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Diabetic wound is a great threat to patient’s health and lives. The refractory diabetic wound shows spatial
inflammation patterns, in which the early-wound pattern depicts a deprived acute inflammatory response, and
the long-term non-healing wound pattern delineates an excessive and persistent inflammation due to the delayed
immune cell infiltration in a positive feedback loop. In this work, we give points to some strategies to normalize
the dysregulated immune process based on the spatial inflammation pattern differences in diabetic wound
healing. First of all, inhibiting inflammatory response to avoid subsequent persistent and excessive immune
infiltration for the early diabetic wound is proposed. However, diabetic wounds are unperceptive trauma that
makes patients miss the best treatment time. Therefore, we also introduce two strategies for the long-term non-
healing diabetic wound. One strategy is about changing chronic wounds to acute ones, which aims to rejuvenate
M1 macrophages in diabetic wounds and make spontaneous M2 polarization possible. To activate the control-
lable proinflammatory response, western medicine delivers proinflammatory molecules while traditional Chinese
medicine develops “wound-pus promoting granulation tissue growth theory”. Another strategy to solve long-
term non-healing wounds is seeking switches that target M1/M2 transition directly. These investigations draw
a map that delineates strategies for enhancing diabetic wound healing from the perspective of spatial inflam-
mation patterns systematically.

1. Introduction days), and remodeling phase (21days-1year) [6,7]. However, diabetic

wounds are difficult to heal due to pronounced immune imbalance,

From the World Health Organization(WHO), it is reported that the
number of people with diabetes is surging from all over the world,
especially in middle-income countries [1]. Diabetic foot ulcer(DFU) is a
rather common comorbidity of diabetes [2]. The lifetime risk of devel-
oping DFU for diabetics is up to 25% [3]. Among old adults, more
presence of senescent cells has been hypothesized to contribute to
pathophysiological conditions, which is the main factor for higher DFU
morbidity [4]. With a growing and aging population in the world, the
status of diabetic wounds will be more challenging for the healthcare
system [5].

Wound healing is a sophisticated and highly coordinated process
including four overlapping phases: hemostasis phase (0-several hours
after injury), inflammatory phase (1-3 days), proliferation phase (4-21
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resulting in stagnating in the inflammatory phase (pro-inflammatory
state) rather than entering the subsequent proliferation phase (pro--
regenerative state) (Fig. 1A) [8,9]. The physiological conditions in
diabetic wound healing have dynamic spatial inflammation patterns,
which make a distinction between early injuries to long-term non--
healing wounds. The early-wound pattern shows an absence of inflam-
matory storm while the long-term non-healing wound pattern displays
excessive and persistent inflammation owing to the M1 macrophage
overflow. In the early-wound pattern, both impaired peripheral neu-
ropathy and unstabilization of mast cells blunt the ability to develop an
acute pro-inflammatory response [10]. The suppression of boosting an
acute pro-inflammatory response leads to decreased soluble mediators
that function as endogenous danger signals to recruit neutrophils and
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macrophages to diabetic wound sites [11,12]. Even though immune cell
infiltration is delayed and impaired in the early stage of diabetic
wounds, the persistence of belated neutrophils and macrophages comes
behind, and M1 macrophages gradually become the dominant role that
participates in the inflammation pattern changes [12-14]. Chemo-
cytokines or cytokines secreted by M1 macrophages in the diabetic
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wound environment attract monocytes infiltration from the blood cir-
culation system and guide recruited monocytes to convert into M1
phenotype, which leads to a positive feedback loop for M1 accumulation
and excessive inflammation in chronic wounds [15-17]. This strong
polarization into M1 macrophage maintains a high level of M1/M2 ratio,
resulting in the development of long-term non-healing wound pattern

A. Overview of wound healing process

Normal wound healing
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Fig. 1. (A) The causative reason for the non-healing diabetic wound is immune dysfunction in the inflammatory phase, which makes the diabetic wound healing
process fail to enter the proliferation phase. (B) To enhance the diabetic wound healing process, inhibiting inflammatory response to avoid subsequent immune cell
infiltration and fostering a supportive physiological condition for wound repairing is feasible for the early-wound pattern. When an excessive and persistent
inflammation pattern is established in long-term non-healing wound, one strategy is about changing chronic wounds to acute, which aims to normalize abnormal M1
macrophage and make its polarization spontaneously, another strategy is about employing switches for M1/M2 transition. All of these strategies lead to the pro-

liferation phase.
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[18].

Hence, we collectively and critically give points to some strategies
for enhancing diabetic wound healing from the perspective of spatial
inflammation patterns in early wounds and long-term non-healing
wounds (Fig. 1B). Inhibiting proinflammatory response is introduced
upon early wounds, which avoids the subsequent excessive and persis-
tent inflammation pattern and fosters supportive condition for wound
healing. Furthermore, strategies focusing on changing chronic wounds
to acute ones and seeking switches on M1/M2 transition are overviewed,
aiming for long-term non-healing wounds with a developed excessive
and persistent inflammation pattern.

2. Normal wound healing process

Wound healing is a well-orchestrated and highly precise process
consisting of four phases: hemostasis, inflammation, proliferation, and
remodeling. The process is very fragile, which requires proceeding in a
precise and regulated manner. Dysregulations like interruption or pro-
longation in each phase can lead to postponed wound healing or non-
healing chronic wound [19,20]. To get inspiration in breaking bottle-
necks for treating non-healing chronic wounds, a deeper understanding
of the mechanisms for normal wound healing stages is of great
importance.

Hemostasis is the first stage of wound healing and an emergency
response after skin injury which causes bleeding to stop. It is achieved
within the first minute of wound injury [21]. Platelets are disc-shaped
small anuclear cell fragments that play a vital role in hemostasis by
gathering and attaching to the site of injury [22,23]. Besides their
traditional function in hemostasis, platelets also demonstrate the ca-
pacity to communicate with immune cells. Degranulation of platelets
results in the release of inflammatory compounds such as IL-1a, IL-1f,
IL-6, IL-8, and TNF-ua. Especially, IL-8 is a potent chemokine for
neutrophil recruitment. Therefore, the inflammatory phase is initiated
[24].

The inflammatory phase can roughly be divided into two stages, with
neutrophils recruitment in an early stage, monocytes appearance, and
polarization in a late stage [25]. Neutrophils are the first wave of de-
fense immune cells that migrate to the wound site and release inflam-
matory mediators [26-28]. However, neutrophils are short-lived cells.
Once their physiological mission has been completed, neutrophils un-
dergo spontaneous apoptosis, leading to the discharge of lysophospha-
tidylcholine that attracts monocytes via G2A receptors [29]. Besides,
there are also some other factors that contribute to early acute inflam-
mation. Cutaneous neurons can release neuropeptides, which interplay
between the nervous and immune systems by upregulating levels of
pro-inflammatory mediators such as TNF-a, IL-1f, and IL-6 in different
kinds of skin cells [30,31]. Mast cells are tissue-resident immune cells
whose cytoplasm contains a great number of granules that are reservoirs
for preformed immunomodulatory compounds consisting of TNF, IL-4,
histamine, and so on. When mast cells are appropriately activated to
degranulate, these granule constituents are released to the surroundings
in response [32]. The second wave of emigrating immune cells are
monocytes, the appearance of which signifies the later stage of inflam-
mation [26,27]. Upon arrival, these recruited circulating monocytes
differentiate into M1 macrophages rapidly via the stimulation of IFN-y
and LPS, releasing pro-inflammatory cytokines to amplify the inflam-
matory effect [33,34]. Next, the M1 to M2 polarization is of critical
significance for the transition from the inflammation phase to the pro-
liferation phase. M2 macrophages secrete anti-inflammatory cytokines
(like IL-10, IL-12) and growth factors (like TGF-p) that accelerate wound
healing and turn off the damage-causing pro-inflammatory behaviors of
the M1 macrophages [35].

Afterward, the proliferation phase of wound healing proceeds which
encompasses epithelialization, angiogenesis, and collagen deposition
[36-38]. The remodeling phase is the last stage in wound healing,
during which collagen fibers reorganize from type III to type I by matrix
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metalloproteinase, resulting in the formation of scar tissue [39].
3. Pathological conditions in diabetic wound healing

Diabetes is a systemic metabolic disorder with chronic hyperglyce-
mia due to insulin resistance. High glucose toxicity is associated with
end-organ dysfunctions incorporating nerves, retina, kidney, heart, and
blood vessels [40]. The specific pathological conditions in diabetic pa-
tients also lead to the impairment of wound healing.

Diabetes is always implicated in peripheral neuropathy [41]. Distal
and sensory predominant nerve fiber degeneration is noteworthy in
diabetic patients [42]. While neuropeptides are immunomodulators
released from peripheral terminals of primary afferent sensory neurons
in response to injury, their expression is reduced in the case of diabetic
wounds [43,44]. Diminished neuropeptide level in diabetic wounds at-
tenuates the acute inflammatory response since neuropeptides play a
crucial role in triggering initial inflammation by recruiting leukocytes
[45]. Besides, mast cells experience more degranulation in unwounded
diabetic skin but less degranulation in the diabetic wound environment.
This unstabilization of mast cells in unwounded skin and premature
degranulation deadens the initiation of an acute immune response. It has
been proven that pretreating mast cells with degranulation inhibitor
disodium cromoglycate improved the diabetic wound healing process
[46]. To sum up, both decreased neuropeptide release and mast cell
degranulation in pathological diabetic early-wound pattern deprive the
ability to mount an acute response to counteract injury.

Although the early-wound pattern is characterized by failures to
mount an acute immune response, with time it evolves into an excessive
and persistent inflammation pattern [47,48]. Diabetic wounds are
distinguished from acute wounds by a multitude of neutrophils and
macrophages in the stalled inflammation phase during wound healing
[49]. Pro-inflammatory M1 macrophages are dominant in the diabetic
wound bed with few or no anti-inflammatory M2 macrophages existing
[50]. M1 macrophages secrete proinflammatory cytokines involving
IL-1B, IL-6, IL-12, IL-18, IL-23, and TNF that retain an inflammatory
state. Among these cytokines, IL-1p, IL-6, and TNF attract monocytes
circulating in the blood system to the inflammatory site. And then, the
expression of IFN-y is induced by IL-12 and IL-18, which converts
monocytes to the M1 macrophage phenotype in a positive feedback loop
(Fig. 2A) [15-17,51]. Therefore, a strong tendency for M1 macrophage
polarization and accumulation brings on M1/M2 imbalance, stagnating
diabetic wound healing process in the inflammatory phase instead of
moving on to the proliferation phase.

M1 macrophages in diabetic wounds are abnormal. Normally, M1
macrophages are robust in the acute inflammation process. They have a
powerful phagocytotic capacity to clear apoptotic cells, which is known
as efferocytosis. What’s more, efferocytosis is involved in switching
macrophages from pro-inflammatory M1 phenotype to anti-
inflammatory M2 phenotype. Nevertheless, constant high glucose
levels in diabetes hinder phagocytotic activities of M1 macrophages by
downregulating the expression of CD36 and Class B Scavenger type I
receptors that are crucial for phagocytosis. This impaired phagocytotic
behavior is correlated with preventing M1/M2 phenotype turnover in
diabetic wound healing (Fig. 2B) [52-55]. In addition to defective
phagocytosis, macrophages are prone to convert into senescent pheno-
type with the expression of a senescence-associated secretory profile
(SASP) when they are activated in the diabetic wound environment. The
senescent macrophage phenotype presents shrinking plasticity making
M1/M2 transition harder (Fig. 2C) [56].

Moreover, abnormal M1 macrophages and impaired M1/M2 transi-
tion are also associated with deficient angiogenesis, epithelialization,
and matrix deposition in diabetic wound healing. Since anti-
inflammatory M2 phenotype is more supportive to angiogenesis as an
important source of vascular endothelial growth factor (VEGF), the
impaired M1/M2 transition in diabetic wound healing is linked to
angiogenesis deficiency [57-59]. While M2 macrophages contribute to
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Reasons for impaired M1/M2 transition in diabetic wound
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Fig. 2. Scheme of reasons for impaired M1/M2 transition in diabetic wound healing, it includes (A) a positive feedback loop of M1 accumulation, (B) impaired M1
phagocytotic activity, and (C) more senescent M1. (A) Diabetic wounds are usually stuck in an excessive inflammatory state with IL-1p, IL-6, TNF, IL-12, IL-18, etc.
Among these inflammatory molecules, IL-1p, IL-6, and TNF are signals that recruit monocytes to the wounded region. Subsequently, the recruited monocytes polarize
to the M1 phenotype with the guide of IL-12 and IL-18 in the wound bed and secrete monocyte recruiting signals. (B) M1 in normal wound healing is robust with a
powerful capacity of clearing apoptotic cell debris and the process of phagocytosis aids the occurrence of M1/M2 transition. M1 in diabetic wound healing is
abnormal with decreased receptors for phagocytosis, which leads to limited phagocytotic capacity and reduced M2 polarization. (C) Compared to the spontaneous
occurrence of M1/M2 transition in normal wound healing, M1 macrophges are abnormal with more senescent phenotypes, accompanied by shrinking plasticity that
hinders M1/M2 transition. Senescent-Associated Secrectory Profile (SASP) is a significant feature of senescent cells.
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initiating re-epithelialization by producing epidermal growth factor
(EGF) and keratinocyte growth factor (KGF), M1 macrophages hinder
keratinocyte migration with over-expressed TNF-a [60,61]. Meanwhile,
M1 macrophages produce a large number of proinflammatory cytokines
to prompt overabundant metalloproteinases from fibroblasts in diabetic
wound healing, which result in the breakdown of collagen fibers [62].
By contrast, IL-10 released from M2 macrophages gives rise to collagen
deposition in the correct wound healing cascade [63]. Overall, M1/M2
transition is closely related to cellular or non-cellular components in
diabetic wound healing.

4. Strategies for enhancing diabetic wound healing

As discussed above, we summarise some strategies here aiming to
enhance diabetic wound healing. At the early time of wound injury,
inhibiting inflammation response to avoid the evolvement of excessive
and persistent inflammation pattern from an inadequate acute inflam-
mation pattern supports diabetic wound healing. However, wound
injury is hard to be perceived attributed to sensory neuropathy in dia-
betes [64]. As a result, patients often suffer from an excessive and
persistent inflammation pattern when they hospitalize and miss the best
time for treatment. When a persistent and excessive inflammatory
pattern is settled, there are another two paths leading to the prolifera-
tion phase. One path is changing chronic wounds to acute, restoring and
normalizing the capacity of boosting an acute inflammation response.
Through this strategy, abnormal M1 macrophages rejuvenate into robust
ones that are capable of polarizing to M2 phenotypes spontaneously and
smoothly. Another path is seeking switches for M1/M2 transition that
directly function on macrophages. In the following text, we will discuss
these strategies in detail (Fig. 1B).

4.1. Inhibiting proinflammatory response

Although timely and appropriate inflammation is important for
wound healing, evidence has shown inflammation is not essential for
wound healing. For example, Martin et al. conducted wound healing
studies in PU.1 null mice, whose neutrophils and macrophages were
genetically depleted, were able to heal at a statistically similar time
course to wild-type lineages, but they were scarless as in the fetal skin
wound healing (Fig. 3B) [65]. Dovi et al. have shown that
neutrophil-depleted diabetic wound closure was accelerated by nearly
50% with control animals [66].

Cause the wound healing process is not dependent on neutrophils
and macrophages, inhibiting inflammation response at the early time of
wound injury avoids subsequent persistent and excessive inflammation,
fostering a favorable condition for wound healing (Fig. 3A). Franz et al.
designed a modular hydrogel based on end-functionalized star-shaped
polyethylene glycol (starPEG) and derivatives of the glycosaminoglycan
(GAG) heparin to capture inflammatory chemokines (MCP-1, IL-8)
released by tissue-resident immune cells in wound fluids. Seeing that
MCP-1 and IL-8 established a chemoattractant gradient at the wound
site which facilitated the invasion of blood-derived immune cells,
binding inflammatory chemokines with GAG heparin blocked the signal
for blood-derived immune cells infiltration and safeguarded the wound
healing process against the positive feedback loop of M1 accumulation
(Fig. 3C-F) [67]. Puthia et al. prepared a TCP-25 peptide containing
hydrogel. TCP-25, a thrombin-derived peptide, inhibits neutrophils to
react to LPS by combining the LPS-binding hydrophobic pocket of CD14.
In parallel with the inactivation of LPS, TCP-25 is antibacterial so it is
prospective in the application of susceptible chronic wound environ-
ments (Fig. 3G). It has been proved that TCP-25 lessened LPS-induced
inflammatory response to chronic wound fluid obtained from five pa-
tients (Fig. 3H) [68].

Mechanically, attempts to inhibit proinflammatory response in dia-
betic wound healing mimic the fetal-skin wound healing process, which
is characterized by minimal to no inflammation and accelerated re-
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epithelialization [69]. Given that redundant growth factors brought by
immune cells cause pathological matrix deposition and scar formation,
the absence of immune cells fosters supportive physiological condition
for fetal-skin wound healing [70-72]. Meanwhile, it has been proved
that exogenous growth factors activate fibroblasts and induce scar for-
mation in fetal skin wound healing [73,74]. In addition, since there is no
influx of macrophages, fibroblasts work as an alternative to engulf and
clear cell debris and thus contributes to favorable regenerative condition
[75].

4.2. Changing chronic wounds to acute

Owing to unnoticeable diabetic wounds, patients are always
suffering from long-term non-healing wounds featuring excessive and
persistent inflammation pattern when they are hospitalized. Thus, the
treatment of diabetic wounds needs some other strategies and changing
chronic wounds to acute is one of the resolutions. The essence of
changing chronic wounds to acute is restoring abnormal M1 macro-
phages in chronic wounds and recovering acute inflammation response
with robust M1 macrophages which can polarize to M2 phenotype
smoothly, making the wound healing process move towards the prolif-
eration phase (Fig. 4A).

To normalize acute inflammation response, western medicine and
traditional Chinese medicine have different therapies. Western medicine
delivers pro-inflammatory molecules that are essential for proceeding
with the wound healing process [76]. Traditional Chinese medicine has
developed a theory of “wound-pus promoting granulation tissue growth
theory” for thousands of years [77].

Among western medicine strategies, pro-inflammatory molecules
such as stromal-derived factor (SDF-1), plasminogen (PLG), and sub-
stance P (SP) are good candidates for boosting acute inflammation and
rescuing non-healing diabetic wound healing (Fig. 4B-D).

SDF-1 is a pro-inflammatory cytokine and a member that belongs to
the CXC chemokine subfamily, which is also called CXCL12 [78,79].
Downregulation of SDF-1 level is one of the factors that brings on
impaired diabetic wound healing [80]. Liechty et al. has proved that
inhibition of SDF-1 further impeded diabetic wound healing but over-
expression of SDF-1 reserved this abnormal process [81]. Tabata et al.
has designed a dual-release gelatin hydrogel with a rapid release pattern
of SDF-1 and a controlled release pattern of a macrophage recruitment
agent. After the dual-release gelatin hydrogel was implanted into the
diabetic wound site, macrophages recruited to the hydrogel expressed
more pro-inflammatory cytokines (IL-6 and TNF-a) at day 1, and more
anti-inflammatory cytokines (IL-10) at day 3. Finally, diabetic wounds
treated with this dual-release hydrogel healed at a faster rate [82].
Fisher et al. delivered Liposal SDF-1a in nanocomposite hydrogel as a
methodology for treating diabetic wounds. With this methodology,
dominant macrophages with an anti-inflammatory phenotype were
observed, along with an improved wound closure rate (Fig. 4B) [83].

PLG is a pivotal pro-inflammatory mediator that binds to immune
cells migrating to damaged tissues [84]. Previous study has indicated
that PLG-deficient mice had an impaired wound healing process [85]. It
not only triggers but also plays an imperative role in terminating the
inflammatory phase at the right time [86]. PLG rejuvenates macro-
phages by augmenting their phagocytosis, which is important for
spontaneous M1/M2 turnover [87]. Losi et al. fabricated a PLG-loaded
fibrin scaffold as a drug delivery system to treat diabetic wounds. The
in-vitro release pattern demonstrated a burst of release within 3 days
and then slowed down, reaching a plateau at 7 days. A pronounced effect
of reduced open wound area was observed in full-thickness diabetic
wounds applied with the PLG-loaded fibrin scaffold at 14 days (Fig. 4C)
[88].

SP is a tachykinin neuropeptide family member that is made up of 11
amino acids [89]. The expression of SP is downregulated in diabetic
wounds, which is connected with an absence of acute inflammatory
response [90]. Veves et al. has shown that delivery of exogenous SP
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Inhibiting proinflammatory response
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condition for wound healing, thus wound healing process enters the proliferation phase. (B) Full-thickness excisional wound with a diameter of 2 mm is made in
wide-type mice and PU.1 null mice. Macrophages and neutrophils are depleted genetically in PU.1 null mice. Wild-type mice and PU.1 null mice show similar time
course of wound repair at 7 days post-wounding. Especially, tissue repair in PU.1 mice is more effective and appears scar-free. (C-F) and (G-H) are two cases about
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(D-F) Full-thickness injury in db/db mice treated with promogran (FDA-approved hydrogel-based wound dressing) or PEG/N-dSH (the chemoattractant-capturing
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wound bed at 10 dpw suggest alleviated inflammatory response during wound healing. e, epidermis; f, fat tissue; g, granulation tissue. Arrowhead points to epithelial
tip. (F) Inmunofluorescence staining of newly formed tissue indicates faster reepithelialization with the treatment of PEG/N-dSH hydrogel. (G) The dual-action TCP-
25 peptide contained in the hydrogel, not only binds to neutrophils, making neutrophils inaccessible to bacteria, but also has the ability to kill the bacteria itself. (H)
In the presence of TCP-25 containing hydrogel, LPS-induced inflammatory response is reduced in chronic wound fluid from five patients. Scale bar: 100 ym for (B),
200 pm for (F). Reprinted with permission from Ref.65. Copyright 2003 Elsevier. Reprinted with permission from Ref.67. Copyright 2017 The American Association
for the Advancement of Science. Reprinted with permission from Ref.68. Copyright 2020 The American Association for the Advancement of Science.
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to mild angiogenesis, red arrow pointed to hair follicle, yellow arrow pointed to connective tissue. Scale bar: 100 pm. (D) Samples at day 10 post-wounding. (E) A
full-thickness injury measuring 1.8 cm*1.8 cm was created in diabetic mice and treated with a traditional Chinese medicine wound dressing, Wenyangyiqi formula.
The H&E staining (100 magnifications) showed more immune cell infiltration at day 3 and day 7 treated with Wenyangyiqi formula. Few newly vessels, collagen
fibers, and fibroblasts appeared at day 7 treated with Wenyagyiqi formula. In addition to alleviated inflammation, mature epithelial layer were observed at day 14
treated with Wenyangyiqi formula. Reprinted with permission from Ref.83. Copyright 2021 American Chemical Society. Reprinted with permission from Ref.88.
Copyright 2022 MDPI. Reprinted with permission from Ref.45. Copyright 2015 Elsevier. Reprinted with permission from Ref.96. Copyright 2021 CNKI.

potentiated acute inflammatory response to diabetic skin injury with a
peaked M1/M2 ratio at day 3, but the persistent inflammatory was
solved with an obvious drop in M1/M2 ratio at day 10 (Fig. 4D) [45].
In traditional Chinese medicine, “wound-pus promoting granulation
tissue growth theory” is a unique and curative strategy that has been
summarized by practice for thousands of years [91]. It is about tradi-
tional Chinese herbal wound dressing that stimulates deathly pale dia-
betic wounds to suppurate with weeping pus, which suggests a change
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from chronic wounds to acute and removal of necrotic tissues [92].
When the evil rot has gone, wound exudates provide a nutritious and
moist microenvironment that promotes healing under the
medicine-wound interaction mechanism [93,94]. With an observable
and elevated level of VEGF and TGF-, the appearance of granulation
comes after [95].

The underlying mechanism of “wound-pus promoting granulation
tissue growth theory” is regulating the dysfunctioned immune response
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in diabetic wound healing progress. Zhang et al. treated diabetic wounds
with Wenyang Yiqi formula, a typical ointment for “simmering wound-
pus and promoting granulation growth”. Compared with the non-
treating group, Wenyang Yiqi formula improved local inflammatory
response with raised immune cell infiltration at day 3 and day 7 after
medication, but the inflammation was alleviated at day 14 which indi-
cated a controlled pro-inflammatory response (Fig. 4E) [96]. In addi-
tion, more robust macrophages with improved phagocytotic behavior
are closely related to M1/M2 polarization in wound-pus [97]. Previous
study has also shown the practice of “wound-pus promoting granulation
tissue growth theory” lowered the M1/M2 ratio at 7 days after treatment
[98].

4.3. Switches for M1/M2 transition

Normal wounds proceed with M1/M2 transition around 3 days after
wounding [14]. M1 macrophages are classically activated, known as
pro-inflammatory phenotype, whereas M2 macrophages are alterna-
tively activated, known as anti-inflammatory phenotype that serves as a
resolution of inflammation [99]. However, the M1/M2 transition is
hindered in diabetic wounds with altered macrophage function [100].
Therefore, seeking switches guiding macrophages to shift from M1 to
M2 phenotype is hopeful to save the dysregulated immune process
(Fig. 5A). Switches for M1/M2 transition can be Extracellular Vesicles
(EVs), biomaterial-based physical signals, and so on.

EVs are bilayered lipid membrane vesicles produced by nearly all
types of cells into the extracellular space, which consists of three main
subtypes: apoptotic bodies, exosomes, and microvesicles [101,102]. EVs
exert biological functions as important messengers that transfer bioac-
tive molecules involving proteins, lipids, and miRNA toward recipient
cells [103,104]. The interaction via EVs and macrophages also modu-
lates the phenotype switching process [105]. Jin et al. has conducted a
series of studies to prove that efferocytosis of EVs by macrophage
effectively improved the M2 polarization. It has been found that calre-
ticulin exposed on the surface of apoptotic bodies derived from
mesenchymal stem cells acted as an “eat-me” signal to guide macro-
phage efferocytosis. The uptake of apoptotic bodies reprogrammed
macrophages at a translational level towards an anti-inflammatory
phenotype (Fig. 5B-D) [106]. In another study, T -cell-derived
apoptotic bodies targeted macrophages in the inflammatory region
due to the specific engulfment conducted by the presence of phospha-
tidylserine on the surface. This specific engulfment ameliorated the
M1/M2 transition [107]. Yang et al. has shown melatonin-stimulated
MSC-derived exosomes were appropriate options for diabetic wound
healing because they increased the ratio of macrophages that polarized
from M1 to M2 phenotype [108].

Utilizing biomaterial-based physical signals as switches for macro-
phage polarization has become an exciting topic. Factors including
pores, substrate stiffness, and surface topography of biomaterials all
have a significant impact on modulating macrophage behavior
(Fig. S5E-G).

Increasing evidence has confirmed macrophages are prone to
perform a pro-inflammatory phenotype with small pores and an anti-
inflammatory phenotype with large pores. The underlying mechanism
is small pores are physical confinements that suppress macrophage
phagocytosis, which further affects macrophage polarization by regu-
lating a STAT-related mRNA transcription pathway [109,110]. Bowlin
et al. fabricated Polydioxanone scaffolds with different pore sizes by
adjusting polymer concentration. With increasing pore size, bone
marrow-derived macrophages expressed more M2 marker Argl and
decreased M1 marker iNOS (Fig. 5E) [111]. Du et al. investigated the
effects of varying pores with the same stiffness by decoupling the control
of pores and stiffness. The result has demonstrated that macrophages
tended to be M1 phenotype and M2 phenotype in small pores (30 pm)
and large pores (80 pm) respectively [112]. Chen et al. fabricated gen-
ipin cross-linked collagen/chitosan (Col-Ch) scaffolds with pore sizes
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ranging 160 and 360 pm. Macrophages seeded on the scaffold with large
pores expressed more M2-related cytokines on day 7. Taking conditional
medium (CM) derived from macrophage-scaffold cultures to incubate
human umbilical vein endothelial cells, it has been shown that CMs
obtained from large pore-seeded macrophages demonstrated greater
capacity to enhance new vessel formation [113]. Since impaired
angiogenesis is one of the primary contributors to poor diabetic
wounding, M1/M2 transition mediated by pore-size is a potential
methodology for not only making the inflammation phase proceed to the
proliferation phase but also creating a pro-angiogenesis condition for
regeneration.

Macrophages are sensitive to substrate stiffness, which directs
macrophage polarization state and function. In particular, macrophages
in diabetic hyperglycemia conditions are more mechanosensitive [114].
The signaling pathways engaging in stiffness-regulated inflammation
include Toll-like receptor 4 (TLR4), a specific surface receptor on mac-
rophages, and Transient Receptor Potential Vanilloid 4 (TRPV4), a
mechanosensitive ion channel [115,116]. With a stiffer substrate,
macrophages have a stronger inclination to pro-inflammatory pheno-
type. Brien et al. cultured THP-1 derived macrophages on
collagen-coated polyacrylamide gels with varying stiffness. Macro-
phages exhibited the pro-inflammatory phenotype with defective
phagocytosis when cultured on stiff gels (323 kPa), and the
anti-inflammatory phenotype with powerful phagocytosis when
cultured on medium gels (88 kPa) and soft gels (11 kPa) (Fig. 5F) [117].
Wang et al. engineered methacrylate-gelatin (GelMA) hydrogels with
varying compression modulus serving as soft, medium, and stiff
matrices. With increased stiffness, macrophages exhibited more
dispersed F-actin cytoskeleton filaments and tended to polarize towards
the M1 phenotype with more iNOS expression. Conversely, macro-
phages in softer matrix primed to M2 phenotype with upregulated Arg-1
expression for inflammation resolution [118]. Ma et al.designed a novel
biomaterial ~ with  NIR-triggered  dropping  stiffness.  This
stiffness-degradation strategy elicited macrophages to transfer from
pro-inflammatory state to anti-inflammatory state [119]. According to
the considerable studies focusing on the biological effects of stiffness on
macrophages, stiffness-mediated macrophage polarization is reproduc-
ible and explicit, which provides new insights into advancing bio-
materials for potential administration of diabetic wound healing in the
near future.

Surface topography is a depiction of surface orientation and rough-
ness, which features a succession of peaks and valleys [120]. Surface
topography confers biomaterials with bioactive functions such as regu-
lating macrophage phenotype as biophysical switches. Considering
macrophage polarization is strongly linked to cytoskeletal rearrange-
ment, growing studies have been deep into it and implicated that surface
topography induces macrophage elongation to prime an
anti-inflammatory phenotype [121]. Liu et al. designed a poly-
caprolactone film that transformed from flat to microgroove under
near-infrared (NIR) irradiation. Accompanied by a change of surface
topography under NIR irradiation, the morphology of macrophages
transformed from round to elongated, along with an M1/M2 transition
[122]. Sanders et al. controlled the shape of macrophages directly by
micropatterns. It was found that elongation of morphology contributed
M2 phenotype without the stimulation of cytokines (Fig. 5G) [123].
Snedeker et al. engineered aligned and randomly distributed poly-
caprolactone nanofiber surfaces to investigate fiber organization-driven
macrophage polarization. Macrophages cultured on aligned and random
fibrous surfaces demonstrated more elongated and more spreading
morphology, respectively Quantification qPCR confirmed that macro-
phages expressed higher level of CD206 (M2 marker) and lower level of
CD197 (M1 marker) on surfaces with aligned distributed fiber, which is
in accordance with morphology differences resulted by surface topog-
raphy [124]. In addition, roughness, as one of the governing variables of
surface topography, also has the power to regulate the M1 to M2 tran-
sition, in which macrophages prime M2 phenotype on the rough surface
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rather than the smooth one [125]. Lee et al. designed heparin-doped
polypyrrole substrates of different surface roughness, with R, values
ranging from 5.5 to 17.6 nm. The study provided empirical evidence that
macrophages cultured on rougher substrate exhibited an inflammation
profile with lower iNOS/Arg1 ratio, which indicated a higher proportion
of pro-healing M2 phenotype [126].

5. Conclusion and perspectives

Diabetic wounds are difficult to heal because of pathological con-
ditions in diabetes. The ability to mount an inflammatory response is
deprived in early-wound inflammation pattern but an excessive and
persistent inflammatory pattern is evolving along with time. M1 mac-
rophages accumulate in a positive feedback loop and this strong incli-
nation of M1 polarization makes long-term excessive inflammation
infiltration. Besides, M1 macrophages in chronic diabetic wound envi-
ronments are abnormal, with defective phagocytosis and increased se-
nescent phenotype that impair the M1/M2 transition.

In this review, we summarise some strategies to rescue the impaired
diabetic wound healing process from the perspective of spatial inflam-
mation patterns. To avoid the evolvement of excessive and persistent
inflammation pattern in long-term non-healing wounds from the defi-
cient acute inflammation pattern in early wounds, inhibiting pro-
inflammatory response is introduced upon early injuries. But diabetic
wounds are hard to be perceived due to the neuropathy, so if patients
have missed the best time for treatment and wounds have been stalled in
the inflammatory phase, it needs new approaches. To restore abnormal
macrophages in diabetic wounds and normalize acute inflammatory
response, western medicine delivers pro-inflammatory molecules while
traditional Chinese medicine proposes the theory of “wound-pus pro-
moting granulation tissue growth”. Both western and traditional Chi-
nese medicine aim to activate a controllable pro-inflammatory response.
The last strategy is modulating macrophage polarization through bio-
physical cues from biomaterials. In future studies, more efforts need to
be put into exploring new strategies that satisfy the clinical necessities
precisely and turning theories into practice. All in all, drawing a timeline
based on spatial inflammation patterns gives inspirations to enhance
diabetic wound healing for precision medicine.

Last but not least, there is still a long way to develop synergistic
treatment mode for improving non-healing diabetic wounds. Current
therapy usually functions on a single target, ignoring the interactions
among all pathological factors. For example, some wound dressings
provide natural ECM and deliver growth factors for wound healing, but
it doesn’t suppress the activity of metalloproteinases, so the therapeutic
effect is limited [127,128]. Some studies scavenge ROS to alleviate
oxidative stress in diabetic wounds but the continuous generation of
ROS induced by bacteria infection and hyperglycemia is not taken into
consideration [129-131]. Even though some studies aim to deliver
multiple drugs to ensure combined pro-regenerative functions, the
drug-releasing profiles fail to follow the real-time wound healing
cascade. In this scenario, constructing a spatiotemporal controlled
release system is potential to meet the requirements of elaborate wound
healing process [132]. All in all, developing new treatments that can
function on pathogenic molecules and cells with multiple targets and get
involved in the wound healing cascade is of great significance.
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