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Delayed wound healing, prediction, prevention, treatment target

Diabetic foot ulcers (DFUs) often develop into hard-to-heal wounds due to complex factors. Several 
biomarkers capable of identifying those at risk of delayed wound healing have been reported. 
Controlling or targeting these biomarkers could prevent the progression of DFUs into hard-to-
heal wounds. This scoping review aimed to identify the key biomarkers that can predict hard-to-
heal DFUs. Studies that reported biomarkers related to hard-to-heal DFUs, from 1980 to 2023, were 
mapped. Studies were collected from the following databases: MEDLINE, CINAHL, EMBASE, 
and ICHUSHI (Japana Centra Revuo Medicina), search terms included "diabetic," "ulcer," "non-
healing," and "biomarker." A total of 808 articles were mapped, and 14 (10 human and 4 animal 
studies) were included in this review. The ulcer characteristics in the clinical studies varied. Most 
studies focused on either infected wounds or neuropathic wounds, and patients with ischemia were 
usually excluded. Among the reported biomarkers for the prediction of hard-to-heal DFUs, the pro-
inflammatory cytokine CXCL-6 in wound fluid from non-infected and non-ischemic wounds had the 
highest prediction accuracy (area under the curve: 0.965; sensitivity: 87.27%; specificity: 95.56%). 
CXCL-6 levels could be a useful predictive biomarker for hard-to-heal DFUs. However, CXCL6, a 
chemoattractant for neutrophilic granulocytes, elicits its chemotactic effects by combining with the 
chemokine receptors CXCR1 and CXCR2, and is involved in several diseases. Therefore, it's difficult 
to use CXCL6 as a prevention or treatment target. Targetable specific biomarkers for hard-to-heal 
DFUs need to be determined.

1. Introduction

Diabetic foot ulcer (DFU) is one of the major 
complications of diabetes mellitus, and one of the 
main causes of hard-to-heal wounds (1). A large-scale 
study conducted by the U.S. Wound Registry reported 
that within a 1-year follow-up period, around 33% of 
the DFUs failed to heal and developed into hard-to-
heal wounds (2). Although the definition of a "hard-
to-heal wound" varies, it can be broadly described 
as one that fails to heal with standard therapy in an 
orderly and timely manner (3). Hard-to-heal DFUs 
require sophisticated therapies that account for a large 
proportion of medical resources, with an average cost 
of $10,472 per episode (4). Despite the use of advanced 
treatments, this cohort experiences a greater risk of 
lower extremity amputations and mortality (5,6). 
Therefore, predicting the outcome early and replacing 
standard therapy with advanced therapies to return hard-
to-heal wounds to a healing trajectory could be a useful 

approach to improving efficiency in wound care and 
minimizing the enormous burden on medical resources.
 Wound healing is a dynamic and complex biological 
process that can be divided into four partly overlapping 
phases: hemostasis, inflammation, proliferation, and 
remodeling. These phases involve multiple functional 
cells, as well as cytokines, growth factors, and enzymes 
(7,8). Diabetes causes impaired wound healing by 
affecting one or more biological mechanisms that 
are triggered by hyperglycemia, micro- and macro-
circulatory dysfunction, and tissue hypoxia (9). 
Therefore, to predict wound outcomes, two types of 
approaches have been adopted in previous studies, 
clinical and molecular biomarker assessments, which 
involve the macroscopic changes in the wound and 
the microscopic changes underneath during the 
wound healing process. Clinical assessment usually 
includes data such as the patients' basic characteristics, 
assessment of inflammatory signs, the efficiency of 
blood supply, and wound status. However, the prediction 
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rate is unsatisfactory, as a recent study has reported a 
prediction model using bedside assessment data with 
a 0.77 area under the curve (AUC) (10). In contrast, 
studies using molecular biomarkers such as C-X-C 
motif chemokine ligand 6 (CXCL6) exhibited a higher 
accuracy in predicting wound healing (11). However, 
patients with severe ischemia were not included in that 
study, so whether its results can be applied to people 
with angiopathy remains unknown. Several studies have 
extensively investigated dysregulated biomarkers related 
to wound healing, such as serpin family B member 3 
(SERPINB3), miR-155, CXCL5, etc., to elucidate the 
mechanism involved in delayed wound healing (12-14). 
The sensitivity and specificity of these biomarkers are 
unknown, and it is uncertain whether they can serve as 
predictive indicators for hard-to-heal DFUs in patients 
with any type of difficult-to-heal wounds.
 We aimed to map biomarkers related to wound 
healing and identify the specific biomarkers that can be 
used to predict the progression of hard-to-heal DFUs, 
and answer the following research questions: (1) Which 
specific population among patients with DFUs was 
studied? (2) What is the definition of hard-to-heal DFUs 
in most studies? Or, how do most studies define a DFU 
exhibiting delayed healing? (3) What type of specimen 
was used to detect the biomarkers? (4) Which methods 
have been used to detect the biomarkers related to hard-
to-heal DFUs? (5) Which analytical techniques were 
used to detect the biomarkers? (6) Which biomarkers 
were found to attribute to delayed wound healing in 
DFUs? (7) Can the detected biomarkers be used for the 
prediction of hard-to-heal wounds and what level of 
accuracy is provided by them?

2. Methods

2.1. Protocol

This scoping review was conducted by following the 
steps outlined in the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA)-ScR 
extension for scoping reviews (15).

2.2. Eligibility criteria

Population: People with DFUs, or diabetic animal 
models. Concept: Hard-to-heal wounds or wounds 
exhibiting delayed healing. Studies comparing delayed 
healing with non-diabetic wounds were excluded. 
Context: Delayed wound healing-related biomarkers. 
Original studies that reported molecular biomarkers 
related to hard-to-heal DFUs regardless of design, 
including clinical or animal experimental studies, were 
included in this scoping review. Both experimental and 
quasi-experimental study designs, including randomized 
controlled trials, non-randomized controlled trials, and 
before-and-after studies were considered. However, 

review papers were excluded. Since the definition of 
hard-to-heal wounds varied between studies, and many 
studies described hard-to-heal wounds as impaired 
wound healing, delayed wound healing, non-healing 
wounds, or poorly healed wounds; hence, we included 
all studies related to wound healing. The following 
studies were excluded: (1) Studies that addressed 
biomarkers that promote wound healing or are related 
to rapid healing. However, if the study reported the 
determination of biomarkers related to delayed wound 
healing and further experimentally confirmed their 
inhibitory effect on wound healing, they were included. 
(2) Studies that did not include people with diabetes 
or diabetic animal models, or those that only included 
comparisons with non-diabetic wounds. (3) Studies that 
did not describe the criteria for defining "hard-to-heal" 
wounds. (4) Studies that did not describe the biomarker 
sampling methods. (5) Studies not published in English 
or Japanese.

2.3. Information sources

The following electronic databases were searched and 
data from the inception of the database until the date on 
which the searches were performed (Oct 20, 2023) were 
included in the search: MEDLINE (PubMed interface), 
Cumulative Index to Nursing and Allied Health 
Literature (CINAHL), EMBASE, and ICHUSHI (Japan 
Medical Abstracts Society). These databases were 
searched using the following keywords: "diabetic foot" 
OR "diabetes mellitus" AND "wounds and injuries" 
AND "foot ulcer" OR "diabetic ulcer" OR "diabetic foot 
ulcer" OR "diabetic wound") AND "delayed wound 
healing" OR "non-healing" OR "impaired wound 
healing" OR "hard to heal" OR "poor wound healing" 
AND "biomarkers" OR "RNA" OR "proteins" OR 
"DNA".

2.4. Selection of sources of evidence

All the articles from the different databases were 
uploaded to a reference management software. Duplicate 
articles were removed. Two reviewers screened the titles 
and abstracts and excluded irrelevant studies, separately, 
based on the inclusion criteria. After screening the 
titles and abstracts, the full text of the articles was 
assessed and considered for review by two independent 
reviewers; the articles that matched the exclusion criteria 
were rejected and the reasons are shown in the flow 
chart. Next, the included studies were quantitatively 
synthesized. The whole process was conducted by two 
reviewers to screen the studies independently, and any 
lack of consensus was discussed with a third reviewer.

2.5. Data charting process

Data from eligible studies were charted by two 
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patients were admitted to the inpatient department, 
and some studies had specific exclusion criteria for 
infection, such as systemic infection, being under 
microbial treatments, or other immunological disorders 
that might affect inflammatory markers (11,16,19,20). 
One study focused on patients with ischemic diabetic 
ulcers that required transluminal angioplasty and foot 
surgery (21), while MacDonald et al. focused on only 
infected diabetic foot ulcers (22).

3.2.2. What is the definition of hard-to-heal DFUs in 
most studies?

The definition of hard-to-heal or non-healing DFUs 
varied across studies. Common definitions included 
ulcers persisting or increasing in size, development 
of new ulcers, requirement of amputations, or 
patient death. Most studies defined non-healing as 
ulcers that did not heal or enlarged within a specific 
timeframe, commonly between three and six months, 
with six months being the most frequent benchmark 
(11,13,16,17). Some studies considered a wound size 
reduction of over 50% within four weeks as a healing 
ulcer (18,19), while others used a three-month period 
(19,21), and one study defined non-healing based on a 
one-year timeframe (23).

3.2.3. What type of specimen was used to detect the 
biomarkers?

Most studies utilized wound exudates, with some used 
serum (18,21), plasma (17,23), skin biopsies (13,16), 
or wound tissue samples (19,22,23). Wound exudates 
were mostly collected using the swabbing technique 
(11,17,19,20). These specimens were typically collected 
at the initial clinic visit or specific post-wounding time 
points in longitudinal studies.

3.2.4. Which methods and analytical techniques have 
been used to detect the biomarkers related to hard-to-
heal DFUs?

The predominant method used for biomarker detection 
was Enzyme Linked Immunosorbent Assay (ELISA), 
since the studies primarily conducted protein analysis. 
Besides ELISA, studies employed techniques including 
proteomics analysis,  protein arrays, multiplex 
immunoassay, real-time RT-PCR, and 16S rRNA 
genomic sequencing.

3.2.5. Which biomarkers were found to attribute to 
delayed wound healing in DFUs?

Several biomarkers were identified across the studies. 
These included downregulation of CXCL6 (11), ENA-
78 (CXCL5) (17), SERPINB3, and upregulation of 
neutrophil elastase (13,16), citrullinates histone H3 

independent reviewers, using a data collection form 
developed by the authors.

2.6. Data items

We charted the following variables: study population and 
sample size, study design, patient/animal demographic 
data, wound characteristics (wound size, wound age, 
severity, and evaluation method), criteria of hard-to-
heal DFUs, specimen-related information (sample type, 
collection method, collection timing, sample process, 
and sample storage conditions), targeted biomarkers 
(up-regulation/down-regulation and type of biomarker) 
and prediction accuracy.
 The results were separated into two tables based on 
the subjects: human subject studies and animal subject 
studies, as shown in Table 1. Tables were produced 
to allow the comparison of the different collection 
techniques based on the key characteristics of the 
extracted data. One reviewer summarized it while the 
other reviewer double-checked the contents. Any lack of 
consensus was discussed with a third reviewer.

3. Results

3.1. Search flow (Figure 1)

The scoping review process is visually summarized in 
the flow diagram. Initially, a total of 808 records were 
identified from various databases, including CINAHL, 
EMBASE, MEDLINE, and ICHUSHI. After eliminating 
86 duplicate records, the remaining 722 records 
underwent initial screening. Among these, 672 were 
excluded as they did not meet the specified inclusion 
criteria. In the subsequent screening phase, 50 reports 
were selected for retrieval. However, 21 of these reports 
could not be obtained due to various reasons, such as 
limited access to full-text articles or disparities in terms 
of population, concept, or context. During the eligibility 
assessment phase, 29 reports were thoroughly evaluated, 
resulting in the exclusion of 15 reports primarily due to 
their lack of alignment with the desired population and 
research concept. Ultimately, 14 studies were considered 
suitable for inclusion in the review, comprising 10 
clinical studies and 4 animal studies.

3.2. Clinical studies (Table 1)

3.2.1. Which specific population among patients with 
DFUs was studied?

Among the nine clinical studies, six focused on diabetic 
neuropathic wounds, and one focused on infected 
wounds. Most studies focused on patients with diabetes 
aged between 18-90 years, presenting with neuropathic 
ulcers graded under the Texas Grading System, ranging 
from grades 2 to 3 (11,13,16-19). The majority of the 
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(citH3) (23), higher level of soluble intercellular 
adhesion molecule-1 (sICAM-1) and endothelin-1 (ET-1) 
(21), Gram-positive anaerobic cocci (19), and a higher 
abundance of Bacteroidales and Streptococcaceae and a 
lower level of Actinomycetales in non-healing wounds 
(22). In Vieceli Dalla Sega et al. study, they further 
mentioned that plasminogen activator inhibitor-1 (PAI-
1) and ET-1 levels were associated with the need for 
revascularization within 12 months from the previous 
treatment. The levels of interleukin-10 (IL-10), IL1RA, 
and CD40L, were linked with an increased risk of 
developing new lesions or recurrences after DFU 
healing. Conversely, thrombomodulin levels were 
inversely associated with this risk (21).

3.2.6. Can the detected biomarkers be used for the 
prediction of hard-to-heal wounds and what level of 
accuracy is provided by them?

Several studies provided accuracy metrics for the 
biomarkers. For instance, CXCL6 exhibited a high level 
of predictive accuracy with an AUC of 0.965, indicating 
high sensitivity (87.27%) and specificity (95.56%) 
at a cutoff value of 846.90 ng/mL (11). ENA-78 had 
an AUC of 0.705 with a sensitivity of 45.90% and a 
specificity of 89.58% (17). SERPINB3 showed an AUC 
of 0.665 with a sensitivity of 75% and a specificity of 
62.5% (13). Neutrophil elastase had an AUC of 0.815 
(16), while CitH3 displayed an AUC of 0.84 (23). 
One study developed a decision tree for the endpoint 
of recurrences and new lesions based on sCD40L and 
thrombomodulin levels, which showed an accuracy 
of 0.812 (95% CI = 0.6192-0.937) for the outcome; 
however, the delayed wound healing prediction model 
was not shown (21). These metrics suggest that these 
biomarkers have potential predictive value for hard-to-
heal DFUs.

3.3. Animal studies (Table 2)

3.3.1. Which specific population among animal models 
was studied?

The studies utilized various mouse models, including 
fibroblast growth factor-7 (FGF-7)-null diabetic mice 
(24), p66Shc-KO STZ-induced diabetic mice (25), Flii+/− 
mice (26), and db/db thrombospondin-2 (TSP2) KO 
mice (27).

3.3.2. What are the main findings?

Key findings included the significant delay in wound 
contraction and healing due to the absence of FGF-
7 in diabetic mice (24), accelerated healing in p66Shc 
knockout diabetic mice (25), increased inflammation 
due to elevated Flii levels (26), and accelerated re-
epithelialization in TSP2-deficient mice (27).
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4. Discussion

The primary objective of this scoping review was to 
map biomarkers related to wound healing and to identify 
specific biomarkers that can predict the progression 
of hard-to-heal DFUs. Our findings provide a 
comprehensive overview of the current state of research 
in this area and highlight potential avenues for future 
investigations.
 Our scoping review has ident if ied several 
biomarkers associated with delayed wound healing 
in DFUs. The downregulation of CXCL6 in non-
healing ulcers was highlighted by Wang et al. (2019) 
with high sensitivity and specificity, making it a 
potential promising biomarker for predicting hard-to-
heal DFUs (11). CXCL6, a chemokine, is recognized 
for its involvement in various inflammatory processes. 
This finding underscores the central role inflammation 
plays in wound healing. Although our review did not 
find other studies directly supporting this observation, 
the significance of inflammation in wound healing is 
a recurring theme in the literature. While it exhibits 
high accuracy in predicting non-healing DFUs, it 
has also been implicated in various other diseases, 
including alcoholic liver disease (28), inflammatory 
bowel diseases and gastrointestinal tumors (29), neuro-
inflammatory disease (30), and other inflammatory 
diseases (31). Because it is not specific to wounds, it 
might lead to false positives. Even if it could be used as 
a predictive measure, it might be a difficult treatment 
target. Li et al. (2019) reported the downregulation 
of ENA-78 in non-healing DFUs (17). ENA-78 

plays a crucial role in neutrophil recruitment, further 
emphasizing the importance of inflammation in 
wound healing. This finding aligns with the broader 
understanding of inflammation's significance in wound 
healing, as seen in the studies by Wang et al. (2019) and 
Li et al. (2013) (11,18) which observed an increased 
matrix metalloproteinase (MMP-9)/TIMP-1 ratio in 
patients with poor wound healing. This balance between 
MMPs and TIMPs is essential for wound remodeling 
as described in many previous studies (18,32-34). 
While this observation is unique to their study, it offers 
a potential avenue for further research into the role of 
MMPs and TIMPs in wound healing. Loffle et al. (2011) 
found elevated lactate concentrations in the wound 
fluid of patients with soft-tissue infections. Lactate, a 
byproduct of anaerobic metabolism, can indicate tissue 
hypoxia or bacterial metabolism (20). Both factors 
can hinder wound healing. Fadini et al. (2014) noted a 
downregulation of SerpinB3 in rapidly healing ulcers 
(13). SerpinB3 is involved in various cellular processes, 
including apoptosis and inflammation. While this study 
suggests its potential protective role in wound healing, 
further studies are needed to confirm this observation 
and its implications. Levels of sICAM-1 and ET-1, both 
molecules expressed by the endothelium, were found 
to be inversely related to wound healing within three 
months in patients with critical limb ischemia (21). 
Elevated levels of these molecules are indicative of 
endothelial dysfunction. Elevated sICAM-1 levels are 
linked to inflammation and indicate either endothelial 
stimulation or damage. ET-1impacts vascular smooth 
muscle cells, serving as a powerful vasoconstrictor. 

Figure 1. Scoping review flow diagram.
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Indeed, elevated levels of ET-1 correlate with disrupted 
vascular tone control in diabetes (35). This might 
indicate that the variations in these biomarkers are 
attributable to the specific population of the study group, 
specifically, individuals with critical limb ischemia. 
In animal studies, it has been highlighted that FGF-
7 is important for keratinocyte activity, and another 
study emphasized the role of p66Shc in inflammation 
and oxidative stress. Additionally, TSP2 was identified 
as an inhibitor of angiogenesis, which is essential for 
wound healing (24-26). While these findings are based 
on animal research, they present potential therapeutic 
targets to enhance wound healing in humans, which 
need to be further confirmed through clinical studies. 
It's noteworthy that some biomarkers, such as neutrophil 
elastase, were recurrent in multiple studies, suggesting 
a shared pathway or mechanism in delayed wound 
healing. The consistent theme across these studies is 
inflammation's role, as highlighted by markers like 
CXCL6 and ENA-78. Therefore, targeting inflammation 
could be a key strategy in promoting wound healing in 
DFUs.
 While these biomarkers present promising prospects 
for predicting hard-to-heal wounds, their seamless 
integration into clinical practice poses challenges. 
Notably, some of the identified biomarkers lack 
specificity for wounds, as they can be elevated due to 
other systemic conditions. Consequently, while they 
may serve as predictive measures, utilizing them as 
treatment targets or for prevention might be intricate. 
For instance, biomarkers like CXCL6 and neutrophil 
elastase, although associated with wound healing, are 
also implicated in various inflammatory conditions 
including alcoholic liver disease (28), inflammatory 
bowel diseases and gastrointestinal tumors (29), neuro-
inflammatory disease (30), and other inflammatory 
diseases (31). Thus, relying solely on these biomarkers 
without considering the broader clinical context may 
not be advisable. In the studies included in this review, 
the primary approach employed was the assessment of 
proteins, and the predominant method for collecting 
wound exudate was swabbing. However, it is crucial to 
acknowledge that the components of exudate collected 
via swabs predominantly consist of fresh wound 
exudate, which may differ from exudate collected over 
extended periods (36,37).
 The studies incorporated into this review primarily 
concentrated on wounds characterized by vascular 
impairments or infections, with a particular emphasis on 
specific types of DFUs. Consequently, the biomarkers 
identified in these studies may have a pathological basis. 
However, it's important to note that this focus could 
potentially constrain the applicability of the findings to 
other types of DFUs. Furthermore, the study designs 
exhibited variation, encompassing both cross-sectional 
and longitudinal approaches; however, biomarkers were 
measured at a single time point in all the studies, and 

their cutoff levels could vary across different wound 
healing phases, potentially affecting the preventive 
strategies. Additionally, in some studies, the sample sizes 
were relatively small, which could potentially impact 
the robustness and generalizability of the findings.
 Given the inherent limitations and the dynamic 
nature of biomedical research, future investigations 
can substantially benefit from the pursuit of shared 
biomarkers by incorporating diverse populations of 
individuals with various types of DFUs and utilizing a 
broader range of animal hard-to-heal wound models. 
Furthermore, continuous evaluation, involving 
comprehensive protein or gene expression analyses 
of samples that reflect the real-time conditions of the 
wound, such as exudate or cells collected from wound 
dressings, may yield deeper insights into the cellular 
dynamics significant to the wound healing process and 
advance our comprehension of it. Additionally, the use 
of high-resolution techniques, like single-cell RNA 
sequencing, represents a promising avenue for further 
research. This advanced methodology offers superior 
resolution of cellular responses and holds the potential 
to reveal novel biomarkers or pathways crucial to wound 
healing. Embracing such mechanism-driven approaches 
can yield more precise and actionable insights for 
guiding clinical interventions.
 This review provides a comprehensive overview of 
the current state of research on biomarkers associated 
with hard-to-heal DFUs. However, it is important to 
acknowledge that our review is constrained by the 
existing body of literature. There might be unpublished 
studies or ongoing research that could provide additional 
insights. Additionally, the heterogeneity in study designs 
and populations might affect the comparability of the 
findings.

5. Conclusion

In conclusion, this scoping review has scoped a range 
of biomarkers associated with delayed wound healing 
in DFUs. Although these findings hold promise for 
potential clinical interventions, the generalizability and 
specificity of these biomarkers must undergo further 
validation. In the future, the adoption of advanced, 
mechanism-based research approaches has the potential 
to yield more precise insights, thereby paving the way 
for targeted interventions aimed at addressing the 
challenges posed by hard-to-heal DFUs.
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