively allevi-
ated oxidative stress damage and provided a supportive immune 
microenvironment for cell promotion and differentiation. Wu 
et al. [33] also introduced a mesoporous silicon decorated with 
ceria nanocrystals (MSN-Ceria) for promoting wound repair. 

The MSN-Ceria nanosystem showed significant scavenging of 
excessive ROS, inhibition of fibrotic proliferation, and a notable 
reduction in persistent inflammation, along with a significant 
decrease of CD68-positive macrophages.

In addition, nanosystems can also suppress inflammation 
and promote microcirculatory blood flow by generating local-
ized high temperatures through the photothermal effect of 
NPs themselves or by carrying a photothermal agent under 
laser irradiation. Ouyang et al. [132] proposed a novel thera-
peutic strategy to address the challenges encountered in the 
treatment of diabetic wounds. Specifically, to address exacer-
bated inflammation and angiopathy, the researchers developed 
a smart gel based on black phosphorus with rapid formation 
and near-infrared light responsiveness. This multifunctional 
black phosphorus-based gel not only enhanced local angio-
genesis but also created a favorable immune microenvironment. 
Under near-infrared laser (808 nm) irradiation, the gel gener-
ated local heat, improving microcirculatory blood flow, bacterial 
elimination, and inflammation reduction through photothermal 
therapy.

Notably, some limitations of the application of inorganic 
nanosystems in wound healing should be emphasized. First of 
all, the inorganic nanosystems, especially those composed of 
metals or metal oxides, may raise concerns regarding their bio-
compatibility and potential toxicity. The interaction of inor-
ganic nanoparticles with biological systems can trigger immune 
responses and lead to cytotoxic effects. Furthermore, the clear-
ance mechanisms of inorganic nanosystems from the body may 
vary depending on their size, shape, and surface properties. 
Larger nanoparticles may have slower clearance rates, leading 
to potential long-term accumulation in organs or tissues. Third, 
achieving controlled release of therapeutic agents from inor-
ganic nanosystems can be more challenging compared to 
organic counterparts. Although inorganic nanosystems can 
provide sustained release to some extent, the precise control 
of release kinetics may be more difficult due to their inherent 
properties. Moreover, inorganic nanosystems may be prone 
to aggregation or instability under certain conditions, such as 
changes in pH or ionic strength. Aggregation can impact their 
performance and hinder their ability to deliver therapeutic 
agents effectively. Additionally, inorganic nanosystems may 
face regulatory considerations and require thorough evaluation 
for safety and efficacy.

Utilization of organic–inorganic hybrids in  
CW treatments
Extensive research has established the multifunctional proper-
ties of inorganic nanosystems, which include immunomodu-
latory, antibacterial, and prohealing activities. A series of organic 
nanomaterials have shown the capacity to induce tissue repair 
and regeneration by modulating the immune response and 
promoting ECM deposition. Consequently, various organic–
inorganic hybrid nanosystems were developed in the field of 
biomedicine, particularly for applications in wound repair. Of 
note, increasing evidence highlights the promising use of these 
hybrid nanosystems in immune-modulatory tissue engineering 
for CWs [133,134]. In a recent study, a hydrogel-based nano-
delivery system was fabricated with antibacterial activity and skin 
regeneration function for the treatment of burn infections [135]. 
The system combines porphyrin photosensitizer sinoporphyrin 
sodium (DVDMS) and PLGA-encapsulated bFGF nanospheres 
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embedded in carboxymethyl chitosan-sodium alginate to form 
CSDP hybrid hydrogel. The in vitro results showed that the CSDP 
nanosystem exhibited excellent antibacterial and antibiofilm 
activities. In vivo, CSDP was successful in inhibiting bacterial 
growth and promoting wound healing in a mouse model. The 

treatment also led to an increase in regenerative factors and a 
reduction in proinflammatory factors in the burn wounds, indi-
cating its potential as a synergistic treatment for burn infections. 
This study suggests that CSDP could serve as a promising nan-
oplatform for the comprehensive treatment of burn infections, 

Fig. 5.  (A) Schematic diagram of AgCuE NPs for fungal keratitis treatment and representative images of transmission electron microscopy (TEM) and X-ray diffraction (XRD) 
detection. (B) Schematic illustration of the underlying mechanisms of AgCuE NPs in the treatment of fungal keratitis. (A) and (B) were reproduced with permission from [130]. 
Copyright (2022) American Chemical Society. OCT, optical coherence tomography; PA, photoacoustic.

https://doi.org/10.34133/research.0198


Chu et al. 2023 | https://doi.org/10.34133/research.0198 15

combining antibacterial activity with wound healing promo-
tion (Fig. 6).

Organic–inorganic hybrid nanosystems are emerging as a 
promising group of nanomaterials with significant potential in 
modulating the immune microenvironment for the treatment 
of CWs. These nanosystems are multifunctional, including hav-
ing drug-loading and releasing capabilities, anti-inflammatory 
effects, antimicrobial properties, and immune response remod-
eling capabilities [129]. The controlled release of multiple drugs 
from biomaterials remains a major challenge, and the utiliza-
tion of nanosystems provides the opportunity to develop nano-
composites with scaffold-forming functions and customizable 
drug release properties. Mebert et al. [136] introduced a 
collagen–silica hybrid nanosystem designed for the sustained 
release of 2 topical antibiotics to eliminate infection in CWs. 
Structurally, these nanosystems consisted of core–shell silica 
particles encapsulated with gentamicin sulfate and sodium 
rifamycin, and they were constructed with type I collagen. 
Importantly, in vivo results demonstrated the robust immuno-
modulatory role of this hybrid nanosystem in reshaping the 
inflammation triggered by infection. Furthermore, in a rabbit 
model, this nanosystem exhibited excellent controlled dual 
drug delivery, effectively eliminating wound infection and 
promoting tissue repair and regeneration. Additionally, to 
overcome the limited cell wall adhesion function of typical 
antibacterial Ag nanoparticles, Wang et al. [137] developed 
mesoporous silica-coated Ag nanocubes loaded with gen-
tamicin. Functionally, the Ag nanocubes with mesoporous silica 

coating demonstrated potent antibacterial effects, and the pres-
ence of intracellular H2S in the natural bacterial environment 
stimulated the release of Ag from the nanospheres, synergisti-
cally enhancing the antibacterial activity. Immunohistochemical 
staining of CD86 in the wounds revealed a significant reduction 
in proinflammatory M1 macrophages in the nanosystem-treated 
group compared to other groups. This study underscored the 
potential of versatile nanosystems in depleting proinflamma-
tory macrophages to facilitate the healing of CWs.

Organic–inorganic hybrid-based immunomodulatory nano-
systems offer unique advantages by combining the properties 
of both organic and inorganic materials. However, they also 
have some disadvantages in the context of CW treatments. 
The synthesis and characterization of organic–inorganic 
hybrid nanosystems can be complex and require special-
ized techniques. The integration of organic and inorganic 
components necessitates precise control over the synthesis 
parameters to achieve the desired hybrid structure and prop-
erties. Furthermore, organic and inorganic materials may have 
different properties, such as surface charges, degradation rates, 
or interactions with biological systems. Achieving compatibility 
between these materials within the hybrid nanosystems can be 
challenging. Third, the biodegradation and long-term stability 
of organic–inorganic hybrid nanosystems can be complex to 
predict and control. The degradation rates of organic and inor-
ganic components may differ, potentially leading to changes in 
the structure and properties of the hybrid nanosystems over 
time. Moreover, the combination of organic and inorganic 

Fig.  6.  An example of the hybrid nanosystems applicated in CW treatment. The system combines porphyrin photosensitizer sinoporphyrin sodium (DVDMS) and PLGA-
encapsulated bFGF nanospheres embedded in carboxymethyl chitosan-sodium alginate to form CSDP hybrid hydrogel. Reproduced with permission from [135]. Copyright 
(2020) American Chemical Society. RNA-seq, RNA sequencing; PVA, poly(vinyl alcohol); PACT, photodynamic antimicrobial chemotherapy.
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components can introduce new challenges in terms of biocom-
patibility and potential toxicity. The presence of inorganic mate-
rials may raise concerns about their cytotoxicity or immune 
responses. In addition, organic–inorganic hybrid nanosystems 
may face additional regulatory considerations due to their com-
plex composition and unique properties.

Engineered extracellular vesicles as regulators of 
immune microenvironment
Extracellular vesicles (EVs) are nanoscale intercellular messen-
gers carrying a variety of bioactive factors and cytokines, includ-
ing ribonucleic acid (RNA), proteins, lipids, and deoxyribonucleic 

acid (DNA). These factors and cytokines can be taken up by recip-
ient cells and are involved in a wide array of biological regulations. 
Specifically, EVs are able to penetrate tissues, enter the blood-
stream, and even cross the blood–brain barrier [138]. With 
the recent advancements in nanotechnology, engineered EVs 
with enhanced cell-targeting capabilities and regulatory activ-
ities are emerging as multifunctional nanosystems for pro-
moting the healing of CWs, particularly by modulating the 
immune microenvironment of CWs [139]. Generally, strate-
gies for engineering EVs involve modifications of both donor 
cells and EVs directly. Recent studies have shown that precon-
ditioning donor cells is a promising strategy to improve immu-
nomodulatory functions and accelerate CW healing through 

Fig. 7. Schematic diagram of the important role of G-EvsDM in the promotion of diabetic wound healing. Reproduced with permission from [7]. Copyright (2023) Wiley. BMDMs, 
bone marrow-derived macrophages; BMSCs, bone marrow-derived mesenchymal stem cells; ECs, vascular endothelial cells.
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various pretreatments [140]. For instance, Ti et al. [141] intro-
duced an engineered EV derived from lipopolysaccharide- 
preconditioned mesenchymal stromal cells (LPS pre-Exo) for 
diabetic wound healing. In vitro results indicated that LPS pre-
Exo exhibited a superior function to untreated MSC-derived 
EVs (un-Exo) in modulating macrophage balance in diabetic 
wounds. Mechanistically, LPS pre-Exo significantly increased 
anti-inflammatory cytokine levels and induced M2 mac-
rophage polarization. In a diabetic rat model, in vivo results 
suggested that LPS pre-Exo substantially facilitated diabetic 
wound healing by modulating the immune microenvironment 
and reducing excessive inflammation at the wound site. 
Similarly, in another study, melatonin (MT)-preconditioned 
MSCs-derived EVs (MT-Exo) showed enhanced effects on 
diabetic wound healing by inducing macrophage polarization 
toward the M2 phenotype [142]. In vitro and in vivo findings 
indicated that MT-Exo alleviated overactivated inflammatory 
responses by increasing the M2/M1 macrophage ratio through 
activation of the phosphatase and tensin homolog/protein 
kinase B (PTEN/AKT) signaling pathway. Therefore, MT-Exo 
holds promise as a strategy for facilitating tissue repair and 
regeneration.

In addition to donor cell preconditioning, direct modifica-
tion of EVs is an important method for obtaining engineered 
EVs. Advanced loading approaches, such as electroporation, 
sonication, freeze and thaw cycles, and extrusion, enable effi-
cient encapsulation of bioactive cargos in EVs, thereby enhanc-
ing their regulatory activities [143]. In a recent study, the Shen 
group [144] reported the novel engineering of EVs (E-EVs) 
collected from TNF-α-treated MSCs under hypoxia, with 
encapsulation of cationic antimicrobial carbon dots. In vitro, 
E-EVs demonstrated excellent immunomodulatory function 
by promoting M2 macrophage polarization and ameliorating 
excessive inflammation. In vivo results suggested that E-EVs 
accelerated the healing of infected diabetic wounds and bene-
ficially reversed the immune microenvironment in diabetic 
wounds. In our previous study, we engineered EVs (G-EVsDM) 
by encapsulating didymin (DM) into EVs derived from ginseng 
[7]. Through the sustained release of DM, these engineered 
EVs effectively reprogrammed macrophage phenotypes from 
M1 toward M2 polarization and provided a beneficial microen-
vironment for wound repair and tissue regeneration (Fig. 7). 
The in vivo results implied that the administration of injectable 
multifunctional hydrogels encapsulated with G-EvsDM resulted 
in a significant enhancement of wound healing in a diabetic 
mouse model. Taken together, these studies are a testament to 
the promising prospects of direct EV modification as a valuable 
avenue to improve the healing of CWs.

Currently, engineered EVs-based immunomodulatory nano-
systems have attracted considerable attention for their potential 
in CW treatments. However, they also have certain disadvan-
tages that should be considered. Engineering EVs to enhance 
their immunomodulatory properties can be a complex process. 
Modifying the cargo, surface composition, or targeting abilities 
of EVs requires sophisticated engineering techniques. The opti-
mization and reproducibility of these engineering processes 
can be challenging, potentially limiting the scalability and wide-
spread application of EV-based nanosystems. Furthermore, 
efficient loading of therapeutic cargo into engineered EVs can 
be a considerable challenge. Depending on the cargo type and 
size, achieving optimal loading may require specific strategies 
or modifications, which can affect the overall manufacturing 

process and scalability. Moreover, the stability and release 
kinetics of cargo from engineered EVs need to be carefully 
considered. Cargo molecules can be sensitive to the harsh extra-
cellular environment or undergo premature release during storage 
or transportation. In addition, ensuring consistent quality and 
standardization of engineered EV-based nanosystems is crucial 
for their safe and effective use in CW treatments. Establishing 
robust quality control measures, including characterization tech-
niques and standardized protocols, can be challenging due to the 
complexity and heterogeneity of EV populations.

Challenges and Perspectives
The field of nanotechnology has made remarkable advance-
ments in both basic research and clinical applications, offering 
a potential breakthrough for addressing the challenges associ-
ated with CW treatment. Immunomodulatory nanosystems, 
which modulate the immune (micro)environment in CWs, are 
of increasing popularity. These nanosystems, constructed using 
multifunctional composite materials, offer the capability to 
precisely and effectively regulate the local immune microenvi-
ronment of CWs to ultimately promote wound healing. Despite 
their promising potential, several challenges still need to be 
addressed prior to clinical translation:

1. It is imperative to systematically investigate the safety 
of nanosystems. When creating innovative nanosystems, the 
design and preparation must ensure application safety. In 
this context, improving the targeting specificity, optimizing 
biocompatibility, and minimizing impacts on both target and 
nontarget tissues are essential considerations. To achieve mass 
production and guarantee quality control of nanocarriers, strict 
manufacturing control conditions are necessary. Ultimately, 
this has the potential to revolutionize clinical practice, with 
patients and care providers benefiting from this innovative 
technology.

2. Local immune dysfunction is one of the major pillars in 
the complex and intricate healing process in CWs. Although 
immunomodulatory nanosystems were found to be effective 
in animal studies, their translation to human skin has been less 
successful. In fact, rat and human skin defects exhibit distinct 
healing processes: rodent skin predominantly heals through 
contraction, whereas human skin heals through epithelial 
development. Therefore, future investigations are required to 
elucidate the immunological effects of nanomaterials and their 
interactions with the human immune system. This is essential 
for optimizing the shape, size, surface, and physical and chem-
ical properties of nanomaterials.

3. The lack of standardized and reliable models for CWs 
represents a major challenge. CWs include a variety of different 
types, such as full-thickness, diabetic, or infected wounds. The 
majority of research addressing these wounds with immuno-
modulatory nanosystems has primarily focused on a limited 
subset of these wound types, potentially leading to biased out-
comes or insufficient data supporting treatment. Furthermore, 
there is a lack of standardization in the evaluation of the wound 
healing progress after treatment, including changes in wound 
morphology, biomarker changes at different stages, and scar 
quality. Establishing standardized production and preparation 
procedures is pivotal to advancing the clinical application of 
nanomedicine. Additionally, regulatory controls must be inten-
sified, with a particular focus on harmonizing and improving 
approval regulations to foster the development of new drug 
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applications, thereby facilitating preclinical research and 
approval.

4. There is still much work to be done before we can fully 
rely on nanotechnology to heal CWs, despite these potential 
benefits. Currently, the use of nanotechnology in commercial 
wound dressings is primarily restricted to those that incorpo-
rate silver nanocrystals as an antibacterial ingredient. The 
absence of necessary and precise data on the destiny and tox-
icity of NPs is one of the major problems. This is partly because 
NPs are complicated and their categorization presents difficul-
ties. Other factors to be taken into account are the design of 
preclinical and clinical trials as well as the effectiveness of cur-
rent CW treatments, including those that use nanotechnology. 
In spite of these problems and difficuties, the interdisciplinary 
nanoengineering combination of basic medicine and advanced 
clinical research efforts is expected to largely offer great poten-
tial for balancing CW burden.

In summary, as research on immunomodulatory nanosys-
tems for CW treatment progresses from basic science research 
to clinical applications, it is essential to address the challenges 
at hand. Systematic investigations into safety, optimization of 
nanomaterial properties, standardization of wound models, 
and strengthening of regulatory controls will facilitate the suc-
cessful translation of nanomedicine into clinical practice.

Acknowledgments
Funding: This work was supported by the National Science 
Foundation of China (No. 82002313, No. 82072444, No. 
31900963, and No. 82202714), Hubei Province Key Laboratory 
of Oral and Maxillofacial Development and Regeneration 
(No. 2020kqhm008 and No. 2021kqhm002), and the China 
Postdoctoral Science Foundation (No. 2022M721261, and No. 
2021TQ0118). Y.R. was supported by the European Research 
Council Consolidator Grant (ERC-CoG 819933), the LEO 
Foundation (LF-OC-21-000835), and the European Foundation 
for the Study of Diabetes (EFSD) Anniversary Fund Programme. 
Author contributions: X.C., Y.X., and S.K. contributed equally 
to the manuscript. X.C. and Y.X. wrote the manuscript. S.K., 
A.C.P., M.A., and L.L. revised the manuscript. D.J., Y.R., Z.L., 
and Z.Z. provided valuable suggestions. G.D., B.M., and G.L. 
supervised and revised the manuscript. All authors approved 
the final manuscript. Competing interests: The authors declare 
that they have no competing interests.

References

	 1.	 Ohnstedt E, Lofton Tomenius H, Vagesjo E, Phillipson M.  
The discovery and development of topical medicines for 
wound healing. Expert Opin Drug Discov. 2019;14(5):485–497.

	 2.	 Falanga V, Isseroff RR, Soulika AM, Romanelli M, Margolis D, 
Kapp S, Granick M, Harding K. Chronic wounds. Nat Rev Dis 
Primers. 2022;8(1):50.

	 3.	 Jones RE, Foster DS, Longaker MT. Management of chronic 
wounds-2018. JAMA. 2018;320(14):1481–1482.

	 4.	 Maschalidi S, Mehrotra P, Keceli BN, De Cleene HKL, 
Lecomte K, Van der Cruyssen R, Janssen P, Pinney J, van Loo G, 
Elewaut D, et al. Targeting SLC7A11 improves efferocytosis 
by dendritic cells and wound healing in diabetes. Nature. 
2022;606(7915):776–784.

	 5.	 Buch PJ, Chai Y, Goluch ED. Treating polymicrobial 
infections in chronic diabetic wounds. Clin Microbiol Rev. 
2019;32(2).

	 6.	 Falanga V. Wound healing and its impairment in the diabetic 
foot. Lancet. 2005;366(9498):1736–1743.

	 7.	 Xiong Y, Lin Z, Bu P, Yu T, Endo Y, Zhou W, Sun Y, Cao F, 
Dai G, Hu Y, et al. A whole-course-repair system based 
on neurogenesis-angiogenesis crosstalk and macrophage 
reprogramming promotes diabetic wound healing. Adv 
Mater. 2023;35(19):e2212300.

	 8.	 Xiong Y, Mi BB, Lin Z, Hu YQ, Yu L, Zha KK, Panayi AC, 
Yu T, Chen L, Liu ZP, et al. The role of the immune 
microenvironment in bone, cartilage, and soft tissue 
regeneration: From mechanism to therapeutic opportunity. 
Mil Med Res. 2022;9(1):65.

	 9.	 Theocharidis G, Yuk H, Roh H, Wang L, Mezghani I, Wu J, 
Kafanas A, Contreras M, Sumpio B, Li Z, et al. A strain-
programmed patch for the healing of diabetic wounds. Nat 
Biomed Eng. 2022;6(10):1118–1133.

	 10.	 Huang F, Lu X, Yang Y, Yang Y, Li Y, Kuai L, Li B, Dong H, Shi J. 
Microenvironment-based diabetic foot ulcer nanomedicine. 
Adv Sci (Weinh). 2023;10(2):e2203308.

	 11.	 Zhao F, Su Y, Wang J, Romanova S, DiMaio DJ, Xie J, Zhao S. 
A highly efficacious electrical biofilm treatment system for 
combating chronic wound bacterial infections. Adv Mater. 
2023;35(6):e2208069.

	 12.	 Deng Y, Gao Y, Li T, Xiao S, Adeli M, Rodriguez RD, 
Geng W, Chen Q, Cheng C, Zhao C. Amorphizing metal 
selenides-based ROS biocatalysts at surface Nanolayer toward 
ultrafast inflammatory diabetic wound healing. ACS Nano. 
2023;17(3):2943–2957.

	 13.	 Desmet CM, Preat V, Gallez B. Nanomedicines and gene 
therapy for the delivery of growth factors to improve 
perfusion and oxygenation in wound healing. Adv Drug  
Deliv Rev. 2018;129:262–284.

	 14.	 Feng X, Xu W, Li Z, Song W, Ding J, Chen X. 
Immunomodulatory Nanosystems. Adv Sci (Weinh). 
2019;6(17):1900101.

	 15.	 Li J, Jiang X, Li H, Gelinsky M, Gu Z. Tailoring materials 
for modulation of macrophage fate. Adv Mater. 
2021;33(12):e2004172.

	 16.	 Rousselle P, Braye F, Dayan G. Re-epithelialization of adult 
skin wounds: Cellular mechanisms and therapeutic strategies. 
Adv Drug Deliv Rev. 2019;146:344–365.

	 17.	 Eming SA, Martin P, Tomic-Canic M. Wound repair and 
regeneration: Mechanisms, signaling, and translation. Sci 
Transl Med. 2014;6(265):265sr6.

	 18.	 Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. 
Wound healing: A cellular perspective. Physiol Rev. 
2019;99(1):665–706.

	 19.	 Martin P, Nunan R. Cellular and molecular mechanisms of 
repair in acute and chronic wound healing. Br J Dermatol. 
2015;173(2):370–378.

	 20.	 Wong SL, Demers M, Martinod K, Gallant M, Wang Y, 
Goldfine AB, Kahn CR, Wagner DD. Diabetes primes 
neutrophils to undergo NETosis, which impairs wound 
healing. Nat Med. 2015;21(7):815–819.

	 21.	 Cowland JB, Borregaard N. Granulopoiesis and granules of 
human neutrophils. Immunol Rev. 2016;273(1):11–28.

	 22.	 Louiselle AE, Niemiec SM, Zgheib C, Liechty KW. 
Macrophage polarization and diabetic wound healing. Transl 
Res. 2021;236:109–116.

https://doi.org/10.34133/research.0198


Chu et al. 2023 | https://doi.org/10.34133/research.0198 19

	 23.	 Agren MS, Schnabel R, Christensen LH, Mirastschijski U. 
Tumor necrosis factor-alpha-accelerated degradation of type I collagen 
in human skin is associated with elevated matrix metalloproteinase 
(MMP)-1 and MMP-3 ex vivo. Eur J Cell Biol. 2015;94(1):12–21.

	 24.	 Chang M, Nguyen TT. Strategy for treatment of infected 
diabetic foot ulcers. Acc Chem Res. 2021;54(5):1080–1093.

	 25.	 Kwak G, Cheng J, Kim H, Song S, Lee SJ, Yang Y, Jeong JH, 
Lee JE, Messersmith PB, Kim SH. Sustained exosome-guided 
macrophage polarization using hydrolytically degradable 
PEG hydrogels for cutaneous wound healing: Identification of 
key proteins and MiRNAs, and sustained release formulation. 
Small. 2022;18(15):e2200060.

	 26.	 Zhang Y, Jiang W, Kong L, Fu J, Zhang Q, Liu H. PLGA@IL-8 
nanoparticles-loaded acellular dermal matrix as a delivery 
system for exogenous MSCs in diabetic wound healing. Int J 
Biol Macromol. 2023;224:688–698.

	 27.	 Khorsandi K, Hosseinzadeh R, Esfahani H, Zandsalimi K, 
Shahidi FK, Abrahamse H. Accelerating skin regeneration 
and wound healing by controlled ROS from photodynamic 
treatment. Inflamm Regen. 2022;42(1):40.

	 28.	 Kim YW, Byzova TV. Oxidative stress in angiogenesis and 
vascular disease. Blood. 2014;123(5):625–631.

	 29.	 Xiong Y, Chu X, Yu T, Knoedler S, Schroeter A, Lu L, Zha K, 
Lin Z, Jiang D, Rinkevich Y, et al. Reactive oxygen species-
scavenging nanosystems in the treatment of diabetic wounds. 
Adv Healthc Mater. 2023;e2300779.

	 30.	 Chen J, Qin S, Liu S, Zhong K, Jing Y, Wu X, Peng F, Li D, 
Peng C. Targeting matrix metalloproteases in diabetic wound 
healing. Front Immunol. 2023;14:1089001.

	 31.	 Denu RA, Hematti P. Optimization of oxidative stress for 
mesenchymal stromal/stem cell engraftment, function and 
longevity. Free Radic Biol Med. 2021;167:193–200.

	 32.	 Samdavid Thanapaul RJR, Shvedova M, Shin GH, Crouch J, 
Roh DS. Elevated skin senescence in young mice causes 
delayed wound healing. Geroscience. 2022;44(3):1871–1878.

	 33.	 Wu H, Li F, Wang S, Lu J, Li J, Du Y, Sun X, Chen X, Gao J, 
Ling D. Ceria nanocrystals decorated mesoporous silica 
nanoparticle based ROS-scavenging tissue adhesive for 
highly efficient regenerative wound healing. Biomaterials. 
2018;151:66–77.

	 34.	 Hinz B. The role of myofibroblasts in wound healing.  
Curr Res Trans Med. 2016;64(4):171–177.

	 35.	 Jiang D, Guo R, Machens HG, Rinkevich Y. Diversity of 
fibroblasts and their roles in wound healing. Cold Spring  
Harb Perspect Biol. 2023;15(3):a041222.

	 36.	 Correa-Gallegos D, Jiang D, Rinkevich Y. Fibroblasts 
as confederates of the immune system. Immunol Rev. 
2021;302(1):147–162.

	 37.	 Correa-Gallegos D, Jiang D, Christ S, Ramesh P, Ye H, 
Wannemacher J, Kalgudde Gopal S, Yu Q, Aichler M,  
Walch A, et al. Patch repair of deep wounds by mobilized 
fascia. Nature. 2019;576(7786):287–292.

	 38.	 Jiang D, Rinkevich Y. Furnishing wound repair by the 
subcutaneous fascia. Int J Mol Sci. 2021;22(16):9006.

	 39.	 Rinkevich Y, Correa-Gallegos D, Ye H, Dasgupta B, Sardogan A,  
Ichijo R, Strunz M, Ansari M, Angelidis I, Schiller H, et al. 
CD201+ fascia progenitors choreograph injury repair. Research 
Square. 2022. https://doi.org/10.21203/rs.3.rs-2009916/v1

	 40.	 Theocharidis G, Thomas BE, Sarkar D, Mumme HL, Pilcher WJR, 
Dwivedi B, Sandoval-Schaefer T, Sîrbulescu RF, Kafanas A, 
Mezghani I, et al. Single cell transcriptomic landscape of 
diabetic foot ulcers. Nat Commun. 2022;13(1):181.

	 41.	 Jiang D, Christ S, Correa-Gallegos D, Ramesh P, Kalgudde Gopal S, 
Wannemacher J, Mayr CH, Lupperger V, Yu Q, Ye H, et al. 
Injury triggers fascia fibroblast collective cell migration to 
drive scar formation through N-cadherin. Nat Commun. 
2020;11(1):5653.

	 42.	 Wan L, Jiang D, Correa-Gallegos D, Ramesh P, Zhao J, Ye H, 
Zhu S, Wannemacher J, Volz T, Rinkevich Y. Connexin43 gap 
junction drives fascia mobilization and repair of deep skin 
wounds. Matrix Biol. 2021;97:58–71.

	 43.	 Rajendran V, Ramesh P, Dai R, Kalgudde Gopal S, Ye H, 
Machens HG, Adler H, Jiang D, Rinkevich Y. Therapeutic 
silencing of p120 in fascia fibroblasts ameliorates tissue repair. 
J Invest Dermatol. 2023;143(5):854–863 e4.

	 44.	 Sindrilaru A, Peters T, Wieschalka S, Baican C, Baican A, 
Peter H, Hainzl A, Schatz S, Qi Y, Schlecht A, et al. An 
unrestrained proinflammatory M1 macrophage population 
induced by iron impairs wound healing in humans and mice. 
J Clin Invest. 2011;121(3):985–997.

	 45.	 Ressler S, Bartkova J, Niederegger H, Bartek J,  
Scharffetter-Kochanek K, Jansen-Durr P, Wlaschek M. 
p16INK4A is a robust in vivo biomarker of cellular aging 
in human skin. Aging Cell. 2006;5(5):379–389.

	 46.	 Jiang D, de Vries JC, Muschhammer J, Schatz S, Ye H, Hein T, 
Fidan M, Romanov VS, Rinkevich Y, Scharffetter-Kochanek K. 
Local and transient inhibition of p21 expression ameliorates 
age-related delayed wound healing, wound repair and 
regeneration : Official publication of the wound healing society 
and the European Tissue Repair Society. Wound Repair Regen. 
2020;28(1):49–60.

	 47.	 Meyer P, Maity P, Burkovski A, Schwab J, Mussel C, Singh K, 
Ferreira FF, Krug L, Maier HJ, Wlaschek M, et al. A model of 
the onset of the senescence associated secretory phenotype 
after DNA damage induced senescence. PLoS Comput Biol. 
2017;13(12):e1005741.

	 48.	 Wlaschek M, Maity P, Makrantonaki E, Scharffetter-
Kochanek K. Connective tissue and fibroblast senescence in 
skin aging. J Invest Dermatol. 2021;141(4S):985–992.

	 49.	 Shaabani E, Sharifiaghdam M, Faridi-Majidi R, De Smedt SC, 
Braeckmans K, Fraire JC. Gene therapy to enhance 
angiogenesis in chronic wounds. Mol Ther Nucleic Acids. 
2022;29:871–899.

	 50.	 Schreml S, Szeimies RM, Prantl L, Karrer S, Landthaler M, 
Babilas P. Oxygen in acute and chronic wound healing. Br J 
Dermatol. 2010;163(2):257–268.

	 51.	 Veith AP, Henderson K, Spencer A, Sligar AD, Baker AB. 
Therapeutic strategies for enhancing angiogenesis in wound 
healing. Adv Drug Deliv Rev. 2019;146:97–125.

	 52.	 Tanaka Y, Iwata Y, Saito K, Fukushima H, Watanabe S, 
Hasegawa Y, Akiyama M, Sugiura K. Cutaneous ischemia-
reperfusion injury is exacerbated by IL-36 receptor 
antagonist deficiency. J Eur Acad Dermatol Venereol. 
2022;36(2):295–304.

	 53.	 Sharma S, Schaper N, Rayman G. Microangiopathy: Is it 
relevant to wound healing in diabetic foot disease? Diabetes 
Metab Res Rev. 2020;36(Suppl 1):e3244.

	 54.	 Guan Y, Niu H, Liu Z, Dang Y, Shen J, Zayed M, Ma L, 
Guan J. Sustained oxygenation accelerates diabetic wound 
healing by promoting epithelialization and angiogenesis and 
decreasing inflammation. Sci Adv. 2021;7(35):eabj0153.

	 55.	 Xiong Y, Chen L, Liu P, Yu T, Lin C, Yan C, Hu Y, Zhou W,  
Sun Y, Panayi AC, et al. All-in-one: Multifunctional 
hydrogel accelerates oxidative diabetic wound healing 

https://doi.org/10.34133/research.0198


Chu et al. 2023 | https://doi.org/10.34133/research.0198 20

through timed-release of exosome and fibroblast growth 
factor. Small. 2022;18(1):e2104229.

	 56.	 Xiong Y, Feng Q, Lu L, Zha K, Yu T, Lin Z, Hu Y, Panayi AC, 
Nosrati-Ziahmagi V, Chu X, et al. Immunomodulatory 
hydrogels: Advanced regenerative tools for diabetic foot ulcer. 
Adv Funct Mater. 2023;33(10):2213066.

	 57.	 Yousry C, Saber MM, Abd-Elsalam WH. A cosmeceutical 
topical water-in-oil nanoemulsion of natural bioactives: 
Design of experiment, in vitro characterization, and in vivo 
skin performance against UVB irradiation-induced skin 
damages. Int J Nanomedicine. 2022;17:2995–3012.

	 58.	 Tamari M, Ver Heul AM, Kim BS. Immunosensation: 
Neuroimmune cross talk in the skin. Annu Rev Immunol. 
2021;39:369–393.

	 59.	 Talbot S, Foster SL, Woolf CJ. Neuroimmunity: Physiology 
and pathology. Annu Rev Immunol. 2016;34:421–447.

	 60.	 Ordovas-Montanes J, Rakoff-Nahoum S, Huang S, Riol-Blanco L, 
Barreiro O, von Andrian UH. The regulation of immunological 
processes by peripheral neurons in homeostasis and disease. 
Trends Immunol 2015;36(10):578–604.

	 61.	 Chiu IM, von Hehn CA, Woolf CJ. Neurogenic inflammation 
and the peripheral nervous system in host defense and 
immunopathology. Nat Neurosci 2012;15(8):1063–1067.

	 62.	 Phillipson M, Kubes P. The healing power of neutrophils. 
Trends Immunol. 2019;40(7):635–647.

	 63.	 Alapure BV, Lu Y, Peng H, Hong S. Surgical denervation of 
specific cutaneous nerves impedes excisional wound healing 
of small animal ear pinnae. Mol Neurobiol. 2018;55(2):1236–1243.

	 64.	 Huang S, Kuri P, Aubert Y, Brewster M, Li N, Farrelly O, 
Rice G, Bae H, Prouty S, Dentchev T, et al. Lgr6 marks 
epidermal stem cells with a nerve-dependent role in wound 
re-epithelialization. Cell Stem Cell. 2021;28(9):1582–1596 e6.

	 65.	 Scott-Solomon E, Shwartz Y, Hsu YC. Healing takes nerve. 
Cell Stem Cell. 2021;28(9):1501–1502.

	 66.	 Ibberson CB, Whiteley M. The social life of microbes in 
chronic infection. Curr Opin Microbiol. 2020;53:44–50.

	 67.	 Rahim K, Saleha S, Zhu X, Huo L, Basit A, Franco OL. 
Bacterial contribution in chronicity of wounds. Microb Ecol. 
2017;73(3):710–721.

	 68.	 Serra R, Grande R, Butrico L, Rossi A, Settimio UF, 
Caroleo B, Amato B, Gallelli L, de Franciscis S. Chronic 
wound infections: The role of Pseudomonas aeruginosa 
and Staphylococcus aureus. Expert Rev Anti Infect Ther 
2015;13(5):605–613.

	 69.	 Bjarnsholt T, Buhlin K, Dufrene YF, Gomelsky M, Moroni A, 
Ramstedt M, Rumbaugh KP, Schulte T, Sun L, Akerlund B, 
et al. Biofilm formation - what we can learn from recent 
developments. J Intern Med. 2018;284(4):332–345.

	 70.	 Yan J, Bassler BL. Surviving as a community: Antibiotic 
tolerance and persistence in bacterial biofilms. Cell Host 
Microbe. 2019;26(1):15–21.

	 71.	 Bhattacharya M, Berends ETM, Chan R, Schwab E, Roy S,  
Sen CK, Torres VJ, Wozniak DJ. Staphylococcus aureus 
biofilms release leukocidins to elicit extracellular trap 
formation and evade neutrophil-mediated killing. Proc Natl 
Acad Sci U S A. 2018;115(28):7416–7421.

	 72.	 Wu YK, Cheng NC, Cheng CM. Biofilms in chronic 
wounds: Pathogenesis and diagnosis. Trends Biotechnol. 
2019;37(5):505–517.

	 73.	 Shakya S, He Y, Ren X, Guo T, Maharjan A, Luo T, Wang T,  
Dhakhwa R, Regmi B, Li H, et al. Ultrafine silver nanoparticles 
embedded in cyclodextrin metal-organic frameworks with 

GRGDS functionalization to promote antibacterial and 
wound healing application. Small. 2019;15(27):e1901065.

	 74.	 Tong C, Zhong X, Yang Y, Liu X, Zhong G, Xiao C, 
Liu B, Wang W, Yang X. PB@PDA@ag nanosystem for 
synergistically eradicating MRSA and accelerating diabetic 
wound healing assisted with laser irradiation. Biomaterials. 
2020;243:119936.

	 75.	 Mu R, Campos de Souza S, Liao Z, Dong L, Wang C. 
Reprograming the immune niche for skin tissue regeneration -  
from cellular mechanisms to biomaterials applications. Adv 
Drug Deliv Rev. 2022;185:114298.

	 76.	 Eming SA, Wynn TA, Martin P. Inflammation and 
metabolism in tissue repair and regeneration. Science. 
2017;356(6342):1026–1030.

	 77.	 Shanley LC, Mahon OR, Kelly DJ, Dunne A. Harnessing the 
innate and adaptive immune system for tissue repair and 
regeneration: Considering more than macrophages. Acta 
Biomater. 2021;133:208–221.

	 78.	 Wynn TA, Vannella KM. Macrophages in tissue repair, 
regeneration, and fibrosis. Immunity. 2016;44(3):450–462.

	 79.	 Hamidzadeh K, Christensen SM, Dalby E, Chandrasekaran P, 
Mosser DM. Macrophages and the recovery from acute and 
chronic inflammation. Annu Rev Physiol. 2017;79:567–592.

	 80.	 Hassanshahi A, Moradzad M, Ghalamkari S, Fadaei 
M, Cowin AJ, Hassanshahi M. Macrophage-mediated 
inflammation in skin wound healing. Cell. 2022;11(19):2953.

	 81.	 Mehrotra P, Ravichandran KS. Drugging the efferocytosis 
process: Concepts and opportunities. Nat Rev Drug Discov. 
2022;21(8):601–620.

	 82.	 Hauck S, Zager P, Halfter N, Wandel E, Torregrossa M, 
Kakpenova A, Rother S, Ordieres M, Rathel S, Berg A, et al.  
Collagen/hyaluronan based hydrogels releasing sulfated 
hyaluronan improve dermal wound healing in diabetic mice 
via reducing inflammatory macrophage activity. Bioact Mater. 
2021;6(12):4342–4359.

	 83.	 Tu C, Lu H, Zhou T, Zhang W, Deng L, Cao W, Yang Z, Wang Z, 
Wu X, Ding J, et al. Promoting the healing of infected diabetic 
wound by an anti-bacterial and nano-enzyme-containing 
hydrogel with inflammation-suppressing ROS-scavenging, 
oxygen and nitric oxide-generating properties. Biomaterials. 
2022;286:121597.

	 84.	 Nguyen VT, Farman N, Palacios-Ramirez R, Sbeih M, Behar-Cohen F, 
Aractingi S, Jaisser F. Cutaneous wound healing in diabetic 
mice is improved by topical mineralocorticoid receptor 
blockade. J Invest Dermatol. 2020;140(1):223–234 e7.

	 85.	 Bratton DL, Henson PM. Neutrophil clearance: When 
the party is over, clean-up begins. Trends Immunol. 
2011;32(8):350–357.

	 86.	 Boada-Romero E, Martinez J, Heckmann BL, Green DR. The 
clearance of dead cells by efferocytosis. Nat Rev Mol Cell Biol. 
2020;21(7):398–414.

	 87.	 Liu X, Dou G, Li Z, Wang X, Jin R, Liu Y, Kuang H, 
Huang X, Yang X, Yang X, et al. Hybrid biomaterial 
initiates refractory wound healing via inducing transiently 
heightened inflammatory responses. Adv Sci (Weinh). 
2022;9(21):e2105650.

	 88.	 Hidalgo A, Libby P, Soehnlein O, Aramburu IV, 
Papayannopoulos V, Silvestre-Roig C. Neutrophil 
extracellular traps: From physiology to pathology. Cardiovasc 
Res. 2022;118(13):2737–2753.

	 89.	 Fadini GP, Menegazzo L, Rigato M, Scattolini V, Poncina N, 
Bruttocao A, Ciciliot S, Mammano F, Ciubotaru CD, Brocco E,  

https://doi.org/10.34133/research.0198


Chu et al. 2023 | https://doi.org/10.34133/research.0198 21

et al. NETosis delays diabetic wound healing in mice and 
humans. Diabetes. 2016;65(4):1061–1071.

	 90.	 Delacher M, Simon M, Sanderink L, Hotz-Wagenblatt A, 
Wuttke M, Schambeck K, Schmidleithner L, Bittner S, Pant A, 
Ritter U, et al. Single-cell chromatin accessibility landscape 
identifies tissue repair program in human regulatory T cells. 
Immunity. 2021;54(4):702–720 e17.

	 91.	 Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, 
Vogel B, Frey A, Ertl G, Kerkau T, Frantz S. Foxp3+ CD4+ 
T cells improve healing after myocardial infarction by 
modulating monocyte/macrophage differentiation. Circ Res. 
2014;115(1):55–67.

	 92.	 Boothby IC, Cohen JN, Rosenblum MD. Regulatory T cells in 
skin injury: At the crossroads of tolerance and tissue repair. 
Sci Immunol. 2020;5(47):eaaz9631.

	 93.	 Moreau JM, Dhariwala MO, Gouirand V, Boda DP, Boothby IC, 
Lowe MM, Cohen JN, Macon CE, Leech JM, Kalekar LA, 
et al. Regulatory T cells promote innate inflammation after 
skin barrier breach via TGF-beta activation. Sci Immunol. 
2021;6(62):eabg2329.

	 94.	 Sharabi A, Tsokos MG, Ding Y, Malek TR, Klatzmann D, 
Tsokos GC. Regulatory T cells in the treatment of disease.  
Nat Rev Drug Discov. 2018;17(11):823–844.

	 95.	 Betto T, Amano H, Ito Y, Eshima K, Yoshida T, Matsui Y, 
Yamane S, Inoue T, Otaka F, Kobayashi K, et al. Vascular 
endothelial growth factor receptor 1 tyrosine kinase signaling 
facilitates healing of DSS-induced colitis by accumulation of 
Tregs in ulcer area. Biomed Pharmacother. 2019;111:131–141.

	 96.	 Raffin C, Vo LT, Bluestone JA. T(reg) cell-based 
therapies: Challenges and perspectives. Nat Rev Immunol. 
2020;20(3):158–172.

	 97.	 Ravens S, Schultze-Florey C, Raha S, Sandrock I, Drenker M, 
Oberdorfer L, Reinhardt A, Ravens I, Beck M, Geffers R, et al. 
Human gammadelta T cells are quickly reconstituted after 
stem-cell transplantation and show adaptive clonal expansion 
in response to viral infection. Nat Immunol. 2017;18(4):393–401.

	 98.	 Xu P, Fu X, Xiao N, Guo Y, Pei Q, Peng Y, Zhang Y, Yao M. 
Involvements of gammadeltaT lymphocytes in acute and chronic 
skin wound repair. Inflammation. 2017;40(4):1416–1427.

	 99.	 Liu Z, Xu Y, Zhang X, Liang G, Chen L, Xie J, Tang J, Zhao J, 
Shu B, Qi S, et al. Defects in dermal Vgamma4 gamma delta 
T cells result in delayed wound healing in diabetic mice. Am J 
Transl Res. 2016;8(6):2667–2680.

	100.	 Boyce DE, Jones WD, Ruge F, Harding KG, Moore K. The 
role of lymphocytes in human dermal wound healing. Br J 
Dermatol. 2000;143(1):59–65.

	101.	 Davis PA, Corless DJ, Aspinall R, Wastell C. Effect of CD4(+) 
and CD8(+) cell depletion on wound healing. Br J Surg. 
2001;88(2):298–304.

	102.	 Vivier E, Ugolini S, Blaise D, Chabannon C, Brossay L. 
Targeting natural killer cells and natural killer T cells in 
cancer. Nat Rev Immunol. 2012;12(4):239–252.

	103.	 Mody CH, Ogbomo H, Xiang RF, Kyei SK, Feehan D, 
Islam A, Li SS. Microbial killing by NK cells. J Leukoc Biol. 
2019;105(6):1285–1296.

	104.	 Cavalcante-Silva J, Koh TJ. Role of NK cells in skin wound 
healing of mice. J Immunol. 2023;210(7):981–990.

	105.	 Sobecki M, Krzywinska E, Nagarajan S, Audige A, Huynh K, 
Zacharjasz J, Debbache J, Kerdiles Y, Gotthardt D, Takeda N, 
et al. NK cells in hypoxic skin mediate a trade-off between 
wound healing and antibacterial defence. Nat Commun. 
2021;12(1):4700.

	106.	 Brown CC, Gudjonson H, Pritykin Y, Deep D, Lavallee VP, 
Mendoza A, Fromme R, Mazutis L, Ariyan C, Leslie C, et al. 
Transcriptional basis of mouse and human dendritic cell 
heterogeneity. Cell. 2019;179(4):846–863 e24.

	107.	 Cabeza-Cabrerizo M, Cardoso A, Minutti CM, Pereira da 
Costa M. Annu Rev Immunol. 2021;39:131–166.

	108.	 Vinish M, Cui W, Stafford E, Bae L, Hawkins H, Cox R, 
Toliver-Kinsky T. Dendritic cells modulate burn wound 
healing by enhancing early proliferation. Wound Repair 
Regen. 2016;24(1):6–13.

	109.	 Wang D, Zhang L, Wang C, Cheng Z, Zheng W, Xu P, 
Chen Q, Zhao Y. Missing-linker-confined single-atomic Pt 
nanozymes for enzymatic theranostics of tumor. Angew Chem 
Int Ed Engl. 2023;62(19):e202217995.

	110.	 Ganugula R, Arora M, Saini P, Guada M, Kumar M. Next 
generation precision-polyesters enabling optimization of 
ligand-receptor stoichiometry for modular drug delivery.  
J Am Chem Soc. 2017;139(21):7203–7216.

	111.	 Gao P, Wei R, Chen Y, Li X, Pan W, Li N, Tang B. Pt 
nanozyme-bridged covalent organic framework-aptamer 
nanoplatform for tumor targeted self-strengthening 
photocatalytic therapy. Biomaterials. 2023;297:122109.

	112.	 Kozma GT, Shimizu T, Ishida T, Szebeni J. Anti-PEG 
antibodies: Properties, formation, testing and role in adverse 
immune reactions to PEGylated nano-biopharmaceuticals. 
Adv Drug Deliv Rev. 2020;154-155:163–175.

	113.	 Li S, Dong Q, Peng X, Chen Y, Yang H, Xu W, Zhao Y, Xiao P,  
Zhou Y. Self-healing hyaluronic acid nanocomposite 
hydrogels with platelet-rich plasma impregnated for skin 
regeneration. ACS Nano. 2022;16(7):11346–11359.

	114.	 Mei J, Zhou J, Kong L, Dai Y, Zhang X, Song W, Zhu C. An 
injectable photo-cross-linking silk hydrogel system augments 
diabetic wound healing in orthopaedic surgery through 
spatiotemporal immunomodulation. J Nanobiotechnol. 
2022;20(1):232.

	115.	 Sun L, Li J, Gao W, Shi M, Tang F, Fu X, Chen X. Coaxial 
nanofibrous scaffolds mimicking the extracellular matrix 
transition in the wound healing process promoting skin 
regeneration through enhancing immunomodulation. J Mater 
Chem B. 2021;9(5):1395–1405.

	116.	 Liu S, Zhang Q, Yu J, Shao N, Lu H, Guo J, Qiu X, Zhou D,  
Huang Y. Absorbable thioether grafted hyaluronic 
acid nanofibrous hydrogel for synergistic modulation 
of inflammation microenvironment to accelerate 
chronic diabetic wound healing. Adv Healthc Mater. 
2020;9(11):e2000198.

	117.	 Yin M, Wu J, Deng M, Wang P, Ji G, Wang M, Zhou C,  
Blum NT, Zhang W, Shi H, et al. Multifunctional 
magnesium organic framework-based microneedle patch 
for accelerating diabetic wound healing. ACS Nano. 
2021;15(11):17842–17853.

	118.	 Chen G, Yu Y, Wu X, Wang G, Gu G, Wang F, Ren J, Zhang H, 
Zhao Y. Microfluidic electrospray niacin metal-organic 
frameworks encapsulated microcapsules for wound healing. 
Research (Wash D C). 2019;2019:6175398.

	119.	 Wan Y, Fang J, Wang Y, Sun J, Sun Y, Sun X, Qi M, Li W, Li C,  
Zhou Y, et al. Antibacterial zeolite imidazole frameworks 
with manganese doping for immunomodulation to 
accelerate infected wound healing. Adv Healthc Mater. 
2021;10(22):e2101515.

	120.	 Zhang P, Li Y, Tang Y, Shen H, Li J, Yi Z, Ke Q, Xu H. Copper-
based metal-organic framework as a controllable nitric 

https://doi.org/10.34133/research.0198


Chu et al. 2023 | https://doi.org/10.34133/research.0198 22

oxide-releasing vehicle for enhanced diabetic wound healing. 
ACS Appl Mater Interfaces. 2020;12(16):18319–18331.

	121.	 Xia X, Song X, Li Y, Hou W, Lv H, Li F, Li Y, Liu J, Li X.  
Antibacterial and anti-inflammatory ZIF-8@Rutin 
nanocomposite as an efficient agent for accelerating infected 
wound healing. Front Bioeng Biotechnol. 2022;10:1026743.

	122.	 Mofazzal Jahromi MA, Sahandi Zangabad P, Moosavi Basri SM, 
Sahandi Zangabad K, Ghamarypour A, Aref AR, Karimi M, 
Hamblin MR. Nanomedicine and advanced technologies for 
burns: Preventing infection and facilitating wound healing. 
Adv Drug Deliv Rev. 2018;123:33–64.

	123.	 Wei Z, Zhang Y, Wang L, Wang Z, Chen S, Bao J, Xie Y, Su B,  
Zhao C. Photoenhanced dual-functional nanomedicine 
for promoting wound healing: Shifting focus from bacteria 
eradication to host microenvironment modulation. ACS Appl 
Mater Interfaces. 2021;13(27):32316–32331.

	124.	 Gauthier A, Fisch A, Seuwen K, Baumgarten B, Ruffner H, 
Aebi A, Rausch M, Kiessling F, Bartneck M, Weiskirchen R,  
et al. Glucocorticoid-loaded liposomes induce a pro-resolution 
phenotype in human primary macrophages to support chronic 
wound healing. Biomaterials. 2018;178:481–495.

	125.	 Saleh B, Dhaliwal HK, Portillo-Lara R, Shirzaei Sani E, 
Abdi R, Amiji MM, Annabi N. Local immunomodulation 
using an adhesive hydrogel loaded with miRNA-
laden nanoparticles promotes wound healing. Small. 
2019;15(36):e1902232.

	126.	 Nethi SK, Das S, Patra CR, Mukherjee S. Recent advances 
in inorganic nanomaterials for wound-healing applications. 
Biomater Sci. 2019;7(7):2652–2674.

	127.	 Liu T, Lu Y, Zhan R, Qian W, Luo G. Nanomaterials and 
nanomaterials-based drug delivery to promote cutaneous 
wound healing. Adv Drug Deliv Rev. 2023;193:114670.

	128.	 Qi M, Zhu X, Yu X, Ai M, Cai W, Du B, Hou B, Qiu L. 
Preparation of W/O Hypaphorine-chitosan nanoparticles 
and its application on promoting chronic wound healing 
via alleviating inflammation block. Nanomaterials (Basel). 
2021;11(11):2830.

	129.	 Kong C, Chen S, Ge W, Zhao Y, Xu X, Wang S, Zhang J. 
Riclin-capped silver nanoparticles as an antibacterial and 
anti-inflammatory wound dressing. Int J Nanomedicine. 
2022;17:2629–2641.

	130.	 Ye Y, He J, Wang H, Li W, Wang Q, Luo C, Tang X, Chen X, 
Jin X, Yao K, et al. Cell wall destruction and internal cascade 
synergistic antifungal strategy for fungal keratitis. ACS Nano. 
2022;16(11):18729–18745.

	131.	 Yu X, Fu X, Yang J, Chen L, Leng F, Yang Z, Yu C. Glucose/
ROS cascade-responsive ceria nanozymes for diabetic wound 
healing. Mater Today Bio. 2022;15:100308.

	132.	 Ouyang J, Ji X, Zhang X, Feng C, Tang Z, Kong N, Xie A,  
Wang J, Sui X, Deng L, et al. In situ sprayed NIR-
responsive, analgesic black phosphorus-based gel for 
diabetic ulcer treatment. Proc Natl Acad Sci U S A. 
2020;117(46):28667–28677.

	133.	 Li Y, Miao Y, Yang L, Zhao Y, Wu K, Lu Z, Hu Z, Guo J. 
Recent advances in the development and antimicrobial 
applications of metal-phenolic networks. Adv Sci (Weinh). 
2022;9(27):e2202684.

	134.	 Cheng H, Wang J, Yang Y, Shi H, Shi J, Jiao X, Han P, Yao X, 
Chen W, Wei X, et al. Ti(3) C(2) T(X) MXene modified with 
ZnTCPP with bacteria capturing capability and enhanced 
visible light photocatalytic antibacterial activity. Small. 
2022;18(26):e2200857.

	135.	 Mai B, Jia M, Liu S, Sheng Z, Li M, Gao Y, Wang X, Liu Q, 
Wang P. Smart hydrogel-based DVDMS/bFGF nanohybrids 
for antibacterial phototherapy with multiple damaging sites 
and accelerated wound healing. ACS Appl Mater Interfaces. 
2020;12(9):10156–10169.

	136.	 Mebert AM, Alvarez GS, Peroni R, Illoul C, Helary C, 
Coradin T, Desimone MF. Collagen-silica nanocomposites as 
dermal dressings preventing infection in vivo. Mater Sci Eng 
C Mater Biol Appl. 2018;93:170–177.

	137.	 Wang P, Jiang S, Li Y, Luo Q, Lin J, Hu L, Liu X, Xue F. Virus-
like mesoporous silica-coated plasmonic ag nanocube with 
strong bacteria adhesion for diabetic wound ulcer healing. 
Nanomedicine. 2021;34:102381.

	138.	 Lin Z, Xiong Y, Meng W, Hu Y, Chen L, Chen L, Xue H, 
Panayi AC, Zhou W, Sun Y, et al. Exosomal PD-L1 
induces osteogenic differentiation and promotes fracture 
healing by acting as an immunosuppressant. Bioact 
Mater. 2022;13:300–311.

	139.	 Hu Y, Tao R, Chen L, Xiong Y, Xue H, Hu L, Yan C, Xie X, 
Lin Z, Panayi AC, et al. Exosomes derived from pioglitazone-
pretreated MSCs accelerate diabetic wound healing through 
enhancing angiogenesis. J Nanobiotechnol. 2021;19(1):150.

	140.	 Armstrong JP, Holme MN, Stevens MM. Re-engineering 
extracellular vesicles as smart nanoscale therapeutics. ACS 
Nano. 2017;11(1):69–83.

	141.	 Ti D, Hao H, Tong C, Liu J, Dong L, Zheng J, Zhao Y, Liu H, 
Fu X, Han W. LPS-preconditioned mesenchymal stromal cells 
modify macrophage polarization for resolution of chronic 
inflammation via exosome-shuttled let-7b. J Transl Med. 
2015;13:308.

	142.	 Liu W, Yu M, Xie D, Wang L, Ye C, Zhu Q, Liu F, Yang L. 
Melatonin-stimulated MSC-derived exosomes improve 
diabetic wound healing through regulating macrophage M1 
and M2 polarization by targeting the PTEN/AKT pathway. 
Stem Cell Res Ther. 2020;11(1):259.

	143.	 Cooper JM, Wiklander PB, Nordin JZ, Al-Shawi R, Wood MJ,  
Vithlani M, Schapira AH, Simons JP, El-Andaloussi S, 
Alvarez-Erviti L. Systemic exosomal siRNA delivery reduced 
alpha-synuclein aggregates in brains of transgenic mice. Mov 
Disord. 2014;29(12):1476–1485.

	144.	 Sun B, Wu F, Wang X, Song Q, Ye Z, Mohammadniaei M, 
Zhang M, Chu X, Xi S, Zhou N, et al. An optimally designed 
engineering exosome-reductive COF integrated nanoagent 
for synergistically enhanced diabetic fester wound healing. 
Small. 2022;18(26):e2200895.

	145.	 Dong X, Chang J, Li H. Bioglass promotes wound healing 
through modulating the paracrine effects between 
macrophages and repairing cells. J Mater Chem B. 
2017;5(26):5240–5250.

	146.	 Su N, Gao PL, Wang K, Wang JY, Zhong Y, Luo Y. Fibrous 
scaffolds potentiate the paracrine function of mesenchymal 
stem cells: A new dimension in cell-material interaction. 
Biomaterials. 2017;141:74–85.

	147.	 Zhou W, Lin Z, Xiong Y, Xue H, Song W, Yu T, Chen L, Hu Y,  
Panayi AC, Sun Y, et al. Dual-targeted Nanoplatform 
regulating the bone immune microenvironment 
enhances fracture healing. ACS Appl Mater Interfaces. 
2021;13(48):56944–56960.

	148.	 Liu Q, Zhang Y, Huang J, Xu Z, Li X, Yang J, Huang H, 
Tang S, Chai Y, Lin J, et al. Mesoporous silica-coated silver 
nanoparticles as ciprofloxacin/siRNA carriers for accelerated 
infected wound healing. J Nanobiotechnol. 2022;20(1):386.

https://doi.org/10.34133/research.0198


Chu et al. 2023 | https://doi.org/10.34133/research.0198 23

	149.	 Niu W, Chen M, Guo Y, Wang M, Luo M, Cheng W, Wang Y, 
Lei B. A multifunctional bioactive glass-ceramic Nanodrug 
for post-surgical infection/cancer therapy-tissue regeneration. 
ACS Nano. 2021;15(9):14323–14337.

	150.	 Chereddy KK, Coco R, Memvanga PB, Ucakar B. Combined 
effect of PLGA and curcumin on wound healing activity.  
J Control Release. 2013;171(2):208–215.

	151.	 Zhang Y, Khalique A, Du X, Gao Z, Wu J, Zhang X, Zhang R, 
Sun Z, Liu Q, Xu Z, et al. Biomimetic design of mitochondria-
targeted hybrid nanozymes as superoxide scavengers. Adv 
Mater. 2021;33(9):e2006570.

	152.	 Yuan Z, Lin C, Dai L, He Y, Hu J, Xu K, Tao B, Liu P, Cai K. 
Near-infrared light-activatable dual-action nanoparticle 
combats the established biofilms of methicillin-resistant 
Staphylococcus aureus and its accompanying inflammation. 
Small. 2021;17(13):e2007522.

	153.	 Liu T, Xiao B, Xiang F, Tan J, Chen Z, Zhang X, Wu C, 
Mao Z, Luo G, Chen X, et al. Ultrasmall copper-based 
nanoparticles for reactive oxygen species scavenging and 

alleviation of inflammation related diseases. Nat Commun. 
2020;11(1):2788.

	154.	 Ma W, Zhang X, Liu Y, Fan L, Gan J, Liu W, Zhao Y, Sun L. 
Polydopamine decorated microneedles with Fe-MSC-derived 
nanovesicles encapsulation for wound healing. Adv Sci 
(Weinh). 2022;9(13):e2103317.

	155.	 Ou Q, Zhang S, Fu C, Yu L, Xin P, Gu Z, Cao Z, Wu J, Wang Y. 
More natural more better: Triple natural anti-oxidant 
puerarin/ferulic acid/polydopamine incorporated hydrogel for 
wound healing. J Nanobiotechnol. 2021;19(1):237.

	156.	 Zheng Y, Zhang Z, Wang T, Zhang J, Tian D, Zhang X, Wu Z.  
Photodriven nanoreactor with a hydrogen-insulin double act 
repairs diabetic wounds through Nrf2 pathway activation. 
Chem Eng J. 2021;425:131800.

	157.	 Zhou D, Du M, Luo H, Ran F, Zhao X, Dong Y, Zhang T, 
Hao J, Li D, Li J. Multifunctional mesoporous silica-cerium 
oxide nanozymes facilitate miR129 delivery for high-quality 
healing of radiation-induced skin injury. J Nanobiotechnol. 
2022;20(1):409.

https://doi.org/10.34133/research.0198

	Immunomodulatory Nanosystems: Advanced Delivery Tools for Treating Chronic Wounds
	Introduction
	Pathogenic Characteristics of CWs
	Excessive and prolonged inflammatory response
	ROS damage
	Dysfunctional fibroblasts
	Angiopathy
	Neuropathy
	Multiple bacterial infections

	Characteristics of CW Immune Microenvironment
	Macrophages
	Neutrophils
	T cells
	Natural killer cells, dendritic cells, and other cells

	Applications of Immunomodulatory Nanosystems in CW Treatments
	Organic immunomodulatory nanosystems in CW treatments
	Inorganic nanosystems as modulators of the microenvironment
	Utilization of organic–inorganic hybrids in CW treatments
	Engineered extracellular vesicles as regulators of immune microenvironment

	Challenges and Perspectives
	Acknowledgments
	References


